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‘There are no such things as electron deficient compounds,
only theory deficient chemist’.
R.E. Rundle
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Abstract

Conjugated molecular materials offer a range of useful physical properties
from highly efficient luminescent behaviour to wire like conduction. This thesis
describes the synthesis, molecular and electronic structures of a range of

unusually conjugated organic and organometallic compounds.

A combination of synthetic and absorption spectroscopic studies, as well
as calculations (DFT) were used to probe the electronic structure of the 1,4-
bis(phenylethynyl)benzene and 1,2,4,5-tetracthynyl benzene framework. These
revealed that the ground state of 1,4-bis(phenylethynyl)benzene type molecules
can be described as thermally populated distributions of conformers, while the
exited state is best described in terms of planar conformations with considerable

acetylenic character.

A novel synthesis of 1,1,2,2-tetracthynylethenes has been discovered
involving cross-coupling reactions of tetrachloroethene with terminal acetylenes.
Reactions of these tetracthynylethenes with [Cox(CO)e(L2)][Lo= (CO)2, dppm]
give complexes with one or two (frams) cobalt fragment coordinated to the

acetylenic moieties.

A theoretical study of the electronic structure of [Ru{(C=C),R}(L),Cp] (n
= 1-6; L = CO, PHj; R = CHs, H, C¢gH4NH,-p, C¢Hs, C¢H4NO,-p, CN) has been
carried out. The redox potentials of these species may be tuned by the length of
the polyynyl ligand, the nature of the supporting ligands, as well the electronic

properties of the non-metal end-cap.

Electrochemical and spectroelectrochemical analysis of [Ruy(CO);(pa-
(RCZCECR)z]O/z' have revealed an unusual reversible conversion of 62/64 CVE
cluster frameworks. This switching behaviour has been modelled using

[Rus(CO)11(p4-HC2H),]"* via DFT methods.
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Chapter 1. Introduction

1.1. Strategies for Molecular Electronics

Miniaturisation of components for the construction of useful devices and
machines is currently pursued by the so called “top down” approach in which
known architectures and structures are reduced in physical size and critical
dimension as advances are made in both lithographic methods and as new
materials become available. It has been observed by Moore that for integrated
circuits the device speed thus the chip density doubles approximately every 24-18
months.' Currently photolithographic techniques can produce microchips with a
size of approximately 0.1um. Further decreases following this method are likely,
through advances in both photolithographic techniques and new materials for use
in critical areas, such as the construction of the vital gate insulator in metal oxide
field effect transistors.” However, when the critical dimensions on integrated
circuits becomes less than 0.01 pm, quantum mechanical tunneling will lead to
significant current leakage through insulating materials, which can detrimentally

affects the devices performance.’

An alternative strategy towards technology at the nanometer scale is the so
called “bottom-up” approach, which utilises atoms or molecules to build up
nanometer-sized functional structures. Often the rate determining step in existing
computational architectures is the time it takes for an electron to travel between
two points. By employing molecular scale dimensions the transmit time would be
minimised thus increasing computational operating speed. Present computational
systems utilise approximately 10'° silicon based devices.® In order to manufacture
true nanoscale molecular electronic circuits, new fabrication methods along with
new input-output strategies and software-hardware integration routines will need
to be devised. Before these issues can be satisfactorily addressed, a considerable

body of work aimed at understanding the way in which single molecules can be




tailored to act as wires, switches, junctions and transistor-like devices manner
needs to be carried out along with a method of how these systems can be

assembled to interact with each other in a controlled and rational in a manner.

At present the design of electronic digital devices is governed by the need
to optimise the component size and speed, the latter being limited by the natural
temporal response time. The two components are conflicting design goals;
therefore, several compromises need to be made in terms of the hardware-
software duality. This materialises as programmed logic (memory or software
dominant) versus wired logic (CPU or hardware dominant).” The hardware-
software duality can be utilised in the design of a multiple architecture computer
which is defect tolerant.” A molecular machine would contain numerous types of
wires and switches that are laid out according to certain wiring conventions which
results in multiple hardware defects due to incompatibilities in assembling
different types of components. The hardware defects are paid for in the software
programming effort, which needs to configure routines that can route around the

defects as well as to configure logically the intact resources into the machine.

1.2. Historical Perspective

The idea of molecular electronics was launched when it was proposed that
a system comprising of a donor m-system (D) linked by a o-bonded tunneling
bridge to an acceptor m-system (A) (Figure 1a) had the potential to act as a
unimolecular rectifier.® The D teminus is a tetrathiafulvalene (TTF) unit which is
a good organic one-electron donor, while the A terminus is a
tetracyanoquinodimethane (TCNQ) unit which is a good one-electron acceptor.
The purpose of the o bridge is to decouple the molecular orbitals of the donor
moiety D from the molecular orbitals of the acceptor moiety A. If the decoupling
between D and A is complete, then intramolecular electron transfer becomes

impossible leading to rectification behaviour through tunneling. When this D-o-A



arrangement is placed between two metal electrodes, it should form the working
rectifier. In practical terms the proposed rectifier had several problems, among
them the fact that the HOMO and LUMO levels of the organic donor and acceptor
do not match the Fermi levels of metals; it is difficult to assemble defect-free
monolayers of molecules; and reliable electrical contacts must be made with

macroscopic metal electrodes.
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Figure 1. Models for a) D-5-A and b) D-n-A molecular rectifiers.

Electron transfer in the rectifier is facilitated by an inelastic tunneling
through the molecule from the electronically excited state D*-o-A to the ground
state D%-0-A° (Figure 2). Current movement starts with a charge transfer from the
cathode to the acceptor. The mechanism consist of two.resonant electron transfers
across metal-organic interfaces, followed by (or simultaneous with) an inelastic
downhill intramolecular electron transfer, which achieves, overall, the migration
of one electron from M, to M;. However, charge cannot flow between acceptor
and donor until the energy levels of the anode are lowered enough to allow a
transfer of charge from the HOMO (D) to the metal anode. The tunneling process
from LUMO (A) to HOMO (D) is irreversible, and the overall electron transfer is

from acceptor to donor.®
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Figure 2. The proposed working rectifier M;|D-c-A[M,.”

Advances in scanning tunneling microscopy (STM) technology have given
researchers tools to probe and manipulate individual molecules which has led to
conductivity testing of several potential rectifiers as well as molecular wires.
Strong rectification behaviour has also been observed in Langmuir-Blodgett films
of vy-(n-hexadecyl)quinolium tricyanoquinodimethanide (Figure 1b) placed
between two metal electrodes.'” The donor (quinolinium) and acceptor
(tricyanoquibnodimethanide) moieties in this system are connected by a m bridge
instead of a o bridge, and both the donor and acceptor moieties are redox active,
in contrast to the earlier example described above. The HOMO of the molecule
shows a delocalised charge density, spread on both the D+ part and the bridge,
while the LUMO is localised on the A- part. The shortness of the n—bridge allows
for a strong intervalence transfer between the D and A ends of the molecule. This
system exists in a zwiterionic ground state D*-n-A", while the first excited state is
the undissociated form D°-m-A°. Electron transfer from metal electrodes to a
neutral ground-state molecule creates a zwitterionic exited state form that by
intervalence transfer can regenerate the neutral form. The rectification arises due

to the allowed intramolecular intervalence transfer transition.



There are three principle research domains of molecular electronics, which
comprise molecular magnets and actuators, molecular conductance junctions
encompassing for example: wires, diodes, and switches, and, finally, molecular
optoelectronics which include displays, data processing and optical memory."’
The discussion below is limited to areas of intramolecular charge transport and the
implications of this work on the design and synthesis of molecular wires, junction
and switches. This discussion is not intended to be comprehensive, but rather .a
snapshot of the current research ongoing in this area. For a more complete
discussion of molecular electronics in a broader context the reader is directed to
the literature and reference cites therein.” '*'® However, despite a few remarkable
experiments, very few potential molecular components have been experimentally
tested and evaluated for their capacity to conduct electrons (or holes) along a
molecular axis to date. Many wire-like molecules have been designed by drawing
analogies with compounds that have been assessed and from theoretically derived
models. Where possible the examples used to illustrate the different research areas
discussed will be taken from molecules which have been evaluated for electron

conduction.

1.3. Molecular Wires

The description of a wire is that it must provide a pathway for the transport
of charge from one terminus to another which is more efficient than transport
through space. From a design perspective the wire must also be linear and of a
fixed length in order to span the gap between two components in the circuit.
Regardless of the mechanism of action perceived, it should be apparent that the
successful molecular wires candidate structures will offer rigid, linear, -
conjugated frameworks in which the delocalised network of m-symmetry orbitals
provide a pathway for electron movement.'> A major consideration in molecular
devices is consumption/dissipation of energy, since transfer of large numbers of
electrons would lead to excessive heat problems. One proposed solution to this

problem relies upon a fundamental change in the perceived mechanism of



operation of molecular devices. These devices would not function via electron
transfer but rather via electrostatic interaction produced by small reshapes of the
electron density due to the input signals which would be responsible for the

transmission of information throughout the system.’
1.3.1. Poly(phenylene ethynylene)

Conjugated molecules comprising of alternating single and double or triple
carbon-carbon bonds can conduct electrons through their n-system and
consequently many molecular wires are based on this phenomenon.® One class of
molecules, namely poly(phenylene ethynylene) (PPE) has been synthesised
(Scheme 1), via Pd-Cu catalysed coupling, with highly controlled lengths for use

as molecular wires in bridging nanogaps.
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Scheme 1. Synthesis of PPE.

One of the PPEs that have been successfully tested for conductance is the
ethyl substituted 4,4’-di(phenyleneethynylene)-benzothioacetate (1) which can
self assemble on gold when converted to the thiolate (Figure 3)."> STM imaging
showed bright, stable, isolated spots at domain boundaries and defect sites in the
self assembled monolayer (SAM) of the support composed of dodecanethiolate.
An apparent tunneling barrier height measurement showed that the relative
measure of conductivity of 1 was approximately twice that of the

dodecanethiolate support material."

The oligomer showed conductance
bistability, with the environmental matrix determined to be a critical factor for
switching. A well ordered matrix reduces the rate of switching, while a poorly

ordered one yields an increase in the switching frequency. The stochastic on-off



switching of the current observed in the STM images has been explained in terms
of changes in ring conformation and thus electron localisation. When all the
phenyl rings in phenylene ethynylene oligomers are planar, the n-orbital overlap
of the molecule is continuous. Thus, the electrons flow between the two metal
termini, i.e. conductivity, is maximised. However, if the phenyl rings are
perpendicular with respect to each other there is a discontinuity in the m-orbital
network and this minimises the free flow of electrons across the molecule, hence
decreasing conductivity.> ?* 2! It has been hypothesised that the conductivity of
these phenylene ethynylene oligomers arises from transfer of electrons (holes)
through the n-orbital backbone that extends over the entire molecule. An alternate
explanation for the stochastic on-off switching for molecules such as 1 in terms of
fluctuation of the thiol-gold contact leading to mobility of the molecules tethered

to the gold surface via a thiol linkage has also been proposed.*

Theoretical results show that in solution state the barrier to rotation about
alkynyl-aryl single bond is very low, less than 1 kcal/mol.”® Acordingly, in
solution 1,4-phenylene ethynylene does not have a preference for either planar or
perpendicular orientation and all possible conformers are present in dilute
solutions at room temperature. The switching frequency for an isolated molecule
has been calculated to be 390.6 GHz, corresponding to a switching cycle of 2.56
ps. The rotational barrier increases to 38 kcal/mol for a molecule in an ordered
SAM of supporting substrate due to steric effects from neighboring molecules,

which translates to a very large time for the switching cycle.23






genérating a dimer of the starting material. The dimer has the same endgroups as
the monomer, so the entire process can be repeated until the desired length of the
molecule is obtained.** Once the PPE has been synthesised then the thiol end
groups can be attached, protected as the thioacetyl moieties, which will serve as

binding sites for adhesion to gold surfaces.?*
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Scheme 2. Synthesis of oligo(1,4-phenyleneethnylene) using the iterative

divergent-convergent method.

The compounds that have been synthesised using the method described
above include oligo(2,5-thiophene ethynylene),25 and oligo(1,4-phenylene
ethynylene) (Figure 4).** The 1,4-phenylene ethynylene compounds exhibit
improved rigidity over the 2,5-thiopene ethynylenes. This is important in
increasing the planarity of the PPEs which has been postulated as an important

factor to improve conductivity due the continuous n—overlap of the backbone.

b)

Figure 4. Illustration of a) oligo(2,5-thiophene ethynylene),
b) oligo(1,4-phenylene ethynylene).



A fairly common phenomenon in nanometer-scale devices is negative
differential resistance (NDR). This behaviour occurs in the region of negative
slope on an I-V curve mapping resistance, where R = V/I, the differential

resistance is less than zero. The differential or dynamic resistance is defined by

g4
dl

For negative differential resistance, the resistance itself will always be positive,
but the differential resistance does not necessarily have to be. This means that the

current goes down when the voltage is increased.

A specific type of oligo(1,4-phenylene ethynylene) containing active
amino or nitro redox centers and terminated with thioacetyl alligator clips have
been shown to have NDR which is manifested as an interband tunneling between
the valence band and the conduction band.?® NDR is characterised as a plateau or
decrease in current with increasing voltage before there is an increase in current.
This behaviour has been linked to multi-state memory and logic devices. The
presence of either the amino or nitro redox centers is crucial for the observance of

NDR behaviour.?’

A possible mechanism for NDR is a two step reduction process that
modifies charge transport through the molecule.”’” As the voltage increases the
molecule initially undergoes a one-electron reduction, turning so as to align the
phenyl rings on the conduction channel, a further voltage increase causes a
second-electron reduction with subsequent blocking of the current. It is postulated
that the planarity of the PPEs leads to better packing in the self assembly of the
layer and the alkynes permit significant overlap of the n-orbital system even with
small distortions from planarity, increasing the delocalisation of the molecular

orbitals.?
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1.3.2. Poly(triacetylene)

28, 29 and

The chemical and physical properties of various polyacetylenes
poly(diacetylenes)™ have been extensively studied,’’ whereas much less is known
about poly(triacetylenes) (PTA) (Figure 5). Peralknylated building blocks
containing the 3,4-diethynylhex-3-ene-1,5-diyne (1,1,2,2-tetraethynylethene)
moiety can be used as a building block to afford oligomers and polymers with

PTA backbone.*?

Trans — Polyacetylene (PA) H
4,
e
R
\
R

Trans — Poly(diacetylene) (PDA)
Trans — Poly(triacetylene) (PTA)

Trans — Poly(pentaacetylene) (PPA)

Carbyne

Figure §. Progression of linear n — conjugated all — carbon backbones from

trans-polyacetylene to carbyne.

11



The additional acetylenic moiety in each repeat unit of polytriacetylene
increases the spacing between latterly appended side chains thus reducing its
ability to undergo intramolecular steric repulsions that cause distortions from
planarity of the linear m—conjugated backbone.*> The PTA molecule has been
viewed as multinanometer long mn-conjugated rod like oligomers which have the

potential to act as molecular wires spanning nanogaps.

The general strategy of the PTA oligomers synthesis (Scheme 3) relies on
statistical deprotection of terminal triethylsilyl groups of suitable oligo(trans-
enediyne) monomers. The deprotection step generates a mixture of mono and di-
deprotected oligomers which then can be further oligomerised under oxidative
Hay conditions.** Different end-caps can be introduced into the molecule during
the Hay polymerisation step.>* 35 Crystal structures of PTA type oligomers show
preference of the planar backbones for the s-frans conformation with respect to
the buta-1,3-diyndiyl moieties since this geometry accommodates the bulky lateral
silyl groups. The m-conjugated system is perfectly planar, with only minimal

squared sum deviations of the backbone C-atoms from the best plane.36

Lateral attachment of dendrons along the conjugated backbone of PTA
oligomers, affords cylindrically shaped dendrimers which can be viewed as
insulated molecular wires (Figure 6).°’ The insulating layer created by the
dendrons protects and stabilises the central conjugated backbone, but does not
result in a loss of m-conjugation despite the distortion from planarity as a
consequence of steric compression of the bulky dendritic side chains.>” Electron
conjugation of the backbone is not the result of orbital overlap within a specific
plane but rather from cylindrical orbitals. Overlap is therefore maintained upon
rotation about Cgp-Cyp and Cgp-Cspz single bonds which has a very small rotation
barrier.*® It was determined that for this type of linearly conjugated polymer the
effective conjugation length was 7-10 monomeric units. However, a 24 unit long
oligomer (17.8 nm) has been synthesised which is the longest known molecular

rod comprised of fully conjugated non-aromatic carbon backbone.*® *
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Figure 6. Molecular oligodiyne wires with lateral second generation dendritic
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side chains.
Another example of an insulated molecular wire involves a double helical

insulated complex (C6F5)((CH2)sCH=CH,)Ph,Pt-(C=C),-
Pt((CH2)s CH=CH;)Ph2(C¢Fs) which will be discussed in section 1.3.4.
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1.3.3. Carbon Nanotubes

Ever since their discovery, carbon nanotubes have been regarded as
possible candidates for potential micro electronic components due to their
electrical properties and mechanical stiffness. A carbon nanotube can be thought
of as a graphitic sheet rolled to create a seamless cylinder.* The majority of work
on carbon nanotubes has been performed on single walled nanotubes which
display simpler relationships between their electronic properties and structure than
multi walled nanotubes. Conducting carbon nanotubes have the advantage of
having minimal resistance and the possibility of tuning their conductance by
changing their diameter, wrapping angle and the mechanical stress applied to
them. The disadvantages of these materials as components in electronic devices
lie in the inability to selectively prepare nanotubes of defined length, as well as
the presence of impurities from most preparations which leads to conduction
problems.‘m Electrical measurements carbon nanotube transistors indicate that it

.. . . 4
behaves as a traditional semiconductor device.*!

A basic structure of a field effect transistor involves two metal electrodes
designated as source and drain, connected by a semiconducting channel. In
conventional devices, the channel is made of silicon, but can be replaced by
carbon nanotubes. A third electrode, the gate, is separated from the channel by a
thin insulating film. Normally, if no charge is placed on the gate, then no charge
will flow into the channel. Application of potential to the gate causes a charge
flow in the channel, resulting in a change from an insulating to conducting state
allowing current to pass between the source and the drain. Similar devices have
also been constructed using a “top gated” architecture (Figure 7). Carbon
nanotubes can behave as a field effect transistor when they are positioned so as to
bridge two noble metal electrodes which act as source and drain. The electrodes
were fabricated on top of a SiO; film grown on a silicon wafer and the wafer itself

used as the gate electrode (Figure 8).*
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ability to coordinate to metals via a ¢ or m manner, and to mediate electron flow
between the two redox centres. When termini possessing different redox states are
present at both ends of the spacer, an odd electron-containing species or mixed-
valence compound can be generated electrochemically, allowing the efficiency of

the wires to be tested without the need to tether the molecule to an electrode.*

Mixed valence compounds are commonly dinuclear transition metal
complexes, whose absorbance spectra are characterised by the presence of a weak
intervalence charge transfer (ICT) band. The ICT band is characteristic of the
optically induced intramolecular electron transfer in the NIR spectral domain
which is absent in the spectra of the reduced and oxidised states.*’ Depending on
the degree of delocalisa‘éion of the unpaired electron over both capping redox
sites, a classification has been proposed by Robin and Day.*® Materials are
allocated into Class I, I or III depending on the strength of the electronic
interaction between the sites of differing oxidation states, ranging from no
interaction (Class I) through modest interaction (Class II) to very strong electronic

coupling (Class III).*7 %

A mixed valence compound belonging to Class I is totally localised, has
no through bridge interaction between the two redox termini, and no ICT band can
be observed. Class II mixed valence compounds show interaction between the two
redox termini, giving rise to an ICT band, but the interaction is sufficiently weak
so as to localise the charge. For Class II molecules often the ICT band is solvent
dependent. A complex is classified as Class III if the electron is fully delocalised
and the system possesses its own unique properties. Generally the ICT band
shows limited solvatochromism, and the difference in redox couple potentials
(AE), where AE = Em; — Ey, 1s larger than 200 mV as observed in the cyclic
voltametry trace. These materials generally possess novel optical and electronic
properties in addition to those of the separate sites. Solvatochromism of the ICT

band depends on the localisation of the orbitals involved in the transition in much
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the same way as any electronic absorption may be affected by solvent

environment.*’

An evaluation of the strength of electronic interaction through a given
bridge can be made using the free energy of comproportionation, AGc, according
to the comproportionation equilibrium, which also defines the comproportionation

constant K. from the reaction:*°
0x-0Ox + Red-Red =20x-Red

AG, can be determined experimentally by cyclic voltammetry and relating AE to
AG. via the Nernst equation, AG, = -nFAE. The magnitude of K, is determined by
the sum of all energy factors such as through bridge and through space electronic
interaction, solvation, steric interaction or structural distortions, relating to the
stability of the reactant and product complexes and is given by the expression:>

K¢ = exp (nFAE)
RT

Consequently the K. value indicates the thermodynamic stability of the mixed
valence species, but cannot solely be attributed to the through bridge interaction,

which is a value that is described by Hap.

H,p is a‘very informative parameter with regard to charge delocalisation in
the molecule which allows comparison between similar sets of compounds to be
made. From the spectral characteristics of the ICT band in the UV absorption, the
calculation of Hy, can be performed depending on the class of the mixed valence
compound in the Robin and Day classification.*® Only the calculation of Hyp, for a
Class III compounds will be described due to the interest in these compounds in
molecular electronics. The value of Hy, for Class III compounds, where electronic

delocalisation is optimal, can be approximated according to the equation:*’
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Hap = ‘_/ max/2

In the ideal case of a Class IIl complex, the electron is delocalised in one
molecular orbital that spreads over the whole molecule. The observed ICT does
not involve directional charge transfer (unless the molecule is non-symmetrical)

but corresponds to a low-energy molecular transition between delocalised levels. >

The bandwidths of Class III complexes at half height ( Av 1,2) are much narrower

than predicted based on the equation

AV 1= [2310V max]

which has been derived for Class II complexes. The Class III case is characterised

by a distinct asymmetry in the band shape, a consequence of the so-called band

“cut-off” at hv max = 2Hap *8

Symmetrical bimetallic complexes linked by a sp carbon chain leading to
compounds with a general formula of L,M-C,-ML, have the possibility to exist in
a various numbers of redox states which differ by one electron increments in the
case of even carbon chains. The example of [ {Fe(dppe).Cp*}.(n-C=C-C=C)] (2),
[{Re(PPh3)NOCp*},(u-C=C-C=C)] (3), and [{Ru(PPh3);Cp}(n-C=C-C=C)] (4)
half sandwich complexes (Table 1) linked by a four carbon spacer will be
discussed as their properties are representative of the group and there is an
abundance of data in the literature. For a more comprehensive review of the area

the reader is directed to the literature and references cited therein, *>> 3

The efficiency of bimetallic conjugated carbon complexes in transferring
electrons from one metal terminus to another can be inferred from their
electrochemical and spectroscopic properties (Table 1). The compounds 2, 3, and

4 all exhibit values large for K, within approximately three order of magnitude.
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The relatively large values for K. observed for all three species indicate the
presence of a strong exchange interaction between the two metal centres
propagated through the —-C=C-C=C- bridge. This reflects the extent of
delocalisation between the metal centres in the ground state. The one dimensional
alkyne chain acts as a molecular wire to convey the odd electron from one metal
centre to the other.>> Although 2 has the highest K. value, this can be attributed to
the fact that the iron end groups are more electron donating, which is also
manifested in the fact that the diiron complexes are much easier to oxidise

thermodynamically.>

Spectroscopic and theoretical studies have shown that the radical cations
of the half sandwich bimetallic complexes have delocalised ground state
electronic structures. The dicationic species of 2, 3, and 4 were synthesised via a
chemical oxidation process. IR spectroscopy performed on the dication species of
2 indicated that the alkyne bridge remained in a single bond-triple bond form by
the presence of a stretching frequency in the region 1950-2160 cm™.*® In contrast
the doubly oxidised species of 3°* and 4°* ¢ contains a cumulenic structure. The
IR active band for v(C=C) of [{Ru(PPh;),Cp} z(u-C=C=C=C)]2+ is observed near
1740 cm'l,58 while a Raman active band at 1883 cm™' was attributed to the carbon
fragment of [{Re(NO)(PPh3)Cp*}z(u-C=C=C=C)]2+. The alkyne chain of the
dication species of 2 has a higher triple bond character compared to the neutral
species,55 while the carbon chain for the dication of 3 and 4 shows full cumulenic

5861,
behaviour. 63

19



Table 1. Representative L,M-Cx-M’L’, complexes along with their electrochemical and spectroscopic properties. *All processes are
one electron processes. (Avyp=[2310v max]” 2 Haz=v ma,(/2)

Couple® AE K. NIR NIR ¢ A1 Aip Hag (eV)
(V) Amax  (M'cm™)  (observed) (calculated)
(nm) (cm™) (cm™)
Fe'Fe™ 072 1.6x107 1326 11700 3250 4220 0.47
}‘g%ﬁé\ Fe'-Fe!v % 099 59x10'
Phaf,_pPh PhR_§Phz
(#))
Re!-Re™ ¥’ 0.53 1.1x10° 883 15000 1500 4166 0.516
1000 9400 1200 5000 0.620
Re—=—== RS 1200 3200 1800 5663 0.702
PhsP NO ON PPhs
(3)
Ii 111 58 11
ﬂ % Ru-Ru 0.64 15x10" 877 8000 3600 5131 0.71
I\?u — — Rﬂ m v i
PhaP/ - e \PPh3 Ru"Ru 0.65 15x10" 819 900 3400 5308 0.76
4)
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Polyyne molecules can adopt linear, symmetric bow, unsymmetric bow,
kinked, S-shaped, and random carbon chain conformations (Figure 9).
Interestingly, bond angles do not provide a direct measure or a reliable qualitative
indicator of carbon chain conformations. If the bending in a molecule always has
the same directional sense, even when every bond angle is only slightly less than
180°, a distinctly curved system results. If the directional sense of the bending
changes from bond to bond, giving a zigzag pattern, a much more linear system
results.”® The crystal structures obtained for the neutral bimetallic complexes 2,%
3,°" and 4% ®' show a carbon spacer comprising of alternating single bonds-triple
bonds similar to those of butadiyne. There is no real appreciable bending of the
carbon chains with all M-C4-M moieties having only a 2° to 11° deviation from
linearity. In general a more pronounced curvature of the (C=C), chain is observed
as the carbon chain length increases. The exception to this is found for compounds
carrying a (Cg¢Fs)(p-tol;P),Pt end cap (Scheme 4), where the curvature for its Cj
compound is larger than that for its Cie compound.62 The carbon chains in the C,,
compound almost form a semicircle, while the carbon chains in the C;6 compound

forms a slight S-shape.

In an effort to increase the lengths of alkyne spacers, fully characterised
rhenium analogues of 3 have been made with Cs, Cg, C;2 and Cy6 carbon spacers.
In general the synthesis proceeds via a step-growth approach by employing
acetylenic homo and cross-coupling procedures depending on the desired spacer
length.®* The methodology used to synthesise the aforementioned chain lengths
failed to synthesise pure complexes containing chain lengths of Cy0.%° The Cg
homologue of the half sandwich diiron complex,®® and the Cs homologue of the
diruthenium complex have also been synthesised.®® The curvature often associated
with these longer chain species has been attributed to crystal packing effects.®” ¢
8 An increase in the spacer chain length leads to a much more exposed carbon
chain making it susceptible to intermolecular reactions, thus decreasing the

stability of the molecule especially for compounds with electron rich termini.®*

70
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Figure 9. Types of carbon chain conformations: (A) linear, (B) symmetric bow,

(C) unsymmetric bow, (D) kinked, (E) S-shaped, (F) random.>

In order to stabilise higher redox states of M-(C=C),-M, insulation of the
exposed longer carbon chains was investigated. The metal end cap used was
(C6Fs)Pt since CgFs has been shown to increase Lewis acidity of the platinum and
retard phosphine dissociation which is thought to cause oligomerisation. The two
phosphane ligands on the platinum each contain hexamethylenevinyl
((CH,)sCH=CHy) groups.7]’ 2 The complex was subjected to a copper catalysed
reaction with a 1,3-butadiynyl complex, followed by a Hay coupling, and then a
reaction with Grubbs ruthenium metathesis catalyst, and finally hydrogenation to
give a double helical complex (Scheme 4). The resulting double helical structure
can be viewed as a sp® carbon chain which three dimensionally shields a sp carbon
chain analogous to insulating a conventional wire. The sp® chain has a barrier of

rotation of 12 kcal/mol representing the measure of sp carbon chain protection.”’
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R F

1.[C1,(PCy;),Ry(=CHP})]
2.10% Pd/C, 1atm H,, 93%

Scheme 4. Synthesis of a double helical complex [((CsFs)Pt(PPh2),C=C-
C=C)2((CH2)sCH=CH),),].”"

Attempts have been made to tune the level of electronic coupling of metal
polynyl complexes by varying the endcaps of the molecule, and by inserting
various spacers into the carbon chain. The different endcaps that have been used
range from metal centres having electron donating character to those having
electron withdrawing character, to changing one of the endcaps for an organic
molecule containing donating/accepting properties. Metal centres that have been
used include Cp(PPhs)(PMe3)Ru,”® Ru(dppm)Cp*, Ru(dppe)Cp*,*' Cp*(NO)(P(p-
CsHsMe)s)Re, Cp*(NO)(P(p-CsHa'Bu)s)Re,** Cp*(dppe)Fe®® and Cp*(CO),Fe.”
One of the most common organic endcap used is CsHs-X, where X is varied from
electron withdrawing to electron donating moieties. These endcaps are used to
illustrate preferential one way electron transfer which causes the molecule to act
as a rectifying component, or as a polarised molecular wire.”” In general an
increase in electron donation properties of the ligands surrounding the metal
results in a larger interaction of the end cap with the acetylene chain, giving these

compounds stabilised oxidation states and defined spectroscopic signals.
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As the length of the carbon chain increases, there is a need to incorporate
linkers to maintain the rigidity of the carbon chain, facilitate the synthetic process,
increase the chemical stability of the compound, and increase the high level of
electronic coupling. Popular spacers include 2,5-thiophene,69 and 1,4-benzene.””
% Insertion of a spacer does not always prove beneficial, and care must be taken
to choose a spacer that is not detrimental to the strength of electronic coupling. An
example of is shown by insertion of the 1,4-benzene spacer between the alkyne
moieties of a diiron compound. This was found to reduce the electronic
interactions between termini compared to the compound with no spacer as shown

by the lowering of the K value.>
1.4. Molecular Junctions

At present, the conceivable implementations of molecular electronic
technology will require a critical interface between the active molecular
components and a solid (surface) electrode interface.” The construction of these
molecule-surface interfaces and the issues of molecule-surface interactions are
amongst the bigger obstacles to the realisation of molecular electronics
technology. In order to maximise these molecule-macroscopic connections a
reasonable level of integration within each functional molecular unit is desirable.
It follows that in addition to molecular components such as wires and rectifiers, it
will be necessary to develop molecular “junctions” capable of interconnecting
these molecular components to permit the construction of more complicated

devices such as molecular adders and other logic circuits.”

It has been proposed that different chemical combinations of
oligo(phenylene ethynylene) (OPE), methylene and thioacetyl alligator clips can
correspond to different functions in circuitry (Table 2).° Although transport
through linear molecules has been tested, there are still problems involving testing

of devices involving more than two termini.®
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Table 2. Chemical symbols and their corresponding molecular circuit symbols.

“Chemical Symbol Molecular Circuit Description
Symbol
T —SsAc —o Contact to input or output i
H, Transport barrier
—c @ P

T-Junction 1,3,5-Trisubstituted
benzene

benzene

jij: Q-Junction 1,2.4,5-Tetrasubstituted

1,4-Disubstituted benzene
|

1,4-(Phenyl ethynylene)-

o= L 4-phenylene
i )= 1,4-(Phenyl ethynylene)-

1,4-(phenylene
ethynylene)

— /= 1,4-(Phenyl ethynylene)-

- Y 1,4-(phenylene
ethynylene)-1,4-
phenylene

— - =]

Compounds carrying central ethynyl substituted benzene cores are of
interest due to their geometry and active coordination sites. These cores enable
simple reactions to be used in order to extend the molecule in several directions
forming star shaped molecules as potential molecular junctions. In terms of
molecular circuit symbols, 1,3,5-triethynyl substituted benzene can be considered
as a T-junction, while 1,2,4,5-tetracthynyl substituted benzene can be considered

as a Q-junction.
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1.4.1. Substituted 1,3,5-triethynylbenzene

There have been numerous studies on compounds containing 1,3,5-
triethynyl substituted benzene cores linked to metal endcaps. It was thought that
metal acetylide complexes would posses delocalised n-systems which allow
communication between coordinated metal centres.”” 7’ Various metal moieties
such as Cp(PPh;),RuC=C- and CpFeCsH4C=C- have been attached to a central
1,3,5-tricthynyl benzene core (Figure 10)."° The symmetrical compound
[{Cp(PPh3),RuC=C}4(1,3,5-C¢H3)] (Figure 10a) undergoes three successive one
electron oxidations which are reversible on a cyclic voltammetry time scale, but it
decomposes at longer time scales resulting in relatively small comproportion
constants for the first two oxidations.’® In contrast, the compound
[{CpFeCsH4sC=C}5(1,3,5-C¢H3)] (Figure 10b) gives no indication of
communication between the Fe(Il) metal centres.”® 7 Despite the fact that
[{CpFeCsH4C=C}5(1,3,5-C¢H3)] contains multiple ferrocenyl subunits, the cyclic
voltammetry displays only a single reversible anodic process. This implies that the
central aryl nucleus does not allow the peripheral ferrocenyl subunits to

_ : . 9
communicate electronically with one another.” 80

Figure 10. Depiction of a) [ {Cp(PPh;),RuC=C}1(1,3,5-C¢H3)],
b) [{CpFeCsH4C=C}3(1,3,5-C¢H3)], and
¢) [{Cp*(dppe)Fe(C=C)}3(1,3,5-CeH3)][PFsJo.
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The complex [{Cp*(dppe)Fe(C=C)}3(1,3,5-CsH3)][PFs], (Figure 10c) has
been shown to have two distinct intervalence charge transfer bands which are
attributed to two independent pathways of electron transfer vig the singlet and
triplet state of the mixed valence compound.*® This phenomenon has been

81, 82 which is a cancellation effect

explained as the quantum interference effect,
that occurs due to contributions from two electron transfer paths. Each path
implies a mixing of the metal orbitals with different ligand orbitals thus resulting
in molecular orbitals exhibiting different symmetry. This effect has been observed
in compounds with interactions in the meta position. Perhaps this is why it is still
possible for complexes of meta substituted triethynyl benzene to have a small K¢
value.®! Related work in this area®®° have shown that all similar compounds
suffer from the same problems of weak electronic communication between the

metal centres making them unsatisfactory as a potential molecular wires or

switches.

A purely organic potential molecular three terminal junction reminiscent
of a molecular sized field effect transistor in which there is a source, drain, and
gate with thioacetyl alligator clips has also been synthesised (Figure 11).%
However, conduction studies have yet to be carried out, due to the need of a six

probe testing array.®’
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SAc
Gate

Figure 11. 1,3,5-Triethynyl substituted benzene proposed to act as a molecular

switch.

1.4.2. Substituted 1,2,4,5-tetraethynylbenzene

Because of the quantum interference effect observed for 1,3,5-
trisubstituted benzene type compounds, the search for communication through an
aromatic core turned to those involving a 1,2,4,5-tetrasubstituted benzene core
which do not have the destructive meta effect. In studies to date, the 1,2,4,5-
tetrasubstituted benzene compounds have usually been synthesised as a precursor

to extended fused ring structures via electrophile induced cyclisation reactions*®

or as precursors to star shaped polymers.”" >

Fused polycyclic aromatics were synthesised by subjecting p-
alkoxyphenylethynyl substituted aromatics to an electrophilic induced cyclisation
reaction.” * The reaction may be affected by electrophiles such as trifluoroacetic
acid or iodinium trifluoroacetate. The general requirement for fused polycyclic
aromatics precursor systems, in addition to the carbocation directing group, is that

the alkynyl group and the aromatic ring undergoing electrophilic substitution must
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be ortho-substituted. The systems of particular interest are those containing p-
alkoxyphenylethynyl-substituted aromatic pairs which are configured para to each
other. The synthesis of this precursor commences at 1,4-dibromo-2,5-
diiodobenzene, which was chosen due to the chemoselectivity of the iodide

position to Pd-catalysed cross coupling reaction.®

Polycondensation between 1,4-diethynylbenzene and 2,5-diiodo-3-
hexylthiophene under mild conditions results in the corresponding poly(arylene
ethynylene) oligomer. This oligomer can be further reacted with 1,2,4,5-
tetrahalobenzene to yield a new type of star-type branched polymer (Figure 12).91
Other star-type compounds such as 1,4-diphenylethynylene-2,5-bis(n-
hexyloxy)benzene and 1,4-diphenylethynylene-2,5-bis(n-dodecyloxy)benzene
have also been synthesised for photoluminescent and electroluminescent

applica’tions.92

Only recently has there been interest in the utilising these types of
compounds as molecular wires.”> There has been very little work in the area of

understanding the properties of 1,2,4 5-tetrasubstituted aryl compounds,

especially for utilisation as a working model of molecular junctions and switches.

Figure 12. Model for star shaped polymers.
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1.4.3.1,1,2,2-Tetraethynylethene

A peralkynylated 1,1,2,2-tetraethynylethene allows a total of six
conjugation pathways in two dimensions, which consist of two linear cis- and two
linear trans-conjugation as well as two geminal cross-conjugation pathways
(Figure 13). Both the trans and cis orientation provide one dimensional
conjugation pathways, while the geminal orientation gives a two dimensional

conjugation through a combination of four linear and two cross-conjugated paths.

Figure 13. The six possible conjugation pathways in 1,1,2,2-tetraethynylethene
derivatives, a and b are trans- and cis- linear conjugation while ¢ is a

geminal conjugated pathway.

Intramolecular donor-acceptor interaction are more effective with cis- and
trans-linearly conjugated electronic pathways rather than the geminal pa‘[hway.94
This property was determined by observing the magnitude of donor-acceptor
conjugation via UV-Vis spectroscopy where all donor-acceptor substituted
1,1,2,2-tetracthynylethenes display broad-absorbtion bands at lower energies than
those expected for intramolecular charge transition. The result of this study shows
the trans/cis substituted donor acceptor 1,1,2,2-tetraethynylethenes have larger
bathochromic shift for their charge transfer band compared to the geminal isomer

indicating a more efficient conjugation pathway.95
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1.5. Molecular Switches

Molecular switches are systems that possess two or more reversible
bistable states. A wide variety of molecular properties can be utilised to effect
switching, including structural, electronic, optical absorption, luminescent and
magnetic changes, while the different switching conditions include chemical,

thermal, optical and electrochemical stimuli."?

1.5.1. Photoresponse Based Switch

Since conductivity of a molecular wire relies on the conjugated n-system
within the molecular candidate, any change in the system that interrupts the n-
system and reduces conductivity can be considered a switching mechanism.
Switching based on photoresponsivity of the molecule are particularly attractive
since light allows for a fast and clean interconversion process in the absence of

thermal back reactions.”®

One popular switch that has been utilised is based on the reversible
isomerisation of 1,2-bis-(3-thienyl)ethene derivatives (Figure 14).”"'°! This core
unit has been shown to have good quantum yield as well as remarkable fatigue
resistance. The initial open form, where the conjugation pathway is interrupted
can be converted to the closed form by irradiation with UV light at 313 nm
resulting in a planar conjugated wire which is the ON position (Figure 14). This
process can be reversed on irradiation of visible light having a wavelength larger

than 600 nm, as seen by the recovery of the original UV absorption spectra.

3]



R R
Open form (OFF) Closed form (ON)

Figure 14. Light induced photoisomerism of 1,2-bis-(3-thinyl)ethane core.

One of the most interesting properties of arylated 1,1,2,2-
tetraethynylethenes is their ability to undergo reversible photochemical cis—trans
and frans—cis isomerisation.”® Since both isomer forms benefit from strain free
planarity, the process is not accompanied by undesirable thermal isomerisation.

| One example of a fully reversible molecular photoswitch is based on a 1,1,2,2-
tetracthynylethene core containing (R)-1,1’-binaphthalene functionalisation
(Figure 15). The two states can be interconverted in CH,Cl; solutions with light

having a wavelength 323 or 398 nm.”®

Figure 15. A novel fully light driven molecular switch based on a

1,1,2,2-tetraethynylethene core.”
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1.5.2. Topological Rearrangement Based Switch

A different class of molecular switch involves compounds whose
component parts can undergo spatial reorganisation with respect to one another
without cleavage of bonds. An attractive class of molecule to study for this type of

10 . .
19219 and catenates’ in which one part of the complex can

switching are rotaxanes
move with respect to the other part of the complex due to an alteration in redox

potential or pH.I04

To illustrate the behaviour of these type of compounds the example of a
catenate that undergoes conformational change due to an alternation in redox
potential is taken (Figure 16). The catenate contains a TTF unit and a 1,5-
dioxynaphthalene (1/5DN) ring system interlocked with another ring system
containing cyclobis(paraquat-p-phenylene) (CBPQT*"). The design of the catenate
is based on the fact that in solution, polyether chains carrying TTF derivatives
exhibit extremely strong binding towards CBPQT**, while systems containing
1/SDN are more weakly bound. The TTF units are readily oxidisable, while in
contrast the 1/SDN units are quite difficult to oxidise. In.solutions the CBPQT*
component resides preferentially around the TTF, and upon oxidation the
polyether component circumrotates with respect to the CBPQT¢H component SO

that the 1/5DN ring system occupies this cavity.
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1.6. Molecular Logic Devices

If the definition of switching is extended from controlling electron flow in
a circuit to a more general one of bistable molecules that can be interconverted
between two states then the area of logic gates is reached. The binary logic of
computing is based on bits that can be written and read as 0 or 1. In positive logic,
0 represents a signal that is below a defined threshold, while 1 represents signal
above the threshold.!® A possible area in which such bistable molecule could be
used is optical data storage, where each molecule would store one bit of
information. This requires the molecule to be able to form uniform arrays and be
individually addressable. When two or more logical functions (independently
switchable 0/1 processes) are combined in a single molecule, sophisticated
behaviour reminiscent of the logic gates used as electronic components start to

emerge."’

One such example of a logic gate, which is also a three way chromophoric
switch, possesses a 1,1,2,2-tetraecthynylethene core, with a variety of peripheral

199 This switch contains three addressable subunits: a central

subunits (Figure 19).
bond that can undergo cis-trans isomerisation (logical 0 to logical 1), a
dihydroazulene unit (0) that can convert to a vinylheptafulvalene (1) upon
irradiation, and a proton sensitive N,N-dimethylanilino group (O=deprotonated,
I=protonated). The presence of three switchable units means that the molecule
can exists in eight principal different states. It has also been demonstrated that the
photoreversible switching between the dihydroazulene and vinylheptafulvalene
can occur on the femtosecond time scale leading to potential ultrafast logic

: 11
functions.''°
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Figure 19. Three way chromophoric molecular switch.'®

Another three state molecular switch based on spiropyran has been
developed to respond to two optical inputs and one chemical input producing two
possible optical outputs (Figure 20).""" The colourless spiropyran switches to
merocyanine upon irradiation with UV light, which upon treatment of acid
protonates, then converts back to the spiropyran upon irradiation with visible
light. In the alternative cycle, the starting spiropyran in treated with acid to form
the protonated merocyanine, is deprotonated with base, and converted back to the

spiropyran by irradiation of visible light. H2
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Figure 20. Three state molecular switch.'"2

o

1.7. Memory Devices/Data Storage

A redox active OPE in a self assembled nanoscale molecular device has
been demonstrated to have charge storage capabilities and hence the potential to
operate as a molecular dynamic random access memory (mDRAM).'” This
memory device operates by storage of a high or low conductivity state. Electronic
measurements were performed in a nanostructure that had a metal top contact, a

SAM active region and a metal bottom contact.''*

The read, write and erase sequence for the redox active OPE (Figure 21)
illustrates an initially low-conductivity (low o) state which is charged (written)
into a high conductivity (high o) state upon application of a voltage pulse. The
high conductivity state persists as a stored bit which is read in the low voltage
region, and is unaffected by subsequent read pulses.'”” The negative pulse erases

the bit, resetting the cell. This ability to program, read and refresh the state of the






Chapter 2. Synthesis and Photophysics of Ethynylated

Aromatic Systems

2.1. Ethynylated Aromatic Systems as Potential Molecular Wires

The construction of large molecular structures and connectors from
smaller components has been compared to assembling devices with a molecular
construction set, and many types of molecular rods and connectors have been

synthesised for this purp()Se_75’ 115

Many of these molecular assemblies have
served as model systems with which to study fundamental issues such as electron
transfer, donor-acceptor conjugation circuitry, nonlinear optic (NLO) behaviour
and liquid crystalinity, and play an important role in establishing design roles for
molecular electronics and nanotechnology.''® The rational design of these
molecular building blocks therefore plays a crucial role in the construction of
molecular architectures. The acetylene moiety is a useful connecting unit since its
structural linearity does not suffer fluctuation due to cis-trans isomerisation
processes found in alkene based systems, it has a small steric demand, and there
are numerous synthetic methods already in place to connect the sp carbon to an
sp> or sp carbon centre.''”"?! Also due to the isotropic distribution of the 7-
electrons along the C-C axis,'* acetylenic linkages are capable of transmitting
electronic perturbation efficiently making it a good molecular wire.** '** '** These
linkages also provide space between adjacent aromatic rings so that they do not

sterically interact, as in biphenyl.'*®

Consequently, many ethynylated aromatic systems, such as 14-
bis(phenylethynyl)benzenes, 9,10-bis(phenylethynyl)anthracenes, 2,5-bis-
(phenylethynyl)thiophenes, and 2,5-bis(phenylethynyl) metallacylopentadienes,
have been studied and found to display interesting structural, electronic, nonlinear
optical, and luminescent properties. The stiff, linear nature of these compounds

often results in liquid-crystalline behavior,'** and it is interesting to note that
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many of the models used to rationalise the phase behavior assume cylindrical
symmetry along the ethynyl axis. The fluorescent and electroluminescent
properties of both molecular and polymeric systems based upon these motifs have
prompted speculation about the suitability of these compounds for alternatives to
poly-(phenylene)vinylene (PPV) as emitting layers in electroluminescent
devices.'”* In addition the conjugated m-system has led to the development of
molecular wire-like architectures,®® for which remarkably low resistivities have
been measured.’” '** The origin of many of these fascinating properties may be
directly attributed to the extended, linear m-conjugation that runs along the
principal molecular axis which, at any point in time, is dependent upon the
relative orientation of the planar aromatic moieties. Conductivity of molecular
scale wires is thought to arise from intramolecular electron transfer processes

facilitated by the delocalised n-backbone that extends over the entire molecule.

An ethynylated aromatic systems that has been tested for conductance is
the thiolate form of 1 which can self assemble on gold (Figure 3) as has been
discussed in section 1.3.1."° The stochastic on-off switching of the current
observed in the STM images has been explained in terms of changes in ring
conformation. Indeed, it has recently been claimed that conformational changes
may be wused to modify the conductive properties of a 14-
bis(phenylethynyl)benzene derivative, giving rise to a molecular switch.'?" 128
Through a series of reports, the wire-like conduction, conformational dependent

switching and negative differential resistance properties of this general class of

material have been described.'?

The HOMO-LUMO gap in these materials, and hence their emissive
properties, will vary with the effective conjugation length, which in turn will alter
their photo- and electroluminescence characteristics. While it is true that the
barrier to rotation around the sp-sp single bond is small for a single molecule that
does not mean that the orbital arrangements are rotationally invariant. This is

supported by semiempirical calculations which state that planarisation leads to a
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minimisation of the HOMO-LUMO band gap thus leading to a red shift of the
Amax Seen in the UV-vis spectra of oligo(phenylene ethynylenes).'”” To engineer
molecular devices based upon conjugated frameworks, a firm grasp of the factors
that control the geometry of the compound, and hence the m-conjugation pathway,

in both the ground and excited states is required.

This chapter describes the synthetic organic phase of a long term project
directed towards the construction of molecular scale electronic devices. The

specific goals of this portion of the project were:

a) to investigate synthetic methodologies for the preparation of 1,4-
bis(arylethynyl)benzene derivatives in which relative rotation of the aromatic
groups is sterically restricted, and examine the role of relative intra-ring

orientation on the electronic structure of this “wire-like” motif,

b) to investigate synthetic methodologies for preparation of 1,2,4,5-tetracthynyl
substituted benzene derivatives, and assess the suitability of this motif as a four-

way molecular junction.

2.2. Synthesis and Photophysics of Linear Ethynylated Aromatic

Systems

2.2.1. 1,4-bis(Phenylethynyl)benzene

The molecular structure of 1,4-bis(phenylethynyl)benzene (5) was
confirmed by X-ray crystallography using single crystals grown from
CH,Cl,:MeOH and one of the two molecules in the unit cell is shown in Figure
22.' The three aromatic rings are approximately co-planar, with the outer rings

C(1)-C(6) and C(1°)-C(6’) rotated 5.36° and 0.41° with respect to the inner

" Solid state molecular structure courtesy of T.B. Marder.
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aromatic ring. The alkyne moieties connecting the outer and inner rings has a
definite single-triple-single bond alteration with C(4)-C(7) 1.431(2) A, C(7)-C(8)
1.205(2) A, C(8)-C(11) 1.428(2) A. The alkyne moieties connecting the rings are
almost linear with a C(4)-C(7)-C(8) angle of 176.9(2)°, and a C(7)-C(8)-C(11)
angle of 178.7(2)°. The molecule packs in a planar-perpendicular alternating

motif.

Figure 22. Molecular structure of 5 depicted with a 50% ellipsoid probability.

Hydrogen atoms have been omitted for clarity.

The barrier to rotation about the alkyne-arene single bond in the ground
state is low, allowing relatively free rotation about this bond unless the molecular
motion is restricted by the environment, for example, as in an ordered monolayer

or polymer matrix." "'

The calculated change in energy for 5 with varied
rotation (0-90°) of either one or both of the outer aromatic rings with respect to a
fixed orientation of the inner aromatic ring was performed using Gaussian98 at a
B3LYP/6-31G** level, and shows almost no change in energy with rotation, ca.
0.005 kcal/mol (Figure 23). The energy of the molecule at different rotations was
taken after a single point energy calculation, starting from the planar geometry
optimised structure of 5. Thus, engineering control over the molecular
conformation in materials derived from 5 for potential applications is a formidable
challenge. Photo-excitation may offer one avenue for transient control over the
conformation of the molecular skeleton although there is little information
available regarding the nature of the molecular and electronic structure of the

excited states of these materials."*> '
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7 The shift of the acetylene band by ca. 90 cm™ upon excitation is

excited state.
consistent with shifts in the Raman bands for the ground and S; excited states of
diphenylacetylene to be 2217 and 2099 cm™ respectively.139 Whilst this 118 cm’
shift to lower wavenumber represents a weakening of the C=C central bond in the
S; state, it was concluded that the bond order was still “triple” and that the excited
molecule is linear. Significantly, the spectrum of the S, state of 5 does not indicate
the presence of a cumulenic/quinoidal structure, which would be expected to show
a strong band near 2000 cm™'. Butatriene derivatives exhibit intense Raman bands
at ca. 2040 cm’ assigned to the symmetrical stretching vibration of the
(C=C=C=C) linkage. 10 Burthermore, it was found that extended conjugation leads

to a further lowering of the vibtation frequency of (C=C=C=C) in the Raman

spectrum.

The HOMO of 5, whilst sensitive to the precise molecular geometry, was
calculated using Gaussian98 at a B3LYP/6-31G** level, to be essentially
delocalised over the molecule (Figure 29), with bonding character between the
carbon atoms of the acetylenes, and anti-bonding with respect to the Cg,-Csp2
bonds, whilst the reverse is true of the LUMO (Figure 29). Given the large
number of lower lying occupied orbitals which contribute to the acetylenic and
aromatic sub-structure of the molecule, it is perhaps not surprising that promotion
of a single electron from the HOMO to LUMO does not bring about a significant

change in the bond order of the acetylene.

Photo-excitation may offer a degree of transient control over the
conformation of the molecular skeleton. However, steric restriction to rotation of
the aromatic rings can also be used to engineering control over the molecular

conformation in materials derived from 5 for potential applications.
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Scheme 5. Two different synthetic pathways for the synthesis of a three ring

system.

Iodination of 6 was performed to produce the aryl dihalide as a precursor
to subsequent Sonagashira coupling reactions. The synthesis of 1,4-diiodo-
2,3,5,6-tetra(methyl)benzene (7) proceeded according to a procedure by Suzuki,'"!
involving durene, iodine and periodic acid as the oxidising agent, which were
dissolved in a slurry of sulphuric acid, water and glacial acetic acid and heated
over a period of time (3h). The crude product obtained after solvent removal was
purified by washing with acetone to remove the excess iodine and recrystallisation
from hot acetone to give the desired product as a white powder. A higher yield
(96%) for the reaction can be obtained compared to those quoted in the literature

(80-87%,"*' 52%'*%) by periodically returning the sublimed iodine to the reaction

mixture.

Access to the reactive C-I bonds in 7 is restricted by the methyl groups,

and there was the need to ensure that subsequent Sonagashira coupling would
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proceed using the chosen catalyst and base. A test reaction was performed
between 7 and the unencumbered phenyl acetylene to ensure that the active form
of the Pd catalyst can insert into the C-I bonds of 7 performing the oxidative
addition portion of the catalytic cycle. The direct reaction between 7 and phenyl
acetylene was performed instead of ethynylating 7 due to the commercial
availability of phenyl acetylene. The Pd(PPh3)s (2.5%)-Cul (2.5%) catalysed
coupling reaction between 7 and phenyl acetylene was carried out at room
temperature in NEt; (72 h) to afford the desired 1,4-bis(phenylethynyl)-2,3,5,6-
tetra(methyl)benzene (8) as thick white needles. The reaction was performed at
ambient temperature which is known to minimise side reactions, in reactions

involving a reactive halide.

The aromatic region of the 'H NMR spectrum of 8 showed a multiplet
ranging from & 7.34-7.40 ppm due to the meta and para protons of the outer
phenyl rings. The doublet at & 7.57 ppm is due to the ortho protons of the outer
aromatic ring. All four methyl groups of 8 are magnetically equivalent and gave a
singlet at & 2.52 ppm. The *C NMR spectrum shows two resonances at & 88.88
ppm and 98.32 ppm from the acetylenic carbons, a resonance at & 18.68 due to the
methyl groups, while the remaining six resonances were assigned to the
magnetically distinct aromatic carbon centres. The IR spectrum of 8 displayed a
weak v(C=C) band at 2208 cm”', while in the EI-MS spectrum the molecular ion
was observed at m/z 334 together with fragment ions at m/z 319-304 arising from

sequential loss of methyl groups.

The molecular structure of 8 was confirmed by X-ray crystallography
using single crystals grown from CH,Cl;:MeOH and is shown in Figure 30, with
crystallographic data given in Table 3. The three aromatic rings are
approximately co-planar, with the outer phenyl rings C(8)-C(13) and C(8’)-C(13”)
rotated 1.51° with respect to the inner ring. The torsion angle measured to
determine the ring rotation with respect to each other is C(13)-C(8)-C(3)-C(1).
The alkyne connecting the outer C(8)-C(13) and inner C(1)-C(3) rings has a
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definite single-triple-single bond alternation with C(8)-C(7) 1.440(2) A, C(7)-C(6)
1.198(2) A, C(6)-C(1) 1.436(2) A. The alkyne moieties connecting the rings are
almost linear with a C(8)-C(7)-C(6) angle of 176.2(11)°, and a C(7)-C(6)-C(1)
angle of 177.4(1)°. The molecule packs in a zigzag fashion with the hydrogens of
the molecule connecting head to tail. The molecular structure of this model
material clearly demonstrates that in order to engineer the relative rotation of the
C(8)-C(13) and C(1)-C(3) aryl rings about the C(6)-C(7) ethynyl axis increased
steric bulk needs to be introduced to the ortho position C(9) and C(13) of the

outer aromatic ring.

Figure 30. Molecular structure of 8 depicted with a 50% ellipsoid probability.

Hydrogen atoms have been omitted for clarity.
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Table 3. Crystal data and structure refinement for 8 and 9.

8 9
Empirical formula Ca6H2z CiHay
Formula weight 334.44 418.59
Temperature 120(2) K 120(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic
Space group P2i/c P-1
Unit cell dimensions a=7.63823) A a=5.8283(1) A
o= 90° o=92.26(1)°
b =5.5306(2) A b=6.37132) A
B=90.18(1)° B=99.59(1)°
c=22.4684(8) A c=16.2212(4) A
y=90° ¥ =90.90(1)°
Volume 949.2(1) A3 593.32(3) A3
Z 2 1
Density (calculated) 1.170 Mg/m3 1.172 Mg/m3
Absorption coefficient (066 mm-1 0.066 mm-1
F(000) 356 226
Crystal size 0.50x 0.14 x 0.02 mm3  0.30 x 0.30 x 0.10 mm3

Theta range for data
collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta
Absorption correction
Max. and min.
transmission
Refinement method

Data / restraints /
parameters
Goodness-of-fit on F2
Final R indices

[I>2sigma(])]
R indices (all data)

Largest diff. peak and
hole

1.81 to 27.50°

-9<=h<=9, -6<=k<=7,
-29<=|<=29

8848

2172 [R(int) = 0.0499]
100.0 %

None

Full-matrix least-

squares on F2
2172/0/ 168

0.928

R1=0.0406, wR2 =
0.0945
R1=10.0692, wR2 =
0.1062

0.148 and -0.240 e.A-3

2.55t0 29.00°

-7<=h<=7, -8<=k<=8,
-22<=]<=22

5059

3093 [R(int) = 0.0404]
98.3 %

None

Full-matrix least-

squares on F2
3093/0/213

1.025

R1=10.0476, wR2 =
0.1364
R1=0.0610, wR2 =
0.1470

0.398 and -0.216 ¢.A-3
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2.2.3. 1,4-bis(2’,4°,6’-tri(Methyl)phenylethynyl)-2,3,5,6-

tetra(methyl)benzene

A similar protocol to that described for 8 was employed in the synthesis of
1,4-bis(2°,4’,6’-tri(methyl)phenylethynyl)-2,3,5,6-tetra(methyl)benzene 9)
(Scheme 5), which has an increased steric bulk at the ortho position of the outer
aromatic ring. The compound 1-ethnyl-2,4,6-trimethylbenzene was prepared via
Pd(PPh;)4/Cul catalysed coupling reaction between 1-iodo-2,4,6-trimethylbenzene
and trimethylsilylacetylene followed by a desilylation to produce the terminal
acetylene. However, isolation of the product proved to be a problem, and a pure
product could not be obtained. Thus the route of coupling 7 with 1-ethnyl-2,4,6-
trimethylbenzene was abandoned. An alternate route, involving the initial
preparation of 1,4-diethynyl-2,3,5,6-tetra(methyl)benzene (12), followed by cross-

coupling with 1-iodo-2,4,5-trimethyl benzene was therefore explored.

Alkynyl zinc reagents have been shown to couple with 1-iodo-2,4,6-
trimethylbenzene.'* Successful reactions involve coupling of
ethynylzincbromide, generated in situ from HC=CMgBr and dry ZnBr,, with 1-
iodo-2,4,6-trimethylbenzene. However, attempts to couple 1-iodo-2,4,6-
trimethylbenzene with other metal acetylides such as those containing MgBr and
SnBus were not successful, or gave only poor yields of the ethynyl products.'®?
Perhaps this type of reaction could facilitate the isolation of 1-ethnyl-2,4,6-

trimethylbenzene.

The palladium/copper catalysed (Pd(PPh;)s/Cul) coupling reaction
between 7 and trimethylsilylacetylene was found to proceed at ambient
temperature followed by extraction of the alkylammonium salt by-product into an
aqueous layer. The crude acetylenic product was isolated and desilylated
(NBusF/H,0) without further purification. The desired terminal di(acetylene), 12,
was obtained as a pure yellow-coloured solid from the reaction mixture by

Soxhlet extraction (hexane).
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The IR spectrum of 12 showed a weak absorption band for v(C=C) at 2097
cm™' and the EI-MS spectrum exhibited a molecular ion at m/z 182. The '"H NMR
spectrum showed two singlets at & 2.34 ppm and 3.46 ppm with a ratio of 1:6
representing the terminal alkyne proton and the protons of the methyl groups on
the aromatic ring, respectively. The ?C NMR spectrum shows two resonances at
0 82.24 ppm and 85.73 ppm that are due to the acetylenic carbons, while the peak
at § 18.25 ppm was attributed to the methyl groups on the aromatic ring. The last
two remaining resonances at 8 122.61 ppm and 136.32 ppm are due to the carbons

of the aromatic ring.

Given the success of the Pd/Cu cross-coupling protocols utilised in the
synthesis of 12, similar conditions were investigated to promote the cross
coupling of 12 with 1-iodo-2,4,6-trimethylbenzene. It is known that Sonagashira
type coupling reactions are sensitive to the source of catalytically active Pd
species, and the base used in the reaction. A variety of reaction conditions were
explored using a combinatorial array in which solvent (NEt;, NHEt,, NHPr,,
Bu"NH;) and source of the palladium catalyst (Pd(PPhs)s, PdCly(PPhs),,
PdClx(dppf), Pdj(dba);(dppf), Pdz(dba);/P"Bu;) was systematically varied.
Analysis of the various reactions (GC-MS) revealed a similar distribution of
products in all cases, with mono-, di-, and tri- ethynyldurene substituted
mesitylenes being observed in all cases possibly due to impure starting materials
or as a consequence of frans-halogenation of the aryl starting material. The
sluggish nature of the reaction even at elevated temperatures can be attributed to
the sterically crowded reaction sites, with 9 being observed in the crude reaction
mixtures by GC-MS. On preparative scale, Pd/Cu catalysed cross coupling of 12
with 1-iodo-2,4,6-trimethylbenzene in NEt; at ambient temperature gave 9 in

moderate yield (27%).



The 'H NMR spectrum of 9 showed three singlets at 6 2.32, 2.53, and 2.56
ppm which represents the protons of the methyl groups of both the mesitylene and
durene groups. The singlet at § 6.93 ppm is due to the protons at C(10) and C(12)
(Figure 31). The Bc NMR spectrum shows three resonances at & 21.03, 21.27,
and 26.61 ppm that are due to the C(1), C(14), C(16) methyl carbons. The two
acetylenic carbons have very similar chemical shift at 8 96.04 and 96.07 ppm due
to the similarity of their environment, being surrounded by ortho methyls of the
aromatic rings. The symmetry of the molecule gives rise to six aromatic carbons
between & 120.39 and 139.75 ppm. The IR spectrum displayed a very weak
absorption band for v(C=C) at 2128 c¢m™' while the EI-MS spectrum exhibited a

molecular ion at m/z 418 with a fragmentation pattern indicating methyl loss.

The molecular structure of 9 was confirmed by X-ray crystallography
using single crystals grown from CH,Cl, and is shown in Figure 31, with
crystallographic data given in Table 3. The molecular structure shows a planar
geometry, with the acetylene moieties linking the aromatic rings providing
enough space between C(1) and C(14) thus negating the need to adopt a twisted
confirmation. The three aromatic rings are approximately co-planar, with the outer
mesitylene rings C(8)-C(13) and C(8”)-C(13”) are rotated 2.56° with respect to the
inner ring C(2)-C(4). The alkyne moieties C(6)-C(7) connecting the outer and
inner rings has a definite single-triple-single bond alteration with C(8)-C(7)
1.443(1) A, C(7)-C(6) 1.200(1) A, C(6)-C(3) 1.437(1) A. The alkyne moieties
connecting the rings are almost linear with a C(8)-C(7)-C(6) angle of 178.81(9)°,
and a C(7)-C(6)-C(3) angle of 178.34(10)°. It appears that crystal packing forces

has imposed a planar packing motif for the molecule.

58



Figure 31. Molecular structure of 9 depicted with a 50% ellipsoid probability.

Hydrogen atoms have been omitted for clarity.

In order to probe the potential role of crystal packing forces on the
observed solid state molecular structure, a computational study of the molecular
geometry of 9 in the gas phase was performed. Results obtained for the geometry
optimisation of 9 calculated using Gaussian98 at a B3LYP/6-31G** level
indicated that the outer mesitylene rings have a rotation of 0.54° and 0.61° with
respect to the inner ring and is in accordance with the solid state molecular
structure of the molecule (Figure 32). The ring rotations were calculated by
taking the equivalent of C(8)-C(13)-C(3)-C(2) torsion angle (Figure 31). The
calculated change in energy for 9 with varied (0-90°) rotation of outer mesitylene
rings with respect to a fixed orientation of the inner aromatic ring indicated that
the most stable energy was obtained when the outer mesitylene rings are rotated
by about 10°. However, the extent of the stabilisation energy of the molecule is
only about 1 kcal/mol. In light of this, it is slightly surprising that both the solid
state molecular structure and the geometry optimised structure only have an outer
mesitylene ring rotation of less than 3°. It seems that the planar structure obtained
in both the solid state molecular structure and the gas phase calculation (Figure 31
and 32) has fallen into a shallow local minimum, with the global minimum for the

molecule having an outer mesitylene ring rotation of 10°.
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Table 4. Selected bond length and angles for §, 8, 9, and 10.

5 8 9 10

C(4)-C(7) 1.4312) A 1.4402) A 1.443(DA 1.4413)A
C(7)-C(8) 1.205(2) A 1.198(2)A 1200(1)A  1.202(3) A
C(8)-C(9) 1.428(2) A 1.436(2)A 1437()A  1.436(3) A
C(4)-C(7)-C(8) 176.9(2)°  176.2(11)° 178.81(9)°  171.7(3)°
C(7)-C(8)-C(9) 178.7(2)°  177.4(1)°  178.34(10)° 178.4(3)°
C(3)-C(4)-C(9)-C(10) 5.36° 1.51° 2.56° 13.49°
Numbering system for Table 4:

Ce_Cs C14—C13 sz—C21

C// C4—C =Cy;—Co

1 77— Cg C1eC 17

\ .,/ \ // \ //

& \10_ —Cyq \ l Cig

R R R

2.2.5. 9,10-di(1-Ethynylnaphthalene)anthracene

Other than photo-excitation and the presence of highly sterically congested
aromatic moieties on materials, perihydrogen interactions are alternate steric
constraints that can be utilised to engineer control over the molecular
conformation. Given the difficulty in preparing 11, the possibility of using
alternate steric constraints was investigated which utilises molecules such as 9,10-
di(1-ethynylnaphthalene)anthracene (13), which has perihydrogen interactions

between the naphthalene and anthracene rings in the molecule.

The synthesis of 13 proceeded via Pd(PPh3)4/Cul coupling between 1-
ethynylnaphthalene and 9,10-dibromoanthracene (Scheme 7). The reaction was
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carried out in refluxing diethylamine, and afforded the desired product in good
yield (92%) as a poorly soluble orange powder. The EI-MS spectrum was
obtained using a solid sample of 13 due to the insolubility of the compound in
suitable solvents. The spectrum exhibited a molecular ion at m/z 478, and a
fragment ions at 350 and 326 representing the loss of naphthalene and
ethynylnaphthalene respectively The IR spectrum contained a weak absorption
band for v(C=C) at 2192 cm™'. The 'H NMR spectrum showed resonances only in
the aromatic region which consisted of two multiplets at & 7.61, and 7.73, three
doublets at & 7.95, 8.05 and 8.71, and a multiplet at 8.87 ppm. The *C NMR
spectrum shows two resonances at d 90.98 and 100.41 ppm due to the acetylenic
carbons and fourteen resonances in the aromatic region of the spectrum arising

from the non-equivalent aromatic carbons of the molecule.

(13)

Scheme 7. Reaction scheme for the synthesis of 13 along with its by-products.

Square orange crystals of good quality were produced upon
recrystallisation from hot CH,Cl;, and the molecular structure of 13 was
confirmed by X-ray crystallography as shown in Figure 36, with crystallographic
data given in Table 5. The two naphthalene rings lie in the same plane, rotated
21.66° and 23.67° with respect to the anthracene ring, defined by the C(10)-
C(11)-C(1)-C(7’) and C(6)-C(1°)-C(18°)-C(10’) torsion angle, respectively, while
the distance between the perihydrogens, H(2) and H(17) is 2.54 A. The alkynes
moieties connecting the outer and inner rings have a definite single-triple-single
bond alteration with C(10)-C(9) 1.446(3) A, C(9)-C(8) 1.139(3) A, C(8)-C(1)
1.461(3) A. The C=C bond length of 1.139 A is approximately 0.07 A shorter than

for the C=C in molecular structures of molecules containing three aromatic rings
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connected by acetylenic moieties.

The alkyne moieties connecting the ring

systems via C(1) and C(10) are almost linear with a C(10)-C(9)-C(8) angle of
179.0(3)°, and a C(9)-C(8)-C(1) angle of 178.2(3)°.

Table 5. Crystal data and structure refinement for 13, 9-bromo-10-(1-

ethynylnaphthalene)anthracene and 1,4-dinaphthylbuta-1,3-diyne.

13 9-bromo-10-(1- 1,4-
ethynylnaphthalene dinaphthylbuta-
)anthracene 1,3-diyne
Empirical formula C33H22 C25H|5 Br C24 H14
Formula weight 478.56 407.29 302.35
Temperature 120(2) K 120.0(1) K 120(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Orthorhombic Monoclinic
Space group C2/c P 2:2:2; P2//n
Unit cell a=21.761(1) A a=5.0917(3) A a=282091(3) A
dimensions o= 90° o= 90° o= 90°
b=9.39834)A b=14.9671(8) A b=12.6627(5) A-
B=122.16(1)° B=90° B=100.40(2)°
c=143421(6) A ¢=22.7608(11) A ¢ =15.2126(6) A
y=90° y =90° y =90°
Volume 2483.25(19) A3 1734.55(16) A3 1555.4(1) A3
Z 4 4 4
Density 1.280 Mg/m3 1.560 Mg/m3 1.291 Mg/m3
(calculated)
Absorption 0.073 mm-! 2.377 mm-1 0.073 mm-!
coefficient
F(000) 1000 824 632
Crystal size 0.20x0.14x 0.58 x 0.08 x 0.04 0.30x0.15x0.15
0.02 mm3 mm?3 mm?3

Theta range for
data collection
Index ranges

Reflections
collected
Independent
reflections
Completeness to

2.21to 26.50°

-27<=h<=27,
-11<=k<=11,
-18<=]<=18
11740

2581 [R(int) =
0.0882]
100.0 %

1.63 to 28.99°

-6<=h<=6,
-19<=k<=20,
-31<=I<=31
16356

4595 [R(int) =
0.0322]
100.0 %

2.11 to 27.50°

-10<=h<=10,
-16<=k<=16,
-19<=1<=19
8754

3580 [R(int) =
0.0532]
99.9 %
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Preliminary room temperature photophysical studies including absorption,
excitation and emission spectra indicated that 13 behaves in a similar manner to 5,
undergoing relaxation in the S, state to a presumably more planar conformation.
However, remaining photophysical measurements, such as variational temperature

absorbance spectra, remains to be done.

Crystals of 9-bromo-10-(1-ethynylnaphthalene)anthracene (Scheme 7) and
1,4-dinaphthylbuta-1,3-diyne (Scheme 7) were also isolated as by-products from
the reaction between 1-ethynylnaphthalene and 9,10-dibromoanthracene and were
separated by hand. The compound 9-bromo-10-(1-ethynylnaphthalene)anthracene
resulted from the partial coupling of 9-bromo-10-(1-
ethynylnaphthalene)anthracene  to  9,10-dibromoanthracene,  while  1,4-
dinaphthylbuta-1,3-diyne was produced as a result of homocoupling of 1-
ethynylnaphthalene due to the presence of oxygen in the reaction. The molecular
structure of 9-bromo-10-(1-ethynylnaphthalene)anthracene was confirmed by X-
ray crystallography as shown in Figure 37, with crystallographic data given in
Table 5. The bond lengths along the C(6)-C(15)-C(16)-C(17) chain connecting
the naphthalene and anthracene rings show a definite single-triple-single bond
alternation with C(6)-C(15) 1.461(3) A, C(15)-C(16) 1.150(3) A, C(16)-C(17)
1.445(3) A. The aromatic moieties in the molecule are coplanar with a torsion
angle of 0.65° between the napththalene and anthracene moieties defined by the
C(6)-C(14)-C(17)-C(18) torsion angle. The alkyne moiety connecting the rings is
slightly bent with a C(6)-C(15)-C(16) angle of 178.6(2)°, and a C(15)-C(16)-
C(17) angle of 175.5(2)°.
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Figure 37. Molecular structure of 9-bromo-10-(1-
ethynylnaphthalene)anthracene depicted with a 50% ellipsoid
probability. Hydrogen atoms have been omitted for clarity.

The molecular structure of 1,4-dinaphthylbuta-1,3-diyne was confirmed by
X-ray crystallography as shown in Figure 38, with crystallographic data given in
Table 5. The two naphthalene rings lie in approximately the same plane, rotated
2.76° with respect to each other. The carbon chain connecting the outer and inner
rings has a definite single-triple-single bond alternation with C(1)-C(11) 1.429(2)
A, C(11)-C(12) 1.203(2) A, C(12)-C(13) 1.376(2) A, C(13)-C(14) 1.209(2) A,
C(14)-C(15) 1.435(2) A. This butadiyne moiety connecting the rings is almost
linear with a C(1)-C(11)-C(12) angle of 178.34(17)°, and a C(13)-C(14)-C(15)
angle of 178.04(16)°. The C=C bond length and linearity of the diyne moiety are
in accordance to other molecular structures containing two aromatic rings

connected by buta-1,3-diyne moieties.*'*°
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Figure 38. Molecular structure of 1,4-dinaphthylbuta-1,3-diyne depicted with a
50% ellipsoid probability. Hydrogen atoms have been omitted for
clarity.

2.3. Synthesis and Photophysics of 1,2,4,5-Tetraethynyl

Substituted Benzenes

2.3.1. 1,2,4,5-tetra(Phenylethynyl)benzene

The remarkable electronic properties of systems based upon 5 prompts
consideration of materials such as 1,2,4,5-tetra(phenylethynl)benzene (14), which
may be considered as two fused 1,4-bis(phenylethynyl)benzene wires, as potential
multi-functional junctions. The simplest model of this, 14, has been synthesised
by the Pd-catalysed coupling of phenylacetylene with the commercially available
1,2,4,5-tetrabromobenzene.” ! The crystal structure for this molecule, solved in
the Cy. space group, has been claimed;””' however, data has not been deposited
for reference by others. Compound 14 was re-prepared and the crystal structure

re-determined from single yellow spar-like crystals grown from CH,Cly:hexane.
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One of the three distinct molecules in the extended latice is illustrated in Figure
39, with the crystallographic data given in Table 6. The parameters quoted below

are representative of the other independent molecules in the unit cell.

The outer aromatic rings of C(17)-C(22), C(25)-C(30), C(33)-C(38), C(9)-
C(14) possessed a rotation of 9.28°, 27.81°, 12.62° and 32.39°, respectively, with
respect to the inner aromatic ring (Figure 39). The rotation of the aromatic rings
are for example, defined by a torsion angle of C(17)-C(22)-C(3)-C(4). The alkyne
moieties connecting the outer and inner rings have a definite single-triple-single
bond alteration, taking the example of C(3)-C(15) 1.431(2) A, C(15)-C(16)
1.203(2) A, C(16)-C(17) 1.431(2) A and C(5)-C(23) 1.430(2) A, C(23)-C(24)
1.205\3(2) A, C(24)-C(25) 1.437(2) A. The alkyne moieties connecting the rings
are almost linear with a C(3)-C(15)-C(16) angle of 176.75(15)°, and a C(15)-
C(16)-C(17) angle of 175.88(15)°. The remaining alkyne bonds and angles are
very similar to those already stated. The molecule packs with the three coplanar
rings packing in a planar motif, while the remaining rings are orientated in an

almost perpendicular fashion (Figure 40).
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Figure 39. Molecular structure of 14 depicted with a 50% ellipsoid probability.

Hydrogen atoms have been omitted for clarity.




Table 6. Crystal data and structure refinement for 14 and 16.

14 16

Empirical formula C3g Ha: CnHﬁBI‘
Formula weight 478.56 218.07
Temperature 1202) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Triclinic Monoclinic
Space group P-1 P2(1)/c
Unit cell dimensions a=9.7428(3) A a=18.364(6) A

o=110.96(1)° a=90°

b=15.4742(5) A b=13.903(1) A

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data

collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta
Absorption correction

Max. and min.
transmission
Refinement method

Data / restraints /
parameters

Goodness-of-fit on F2
Final R indices

[I>2sigma(l)]
R indices (all data)

Largest diff. peak and
hole

B=90.00(2)°

c = 18.7050(6) A
y=99.01(2)°
2596.0(1) A3

4

1.224 Mg/m3

0.069 mm-1
1000

0.48 x 0.14 x 0.08 mm3
1.17 to 27.00°

-12<=h<=12,-9<=k<=19,
-23<=1<=23

24640

11218 [R(int) = 0.0361]
98.9 %

Semi-empirical from
equivalents

0.9945 and 0.9674

Full-matrix least-squares

on F2
11218 /0/ 861

0.966

R1=0.0476, wR2 =
0.1255
R1=10.0844, wR2 =
0.1477

0.313 and -0.209 e.A-3

B=104.579(4)°
c=11.884(4) A
y =90°
824.4(4) A3

4

1.757 Mg/m3
4.915 mm-1
428

0.42 x 0.32 x 0.02 mm?3
2.29 to 28.28°

-24<=h<=24,
-5<=k<=5, -15<=I<=15
8778

2037 [R(int) = 0.0568]
99.9 %

Integration

0.905 and 0.215

Full-matrix least-squares

on F2
2037/0/ 109

1.080

R1=10.0368, wR2 =
0.0951
R1=0.0456, wR2 =
0.1033

1.800 and -1.210 e.A-3
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While 1,2,4,5-tetracthynyl benzenes of Dy, symmetry are known (e.g. 14),
having been prepared in one-pot fashion by coupling of terminal alkynes with
1,2,4,5-tetrahalobenzenes under Sonogashira cross-coupling conditions, quite
remarkably, tetraethynyl benzenes with Cj, symmetry (eg 14-
bis(phenylethynyl)-2,5-bis(trimethylsilylethynyl)benzene) are rare. The desire to
engineer different functionality around the central core of these tetraethynyl
junctions, together with the well-known chemoselectivity of aryliodides over
arylbromides under Sonogashira conditions, suggested the use of 1,4-dibromo-

2,5-diiodo-benzene (15)'*% as a key building block.
2.3.2. 1,4-bis(Phenylethynyl)-2,5-bis(ethynyl)benzene

Aromatic iodides have long been recognised as a valuable synthetic tool in
carbon-carbon bond formation, thus, methods which allow regioselective
introduction of an iodine atom into an organic molecule have attracted great
interest."*" 4% 132 133 The intermediate 15 is a versatile building block as the
Sonagashira coupling at the iodine positions which proceeds under mild
conditions can be effected with complete chemoselectivity using Pd-catalysed
cross-coupling reactions, leaving the bromine positions intact for further cross-
coupling under more aggressive conditions. This reaction was performed

following the procedure outlined by Hart,'>*

and forms the aryl core for the
subsequent compounds (Scheme 8). The iodination of 1,4-dibromobenzene
requires the harsh conditions employed by this method, namely refluxing for a

1141

long periods of time in HySO4conc). When the Suzuki protocol™ was employed,

the resulting yield was very low.

The compound 15 can then be subsequently reacted with phenyl acetylene
to produce 1,4-dibromo-2,5-bis(phenylethynyl)benzene (16) which is a useful
precursor for subsequent Sonagashira reactions on route to form tetraethynyl

benzenes with Cy, symmetry. The compound 16 has previously been prepared via
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reaction of 2,5-dibromo-terephthaldehyde with diphenyl(a.-

chlorobenzyl)phosphate in the presence of NaH.'>

However, this reaction gave a
moderate yield (48%) so instead a simple palladium catalysed coupling between
15 and phenylacetylene under mild conditions was employed, which gave the
precursor for star type tetracthynyl benzene complexes in 70% yield (Scheme 8).
A more vigorous cross-coupling reaction under elevated temperatures does not
give an increased yield of the desired 16, but rather results in the formation of a

15
1 6

low solubility material, ™ which was not characterised.

il H—*. ()=
HzSO4 Br/©r Pd(PPh3)4/CuI

(15) (16)

Scheme 8. Synthetic route to the formation of 16.

The EI-MS spectrum of 16 exhibited a molecular ion at m/z 436, while the
IR spectrum had a weak absorption band for v(C=C) at 2221 cm™'. The '"H NMR
spectrum showed only peaks in the aromatic region which consisted of a doublet
at 6 7.38 ppm, a multiplet at 3 7.58 ppm, and a singlet at 5 7.79 ppm from the
uncoupled proton on the inner aromatic ring. The *C NMR spectrum shows two
resonances at & 86.79 and 96.64 ppm due to the acetylenic carbons, with all seven

non equivalent aromatic carbon resonances observed.

The molecular structure of 16 was confirmed by X-ray crystallography
using single crystals grown from CH,Cl;:;MeOH (Figure 46), with
crystallographic data given in Table 6. One of the interesting features of the
structure is that the two outer aromatic rings are rotated by 40.2° with respect to
the plane of the inner rings, which is one of the largest rotation observed for a
three ring phenyl system linked by alkyne moieties (Table 4). The acetylene

moieties connecting the outer and inner rings has a definite single-triple-single
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bond alteration with C(6)-C(5) 1.442(4) A, C(5)-C(4) 1.203(4) A, C(4)-C(3)
1.434(4) A, with the alkyne moieties being nearly linear with a C(6)-C(5)-C(4)
angle of 178.8(3)°, and a C(5)-C(4)-C(3) angle of 174.2(3)°. The molecule packs

in a herringbone fashion with approximately 6 A between the bromine atoms
(Figure 47).

Wire-like sub-structures were assembled from a cross-coupling reaction of
16 with two equivalents of the appropriate aryl acetylene. One such compound
was 1,4-diethnyl-2,5-bis(phenylethynyl)benzene (18), which was synthesised via
a palladium catalysed coupling between 16 and trimethylsilylacetylene to give
1,4-bis(phenylethynyl)-2,5-bis(trimethylsilylethynyl)benzene (17) as a tan solid
after the removal of the alkylammonium salt and chromatography. The silyl group
was readily removed (NBusF/H20) (Scheme 9) to afford the terminal di(alkyne)
product, 18, with an overall yield of ca. 80%. Further functionalisation of the
reactive C=CH moieties makes compounds such as 18 an ideal entry point into

larger systems, although these reactions were not investigated in this study.

Br
,\ _ . — . Me3Si%H
Q Br O Pd(PPh3)4/CUI

(16)

Scheme 9. Reaction scheme for the synthesis of 18.

The same synthesis was also attempted utilising a palladium catalysed
coupling between 16 and 2-methyl-3-butyn-2-ol as the initial protecting group.
However, the yield obtained for 1,4-bis(phenylethynyl)-2,5-bis(2-methyl-3-butyn-
2-ol)benzene was considerably lower than that for 17. Attempts to deprotect this
material under the standard conditions (KOH/toluene/110°C) resulted in extensive
decomposition of the protected material and only minimal amounts of 18 could be

obtained in this manner.



Figure 46. Molecular structure of 16 depicted with a 50% ellipsoid

probability. Hydrogen atoms have been omitted for clarity.

Figure 47. Packing diagram associated with solid state structure of 16.
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The IR spectrum of 17 showed two medium to weak absorption bands for
v(C=C) at 2220 and at 2159 cm™' and the EI-MS spectrum exhibited a molecular
ion at m/z 470 with fragment peaks at m/z 455-380 indicating subsequent loss of
up to six methyl groups. The 'H NMR spectrum displayed a singlet at 6 -0.12
attributed to the protons of the SiMe; groups. The aromatic region displays two
multiplets at & 7.35 ppm and 7.53 ppm and a singlet at & 7.66 ppm. The BC NMR
spectra of these types of star molecules are characterised by four acetylenic
carbons, a cluster of three closely spaced resonances at approximately 120 ppm
which are due to the quarternary carbons of the aromatic rings, and four remaining
peaks due to the remaining carbons of the aromatic rings. The *C NMR spectrum
shows a resonance at § 0.0 due to the SiMe; groups, four resonances between o
87.28 ppm and 102.28 ppm that are due to the acetylenic carbons, with all seven

non-equivalent aromatic carbon resonances observed.

The 'H NMR spectrum of 18 showed a singlet at 8 3.47 ppm with an
integration of two protons attributed to the acetylenic protons of the molecule.
The aromatic region consisted of two multiplets at & 7.38 and 7.57 ppm and a
singlet at § 7.71 ppm. The >C NMR spectrum displayed four resonances between
6 81.01 and 98.65 ppm attributed to the acetylenic carbons, with all seven non
equivalent aromatic carbon resonances observed. The IR spectrum of 18 showed
two weak absorption bands for v(C=C) at 2223 and 2105cm™ and the EI-MS

spectrum exhibited a molecular ion at m/z 326.

2.3.3. 1,4-bis(Phenylethynyl)-2,5-bis(ferrocenylethynyl)benzene

Due to the versatility of precursor 16, redox active groups can be attached
directly using Sonagashira coupling reactions. Similar coupling protocols to those
described above were used to synthesise the redox active ferrocene derivative,

where ethynyl ferrocene was found to couple well with 16 to afford 1,4-



bis(phenylethynyl)-2,5-bis(ethynylferrocene)benzene (19) (Scheme 10) as a
bright red powder after washing to remove the alkyl ammonium salts, and

recrystallisation from hot benzene.

Scheme 10. Reaction scheme for the synthesis of 19.

The FAB-MS spectrum of 19 exhibited a molecular ion at m/z 694, and a
fragment ions at m/z 629 and m/z 564 representing the subsequent loss of two
cyclopentadiynyl (Cp) moieties. The IR spectrum contained a weak absorption
band for v(C=C) at 2204 cm™'. The '"H NMR spectrum showed three resonances at
0 4.21, 4.28, and 4.54 ppm in a 5:2:2 ratio representing the protons of the Cp ring,
while the aromatic region showed a multiplet at & 7.40, a doublet at 6 7.63, and a
singlet at 8 7.70 ppm. The °C NMR spectrum showed four resonances between &
64.69 and 71.60 ppm attributed to the carbons of the Cp rings, four resonances
between & 79.01 and 94.84 ppm due to the acetylenic carbons, with all seven non-

equivalent aromatic carbon resonances observed.

The cyclic voltammetric (CV) trace of 19 (Figure 48) was performed at a
100mV/s scan rate in CH,Cl, and showed a single quasi-reversible wave at 3.2 V.
The quasi reversible nature of the redox event was established by comparing ipa/ipc
values at different scan rates, and it was found that these values increased with vl
but were not proportional to it. The quasi reversible nature is attributed to the fact
that energy matching, and hence orbital overlap between the ferrocene centres and

the aromatic core is quite poor.
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Figure 48. The CV trace of 19 at a scan rate of 100mV/s.

2.3.4. 1,4-bis(4’-Ethynylbenzonitrile)-2,5-bis(4°’-ethynyl-N,N-

dimethylaniline)benzene

The synthesis of 1,4-bis(4’-ethynylbenzonitrile)-2,5-bis(4’’-ethynyl-N,N-
dimethylaniline)benzene (20) was carried out in a similar manner to that described
for 18 via a two step Sonagashira coupling, starting from 15 core, and first
coupling with ethynylbenzonitrile to give 1,4-bis(ethynylbenzonitrile)-2,5-
dibromobenzene (21) followed by a second coupling with 4-ethynyl-N,N-
dimethylaniline (Scheme 11).
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Scheme 11. Reaction scheme for the synthesis of 20.

The coupling of 15 with ethynylbenzonitrile proceeds at ambient
temperature, to produce an off-white sparingly soluble material. The impurities
were extracted into cold CH,Cly, since 21 is only sparingly soluble in this solvent
as well as in all other common solvents. The low solubility of this material
hampered efforts to obtain a meaningful NMR spectrum. However, this
intermediate could be readily characterised from the nujol mull IR spectrum, and
the EI-MS spectrum. The IR spectrum showed a weak absorption band which was
tentatively assigned as v(C=C) at 1936 cm™', and a strong absorption band again
tentatively assigned as v(C=N) at 2236 cm™. It is acknowledged that in some
donor-acceptor type compounds the assignment is reversed. The EI-MS spectrum
exhibited a molecular ion at m/z 486 and a fragment peak at 326 corresponding to

loss of bromine.

The second step was the coupling of 21 with 4-ethynyl-N,N-
dimethylaniline (Pd(PPh;)4/Cul/NEt;) to produce 20. The reaction was performed
at elevated temperatures producing an insoluble orange powder which was
washed with water to remove any alkylammonium salts, then washed with
MeOH, EtOH and finally diethyl ether to remove the water. The desired
compound was obtained after recrystallisation from hot CH,Cl,. The low
solubility of 20 again hampered efforts to obtain a meaningful NMR spectrum.
The IR spectrum showed a weak absorption band which was tentatively assigned

as v(C=C) at 1936 cm™', and a strong absorption band again tentatively assigned
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as v(C=N) at 2236 cm™, and the EI-MS spectrum exhibited a molecular ion at m/z

614 and a fragment peak at 478 indicating a loss of ethynylbenzonitrile.

A small amount of product could be dissolved in CDCl; at 50 °C, to obtain
an NMR spectrum. However the signals obtained were not consistent with the
desired product but were consistent with that of 1,4-bis(4’-ethynylbenzonitrile)-2-
(4’’-ethynyl-N,N-dimethylaniline)-3-(bromo)benzene. It is believed that a small
amount of 1,4-bis(4’-ethynylbenzonitrile)-2-(4’’-ethynyl-N,N-dimethylaniline)-3-
(bromo)benzene is present in the sample of 20 and has a better solubility in the
NMR solvent, thus giving the observed spectrum. It has also been observed that
20 was not stable in solution indicated by a bleaching of the sample when left in

either CH,Cl, or THF.
2.4. Conclusion

Variable temperature fluorescence experiments suggest that for 1,4-
bis(phenylethynyl)benzene type molecules, the ground state is well described in
terms of a thermally populated distribution of conformers, while the exited state
in these materials is best described in terms of a planar conformation with
considerable acetylenic character. Despite the low barrier to rotation about the
aryl-ethynyl single bond photoexcitation may offer a mechanism by which to
transiently impose a planar geometry upon the molecular framework. Further
studies in this area are now being directed toward utilising a combination of steric
constraints and photochemical response to engineer molecular conformation. A
combination of DFT-based calculations and transient absorption spectroscopy
were used to probe the electronic structure of the 1,2,4,5-tetracthynyl benzene
framework. Results indicate that the dominant chromophore in this motif is
distinctive, and the material is not well described in terms of two crossed

bis(phenyl)ethynyl moieties.
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2.5. General Experimental

2.5.1. Reagents, Materials, and Solvents

All manipulations involving air sensitive reagents were performed under
an atmosphere of purified nitrogen using standard Schlenk techniques. All
solvents used in reactions were dried and distilled prior to use using standard

methods,15 7

with the exception of AnalR hexane and methanol. Preparative TLC
was performed on 20 x 20 cm glass plates coated with silica gel (Merck GF254,
0.5 mm thick). Unless otherwise noted, all chemicals were purchased from
commercial sources and used without further purification. Literature methods
were used to prepare trimethylsilylacetylene,'*® 4-ethynyl-N,N-dimethylaniline, 4-
ethynylbenzonitrile,'® Pd(PPhs)s,'®® Pd(PPhs).Cly,'®' [Cox(CO)s(m-dppm)],'®
ethynylferrocene,'®  1,3-butadiyne,'®  Ni(C=CC=CH)(PPh;)Cp, '® 1,6
bis(trimethylsilyl)-1,3,5-hexatriyne,'®  RuCI(PPh;),Cp,'”’  1,4-dibromo-2,5-
diiodobenzene, "> 1 ,2,4,5-tetrakis(phenylethynyl)benzene,93 [Rug(pa-n %
Me3SiC=CC,C=CSiMe3)(CO)12],'®  [Rua(u-n’-PhC,Ph)(CO)12],' % 70 1,4-
diiodo-2,3,5,6-tetra(methyl)benzene.' >

2.5.2. NMR, Mass, FTIR and UV-vis Spectroscopy

'H and "*C NMR spectra were obtained using the following spectrometers:
Varian Mercury at 200 MHz, Bruker AM-250 at 250 MHz, Varian Unity ASM —
100 at 300 MHz, Varian VXR400, Varian Mercury at 400 MHz, and Varian Unity
Inova at 500 MHz. All spectra were obtained using either CDCl3, (CH3)4Si, Cs
DHs, and/or (CH3)(CH;D)SO as internal references.

GC — MS analyses were performed on a Hewlett — Packard 5890 Series 11
chromatograph equipped with a 5971A mass selective detector and a fused silica

column. EI mass spectra were obtained using Micromass Autospec or a Finigan



Trace MS mass spectrometer. All low resolution Fast Atom Bombardments were

performed at the EPSRC National Mass Spectrometry Service Centre.

Infrared spectra were recorded from samples in Nujol mounted between
NaCl disks or in solutions (0.1 mm CaF; cell) as indicated using a Nicolet Avatar
FT-IR spectrometer. UV — vis spectra were obtained in a 1 mm path length quartz

cell with a Varian Cary 5 UV — Vis — NIR spectrophotometer.

2.5.3. Gas Liquid Chromatography, Elemental and X-Ray
Analysis

Chromatographic analyses were performed on a Hewlett Packard 5890
Series II gas liquid chromatograph equipped with a 25 m cross-linked methyl

silicone capillary column with a flame ionisation detector.

Carbon, hydrogen and nitrogen analysis were obtained using an Exeter
Analytical CE-440 Elemental Analyser. Crystal structures were obtained from a
Bruker Smart 1K CCD diffractometer or a Bruker Smart 6K CCD diffractometer.

2.5.4. CV Analysis

Cyclic voltametry experiments were recorded between ambient and —40
°C using an EG & G Verastat II potentiometer. The CV was performed in either
dry CH,Cl; or THF containing 0.1 M [NBu4]PFs. Solutions were purged with
nitrogen prior to measurements using a Pt working electrode with Pt wire as a
pseudo reference and counter electrode. The scans were referenced against

internal ferrocene/ferrocinium redox couples at 0.39 V.



2.6. Experimental

2.6.1. 1,4-ethynyl-2,3,5,6-tetra(methyl)benzene (1,4-ethynyldurene) (12)

Dry NHEt; (50 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
diiodo-2,3,5,6-tetra(methyl)benzene (9.95 g, 0.026 mol) was added followed by
trimethylsilyl acetylene (20 ml, 0.14 mol), Pd(PPhs)4 (0.78 g, 0.06 mmol) and Cul
(0.12 g, 0.065 mmol). The solution was stirred overnight, and the solvent removed
in vacuo. The residue was extracted into CH,Cl, then washed with a saturated
aqueous solution of sodium bicarbonate, dried over MgSOy, and the solvent
removed. The solid was dissolved in THF (100 ml) and MeOH (20 ml). To the
solution TBAF (20 ml, 1 M sol in THF) was added and the solution stirred for 3h.
The solvent was removed and the crude product was purified by overnight Soxhlet
extraction using hexane as the extraction solvent. Evaporation of the extract gave

the desired product as a yellow solid (3.58 g, 0.019 mol, 73 %).

IR (nujol): v(CEC) 2097 w cm™. '"H NMR (399 MHz, CDCL): & 2.34 (s, 12H,
CHs), 3.46 (s, 2H, H). C NMR (100 MHz, CDCl3): & 18.25 (CH3), 82.24, 85.73
(2 x C=C), 122.61, 136.32 (2 x Ar). EI - MS (m/z): 182 [M]", 167 [M-Me]" Anal.
Calc’d for Cy3H;4.1/4CH,Cl,: C 84.13, H 7.13%. Found: C 86.91, H 7.49%.
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2.6.2. 1,4-bis(phenylethynyl)-2,3,5,6-tetra(methyl)benzene

(1,4-bis(phenylethynyl)-durene) (8)

Dry NEt3 (50 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
diiododurene (2.08 g, 5.38 mmol) was added followed by phenyl acetylene (2.5
ml, 17.69 mmol), Pd(PPhs)s (0.18 g, 0.15 mmol) and Cul (0.03 g, 0.15 mmol).
The solution was stirred overnight. The solvent was removed from the resulting
brown solution in vacuo and the residue extracted into hot CH,Cl, then washed
with a saturated aqueous solution of sodium bicarbonate, dried over MgSO,, and
the solvent removed. The crude product was purified by column chromatography
(silica, hexane) and the product (yellow band) was eluted with hexane. The

product was recrystallised from CH,Cl,:MeOH (1.02 g, 2.55mol, 57%).

IR (nujol): v(C=C) 2208 w cm™. '"H NMR (499 MHz, CDCl3): § 2.52 (s, 12H,
CHa), 7.34-7.40 (m, 6H, Ar), 7.57 (d, 4H, Ar, Juz=8 Hz). *C NMR (125 MHz,
CDCl3): & 18.68 (CHs), 88.88, 98.32 (2 x C=C), 123.54, 127.10, 128.37, 128.64,
131.62, 135.93 (6 x Ar). EI - MS (m/z): 334 [M]", 319-304 [M-nCH;]* (n=1-2).
Anal. Calc’d for CosHy,: C 93.41, H 6.58%. Found: C 92.36, H 7.02%.
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2.6.3. 1,4-bis(2’,4°,6’-tri(methyl))-2,3,5,6-tetra(methyl)benzene

(1,4-(ethynylmesitylene)durene) (9)

Dry NEt; (50 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
ethynyl-2,3,5,6-tetra(methyl)benzene (1 g, 5.49 mmol) was added followed by
iodomesitylene (2.7 g, 10.97 mmol), Pd(PPh;)4 (0.3 g, 0.26 mmol) and Cul (0.1 g,
0.52 mmol). The solution was stirred for two days, and the solvent removed in
vacuo. The residue was extracted into CHyCl, then washed with a saturated
aqueous solution of sodium bicarbonate, dried over MgSQOy, and the solvent
removed. The impurities were extracted into hexane, leaving behind the desired

product as a yellow solid (0.61 g, 1.46 mmol, 27 %).

IR (nujol): v(C=C) 2128 vw cm”. 'H NMR (499 MHz, CDCl;): & 2.32 (s, 6H,
CH;), 2.53 (s, 12H, CHs), 2.56 (s, 12H, CHs), 6.93 (s, 4H, Ar). °C NMR (105
MHz, CDCly): & 21.03, 21.27, 26.61 (3 x CHj), 96.04, 96.07 (2x C=C), 120.39,
123.57, 127.44, 135.05, 137.37, 139.75 (6 x Ar). EI - MS (m/2): 418 [M]", 388
[M-2CH;]" Anal. Calc’d for C3;Haq: C 91.86, H 8.13%. Found: C 90.77, H 8.12%.

2.6.4. 9,10-di(1-ethynylnaphthalene)anthracene (13)

Dry NHEt; (30 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1-
ethynylnaphthalene (1.07 g, 7.04 mmol) was added followed by 9,10-
dibromoanthracene (1.15 g, 3.42 mmol), Pd(PPhs)4 (0.51 g, 0.04 mmol) and Cul
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(0.06 g, 0.03 mmol). The solution was heated at reflux overnight, cooled and the
solvent removed in vacuo. The crude product was washed with water, MeOH,
EtOH and diethyl ether. The orange solid remaining contained the desired product
and was recrystallised from hot CH,Cl; (1.5 g, 3.13 mmol, 92%).

IR (nujol): v(C=C) 2192 w cm’. "H NMR (499 MHz, CDCl3): § 7.73 (m, 8H, Ar),
7.95 (d, 4H, Ar, Juu=7.99), 8.05 (d, 3H, Ar, Juu=6.99), 8.71 (d, 3H, Ar,
Jun=8.49), 8.87 (m, 4H, Ar). *C NMR (125 MHz, CDCL): § 90.98, 100.41 (2x
C=C), 125.72, 126.62, 126.88, 127.28, 127.44, 127.67, 128.79, 129.79, 131.18,
132.54, 133.13, 133.50, 133.65, 136.63 (14 x Ar). EI - MS (m/z): 478 [M]*, 350
[M-CioH7+H]", 326 [M-C;Hg]". Anal. Calc’d for CigHzo: C 95.39, H 4.60 %.
Found: C 94.78, H 4.51%.

2.6.5. 1,2,4,5-tetra(phenylethynyl)benzene (14)

Dry NEt; (70 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound
1,2,4,5-tetrabromobenzene (2 g , 5.08 mmol) was added followed by phenyl
acetylene (3 ml, 21.23 mmol), Pd(PPh;3)s (0.15 g, 0.12 mmol) and Cul (0.03 g,
0.15 mmol). The solution was heated at reflux overnight forming a dark red
solution containing a white precipitate. The precipitate was collected by filtration,
extracted into CH,Cl, then washed with a saturated aqueous solution of sodium
bicarbonate, dried over MgSO,, and the solvent removed. The crude product was
purified by column chromatography (silica, hexane) and the product (yellow
band) was eluted with hexane. The product was recrystallised from

CH,Cl;:hexane to give pale yellow spars (1.22 g, 2.55 mmol, 50%).



IR (nujol): v(C=C) 2223 vw, 2202 vw cm™. '"H NMR (499 MHz, CDCl;): & 7.36-
7.40 (m, 11H, Ar), 7.59-7.62 (m, 7H, Ar), 7.79 (s, 22H, Ar). >C NMR (125 MHz,
CDCl; ): & 87.79), 95.73 (2 x C=C), 123.22, 125.59, 128.72, 129.01, 132.00,
135.16 (6 x Ar). EI - MS (m/z): 478 [M]", 400 [M-Ar]". Anal. Calc’d for C3gH:
C 95.39, H 4.60%.Found: C 95.09, H 4.57%.

2.6.6. 1, 4-Dibromo-2,5-bis(phenylethynyl)benzene (16)

Dry NHPr'; (30 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
dibromo-2,5-diiodo-benzene (2.03 g, 4.15 mmol) was added followed by phenyl
acetylene (1.0 ml, 9.12 mmol), Pd(PPhj)4 (0.46 g, 0.43 mmol) and Cul (0.05 g,
0.26 mmol). The solution was heated at reflux overnight forming a yellow
solution with white precipitate which was presumed to be the alkylammonium salt
[NHPr';]I. The solution was cooled and the solvent removed in vacuo. The residue
was extracted into CH,Cl,, washed with a saturated aqueous solution of sodium
bicarbonate, dried over MgSQy, and the solvent removed. The impurities were
extracted into MeOH and the product recrystalised from CH,Cl,:MeOH giving
white needle-like crystals (1.27 g, 2.9 mmol, 70%).

IR (nujol): v(C=C) 2221 w cm’™’. "H NMR (499 MHz, CDCl3): & 7.38 (m, 6H, Ar),
7.58 (m, 4H, Ar), 7.79 (s, 2H, Ar). °C NMR (125 MHz, CDCls): & 86.79, 96.64
(2 x C=C), 122.28, 123.71, 126.38, 128.48, 129.13, 131.79, 136.01 (7 x Ar). EI' -
MS (m/z): 436 [M]". Anal. Calc’d for CyH 3Bry: C 60.55, H 2.75%. Found: C
60.34, H 2.61%.
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2.6.7. 1,4-bis(phenylethynyl)-2,5-bis(trimethylsilylethynyl)benzene (17)

SiMeg
V4

O——0
V4
Me3Si

Dry NEt; (50 ml) was introduced to an oven-dried Schlenk flask and was
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
dibromo-2,5-bis(phenylethynyl)benzene (2.1 g, 4.8 mmol) was added followed by
trimethylsilyl acetylene (5.5 ml, 3.82 g, 39 mmol), Pd(PPhs)s (0.34 g, 0.03 mmol)
and Cul (0.04 g, 0.21 mmol). The solution was heated at reflux overnight, cooled,
and the solvent removed in vacuo. The residue was extracted into CH,Cl,, washed
with a saturated aqueous solution of sodium bicarbonate, dried over MgSOj4, and
the solvent removed. The product was purified by column chromatography (silica,
hexane) and eluted with a CH,Clo:hexane gradient. The product was a yellow
solid (2.03g, 89%).

IR (nujol): v(C=C) 2220 w, 2159 m cm™."H NMR (250 MHz, CDCl3): & 0.26 (s,
18H, SiMe3), 7.35 (m, 6H, Ar), 7.53 (m, 4H, Ar), 7.66 (s, 2H, Ar). >C NMR (63
MHz, CDCl): & -0.12 (SiMe;3), 87.28, 95.32, 100.91, 102.28 (4 x C=C), 122.91,
125.25, 125.38, 128.33, 128.67, 131.73, 135.35 (7 x Ar). EI' - MS (m/z): 470
[M]", 455-380 [M-nCH;]" n=1-6. Anal. Calc’d for C3,H30Siz.1/2CH,Cly: C 76.09,
H 6.05 %. Found: C 74.70, H 6.49%.
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2.6.8. 1,4-bis(phenylethynyl)-2,5-bis(ethynyl)benzene (18)

A flask was charged with 1,4-bis(phenylethynyl)-2,5-
bis(trimethylsilylethynyl)benzene (0.31 g, 0.65 mmol) which was dissolved in wet
THF (10 ml; containing 0.1 ml MeOH). To this solution, TBAF (1 M sol in water,
0.1 ml) was added and the reaction stirred for 1h then the solvent removed in
vacuo. The product was purified by preparative TLC (CHCl,) resulting in a tan
solid (0.19 g, 0.58, 89%).

IR (nujol): v(C=C) 2223 w, 2105 vw cm”. 'H NMR (499 MHz, CDCl3): 6 3.47 (s,
2H, C=CH), 7.38 (m, 5H, Ar), 7.57 (m, 5H, Ar), 7.71 (s, 2H, Ar). >C NMR (125
MHz, CDCl;): & 81.01, 83.08, 86.85, 98.65 (4 x C=C), 122.67, 124.74, 125.73,
128.39, 128.86, 131.82, 135.60 (7 x Ar). EI - MS (m/z): 326 [M]". Anal. Calc’d
for Cy6H14.1/2CH,Cly: C 86.29, H 4.07 %. Found: C 85.20, H 4.20%.

2.6.9. 1,4-phenylethynl-2,5-bis(ethynylferrocene)benzene (19)

Dry NHPr', (35 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
dibromo-2,5-bis(phenylethynl)benzene (0.4 g, 0.94 mmol) was added followed by
ethynylferrocene (0.36 g, 1.71 mmol), Pd(PPhs)s (0.18 g, 0.16 mmol) and Cul
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(0.03 g, 0.15 mmol). The solution was heated at reflux for 6 h resulting in a red
solution. The solution was cooled and the solvent removed in vacuo. The solid
residue extracted into CH,Cl,, washed with a saturated aqueous solution of
sodium bicarbonate, dried over MgSQ,, and the solvent removed. The product

was recystallised from hot benzene to give a bright red powder (0.5 g, 0.73 mmol,
77%).

IR (nujol): v(C=C): 2204 w cm”. 'H NMR (399 MHz, CDCly): & 4.21 (s, 10H,
Cp), 4.28 (s, 4H, Cp), 4.54 (s, 4H, Cp), 7.40 (m, 6H, Ar), 7.63 (d, 4H, Ar,
Jun=9.19), 7.70 (s, 2H, Ar). >*C NMR (100 MHz, CDCly): & 64.68, 69.17, 70.12,
71.60 (4 x Cp), 79.01, 84.04, 87.88, 94.84 (4 x C=C), 123.12, 124.81, 125.33,
128.43, 128.65, 131.75, 134.64 (7 x Ar). FAB - MS (m/z): 694 [M]", 629-564
[M-nC5H5]+(n=l-2). Anal. Calc’d for Fe,CysH39.CH,Cly: C 72.49, H 4.13%.
Found: C 72.52, H 4.20%.

2.6.10. 1,4-bis(ethynylbenzonitrile)-2,5-dibromobenzene (21)

Br
Br

Dry NHEt; (30 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
dibromo-2,5diiodobenzene (1.87 g, 3.83 mmol) was added followed by
ethynylbenzonitrile (0.97 g, 7.64 mmol), Pd(PPhs)4 (0.25 g, 0.22 mmol) and Cul
(0.05 g, 0.26 mmol). The solution was stirred overnight forming a brown solution
with resin-like precipitate. The solvent was removed in vacuo. The residue was
washed with water, MeOH, EtOH, diethyl ether, and CH,Cl,, leaving behind
white solid which was the desired product. (0.86 g, 1.77 mmol, 46%).
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IR (nujol): v(C=N) 2236 s, v(C=C) 1936 w cm™. EI - MS (m/z): 486 [M]", 326
[M-2Br]" Anal. Calc’d for CaqH1oNBra. 1/3CH,Cly: C 56.81, H 2.07, N 5.45%.
Found: C 56.27, H 2.02, N 5.49%,

2.6.11. 1,4-bis(4’-ethynylbenzonitrile)-2,5-bis(4°’-ethynyl-N,N-
dimethylaniline)benzene (20)

Dry NEt; (50 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. The compound 1,4-
bis(ethynylbenzonitrile)-2,5-dibromobenzene (1.0 g, 2.06 mmol) was added
followed by 4-ethynyl-N,N-dimethylaniline (0.59 g, 4.07 mmol), Pd(PPh;)4 (0.15
g, 0.01 mmol) and Cul (0.02 g, 0.01 mmol). The solution was heated at reflux
overnight, cooled and the yellow precipitate filtered off. The precipitate was
washed with water, MeOH, EtOH, and diethyl ether. The solid was recrystallised
from hot CH,Cl, to give a yellow powder (0.78 g, 1.27 mmol, 62%).

IR (nujol): v(C=N) 2227 m, v(C=C) 2199 m em'. EI - MS (m/2): 614 MT’,

498[M-CHs]", 478 [M-CsHsN+H]" Anal. Calc’d for CaqHsoNs.CHoCly: C 77.25,
H 4.57, N 8.01%. Found: C 76.72, H 3.94, N 8.07%.
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Chapter 3. 1,1,2,2-Tetraethynylethenes as Potential

Molecular Junctions

3.1. Synthetic Routes to the Formation of
1,1,2,2-Tetraethynylethenes

A number of m-conjugated oligomers of defined length and constitution
have been investigated for their potential to act as a molecular wire in molecular

scale electronics and nanotechnological devices.'™'”" In the construction of larger,

172, 173

non-linear conjugated systems and carbon-rich networks, the rich variety of

peralkynylated building blocks containing 1,1,2,2-tetraecthynylethene (3,4-
diethynylhex-3-ene-1,5-diyne) (Figure 49) available are particularly useful. The

development of simple, efficient acetylenic coupling protocols has accelerated

31, 121

progress in this area, and synthetic routes to a large variety of cross-

conjugated building blocks with an equally wide variety of functionalised terminal

: 72 75
groups are now available.!”> %!

R R
AN F R =H (22a)
SiMes (22b)
| CeHs (22¢)
F SiPri; (22d)
R R CeH4CN (22¢)
(22)

/

Figure 49. Structure of 22 and its derivatives.

A number of synthetic routes have been employed in the preparation of the
1,1,2,2-tetracthynylethene framework (22). For example, treatment of 3-bromo-
1,5-diphenylpenta-1,4-diyne (23) with potassium tert-butoxide followed by
dimerisation of the formed bis(phenylethynyl)methylene carbene (24) gave 22¢

(Scheme 12).176 The reaction between 23 and potassium iodide under Finkelstein
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conditions in acetone produced tetrakis(phenylethynyl)ethane (26) which can then
be dehydrogenated to form 22b or 22¢ depending on the substituents employed in

the reaction (Scheme 12)."7" "8
R R R R R R
x A R=C¢H; X A R=Me,C,Me;Si X 7
% t-BuOK ,THF, . A, 4% '\‘
Br H 1-methylpyrrolidin-2-one -
@3) 3% Q4 N
Tos
KI, acet - .
17:;5;0"6 R=Ph, Me, Me;C,Me;Si 25)
R R R R
N Z BuLi, -BuOCI N Z
16-45% 2= | R= SIM63(3-]b)
C6H5 (3.16)
Z \ AN A x
R R R R
(26) Q29

Scheme 12. Early synthetic routes to 1,1,2,2-tetracthynylethenes.>

A carbenoid coupling-elimination strategy (Scheme 13) has also been
utilised for the synthesis of 22a, which involves the slow addition of a mixture of
lithium  hexamethyldisilazide = (LiHMDS) (or  alternatively  lithium
diisopropylamine (LDA)) and hexamethylphosphorous triamide (HMPA) to a
THF solution of an alkyne bearing the desired capping groups at low temperature.
This reaction is tolerant to a wide range of functional groups and can be applied to
the synthesis of both linear and cyclic enediynes.”g’ 180 Several 1,1,2,2,-
tetracthynylethene type molecules have also been synthesised via a method
involving acid catalysed thermal elimination of an orthoester moiety from the pre-

formed carbon framework (Scheme 14).'*!

The diol precursors (27) can be
obtained by reaction of the alkynyl Grignard reagent with diethyloxalate. Reaction
of the diol with triethyl orthoformate in the presence of catalytic amounts of
camphorsulphonic acid (CSA) afforded the corresponding orthoesters (28). The
elimination of the othoester moieties by heating with CSA under vacuum and high

temperatures produces the desired 22d."®'
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H H

AN 4
R LiHMDS, HMPA, -80 °C
Bu,NF, THF, 90% N |
. A X - F A
PI'I3SI . H (22a) H
R=C=C—SiPrs

Scheme 13. Carbenoid coupling-elimination as a 1,1,2,2-tetraethynylethene

synthetic strategy.

O o . . . n
N\ Prl;Si SiPrly
S N F
| " Et—0 O—Et OH
PriySi—=— Br —
3 9 Et,0, RT OH
F N
Pri,Si SiPri,
27
PrisSi SiPri Pri3Si SiPri;
(Et0);CH, cat.CSA, x A CSA, 150°C, 0.1 Torr, X =
CH,Cl,, 94% N 0>_0Et 5 min, 25-33% l
o —-
XX X ,
PrigSi SiPrs Pri3Si SiPriy
(28) (22d)

Scheme 14. Acid catalysed orthoester thermolysis as a 1,1,2,2-tetraethynylethene
synthetic strategy.

Arguably, the most flexible strategies that provide an access to a variety of
different functionilisation of the 1,1,2,2-tetraethynylethene framework are those
devised by the Diederich et al. (Scheme 15 and 16).>* '®? These methods have
been comprehensively reviewed,” '** and only the synthetic methods relevant to

the work presented in this thesis will be discussed below.

The gem- substituted 1,1,2,2,-tetraethynylethene derivatives were
synthesised starting from the reaction of butyl lithium (BuLi) with a terminal
acetylene (29) to form the lithium acetylides. These were subsequently allowed to

react with ethylformate to form the corresponding penta-1,4-diyn-3-0l (30)
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(Scheme 15). Oxidation of 30 using either barium permanganate or pyridinium
chlorochromate (PCC) afforded the 1,5-disubstituted penta-1,4-diyn-3-ones (31).
This oxidation has also been accomplished using K,Cr,O7 in strong acid.'® The
ketone was then converted to the corresponding 3-(dibromomethylidene)penta-
1,4-diyne (32) according to the Corey and Fuchs dibromoolefination method. A
palladium catalysed cross-coupling of the dibromomethylidene with a terminal
acetylene yielded the desired gem substituted 1,1,2,2-tetracthynylethene (Scheme
15).%

R — BuLi, HCO,Et, H* HQ, é\\H BaMnO,

T n > '
4 /“\
R

%
@9) ! @0) @G1)
CBry, PPhy O B' Rs
— |
Pd(PPha)a, Cul. BuNHa
P g (PPhg)4, Cul, BuNH,
Ry Ro
R1 =Rj, R3 = R4
32) 2)

Scheme 15. Synthesis of gem-tetracthynylethenes.

The preparation of trans- substituted 1,1,2,2,-tetraecthynylethenes utilised a
palladium catalysed cross-coupling of a stannylated acetylene derivative with
dimethyl 2,3-dibromofumarate (33) in THF (Scheme 16). Reduction of the
resulting diester (34) with diisobutyl aluminium hydride (DIBAL-H) followed by
PCC oxidation afforded the dialdehyde derivative (35), which was subjected to an
analogous Corey-Fuchs (dibromoolefination) reaction, as in the synthesis of gem-
substituted 1,1,2,2,-tetraethynylethanes, utilising zinc as a reducing agent to form
36. Elimination of hydrogen bromide, followed by metallation and subsequent
quenching of the resultant dianion can be achieved with a alkyl halide to form the

desired trans- substituted 1,1,2,2-tetracthynylethenes (Scheme 16).3 3
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OMe R—— SnBuj OMe DIBAL-
PdCl,(PPhy),  MeO “Fecc

33 34) (35)
e 20
CBry, Zn, PPhy LDA S ~
—_— —_—
Ry-X
Z
R4 Rs
Ry =R3, Ry =Ry
(36) (22)

Scheme 16. Synthesis of trans-tetraethynylethenes.

The stability of 1,1,2,2,-tetraethynylethane compounds largely depends on
the steric protection afforded to the carbon skeleton by the substitutents. If all the
ethynyl moieties carry relatively bulky substituents then the compounds are very
kinetically stable and can have a very high melting/decomposition point.'®*> In
general aryl-substituted 1,1,2,2,-tetraecthynylethanes are more stable than 1,1,2,2,-
tetraethynylethenes bearing one or more terminal ethynyl moieties, although
bulky (Pr');Si and SiMe; groups are also very efficient in stabilising the 1,1,2,2,-
tetraethynylethanes core framework. The stability of the molecule decreases with
an increasing number of unsubstituted ethynyl termini and explosive
decomposition of 22a can occur at room temperature.”> Despite this obvious
thermal reactivity, a characteristic of 1,1,2,2, -tetracthynylethane compounds 22 is
the lack of chemical reactivity associated with the central olefinic bond, and
attempts to add electrophiles, carbenes, 1,3-dienes, as well as oxidation and

epoxidation of this bond have been all unsuccessful. % 187

A property that exclusively belongs to aryl-substituted 1,1,2,2,-

tetraethynylethenes is the ability to undergo reversible, photochemical trans—cis
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and cis—trans isomerisation.'®® Computational studies have shown that the
central olefinic bond displays significant n*-antibonding character facilitating
facile photoisomerism, which lends itself to the construction of molecular
switching components. Both cis and #rans forms of aryl 1,1,2,2-tetracthynylethene
derivatives are essentially strain free despite the planar geometry of the carbon
core, and as a consequence of this almost non-existent thermal activation barrier,
the photochemical processes are free from back reactions involving thermal

isomerism.'8®

In the case of donor/acceptor substituted 1,1,2,2,-
tetraethynylethanes, the photochemical isomerisation is strongly dependent on the
pattern and degree of functionalisation, solvent polarity, and excitation
wavelength.'®® This characteristic photochemical isomerisation is utilised in the
construction of a light driven molecular switch,”® and a three way chromophoric

molecular switch,'®” which were described in section 1.5.1. and 1.6., respectively.

Numerous crystal structures of 1,1,2,2 -tetraethynylethene derivatives have

9
been solved, > 1%% 18

and the X-ray structures have characteristic bond lengths for
the central C=C bond between 1.32-1.38 A, C=C bonds between 1.16-1.21 A and
C-C bonds between 1.42-1.48 A."* "0 Ag implied above, in most cases 1,1,2,2,-
tetraecthynylethene compounds display fully or nearly planar n-conjugated carbon
cores which in the case of arylated 1,1,2,2,-tetracthynylethenes often also include
the terminal aryl rings.'” For the exceptional cases where the terminal aryl rings
are not in the plane of the central carbon core, they adopt an orthogonal
orientation, thus maintaining conjugation by interaction with the second set of n-
orbitals in the adjacent C=C bond.” In the case of 1,6-bis(phenyl)-3-4-
bis((phenyl)ethynyhhex-3-ene-1,5-diyne (22¢) (Figure 50), the molecules are
packed in such a way that the aryl ring of one molecule lies in the cavity between
the two aryl rings of the another molecule in an orthogonal position. One of the
molecules is nearly planar with the aryl rings sitting at a 1.05-8.29° angle with
respect to the central C=C core. In the second molecule, the aryl rings that sit

trans to each other have approximately the same rotation with respect to the
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central C=C core. One set of aryl rings have a deviation of 11.62-12.64° with
respect to the C=C core, while the other set of trans aryl rings are rotated 34.62°

with respect to the C=C core.'”!

Figure 50. Molecular structure of 22¢ depicted with a 50% ellipsoid probability.

Hydrogen atoms have been omitted for clarity.'*'

Attempts to synthesise organometallic derivatives of 1,1,2,2,-
tetracthynylethanes have not been widely pursued. The platinum o-acetylide
complex (Figure 51) has been synthesised for its potential as a material for non-
linear optics,'*? and as a building block for larger monodispersed oligomers which
display remarkable stability and substantial solubility.'”' Structural analysis of a
trans o-bis(acetylide) derivative reveals a planar structure in the solid state.'™
Measurements of the second hyperpolarisability constant, by third harmonic
generation revealed a nearly complete lack of n-electron delocalisation along the

194

oligomeric backbone.™ The Pt atoms act as true insulating centres and the Pt-

C(sp) bonds hardly posses any 7 character.'”* This is in contrast to the observation
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of interaction that have been made for linearly conjugated platinum ethynyl
195-197

oligomers and polymers.

Figure 51. Structure of a platinum o-acetylide oligomer bound to a

1,1,2,2-tetraethynylethene framework.

Attachment of four [Au(PCy;)]s (PCy; = tricyclohexylphosphine) moieties
through a Au-C=C o-bond to the 1,1,2,2,-tetraethynylethene framework has
resulted in a compound with unique [uminescent properties. The synthetic
methodology involved a reaction of 22a with AuCl(PCy;) in a solution of
methanol/methoxide, which afforded [Au(PCy;)}4{p-C(C=C),=C(C=C),] (27).
The tetragold complex (37) exhibits a rich photochemical response, with triplet
character in the radiative exited states through Au induced spin-orbital coupling.
The crystal structure of 37 (Figure 52) showed that all bond angles, with
acetylenic carbon and gold atoms as vertices, deviate only slightly from linearity
(171(1)-179(4)°). Most of the core 1,1,2,2,-tetracthynylethene framework
parameters are slightly elongated from a purely organic 1,1,2,2,-
tetraethynylethene with the central C=C being 1.37(2) A, while the C=C bonds are
1.24(2) and 1.22(2) A and the C-C bonds are 1.45(2) and 1.44(2) A.
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Figure 52. Molecular structure of 37 depicted with a 50% ellipsoid probability.

Hydrogen atoms have been omitted for clarity.'*®

The cross-conjugated ene{tetra(yne)} framework in 22 contains a total of
six conjugation pathways in two dimensions, with the linear cis- and trans-
conjugation being a more effective electronic pathways than the geminal cross-
conjugation pathway, which has been introduced in section 1.4.3.>* A theoretical
study has been performed to rationalise the impact of different delocalisation
pathways of the trans versus geminal isomers."” The molecules studied were
tetraethynylethene, as well as the trans and geminal isomers of diethnylethene.
Geometry optimisation and orbital calculations were performed using the B3LYP

1’ as implemented within the Gaussian 98 software package®' at a

functiona
B3LYP/6-31G** level, since this gave the best agreement with experimental

188
results.

The geometry optimised molecular structure of 1,6-bis(trimethylsilyl)-3-4-
bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne (22b) has a calculated Cay

106









Though the various synthetic method described above are flexible,
providing access to a variety of different functionalisation of the 1,1,2,2-
tetraethynylethene framework, they are somewhat tedious. The o attachment of
organometallic moieties to the 1,1,2,2,-tetraethynylethanes framework has been
investigated, however, no attempt has been made to investigate n attachment of
organometallic moieties to the same framework. The discussion below will
describe a one-pot procedure to synthesise tetra-functionalised 1,1,2,2-
tetracthynylethene framework, on route to the investigation of m—interactions of

organometallic moieties to the 1,1,2,2 -tetraethynylethane framework.

3.2. Synthesis and Characterisation of Functionalised

1,1,2,2-Tetraethynylethenes

Conjugated acetylenic compounds are valuable intermediates in organic
synthesis for natural products, pharmaceutical, dendrimers and organic molecular
materials such as liquid crystal material and molecular wires for use in molecular
electronics. Palladium catalysed cross coupling reactions between aryl and alkenyl
halides with a variety of acidic or otherwise activated hydrocarbons have emerged
as powerful synthetic methodologies for C-C bond formation in a wide variety of
systems.*"” '*” 22 While in general terms iodides and bromides react much more
readily than chlorides, reflecting the ease of oxidative addition of the C-X bond to
the palladium(0) centre, considerable effort is being directed at the development
of catalyst systems capable of coupling aryl chlorides under mild conditions, some
examples being: Na,[PdCl,]/(1-Ad),PBn, P'Buy/Cul,2”
Pd,(dba)s/P(‘Bu)y/Cs,COy/dioxane,”™ [PACI{C¢H3(OPPr';),-2,6}1.2® However, in
the context of the preparation of ene{poly(yne)} systems, it is important to note
the facile coupling of 1,2-dichloroethenes with terminal acetylenes to give 1-
chloroeneynes or hexa-3-ene-1,4-diynes.”% It is therefore curious, that tri and tetra
chloroethenes have not been examined as reagents for the assembly of larger

conjugated systems using palladium based coupling protocols.
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The reaction mechanism common to Pd catalysed C-C bond forming
reactions follows that of oxidative addition; transmetallation; reductive
elimination process. The precise mechanism remains a topic of debate,?*> 27 and
probably varies with respect to the particular conditions employed. In the most
general of terms, the mechanism of the cross-coupling reaction can be

summarised by Scheme 17.

PhyP_ ”CI HX-amine
Pd_
Ph,P Cl CuCmiER
ul= ‘C=
uC=CR’ HX-amine Ph X C=CH
SP\Pdﬂ
AT CuX
CuX hsP R
transmetalation u 'C=CH
oxidative addition transmetalation
Ph3P _ C=CR' reductive elimination Pd°(PPh,) Ph3p\pd||CECR'
_Pd 372 A
Ph;P C=CR' \ Ph;P R

R'C=C—C=CR’

reductive elimination

RC=CR'

Scheme 17. Pd-catalysed cross-coupling reaction of terminal acetylenes with sp2

halides.*!

An attempt to obtain 1,6-bis(trimethylsilyl)-3,4-
bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne (22b) was performed via a
Pd(PPh3)sa (2.5%)/Cul (2.5%) catalysed cross-coupling reaction of
tetrachloroethene with an excess of Me;SiC=CH in refluxing Pr,'NH. This
afforded a mixture of products which were identified by GC-MS as the desired
22b (ca. 30%), dichloro-bis(trimethylsilyl)-hexenediyne (three isomers, ca. 23%),
chloro-bis(trimethylsilyl)-hexenediyne ~ (one  isomer, ca. 6%), 1,6-
bis(trimethylsilyl)-3-(trimethylsilylethynyl)-hex-3-ene-1,5-diyne  (ca. 11%) and
the diyne Me;SiC=CC=CSiMe; (ca. 14%), with yields estimated from the
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integrated area of each peak in the GC trace (Scheme 18). However, extensive
extraction and chromatography procedures failed to adequately separate the

partially coupled and hydrodehalogenated compounds from the desired product.

In order to minimise the formation of side products (Scheme 18) the
reaction was repeated at room temperature. The reaction was monitored by GC-
MS at regular time intervals. Initially only the presence of homocoupling products
and PPh; were observed. After 6 h the presence of one isomer of dichloro-
bis(trimethylsilyl)-hexenediyne was observed exclusively which continued to
increase in quantity up to 24 h. At longer times both 1,6-bis(trimethylsilyl)-3-
(trimethylsilylethynyl)-hex-3-ene-1,5-diyne and 22b were observed in
approximately equal proportions. These products persisted in the reaction mixture
for approximately 2 h, while the major product, dichloro-bis(trimethylsilyl)-
hexenediyne, continued to increase in quantity until approximately 50 h. The
product distribution at 50 h persisted until the reaction was terminated after 96h.
While the dichloroenediyne was not isolated, these observations provide

encouraging evidence for the possible preparation of a potentially useful synthetic

intermediate.
Measi Me;,Si
Ch_Ci i __cl _H
Pd(PPh;)4, Cul, Pr;'NH
MegSi—==—H + | + +
cr el = ¢ = H
Measi Me;,Si
Me3Si SiMe;  Me;Si SiMe;  MesSi SiMeg
+ +
= C Z M Z X
Me3Si Me3Si Me3Si SiMe;

(22b)
Scheme 18. Cross coupling reaction between Me;SiC=CH and tetrachloroethene

performed at room temperature.
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The cross-coupling reaction described above was also performed with
strictly two equivalents of Me;SiC=CH at elevated temperature for only 4h, the
reaction again monitored by GC. After 2h, the major product was chloro-
tris(trimethylsilyl)-hexenediyne, with 22b and three isomers of dichloro-
bis(trimethylsilyl)-hexenediyne present in comparable amounts. After 4h, a

similar mixture of products to those described in Scheme 18 began to form.

It is known that palladium/copper catalysed cross coupling reactions are
sensitive to both the phosphine ligands supporting the catalytically active
palladium catalyst and the base used in the reaction. In an effort to identify
conditions appropriate to maximise the yield of 22b, a series of different reactions
were explored utilising a combinatorial array in which solvent (Et;N, Et;NH,
PrziNH) and source of the palladium catalyst [Pd(PPh3)s, PdCl,(PPhs),,
Pdy(dba);/dppf, Pdy(dba);/P'Bus] were varied whilst keeping the ratio of
trimethylsilylacetylene and reaction temperature constant. The apparatus is
depicted in Figure 55, where each test tube reaction vessel was charged with a
0.01 M solution of the various catalysts in THF, followed by the amine, Cul,
tetrachloroethylene, and finally trimethylsilyacetylene. The greenhouse parallel
synthesiser was placed on a stirrer hotplate, and the reactions were stirred at reflux
under N, overnight. The crude reaction products were analysed by GC-MS. For
all reactions a certain degree of homocoupling product, Me;SiC=CC=CSiMes,
was present since the assembly of the reactor precludes the establishment of a

strictly oxygen free environment.

112






From the combinatorial array results it was possible to identify the use of
Et3N as solvent as the most critical factor in maximising the yield of 22b. The pre-
catalyst Pd(PPh;)s was chosen, as in addition to being readily available the
presence of the additional free phosphine in the reaction mixture was thought to
help stabilise the resting state of the catalyst. The cross-coupling reaction between
1,1,2,2-tetrachloroethene and trimethylsilylacetylene was carried out on a
preparative scale using Pd(PPh;)4/Cul/EtsN. The product 22b was readily isolated
by filtration of the reaction mixture, to remove the precipitated trialkylammonium
salts, followed by precipitation of the product in acidified MeOH and
recrystallisation. Care was taken during the precipitation step, as in the presence
of trace amount of the amine reaction solvent, sufficient methoxide is generated to
desilylate the highly ethynylated reaction products, which upon concentration on
one occasion spontaneously detonated. It was therefore essential that the MeOH
used to precipitate the product was acidified by addition of several drops of HCI

prior to use.

In this manner, 22b was isolated in moderate but comparable yield to that
obtained by the four-step method detailed by Rubin ef al."**> The EI-MS spectrum
of 22b exhibited a molecular ion at m/z 412, while the IR spectrum had an
absorption band for v(C=C) at 2166 and 2147 cm™, and a band for v(C=C) at
1612 cm™'. The "H NMR spectrum showed only a singlet at & 0.00 ppm attributed
to the SiMe; groups. The *C NMR spectrum showed two resonances at & 101.19
and 105.56 ppm due to the acetylenic carbons, and a resonance at 5 119.03 due to

the ethene carbons. '

The palladium/copper catalysed cross-coupling of tetrachloroethene to
other terminal alkynes proceeded smoothly under similar conditions (Scheme 19).
The Pd(0)/Cu(l) (5%) catalysed reaction of tetrachloroethene with excess
phenylacetylene in refluxing triethylamine afforded 1,6-bis(phenyl)-3,4-
bis(phenylethynyl)-hex-3-ene-1,5-diyne (22¢) in 60% yield after chromatographic
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work-up.® This compound has been prepared previously by carbenoid coupling
routes, albeit in only 11% yield," and also by the procedure illustrated in
Scheme 15.2%® Compound 22¢ was identified by comparison of the spectroscopic

data with that previously reported. 190

R R
AN 4 .
cl cl Pd(PPh3)4, Cul, Et;N R= S1M33 (22b)
R=—H+ | = CeHs (22¢)
o el ~Z~ X (CgH4)CN (22¢)
R R

Scheme 19. Palladium/copper catalysed cross-coupling of tetrachloroethene to

terminal alkynes.

The substituted arylalkyne, 4-ethynylbenzonitrile, also coupled smoothly
under analogous conditions to afford 1,6-bis(cyanophenyl)-3-4-bis((4-
cyanophenyl)ethynyl)hex-3-ene-1,5-diyne (22e¢) (42%). The compound 22e was
exceptionally insoluble in all common solvents. However, sufficient material
could be dissolved in hot dg-DMSO to permit a "H NMR spectrum to be obtained.
The expected pattern in the aromatic region was observed (8 7.77, 7.93; 2 x d, Jun
= 8 Hz). The IR spectrum exhibited a weak absorption band for v(C=C) at 1600
cm™', and another weak absorption band for v(CN) at 2224 cm, the absorption
band for v(C=C) was not observed. The EI-MS spectrum exhibited the molecular
ion at m/z 528.

The successful preparation of 22¢ and 22e by Pd/Cu catalysed coupling
reactions of tetrachloroethene is in stark contrast to the failed Eglington-type
coupling of tetraiodoethene with copper phenylacetylide.'” However, attempts to
cross-couple more electron-rich alkynes, including ferrocenylacetylene, with

tetrachlorethylene have not yet been successful.

* Synthesis and characterisation courtesy of P. Zuber.
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3.3. Reaction of Dicobalt Hexacarbonyl
bis(Diphenylphesphino)methane with 1,6-bis(Trimethylsilyl)-
3,4-bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne

Dicobalt carbonyls [Coy(CO)s(L,)] react readily with alkynes to afford
complexes of the general type [Coa(u-n*-alkyne)(CO)4(L,)].2* These compounds
often crystallise readily, and as such are appealing derivatives for establishing the
nature of otherwise difficult to characterise acetylenes.”'® In an effort to obtain
further evidence for the products formed in diisopropylamine, the crude product
mixture containing 22b was allowed to react with [Co(CO)s(pn-dppm)] in
refluxing benzene. The reaction was followed by TLC and, when judged
complete, the solvent was removed and the residue purified by preparative TLC.
The dicobalt complexes [Coy(CO)s(p-dppm)] (p,n>-Me3SiC,C=CSiMes) (29%),
[{C02(CO)4(p-dppm)}2{p,n?:1,n*-(Me3SiC,C(H)=C(C,SiMe3)C=CSiMe;}]  (38)
(9%) and [Coz(CO)4(u-dppm){p,nZ-Me3SiCZC(CECSiMe3)=C(CECSiMe;)z}]
(39) (44%) were obtained (Scheme 20).

Crude reaction mixture of 22b Mp.

Phap” RPhy
—Co(CO),

(OC)zC)OAK' +
Me3Si = SiM93

(39)

Scheme 20. Products resulting from a reaction between crude 22b and

[Co2(CO)¢(n-dppm)].

The diyne product, [Cox(,n’-Me;SiC,C=CSiMe;)(CO)4(u-dppm)], was

readily identified by comparison of the spectroscopic data with that previously
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reported.”'"?! The IR spectrum of 38 contained strong v(CO) absorption bands at
2021, 1997, and 1970 cm™, consistent for a compound of the type
[Coy(alkyne)(CO)a(p-dppm)] bearing an electron withdrawing group.2 * The 'H
NMR spectrum of 38 contained three singlet resonances in the region of 8 -0.17-
0.40 ppm each which are consistent with the presence of three SiMe; groups. The
multiplets at 8 3.43 and 3.67 ppm were attributed to the protons of the CH;
moiety, while the multiplet at 6 3.59 ppm was attributed to the vinyl proton. The
aromatic region contained the usual resonances for the phenyl groups associated
with the dppm ligands. The >C NMR spectrum shows three resonances at & 0.00-
1.44 ppm corresponding to the three SiMe; groups. The two resonances at & 36.00
and 38.62 ppm are attributed to the CH, moiety, while the two resonances at &
106.22 and 106.57 ppm are attributed to the acetylenic carbons. There are sixteen
resonances that fall in the aromatic region ranging from 8 125.59 to 139.65 ppm,
due to the phenyl groups associated with the dppm ligands. The last four
remaining resonances are carbonyl carbons. The FAB-MS spectrum exhibited the
molecular ion at m/z 1545 and fragment ions at m/z 1517-1489 showing the

consecutive loss of two carbonyls.

The molecular structure of 38 was confirmed by X-ray crystallography
using single crystals grown from CH,Cl;:MeOH and is shown in Figure 56, with
crystallographic data given in Table 7. There was one molecule in the asymmetric

unit cell along with two molecules of CH,Cl, and half molecule of MeOH.
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Table 7. Crystal data and structure refinement for 38, 39, and 40.

38 39 40

Empirical formula C73_33H73C17C0408P4Si3 C51 H58C0204P25i4 C40H40C02O4P2 Siz
Formula weight 1839.39 1027.13 820.70
Temperature 120(2) K 120(2) K 1202) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2(1)/n
Unit cell dimensions a=16.1865(13) A a=12.846(1) A a=11.5292) A

o= 72.923(3)° o= 109.391(4)° o= 90°

Volume

V4
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Crystal colour

Crystal shape

Theta range for data collection
Index ranges

b=16.1599(14) A
B= 89.949(4)°
c=16.9861(15) A
y = 83.932(4)°
4221.3(6) A3

2

1.447 Mg/m3

1.164 mm-!
1882

0.2 x 0.15 x 0.05 mm3

1.25 to 27.51°.
-21<=h<=21, -20<=k<=21,
-22<=]<=22

b=14.881(2) A
B=95.169(3)°
c=17.221(1) A
y=115.508(4)°
2695.5(4) A3

2

1.266 Mg/m3

0.804 mm-!
1072

0.40x 0.19 x 0.17 mm3
dark violet

block

1.30 to 28.28°
-15<=h<=17, -19<=k<=19,
-20<=1<=22

b=18.967(2) A
104.118(7)°
¢ =19.026(3) A
y=90°
4034.8(10) A3
4

1.351 Mg/m3
0.999 mm-1
1696

0.44 x 0.20 x 0.14 mm3

1.54 to 28.29°
-15<=h<=15, -25<=k<=25,
-25<=]<=25
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Reflections collected
Independent reflections
Completeness to theta
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

46934

19221 [R(int) = 0.1399]
99.0 %

Semi-empirical from
equivalents

0.943 and 0.798
Full-matrix least-squares on
F2

19221 /0/959

0.977

R1=0.0774, wR2=0.1700
R1=0.1940, wR2 = 0.2288

0.857 and -1.448 ¢.A-3

22544

13117 [R(int) = 0.0190]
98.1 %

Integration

0.896 and 0.739
Full-matrix least-squares on
F2

13117 /0/568

1.038

R1=0.0382, wR2 =0.0976
R1=10.0502, wR2 = 0.1055

0.960 and -0.389 e.A-3

45514

10018 [R(int) = 0.0485]
99.8 % '
Integration

0.877 and 0.698
Full-matrix least-squares on
F2

10018 /0 /457

1.017

R1=10.0610, wR2 =0.1326
R1=10.0938, wR2 =0.1542

2.363 and -1.658 e.A-3
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vectors are approximately perpendicular, with the Si(3)Me; group occupying a
portion of the void space around C(8). The Co(3)-Co(4) cluster moiety would
appear to have some influence on the C(4)-C(5) alkynyl group, which bends away
from the cluster giving slightly abnormal C(8)-C(3)-C(4) (124.9(6)°) and C(2)-
C(3)-C(4) (113.5(6)°) bond angles.

The reaction of pure 22b and [Co(CO)s(n-dppm)] afforded only
[C0x(CO)a(dppm) {,u,n2—MegSiCZC(CzCSiMe3)=C(CECSiM63)2}] (39) as a single
product (Scheme 21). Recrystallisation gave red brittle crystals, the colour being
characteristic of the attachment of one [Co(CO)s(u-dppm)] moiety in the

compound.
Ph?'la/\?‘:P?cz:O)z SiMe th'lj/\%th o _SiMe
Me;Si SiMe 0C),Co—° 3 0C),Co 7% 3
: AN A : ( )2. \ 4 { )2. Vi
| Co,(CO)dppm  MesSi | Coz(CO)gdppm  MeaSi
e — i e —
P SiMe;
7z Z X Z
MesSi SiMes MeSi SiMe, Messi (0C),C6“¢0(CO)
PhP—_-PPh;
(22b) 39) (40)

Scheme 21. Synthetic protocol for the formation of 39 and 40.

The "H NMR spectrum of 39 contained four singlet peaks in the region of
0.00-0.30 ppm consistent with the presence of four SiMe; groups. A set of two
unresolved multiplets appears at & 3.51 and 3.71 ppm attributed to the
diasterieotopic protons of the CH; moiety. The aromatic region revealed two
multiplets at & 7.18 and 7.35 ppm assigned to the phenyl moieties of the dppm
ligand. The >C NMR spectrum shows four resonances corresponding to the four
SiMe; groups at 6 0.00-2.30 ppm. The resonance at 8 36.40 ppm arose from the
CH; moiety, and only seven of the quarternary carbon resonances were observed,
falling in the range & 98.23-111.14 ppm. Eight out of the ten carbon resonances
fall in the aromatic region while the remaining two resonances at & 204.63 and
206.97 ppm are carbonyl carbons. The FAB-MS spectrum did not exhibit the

molecular ion, instead it showed fragment ions at m/z 999-915 showing the
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consecutive loss of four carbonyls, while the IR spectrum had v(CO) absorption

bands at 2023, 1999, and 1973 cm™.

The molecular structure of 39 was confirmed by X-ray crystallography
using single crystals grown from CH,Cl,:MeOH and is shown in Figure 57, with
crystallographic data given in Table 7. The Coy(p-n*-alkyne)(CO)s(u-dppm)
portion of 39 contains Co-Co bond lengths of 2.466(4) A, the coordinated C-C
bonds is 1.350(3) A, the Co-C(alkyne) bonds span the range 1.973(18)-1.993(18)
A, averaging 1.975 A. The coordinated C-C bond lengths (1.350(3) A) display the
usual elongation relative to the uncoordinated C=C alkynyl moieties (1.201(11)-
1.214(3) A).The C(90)-C(91) C=C bond lengths,1.365(3) A, while the formal C-
C single bonds were in the range of 1.427(3)-1.448 (3) A, these are similar to

those normally encountered in 1,1,2,2-tetracthynylethene derivatives.

The bis(dicobalt) complex [{Co2(CO)a(dppm)}2{p-n*n*-
Me;SiC,C(C=CSiMe;)C(C=CSiMe3)C,SiMe;}] (40) could not be obtained
directly from reactions of 22b and [Co,(CO)s(p-dppm)]. After initial formation of
39, the excess dicobalt, [Coy(CO)s(u-dppm)], reagent underwent a self
condensation reaction to give [Co4(CO)s(n-dppm),] rather than forming the
desired bis(dicobalt) product, probably due to steric reasons. In order to obtain 40,
the precursor, 39, had to be isolated, then further reacted with excess
[Coz(CO)s(n-dppm)] at reflux for a several hours for the second [Cox(CO)s(p-
dppm)] moiety to coordinated to the least sterically hindered triple bond (in the
trans position) of 39 (Scheme 21). Upon recrystallisation dark green, fine crystals

were obtained suitable for X-ray analysis.
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3.4. Reaction of Dicobalt Octacarbonyl with 1,6-
bis(Trimethylsilyl)-3,4-bis((trimethylsilyl)ethynyl)hex-3-ene-
1,5-diyne

The reaction of 22b with an excess of the less sterically demanding
reagent [Coz(CO)g] were also investigated (Scheme 22). Two complexes were
separated by preparative TLC. The major product formed was the dark green
double adduct [{Cox(CO)s}2{pn*
Me;SiC,C(C=CSiMe;)=C(C=CSiMe;)C,SiMe;}] (41) (67%). The minor product
[Co2(CO)s{14,1>-Me3SiC,C(C=CSiMe;)=C(C=CSiMe;),}] (42) (17%) was

obtained as a red-brown crystalline material.

Me;Si SiMes

Co,(CO
2(COJ

Scheme 22. Synthetic protocol for the formation of 41 and 42.

The IR spectrum of 41 had strong v(CO) absorption bands at 2088, 2056,
and 2030 cm™'. The FAB-MS spectrum did not exhibit the molecular ion, but did
contain fragment ions at m/z 870-648 showing the consecutive loss of four to
twelve carbonyls, indicating the presence of two [Coy(CO)s] moieties. The 'H
NMR spectrum only showed two singlet resonances at & 0.00 and 0.15 ppm
attributed to the two symmetrical SiMes groups. The >C NMR spectrum shows
two resonances corresponding to the SiMe; groups at & 0.00 and 2.08 ppm, while
the five quaternary carbon resonances (& 83.69, 105.10, 107.10, 113.34 and
127.83) indicate the formation of the trans disubstituted material.”® The remaining

resonance in the ?C NMR spectrum at § 200.89 ppm is due to carbonyl carbons.
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The '"H NMR spectrum of 42 displayed only two singlet peaks at & 0.00
and 0.16 ppm due to SiMe; groups, while the BC NMR spectrum shows four
resonances corresponding to the four SiMes groups between & 0.00-1.74 ppm. All
ten quaternary carbons (8 84.01, 97.47, 100.73, 102.97, 104.39, 104.54, 105.55,
111.67, 112.22, 134.72 ppm) are observed in the °C NMR spectrum along with a
carbonyl carbon at 6 200.24 ppm. The FAB-MS spectrum did not exhibit the
molecular ion, instead it showing fragment ions at m/z 670-530 indicating the
consecutive loss of one to six carbonyls, while the IR spectrum had v(CO)
absorption bands at 2089, 2056, and 2030 cm™. In no case were the complexes in
which three or four of the alkynyl moieties had been coordinated by dicobalt

moieties detected.
3.5 Conclusion

The Pd(0)/Cu(l) catalysed coupling reaction of terminal alkynes with
tetrachloroethene in NEt;, but not PrziNH, affords the corresponding
tetracthynylethenes in good yield. The alkyne moieties are available for
coordination by up to two dicobalt fragments, giving the trans isomers as

expected on steric grounds.

3.6. Experimental

3.6.1. 1,6-bis(Trimethylsilyl)-3-4-bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-

diyne (22b)
Me3Si SiMe,
A

R
MesSi SiMe;
Dry NEt; (100 ml) was introduced to an oven-dried Schlenk flask and

rigorously degassed by three freeze-pump-thaw sequences. Tetrachloroethylene (1

ml, 9.77 mmol) was added followed by trimethylsilyl acetylene (7 ml, 49.53
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mmol), Pd(PPh3)4 (0.26 g, 0.23 mmol) and Cul (0.05 g, 0.26 mmol). The solution
was heated at reflux overnight forming a dark red solution with white precipitate
presumed to be alkylammonium salts salt [HNEt;]I. The precipitate was removed
by filtration, and the filtrate concentrated. The impurities in the filtrate were
extracted into acidified MeOH leaving behind the product which was then filtered
off. The product was recrystallised from hot EtOH (1.16 g, 2.81 mmol, 29%).

CAUTIONARY NOTE: In the presence of a trace amount of the amine reaction
solvent, sufficient methoxide is generated during the precipitation step to
desilylate the highly ethynylated reaction products, which upon concentration may
spontaneously detonate. It is therefore essential that the precipitation be carried

out with MeOH acidified by addition of several drops of HCI.

IR (nujol): v(C=C) 2166 m, 2147 m (C=C), v(C=C) 1612 wb cm™". '"H NMR (499
MHz, CDCly): & 0.00 (s, 36H, SiMes). >C NMR (125 MHz, CDCly): & 0.06
(SiMe3), 101.19, 105.56 (2 x C=C), 119.03 (C=C). EI' - MS (m/z): 412 [M]", 397
[M- CH;]". Anal. Calc’d for SisCaHss.2MeOH: C 60.50, H 9.25 %. Found: C
60.99, H 8.73%.

3.6.2. 1,6-bis(Cyanophenyl)-3-4-bis((4-cyanophenyl)ethynyl)hex-3-ene-1,5-
diyne (22e)

Dry NEt; (100 ml) was introduced to an oven-dried Schlenk flask and
rigorously degassed by three freeze-pump-thaw sequences. Tetrachloroethylene
(0.25 ml, 2.44 mmol) was added followed by ethynylbenzonitrile (1.25 g, 9.84
mmol), Pd(PPhs)4 (0.14 g, 0.12 mmol) and Cul (0.02 g, 0.10 mmol). The solution
was heated at reflux overnight forming a dark red solution with brown precipitate.

The precipitate was collected by filtration, and the filtrate concentrated to yield a
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second crop of the crude product. The precipitate was purified by column
chromatography (silica gel, acetone). The product was recrystallised from hot
acetonitrile to give the desired product as a yellow solid (0.54 g, 1.02 mmol,
42%).

IR (nujol): v(CN) 2224 w, v(C=C) 1600 w cm’’. 'H NMR (499 MHz, DMSO): &
7.78 (d, 8H, Ar, Jun=8.39), 7.95 (d, 8H, Ar, Juu=8.59). EI' - MS (m/z): 528 [M]".
Anal. Calc’d for CsgH16N4.3/2CH3CN: C 80.40, H 3.48, N 13.06%.Found: C
80.87, H 2.89, N 9.96%.

3.6.3. [Cox(CO)4(dppm){,n’-MesSiC;C(C=CSiMe3;)=C(C=CSiMe3),}] (39)

Ph,R”"EPh .
(OC)Q%IO\/CO(éO/)Z/ SIM83
Me;Si I

Z
Me3Si SiMej

A round bottomed flask was charged with 1,6-bis(trimethylsilyl)-3-4-
bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne  (0.10 g, 0.24 mmol) and
C02(CO)4(dppm) (0.05 g, 0.08 mmol) which were dissolved in dry benzene (20
ml). The reaction was heated at reflux for 15 min after which three additional
portions of Coz(CO)s(dppm) (0.05 g, 0.08 mmol) were subsequently added. The
reaction was then cooled and the solvent removed in vacuo. The product was
purified by preparative TLC (20:80 CH,Cl;:hexane) and the major brown band
was recrystallised from CH,Cl;:MeOH (0.16 g, 0.15 mmol, 62%).

IR (cyclohexane): v(CO) 2023 s, 1999 vs, 1973 s, v(C=C) 1653 m cm™. 'H NMR
(499 MHz, CDCL): & 0.00 (s, 9H, SiMes), 0.07 (s, 9H, SiMes), 0.24 (s, 9H,
SiMes), 0.30 (s, 9H, SiMe3), 3.51 (m, 1H, CHy), 3.71 (m, 1H, CH,), 7.18 (m, 12H,
Ar), 7.35 (m, 8H, Ar). *C NMR (125 MHz, CDCl3): & 0.00, 0.29, 0.66, 2.30 (4 x
SiMe;), 36.40 (CHy), 98.11, 104.42, 105.35, 106.73, 107.04, 110.01, 111.02 (7 x
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C=C, C=C), 128.49, 128.56, 129.63, 129.89, 131.84, 132.52, 137.67, 141.11 (8 x
Ar), 204.63, 206.97 (2 x CO). FAB - MS (m/z): 999 [M-COJ", 971-915 [M-nCO]"
(n=2-4). Anal. Calc’d for CoP,04SisCsiHss.1/2CH,Cly: C 57.83, H 5.52%.
Found: C 57.08, H 5.93%.

3.6.4. [{Cox(CO)4(dppm)}2{p-n’in’-
Me3SiC,C(C=CSiMe3)C(C=CSiMe;)C,SiMes}] (40)

Phop” " BPh ,
/00(60) SiMe3
(0C),Coz O

Me;Si ]
P SiMes
( Z2C0(CO),
Ph,

Me3Si OC&%C P
2 S~

A round bottomed flask was charged with [Coz(CO)4(dppm){,u,r|2-
Me;SiC,C(C=CSiMe3)=C(C=CSiMes);}] (0.18 g, 0.17 mmol) and
C0,(CO)4(dppm) (0.40 g, 0.6 mmol) which were dissolved in dry benzene (20
ml). The reaction was heated at reflux for 3 h turning the solution brown which
was then cooled and the solvent removed in vacuo. The product was purified by
preparative TLC (1:1 CH,Cly:hexane) and the low riding major brown band
recrystallised from CH,Cl;:MeOH (0.03 g, 0.018 mmol, 10%).

IR (cyclohexane): v(C=C) 2127 w, v(CO) 2024 m, 2001 s, 1976 m cm™. 'H NMR
(499 MHz, CDCL): & 0.22 (s, 18H, SiMes), 0.55 (s, 18H, SiMe;), 3.46 (m, 2H,
CH,), 3.64 (m, 2H, CH,), 7.17 (m, 38H, Ar), 7.86 (s, 2H, Ar). >C NMR (125
MHz, CDCl3): 6 0.00, 2.06 (2 x SiMe3), 27.42 (CH,), 80.95, 84.49, 86.61, 88.73
(4 x C=C, C=C), 128.18, 128.38, 128.73, 129.80, 129.99, 131.49, 131.92, 132.93
(8 x Ar). FAB - MS (m/): 1641 [M+H]", 1612-1360 [M-nCO]* (n=2-10). Anal.
Cale’d for Co4P40sSisCroHgo.2. 5CH,Cly: C 53.51, H 4.59%.Found: C 53.79, H
5.13%.
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3.6.5. Reaction of crude 1,6-bis(trimethylsilyl)-3-4-
bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne with [C02(CO)s(dppm)]

A round bottomed flask was charged with a crude reaction mixture of 1,6-
bis(trimethylsilyl)-3-4-bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne  (0.10 g,
0.24 mmol) and Coy(CO)4(dppm) (0.14 g, 0.23 mmol) which were dissolved in
dry benzene (20 ml). The reaction was heated at reflux for 15 min after which an
additional portion of Coy(CO)4(dppm) (0.12 g, 0.19 mmol) was added and the
reaction continued for a further 15 min. The reaction was then cooled and the
solvent removed in vacuo. The products were purified by preparative TLC (20:80
CH,Cl;:hexane) which gave red, yellow-brown and green bands. These were
identified as Co2(CO)a(dppm)(,1*-Me3SiC,C=CSiMes) (29%),
[Cox(CO)a(dppm) { ,n*-Me3SiC,C(C=CSiMe3)=C(C=CSiMe;),}] (44%), and
[{Cox(CO)4(dppm)}2{ 11 *-(Me;SiC,C(H)=C(C=CSiMe;),}] (9%) respectively.
All the products were recrystallised from CH,Cl;:MeOH.

3.6.5.1. [Co3(CO)«(dppm)(,n>-Me3SiC;C=CSiMe3)]

IR (cyclohexane): v(CO) 2028 s, 2006 vs, 1979 s cm”. '"H NMR (499 MHz,
CDCh): & 0.21 (s, 9H, SiMes), 0.33 (s, 9H, SiMes), 3.29 (m, 1H, CHy), 3.37 (m,
1H, CH,), 7.02 (s, 6H, Ar), 7.15 (s, 2H, Ar), 7.23 (s, 6H, Ar), 7.43 (s, 6H, Ar). °C
NMR (399 MHz, CDCl3): § 0.00 (SiMe), 35.44 (CH,), 99.67, 107.87 (2 x C=C),
127.58, 127.68, 127.94, 128.77, 129.49, 130.31, 132.56, 133.31, 138.39 (9 x Ar),
201.17, 206.95 (2 x CO).
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3.6.5.2. [Co2(CO)4(dppm){1,n>-MesSiC,C(C=CSiMe3)=C(C=CSiMe3),}]
(39

Ph,p” RPh .
(0C)p8k70(E0)y SiMes

7
Me3Si |
Z

Me3Si SiMey
IR (cyclohexane): v(CO) 2023 s, 1999 vs, 1973 s cm”.'H NMR (499 MHz,
CDCly): & 0.00 (s, 9H, SiMes), 0.07 (s, 9H, SiMe), 0.24 (s, 9H SiMe;), 0.30 (s,
9H, SiMe3), 3.51 (m, 1H, CHy), 3.71 (m, 1H, CHy), 7.18 (m, 12H, Ar), 7.35 (m,
8H, Ar). >C NMR (125 MHz, CDCL): & 0.00, 0.29, 0.66, 2.30 (4 x SiMes), 36.40
(CH,), 98.11, 104.42, 105.35, 106.73, 107.04, 110.01, 111.02 (7 x C=C), 128.49,
128.56, 129.63, 129.89, 131.84, 132.52, 137.67, 141.11 (8 x Ar), 204.63, 206.97
(2 x CO). FAB - MS (m/z): 999-915 [M-nCO]* (n=1-4). Anal. Calc’d for
C02P,04814Cs1Hss. 1/2CH,Cly: C 57.83, H 5.52%. Found: C 57.08, H 5.93%.

3.6.5.3. [{Cox(CO)s(dppm)}2{1n’~(Me3SiC,C(H)=C(C=CSiMes),}] (38)

Ph,p” RPh
(0C)&o<Co(Cor

Me3Si ! H
P SiMes
o« CO),

. <=Co
MesSI™ (0GR R _Fph,

IR (cyclohexane): v(CO) 2021 s, 1997 vs, 1970 vs em’. '"H NMR (499 MHz,
CDCl): & -0.17 (s, 9H, SiMes), 0.13 (s, 9H, SiMes), 0.40 (s, 9H, SiMe3), 3.43 (m,
2H, CHy), 3.59 (m, 1H, CH), 3.67 (m, 2H, CHy), 7.02 (m, 10H, Ar), 7.19 (m, 8H,
Ar), 7.30 (m, 16H, Ar), 7.46 (s, 8H, Ar). °C NMR (399 MHz, CDCl): & 0.00,
1.16, 1.44 (3 x SiMes), 36.00, 38.62 (2 x CH,), 106.22, 106.57 (2 x C=C), 125.59,
127.78, 127.85, 128.03, 128.46, 128.53, 128.83, 129.14, 129.37, 129.56, 131.01,
131.18, 132.59, 132.78, 136.00, 139.65 (16 x Ar), 203.22, 204.56, 207.24, 207.79
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(4 x CO). FAB - MS (m/z): 1545 [M]’, 1517-1489 [M-nCO]" (n=1-2).Anal.
Calc’d for Co4P403S13C7sH7,.1/3CH,CL: C 57.45, H 4.62%.Found: C 57.79, H
4.70%.

3.6.6. Reaction of 1,6-bis(trimethylsilyl)-3-4-bis((trimethylsilyl)ethynyl)hex-3-
ene-1,5-diyne with [Co,(CO)s]

A round bottomed flask was charged with 1,6-bis(trimethylsilyl)-3-4-
bis((trimethylsilyl)ethynyl)hex-3-ene-1,5-diyne (0.05 g, 0.12 mmol) and
Co0,(CO)s (0.11 g, 0.32 mmol) which were dissolved in dry benzene (10 ml). The
reaction was stirred for 2 h then the solvent removed in vacuo. The product was
purified by preparative TLC (20:80 CH,Cl,:hexane) yielding a green and a brown
band, identified as [{C0x(CO)s}2{u-n"m>-
Me;SiC,C(C=CSiMe;)C(C=CSiMe3)C,SiMes}] (0.082 g, 0.08 mmol, 67%) and
[Cox(CO)s{,n*-Me3SiC,C(C=CSiMe;)=C(C=CSiMes);}] (0.011 g, 0.02 mmol,
17%) respectively.

3.6.6.1. [{C02(CO)}2{p-n:n*-Me3SiC,C(C=CSiMe3)C(C=CSiMe;)C;SiMe;}]
41)

—Co(CO);_-SiMe3
(OC)3Co3 //3
Me3Si '
o SiM83
Me3Si 60)300/\ Co(CO);

IR (cyclohexane): v (CO) 2088 s, 2056 vs, 2030 vs cm’. 'H NMR (399 MHz,
CDCl): & 0.00 (s, 18H, SiMes), 0.15 (s, 18H, SiMes;). C NMR (399 MHz,
CDCl3): & 0.00, 2.08 (2 x SiMe;), 84.08, 105.49, 107.49, 113.73, 128.22 (5 x
C=C, C=C), 200.89 (CO). FAB - MS (m/z): 872-648 [M- nCO]" (n=4-12). Anal.
Calc’d for C0401,814C34H36: C 41.46, H 3.65%.Found: C 42.65, H 4.15%.
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3.6.6.2. [Cox(CO)s{ 11,1 -MesSiC,C(C=CSiMe;)=C(C=CSiMes);}] (42)

——Co(CO)3_SiMes
(OC)Coz s
Me;;si !
Z X
ME3Si

SiMe3

IR (cyclohexane): v (CO) 2089 s, 2056 vs, 2030 vs cm™. '"H NMR (499 MHz,
CDCls), (8): 0.00 (s, 9H, SiMe3), 0.16 (s, 27H, SiMes). *C NMR (125 MHz,
CDCl3): & 0.00, 0.26, 0.44, 1.74 (4 x SiMes), 84.63, 98.09, 101.35, 103.59,
105.02, 105.16, 106.17, 112.29, 112.84, 135.34 (10 x C=C, C=C), 200.24 (CO).
FAB - MS (m/z): 670-530[M- nCO]" (n=1-6). Anal. Calc’d for Co;0¢SisCasHis
2CH,Cl,: C 44.44, H 4.85%. Found: C 45.22, H 5.32%.
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Chapter 4. Studies Utilising Density Functional Theory

4.1. The Relationship between Molecular Modelling and

Chemistry

The Schrodinger equation and statistical mechanics can provide a
mathematical model of chemistry, and in principle can be used to help answer
problems in chemistry for which the answers are not readily available or apparent
from experimental methods. If the Schrédinger equation could be solved for a
molecule, a complete set of information, consistent with the postulates of quantum
mechanics, could be derived for the molecule. However, the Schrédinger equation
can only be solved exactly for the H atom. In order to obtain a workable result, it
is necessary to make several approximations, which can take forms such as the
Hartree-Fock formalism. It is prudent to remember that molecular modelling is
not without limitations and caution must be taken not to over interpret the results.
Molecular modelling can comfortably answer questions regarding energy
differences between different systems, geometries, and electronic distribution of
the molecule, although significantly larger errors are associated with bond

energies, ionisation potentials and activation energies.

In general molecular modelling does not reproduce experimental results
exactly, especially since molecular modelling (usually) assumes a gas phase
environment in order to simplify calculations by neglecting environmental effects.
Therefore it is more pertinent to compare property trends than the comparison of
absolute values. It is not the purpose of this discussion to quantitatively explain
the different methods in molecular modelling and the different algorithms
associated with them. However, those related to the work presented here will be

explained qualitatively in the discussion which follows.
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4.2. Electronic Structure Calculation Methods

Since the Schrodinger equation cannot be solved directly for any system
other than the H-atom, a number of approximations need to be invoked. The
Born-Oppenheimer approximation is based on the idea that electrons move much
faster than atomic nuclei and hence the movement of electrons can be considered
independently to the movement of the nuclei. It is also assumed that in multi-
electron systems, the electrons experience a static potential due to the nuclei,
while the nuclei are subjected to the average potential field from the electrons.
Hence, the Schrodinger equation for molecular systems may be divided into two
expressions, one describing nuclear motion and one describing the motion of

electrons.?!

The determination of an accurate approximation of the electronic
wavefunction for a molecule is a non-trivial task, and either ab initio or semi-
empirical methods may be employed. The following discussion will concentrate
on the ab initio method since the standard computer packages used in this work,
Gaussian 98, employs these methods. The approximation in ab initio methods
lies in the choice of the model used to solve the wavefunction, which in turn
affects the accuracy of the computational results.'* Furthermore, all the integral
expressions which must be solved for the chosen method of describing the
electronic structure and the chosen method of constructing the wavefunction are
evaluated without further approximations or input from experimental data. This is

the reason the ab initio method is called the exact method.?"

In most ab initio methods the wavefunctions are calculated by a self-
consistent field (SCF) method which can employ either the Hartree-Fock (HF) or
Density Functional Theory (DFT) formalism. In an SCF method each electron of
a molecule moves in an average potential field caused by all of the (other)
electrons in the molecule. Since electrons are not static points, the orbitals which

contain them must be described mathematically using a set of basis functions as
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building blocks. Together, these basis functions are known as basis sets and a

wide variety have been developed.?'

Two forms of basis functions have been widely used, namely the Slater-
type orbital (STO) and Gaussian type orbitals. The STO, are rather difficult to
manipulate mathematically and have largely been superseded by Gaussian type
orbitals. While a single Gaussian function does not provide a good representation
of an atomic orbital, the functions are easily manipulated since the product of two
Gaussian functions is another Gaussian function. The combinations of Gaussians
can be used to make good approximations to atomic orbitals.?'® The variation
principle states that as basis sets are approximations of the true wavefunction, and
the energies derived from them will always be too high. Better basis sets
comprising a larger number of Gaussians, results in lower energies for the system.
The simplest type of basis set, a minimal basis set, is comprised of one atomic
orbital function for each filled atomic electron configuration. An improvement in
accuracy of the approximation can be obtained by doubling the number of
functions used, and this is specified by listing the exponents for each type of
orbital used, e.g. doubling the number of a minimal basis set leads to a double zeta

quality basis set.*!’

A convenient short-hand notation has been developed to describe the basis
sets. The number before a G in a basis set title indicates the number of Gaussians
used with a larger number giving an increased precision in the basis set, e.g. STO-
3G indicates that three Gaussian functions have been used to form each Slater-
type orbital. A split valence basis set uses two different models and is denoted
with a hyphen, with the number on either side of the hyphen corresponding to the
number of Gaussian functions used in either part of the model. An example of a
split valence basis set is the 3-21G basis set, which is the smallest basis set in
common use.”'® In this particular basis set, the core orbitals are described using

three Gaussian functions, while the valence orbitals are described by two sets of
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functions which arise from a linear combination of two Gaussian functions and an

additional single Gaussian function.***

The assumptions implemented so far in the basis sets ignore the distortion
by one atom of the atomic orbitals on adjacent atoms. This can be taken into
account by including orbitals with higher values of the quantum number /. Such
basis sets are known as polarisation functions and are capable of giving a
reasonable description of a molecule in the ground or low lying excited state.
Polarisation functions are denoted by asterisks after the basis set, and additional
diffuse functions indicated by a + sign, e.g. the 6-31+G*. A single asterisk
indicates polarisation functions on non-hydrogen atoms, while a double asterisk,

as in 6-31G**, indicates polarisation functions on all atoms.”'®

4.2.1. Density Functional Theory

Density Functional Theory (DFT) is a method used to calculate the
electronic structure of molecules based on the electron density through a molecule

218 and enables the calculation of the electronic

rather than molecular orbitals,
properties of larger systems. In DFT the procedure begins with an expression for
the total energy of the system written as a function of the total electron density for
a given position of the atomic nuclei. The total energy may be derived, in a
formally exact way, from three terms, a kinetic energy term, an electrostatic or
Coulombic energy term, and a many body term, which contains all exchange and
correlation effects. This derivation is constructed in such a way that the kinetic
energy term corresponds to the kinetic energy of a system of non-interacting
particles that yield the same density associated with the original electron system.
The exact form of the universal energy density functional is unknown, and the
strategy employed is to approximate it by various methods. Widely used formulas
such as SVWN, BLYP, B3LYP, B3PW91, are examples of these models. These

formulas are named based on either the Slater (S) or the Becke (B) gradient

corrected functionals, the people who discovered these functionals such as Lee-
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Yang-Parr (LYP), and the year it was discovered. DFT methods require a certain
degree of “trial and error” in order to find the most appropriate basis set for any

particular given system.”'’

The elementary algorithm for solution of electronic structures using DFT
based methods is relatively simple. For a given molecular geometry (i.e. set of
nuclear positions) the DFT equations are solved by expanding the one-electron
wavefunctions (molecular orbitals) into a basis set. Following the Aufbau
principle, the orbitals are occupied and a new density function is formed,
completing one cycle in the SCF procedure. Convergence acceleration schemes
are used to create a new input density from the previous input and output density.
Once self-consistency is achieved, the total energy for this geometry with
corresponding molecular properties can be calculated. If the goal is geometry
optimisation, the energy gradients are evaluated and used in the choice of a new
geometry. A new SCF cycle is then started from the new geometry and the cycle

repeated until convergence is achieved.”"”

The agreement of calculated DFT geometries and electronic properties are
comparable with traditional correlated methods. However, the applicability of
DFT to all atoms of the periodic table and to various types of bonding with
consistent accuracy, and the fact that scaling of computational effort with
molecular size is equal or less than a third power, which is in contrast to
traditional molecular orbital methods, all make DFT methods extremely
appealing.*'® ?!7 However, one of the major drawbacks of DFT is that it only

applies to the ground state, modelling of the exited state is still a major problem
for DFT.?”
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4.2.2. Applicability of Density Functional Theory to Transition
Metal Systems

Due to the importance of transition metals in chemistry as key components
in catalysts, as well as structural, electronic and photoactive molecular elements, it
has become increasingly important that computational chemistry can predict the
behaviour of such systems accurately. Transition metals range from electronically
saturated, closed shell complexes to species with many unpaired electrons. Closed
shell transition metal complexes can be handled using the closed shell methods,
which approximate the core electrons using a static core potential. However, real
problems arise when trying to deal with open shell complexes where there is a
mixing of a large number of low-lying atomic electronic states to achieve optimal
bonding. Fortunately the approximations used in DFT methods deal with this
problem fairly well giving good qualitative descriptions. One of the drawbacks of
DFT is that large errors for total energy are usually obtained. However, since the
energy difference between two distinct states are most often of interest, these
errors cancel out and give remarkable accuracy in DFT based modelling.
Transition metal chemistry is a particular field where DFT has good accuracy for
larger systems and has been used as a standard tool for the prediction of molecular

structures.”?
4.3. Geometry Optimisation

One of the most important tasks of computational chemistry is the reliable
prediction of molecular structures. Due to improvements in the Kohn-Sham
density functional theory algorithms for geometry optimisation, these methods can
give geometry optimised structure results with an expected accuracy of +0.02 A
or better for bond lengths in molecules.”? Geometry optimisation is the process of
finding minima and saddle points on a potential energy surface. A potential

energy surface describes the energy of a molecule as a function of its geometry; a

139






f(x)

/N
N\

Figure 60. A one dimensional function containing several minima.

Finding the optimised geometry of a molecule involves an unconstrained
optimisation in all directions on the potential energy surface. There are many
different algorithms for finding minima, which have led to a host of different
routines and computer programs to accomplish this task with relative ease. It is
not intended in this discussion to explain the structure of optimisation algorithms,
but rather to explain in general terms the important factors required by user to

obtain the desired information.?!’

Energy minimisation as a function of geometry for a diatomic molecule is
illustrated in Figure 61. The initial geometry A can be moved to a lower energy
by making small changes to the geometry. This is then repeated from B to E in
subsequent energy lowering steps, until all possible small changes to the structure
increase the energy of the structure. This point (E) is called the minimum energy
point.?'® To find the minimum energy point in a one dimensional system is quite
easy; however, when a molecule has 3N-6 (N= number of atoms) degrees of
freedom a large number of energy steps are needed, and the process becomes
rather complicated. In real systems a large number of small steps need to be taken

to avoid by-passing the minimum energy point altogether.” 16
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Figure 61. Energy minimisation as a function of geometry for a diatomic

molecule.

Once geometry optimisation is achieved, then other properties of the
system of interest can be obtained; for example, population analysis, transition
states, and vibrational frequencies. The text below illustrates finding a transition
state. An analysis of the first derivative of a given point on the potential energy
surface can give information of whether the potential energy surface is flat, i.e. a
zero derivative; while the second derivative can be used to distinguish between
minima, maxima, and saddle points.?'® The transition state is the highest point on
a reaction path that requires the least amount of energy to get from reactants to
products. A reaction path is described as the steepest descent path connecting a
transition state to a minimum. A requirement of a transition state is that its first
derivative to be zero and the energy must be a maximum along the reaction path.
The transition state must also be a minimum for all directions perpendicular to the
path. If this is not the case, then there is a nearby path with a lower barrier and a
lower energy transition structure.”’’ For a point on the potential energy surface to
be a minimum it must satisfy two conditions. First of all, the first derivative must

be zero and secondly, that the second derivative matrix (Hessian) must be positive
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definite, or in other words, all the vibrational frequencies must be real, i.e., no

. . fe 21
imaginary frequen01es. 7

4.4, Polyynyl Complexes as Potential Molecular Wires

Organometallic complexes of polyynyl [(C=C),R], polyyndiyl [(C=C),],
polyenylidene [(=C),R;] and polyendiylidene [(=C),=] ligands, which are highly
unsaturated analogues of well-known acetylide and carbene ligands, have been

221-224
21224 and a

extensively investigated in recent times. While several recent reviews,
notable piece of theoretical work,”*?*" have summarised the properties associated
with the cumulated (i.e. {C=C},) carbon ligands, the electronic structures of
polyynyl complexes are less well defined. Given the significant interest in

15, 43,228

polyynyl complexes as potential components for molecular scale wires and

NLO active materials®? 23

a detailed description of these complexes is obviously
desirable.””> An electronic structure investigation of polyynyl complexes can
answer the questions associated with the nature of bonding within the M-(C=C),-
R o and = framework, the electron distribution within the C=C bonds and the
degree to which it is attenuated by the attachment of the ML,, fragment which in
return is associated with the relative electro- and nucleophilicity of the carbon
chain.?****” The answers to these questions are crucial to the understanding of the
properties of bulk material derived from metal-alkynyl building blocks, because
significant m-electron delocalisation within the M-(C=C),-R/M fragment is a
prerequisite for the presence of large optical non-linearities and intramolecular

electrical conductivities.

A number of studies have attempted to probe the electronic effects of o-
bonded polyynyl ligands, (C=C),R, on certain metal centres by examination of the
v(CO) and v(NO) stretching frequencies of the supporting ligands, the values of
which were found to increase with increasing values of n.% " %7238 A detailed,

complementary IR and Raman study of polymers with [-Pt(PR3)2(C=C)-], units
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has also been reported.”*

However, the IR data alone cannot distinguish a
progressive increase in metal — n-ligand back-bonding interactions, due to the
lower ligand n* levels, from a progressively weaker o donating effect, which is in
keeping with acidity measurements of the free poly-ynes,*® as the vibrational data

reflects the nef electronic effect of the polyynyl ligand.

Molecular orbital calculations of [Fe(C=CH)(PH;),Cp] and
[Fe(C=CH)(CO),Cp] revealed that the M-CCH bonds in these complexes were

nearly purely o in character, and there is a large energy gap between the occupied
metal orbitals and n*(C=CH) levels. The filled n(C=CH) orbital mixes
extensively with the higher lying filled metal orbitals.**' The electronic structure
of [Fe(C=CC=CH)(CO),Cp] has also been probed using He(I) and He(Il)
photoelectron spectroscopy (PES), which allows for ligand n-bonding effects to
be distinguished from o-bonding and charge potential effects.”** This study also

described the orbital interaction diagram for the [Fe(CO),Cp]* and [C=CC=CH]-

fragments.**? The Fe-C o bond was found to be formed by donation from the
diynyl ogp, orbital into empty metal d,2 orbitals, while the most significant nt-type
interactions occur between occupied diynyl © electron set of levels and occupied
metal dn orbitals. The diynyl ligand was found to be a relatively good n-donor,
and as a result of the filled-filled (or four-electron, two orbital) w-interactions of
the ligand with the metal, the HOMO contained considerable diynyl = character.
Conversely, the n-acceptor character of the [C=CC=CH] ligand is negligible, with
the empty n* orbitals of the [C=CC=CH] fragment lying 13.9 eV above the

occupied orbitals of similar symmetry.>*

Attempts to derive electronic structure information from molecular
structural data have not been conclusive, since the length of a C=C bond is an
unreliable measure of bond order (due to crystal packing forces) and the X-ray

. . . 2
data generally available is often of poor quality.®® 16% 238, 243-256,257 60, 258 1y 5\ ever,
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it may be said that in all cases studied to date, the polyynyl ligand displays
appreciable C=C-C=C character, with an alternating pattern of short and long C-C
bond lengths. Often, the polycarbon ligands are not strictly linear but rather
exhibit a degree of curvature, which has been attributed to crystal packing

6 0
effects. 2, 67, 68, 70, 259

The inconsistencies in the conclusions reached by the IR (which may
suggest that the diynyl ligand is a good m-acceptor) and PES studies (which
indicate the diynyl ligand to be a good m-donor) may be due to different
evaluation methods. The v(CO) parameters reflect the net electronic effects of the
ligand while the PES results are based on metal band splitting of the n-type
orbitals. In light of these ambiguities, an examination of the electronic structure of
a series of complexes [Ru{(C=C),R}(L),Cp] (n = 1-6; L = CO, PH,) featuring
end-capping groups R with a range of electronic properties (R = CHjs, H,
CeH4NH,-p, C¢Hs, CcH4sNO,-p, CN) was undertaken (Figure 62). Organic groups
were chosen as end-caps since the degree of charge separation between metal
fragments in these types of compounds are comparable to the one between a metal
donor fragment and a classic organic acceptor.?®® The chosen end-caps vary from

those having electron donating properties to electron withdrawing end-caps.

L =PH,, CO

@ R=§IH3

/R;E‘_C1EC2_C3§C4_C5'——'C6—C7ECB—CQEC10'C11EC12‘R CgH4NH,-p

L1 CeHs
C6H4N02-p
CN

n=1-6

Figure 62. Series of complexes [Ru{(C=C),R}(L),Cp] (n = 1-6; L = CO, PHj3)
featuring end-capping groups R (R = CHj3, H, C¢HsNH,-p, CcHs,
CsHaNO;-p, CN) used in the study.
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Cyanide is different to the other electron withdrawing end-caps but was
chosen since cyanoacetylene has been shown to act as bridging ligands which has
the capability of promoting electronic interactions between metal centres,”' as
well as the suggestion that (C=C),CN ligands may act as building blocks in
nanoelectronic digital circuits.*®® It has also been demonstrated that the use of a
cyanide contact between organic molecular scale wire and a palladium probe
would allow an increase in the conductivity of the molecular scale wires.*® Due to
the properties of cyanide described above, the behavior of CN and the M-
(C=C)nCN series will be highlighted in the discussion as appropriate.

4.5. Electronic Structure of Polyynyl Complexes
4.5.1. Geometry Optimisation

The geometries calculated for [Ru{(C=C),R}(PH3),Cp] (R = C¢Hs, CN) (n
= 1, 2) are in good agreement with the experimental structures of the PPhj
analogues (Table 8 and 9).°> 2 7 Complete agreement in the metrical
parameters of the optimised and experimental structures should not be expected
given the differences in supporting ligands (PH; vs. PPhs), the gas-phase nature of
the computation, the relatively small basis set employed and errors inherent within
the functional. Nevertheless, the structural deviations such as they are fall well
within 0.03 A giving confidence in the accuracy and relevance of the computed
geometries for the phenylbutadiynyl complex, and the other compounds described

herein.
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Table 8. Bond lengths associated with the metal-polyynyl portion of the
molecules [Ru{(C=C),C¢Hs} (PH;),Cp]. Experimental values are given

in italics.

[Ru {(C=C)nCsHs}(PH;),Cp]

Bond (A) 127 200 3 4 5 6

Ru-C(1) 2.008 1.988 1.980 1.974 1.970 1.968
2.016(3) 1.994(4)

C(1)-C(2) 1.227 1.233 1.235 1.236 1.238 1.238
1.215(4)  1.206(5)

C(2)-C(3) 1359  1.350 1.347 1344 1342
1.389(6)
C(3)-C(4) 1.223 1.231 1.233 1.235 1.236
1.200(6)
C(4)-C(5) 1.351 1.343 1.338 1.336
C(5)-C(6) 1.225 1.233 1.237 1.238
C(6)-C(7) 1.349 1.340 1337
C(7)-C(8) 1.226 1.233 1.237
C(8)-C(9) 1349 1339
C(9)-C(10) 1226 1234
C(10)-C(11) 1.348
C(11)-C(12) 1.225

C(2n)-CeHs  1.427 1.421 1.420 1.419 1.419 1.420
1.456(4) 1.416(6)
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Table 9. Bond lengths associated with the metal-polyynyl portion of the
molecules [Ru{(C=C),CN}(PH;),Cp]. Experimental values are given

in italics.

[Ru{(C=C),CN}(PH3),Cp]

-2

CC G C G C C G G ClO CuC]z C N
GO0 (=% T=e =5

n
Bond (A) 1 %! 3 4 5 6
Ru-C(1) 1.984 1.970 1.964 1.962 1.960 1.957
1.9605(19)
C(1)-C(2) 1231 1.236 1.238 1.239 1.240 1.241
1.221(3)
C(2)-C(3) : 1.348 1.342 1.340 1.339 1.332
C(3)-C(4) 1.227 1.234 1.236 1.238 1.236
C(4)-C(5) 1.341 1.336 1.333 1.326
C(5)-C(6) 1.229 1.236 1.239 1.236
C(6)-C(7) 1.340 1.335 1.325
C(7)-C(8) 1.229 1.236 1.235
C(8)-C(9) 1.341 1.328
C(9)-C(10) 1.229 1.232
C(10)-C(11) 1.335
C(11)-C(12) 1.226
C(2n)-C 1.365  1.360 1.359 1.359 1.359 1.351
1.366(3)
C-N 1172 1.172 1.172 1.171 1.172 1.174
1.153(3)
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For each of the complexes [Ru{(C=C),C¢Hs}(PH;3),Cp] examined (n = 1-
6), the C=C bond length of the alkyne moiety directly attached to the phenyl
group was remarkably invariant (1.226 -1.223 A) as were the C-C¢Hs bond
lengths (1.421 — 1.419 A). The most striking feature of the computed structures of
the [Ru{C=C),C¢Hs}(PH;),Cp] series lies in the steady decrease in the Ru-C(1)
bond length with increasing values of n (Table 8). Further comment on this point
is deferred to the discussion of charge distribution in these complexes below.
Similar trends in bond lengths were observed for the cyano(poly)ynyl series
[Ru{(C=C),CN}(PH3),Cp] (Table 9), and thus discussion is concentrated around
bond lengths of [Ru{(C=C),CsHs}(PH3),Cp].

As the polyynyl ligand is allowed to lengthen, a strict C=C/C-C bond
alternation pattern along the carbon chain emerges, with C=C bond lengths falling
in the range 1.223-1.238 A, and C-C between 1.337-1.359 A (Table 8). As the
chain length increases, a trend towards slightly longer C=C groups and shorter C-
C single bonds was observed, particularly for the interior alkyne moieties of the
longer chain complexes. An examination of the parent polyynes [H(C=C),H],
using the same computational methods to ensure internal consistency in the data,
showed similar trends in the C=C and C-C bond lengths, with the parameters of
the interior C=C/C-C bonds approaching a limit of 1.234 /1.340 A with increasing
n (Table 10). Various computational studies have been performed of the
H(C=C),H series, and the data collected here is in good general agreement.”’* %’
Therefore, it would appear that the metal centre plays little role in determining the
bond lengths of the remote acetylenic moieties, and the small variations in
structure are more an inherent property of the conjugated chain than a function of

the metal centre.
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Table 10. Computed bond lengths associated with the polyynes [H(C=C),H].

H-(C=C),-H

Bond (&) 1 2 3 4 5 6

C()-C2) 1205 1212 1215 1216 1216 1216

C(2)-C(3) 1369 1360 1357 1355 1354
C(3)-C(4) 1212 1223 1227 1228 1.229
C(4)-C(5) 1360 1.348 1345 1.343
C(5)-C(6) 1215 1227 1232 1232
C(6)-C(7) 1.357 1345 1341
C(7)-C(8) 1216 1228 1233
C(8)-C(9) 1355  1.343
C(9)-C(10) 1.216  1.229
C(10)-C(11) 1.354
C(11)-C(12) 1.216

4.5.2. Electronic Structure and Bonding

The bonding of an acetylide ligand to a transition metal fragment may be
described in terms of overlap of the sp hybridised o orbital of the C=CR fragment
with a metal fragment orbital of similar symmetry, usually composed of a large
metal d-orbital component. In the case of [Ru(C=CR)L,] [Lx = (PH;).Cp, trans-
(PH3)4Cl], a small metal-to-ligand back-bonding contribution was identified,
which increased in the order R = H < C¢Hs < C¢H4yNO,-p. However, the most
significant n-orbtial mixing arises from filled-filled interactions between the metal

dn orbitals and the occupied ligand m-orbitals.**> 2"¢*"® Similar four-electron-two-
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orbital interactions have been found in the iron diynyl complex

Fe(C=CC=CH)(C0),Cp** and various diyndiyl complexes.>> " 38 #0.281

To help understand how the metal centre interacts with the polyynyl ligand
a simplified representation of the fragment orbital interaction diagram for
[Ru(PH3),Cp]" and [(C=C).R] (R = C¢Hs, n = 2 and 6) was obtained from DFT
calculations (Figure 63). To begin the discussion, the frontier orbitals of the
[Ru(PH3),Cp]" fragment are considered. The lowest energy orbital is the dx.y
(Figure 63) which is the d-orbital least destabilised by the interactions with the
Cp ring and phosphine ligands. Locally, this orbital does not have the correct
symmetry to interact with the polyyne chain orbitals and remains essentially non-
bonding and destabilised only slightly by Coulombic repulsion from the anionic
ligand. The next highest metal fragment orbitals are the quasi-degenerate dxz and
dyx pair which are of correct symmetry to interact with a similar pair of quasi-
degenerate orbitals on the [(C=C),R] fragment. For all [(C=C),R] species
considered in this work these later orbitals invariably consist of C,, interactions
which are bonding across bonds formally considered C=C triple bonds and anti-
bonding between those formally considered C-C single bonds. This pair is
denoted as m, and m, for brevity. These orbitals form a filled bonding and anti-
bonding set with the dxz and dyz orbitals the latter combination of which becomes
the pair of quasi-degenerate HOMOs of the combined molecule. These HOMOs
are only slightly stabilised by minor mixing (1-5%) with the next highest set of nt
orbitals (denoted n*, and n*, for simplicity) on the [(C=C),R] fragment, and are
somewhat removed from the rest of the occupied orbitals. Thus to a first order
approximation, the dxz-mty and dzy-w, pairs may both be considered to be derived
from 4-electron 2-orbital interactions. By far the strongest interaction occurs
between the HOMO of the [(C=C),R] fragment, which is a o-type lone pair (LP)
orbital located on the terminal carbon and the dz? on Ru. This pair forms a strong
bonding and anti-bonding pair of which only the bonding combination is

occupied. Finally, the highest metal d-orbital is the dxy which, like the dxy, does
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not have the correct local symmetry to interact with the [(C=C),R] fragment
orbitals and is thus non-bonding and only destabilised by Coulombic interactions
with the carbon chain. Therefore, a simple description of the bonding between the
[Ru(PH3),Cp]" and [(C=C),R]  fragments involves a net Ru-C single bond, and
that the metal orbitals do not have a significant net interaction with the n orbitals
of the polyynyl ligand. The presence of the metal fragment only introduces a weak
perturbation effect on the polyyne fragment by inducing a minor mixing within

the [(C=C),R] = orbitals.

It is interesting to compare the effect of increasing polyynyl ligand chain
length on the fragment orbital interaction diagram (Figure 63a and b) and the
composition of the frontier orbitals (Figure 64). Overall, the general features of
the orbital interaction diagrams are similar, save for a steady decrease in the
energies of the frontier orbitals of the [(C=C),R]" fragment, by about 2.5 eV
between n = 2 and n = 6, due to the greater capacity of the longer polyynyl
fragments to stabilise the negative charge. This steady decrease in isolobal
frontier orbital energy occurs for both o and 7 states and is largely attenuated
beyond n = 4 for the C¢Hs end cap: the n = 6 orbital energies are only 0.5 eV
lower in energy then those for n = 4 (Figure 65). This effect is strongly correlated
with the nature of the end group where, in general, the more powerful electron
withdrawing groups stabilise the negative charge. For example, the frontier
orbitals of the (C=C),CN" fragment which are isolobal with those of thé CsHg
series, and roughly equivalent in energy to those of [(C=C)sC¢Hs]’, are stabilised
with respect to those of [(C=C)sCe¢Hs]". Likewise, there is a stabilisation of about
1.5 eV for the orbitals of [(C=C)¢CN] relative to those of (C=C),CN'. Hence, the
frontier orbitals of the fragment can be stabilised by CN or CsH4NO; groups to a
greater extent than H or C¢Hs end-caps, but the general trend of more stable
fragment orbitals with increasing chain length is preserved. The stabilisation of

the frontier orbitals has two major consequences upon bonding to the

* Interaction diagram courtesy of R. Rousseau.
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[Ru(PH3),Cp]" fragment. First, the c-donation of the lone pair orbital is less
Second, the net contribution

effective in transferring charge to the metal centre.
from the metal centre to the HOMOs of the combined molecule is reduced for the

longer polyynyl complexes (Figure 64).
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Table 11. HOMO-LUMO energies of [Ru{(C=C),R}(PH3),Cp] (R = C¢H4NH;-p,
CH3, H, C6H5, C6H4N02-p, CN).

[Ru{(C=C),R}(PH3),Cp])

R n E HOMO E LUMO E HOMO-
(eV) (eV) LUMO (eV)

CeHNH,—p 2 4332 0.918 3.413
3 4412 -1.058 3.353

4 -4.503 -1.130 3.372

5 4712 -1.147 3.225

6 -4.649 -1.736 2.914

CH; 2 -4.617 -0.868 3.749
3 -4.645 -1.053 3.591

4 -4.694 -1.205 3.489

5 -4.799 -1.686 3.114

6 -4.803 -1.694 3.109

H 2 -4.828 -0.967 3.861
3 -4.832 -1.157 3.674

4 -4.874 -1.269 3.604

5 -4.900 -1.481 3.418

6 -4.939 -1.860 3.079

CeHs 2 -4.732 -1.001 3.731
3 -4.755 -1.164 3.591

4 -4.788 -1.337 3.452

5 -4.830 -1.675 3.155

6 -4.866 -1.964 2.902

CellNO,—p 2 -5.214 2.133 3.053
3 -5.124 2318 3.081

4 -5.085 -2.481 2.604

5 -5.088 -2.625 2.463

6 -5.231 -2.700 2.531

CN 2 -5.395 -1.513 3.882
3 -5.355 -1.571 3.783

4 -5.317 -1.976 3.341

5 -5.305 2317 2.988

6 -5.287 -2.567 2.720

158



4.5.3. Charge Distribution

To complement the orbital analysis outlined above, the charge distribution
within the [Ru{(C=C),Cs¢Hs}(PH3),Cp] series was examined. Summation of the
natural charge on each of the fragments [Ru(PH;3),Cp], [(C=C),] and [C¢Hs]
indicated a substantial amount of negative charge residing on the polyynyl chain,
the majority of which resides on the alkyne moiety adjacent to the metal centre
due to the involvement of this moiety in the strong, polar covalent o-bond with
the metal centre (Table 12). The amount of charge distributed along the carbon
chain is significantly larger than was found for the p-amino-p’-nitrodiphenyl
ethyne systems (0.14 electron) due to the presence of the metal centre in the
present work (Figure 67).282 In agreement with the fragment orbital analysis, the
larger n chains bear a greater negative charge, resulting in larger positive charge
on both the [Ru(PH3).Cp] and [Ce¢Hs] fragments (Table 12). The resulting
increased Coulombic attraction between the metal and carbon fragments with
increasing n is speculated to be responsible for the decreased Ru-C(1) bond length

computed for the longer chain polyynyl complexes (Table 8).

o+ 5-
HoN — NO»,

Figure 67. The compounds p-amino-p’-nitrodiphenyl ethyne.
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Table 12. Fragment charges and total charge distribution for
[Ru{(C=C).CsHs} (PH3).Cp).

=

n q q qCeHs aCasy  qCam % %
Ru(PH3):Cp (C=C), (¢) (e) (e) qCa+2  9Cen
(e) (&)

1 0498 -0.427 -0.071

2 0.537 -0.491 -0.046 -0.446 -0.045 90.808 9.191

3 0.558 -0.532 -0.026 -0.434 -0.098 81.615 18.385

4 0.574 -0.562 -0.011 -0.426 -0.136  75.726  24.273

5 0.585 -0.582 -0.002 -0.417 -0.164  71.769  28.231

6 0.602 -0.597 -0.005 -0.412 -0.185 68.989 31.010

The total amount of charge deposited on the polyynyl chain is related not

only to the length of the polyynyl ligand, but also to the electronic nature of the

non-metal end-cap. This is illustrated for the diynyl series (n = 2) in (Table 13).

As the non-metal end-cap becomes more electron-withdrawing there is a decrease

of up to 0.1 electron in the amount of charge residing on the diynyl fragment, and

an increase in the fractional electronic charge on the end-cap (Table 13). Again,

the majority of the charge on the polyynyl fragment is contained on the alkyne

moiety adjacent to the metal centre in all cases examined. However, within the

most structurally similar set of complexes considered (i.e. R = C¢Hs, CcHsNH,-p,

C¢H4NO,-p) it is noticed that as the R group becomes more electron withdrawing

the percentage of charge located on the C(1)=C(2) acetylene moiety with respect

to the total charge on the carbon fragment increases significantly [R = C¢H4NH;-p
(70.77%) < CeHs (90.81 %) < CsHsNO;7-p (94.80 %)]. This observation is in

agreement with the trends in frontier orbital energies of the [(C=C),R] fragments,

as the greater the electron accepting ability of the non-metal end-cap, the more the

160




Ru-C(1) bond is polarised towards the polyynyl ligand, and hence the more the

charge on the metal bonded alkyne moiety increases.

Table 13. Fragment charges and total charge distribution for the substituted
diynyl complexes [Ru{(C=C),R}(PH3),Cp].

R q RuPH).Cp q (C=C), qR(e) qCaw»y  4Cows
©) ©) ©) @)
Ce¢H4NH; — p 0.660 -0.640 -0.020 -0.453 -0.187
H 0.533 -0.767 0.235 -0.452 -0.315
CH; 0.557 -0.572 0.015 -0.458 -0.114
CsHs 0.537 -0.491 -0.046 -0.446 -0.045
CeH4NO2 — p 0.565 -0.451 -0.113 -0.427 -0.023
CN 0.593 -0.508 -0.085 -0.421 -0.087

The gross charge distribution model is one way to rationalise the
properties of the polyynyl complexes. However, it is impossible to probe structure
and reactivity questions deeply without acknowledging the individual
contributions made by ¢ and m components. As demonstrated by the fragment

orbital analysis presented above, and by similar work reported elsewhere,**' 4%

276279 the dominant o-type contribution arises from the interaction of the metal dz
type fragment orbital with the orbital of same symmetry on the polyynyl ligand
and thus the C(1) atom has the greatest net negative charge. However, an
examination of the charge residing within the m-orbitals (denoted n-charge, q,) on
each acetylenic carbon centre of the polyynyl ligand reveals a trend towards
charge alternation in the n cloud along the polyynyl chain with positive charge

residing on the odd-positioned carbon atoms [C(1, 3, 5, ...)] and negative charge

on the even atoms [C(2, 4, 6, ...)] (Table 14). Some distortions to this pattern are
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found for the carbon centres of the alkyne moieties adjacent to the phenyl group,
presumably arising from the C=C-Cg¢Hs interactions (Table 14). The n-charge
alternation is more pronounced for the systems with electron-withdrawing groups,
and this is clearly illustrated by the n = 6 series (Table 15). In keeping with the
polarisation argument given above for the gross charge distribution there is a
slight increase (0.02 e) in the n-charge on C(1) and C(2) as the R group is varied
from CgHs to C¢HsNO;-p (Table 15).

Table 14. Distribution of n-charge throughout the polyynyl ligand in the
complexes [Ru{(C=C),CsHs} (PH3)2Cp].

“[Ru{(C=C), CsHs}(PH):Cp]

n

Charge (¢) 1 2 3 4 5 6
qm 0.087 0.119 0.138 0.150 0.163 0.169
qm: -0.152  -0.183  -0.187  -0.188  -0.192  -0.193
qms3 -0.005 0.021 0.035 0.046 0.053
qms -0.040  -0.084  -0.090 -0.094 -0.096
qms -0.034  -0.003 0.012 0.021
qms 0.002  -0.048 -0.058  -0.043
qmy -0.042  -0.010 0.003
qns 0.024 -0.031 -0.041
qme -0.047 -0.006
qmio 0.038  -0.017
qm -0.052
qmi2 0.051
Total -0.065  -0.109 -0.144  -0.162 -0.173  -0.151

= ==y Y=y = — = 1 = —am—are=1 ==
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Table 15. Distribution of n-charge throughout the hexynyl ligand in the

complexes [Ru{(C=C)sR} (PH3).Cp] (R = CsHsNH;-p, CH3, H, CeHs,
C¢HsNO;,-p, CN).

[Ru{(C=C)sR}(PH3).Cp]

R

Charge CgH4NH; -p CH3 H CsHs CeHaNO; —p CN
(¢)

qm 0.161 0.168 0.176 0.169 0.191 0.198
qm2 -0.177  -0.193  -0.196  -0.193 -0.202  -0.200
qms 0.044 0.049 0.056 0.053 0.062 0.076
qmy 0.081 -0.095 -0.098 -0.096 -0.107 -0.105
qrs 0.009 0.016 0.025 0.021 0.028  0.048
qme -0.056  -0.060  -0.065 -0.043 -0.071  -0.074
qmy -0.008  -0.002 0.011 0.003 0.015  0.040
qmg -0.032  -0.037 -0.045 -0.041 -0.052  -0.060
qmo -0.011  -0.024  -0.003  -0.006 0.000 0.040
qmio -0.010  -0.012 -0.025 -0.018 -0.034 -0.055
qmi -0.070  -0.082  -0.059 -0.052 -0.031  0.047
qmiz 0.056 0.072 0.048 0.051 0.025 -0.070
Total -0.013  -0.201 -0.175  -0.152 -0.176  -0.115

Several reactions of polyynyl species with electrophilic reagents have been

reported, with addition of the electrophile to C(2) or C(4) being found. " ** The

computational results reported here are entirely consistent with these works, and

taken together suggest that the addition of electrophiles to polyynyl complexes

occur under charge control. Given the significantly larger charge on C(2),

protonation of [Ru(C=CC=CH)(PPh3);Cp] at C(4) is somewhat surprising.*”’ The
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steric bulk of the metal fragment may therefore also play a role in determining the
site of attack, and the possibility that this latter reaction occurs with preliminary
protonation at C(2) giving the alkynylvinyldene cation
[Ru{C=C(H)C=CH}(PPh;),Cp]" being followed by subsequent rearrangement to
the suspected butatrienylidene product [Ru(C=C=C=CH,)(PPh;),Cp]" cannot be

discounted (Scheme 23).2

+

+
&P oo = &
BgﬁH —_— Bg — BQ—C=C=C=CH2
PhsP Pphy PhsP Pph, \\\’ PhsP' Pph,
H

Scheme 23. Addition of electrophiles to polyynyl complexes.
4.5.4. C-C Bond Order

As alluded to above and based on the qualitative orbital diagrams of
Figure 63, to a first approximation metal-alkyne 7 interactions may be considered
to have a limited effect on the bonding framework. However, d-n interactions do
cause remixing of the frontier n-orbitals on the [(C=C),R] fragment. To quantify
this contribution to the electronic structure of the [Ru{(C=C),R}(PH3).Cp]
species, it is necessary to assess it in terms of the overall bond order of the C-C
bonds. This simple parameter may be used as a qualitative descriptor to avoid
unduly complicated descriptions that would undoubtedly arise for the larger
speéies where an analysis of mixing effects within many orbitals would be
required to unravel the underlying mechanism. Here, the bond order is
determined by half the difference of the bonding and anti-bonding electron
population, as determined by Natural Bond Order (NBO) analysis,*® for each of
the C—C bonds.
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The computed C-C bond orders for the acetylide series
[Ru(C=CR)(PH;),Cp] (R = H, CHs, C¢Hs, CsHsNO;-p, CsHsNH,-p, CN) are
given in Table 16. This data shows that electron withdrawing end-caps induce
the lowest C(1)-C(2) bond orders, which results in part from a decrease in the
total bonding density almost all of which comes from the carbon centred =-
bonding orbitals. Moreover, there is an almost equivalent increase in the
population in the carbon centred anti-bonding orbitals, the majority of which are
n-type. Thus, in addition to the small increase in the electron density on the C-C
backbone, which is induced by the electron-withdrawing R groups and deposited
in C-C =n* orbitals, there is also a significant contribution from promotion of
electrons in C-C m-bonding orbitals to C-C m-anti-bonding orbitals. This
polarisation, or remixing, of the m-electrons is the underlying reason for the
increase of C=C bond lengths observed in these molecules relative to acetylene.
Overall, the observed trends in C(1)=C(2) bond length may be rationalised in
terms of a secondary remixing of the backbone m-orbitals induced either by the

metal fragment or by the non-metal end group.

Table 16. Computed bond order associated with the C=C triple bond of the
acetylide ligand in the substituted complexes [Ru(C=CR)(PH;),Cp]
(R = C¢H4NH;-p, CH3, H, C¢Hs, CsH4NOz-p, CN).

[Ru{(C=C)R}(PH;)Cp]

R p Bonding  p Antibonding BO

C¢H4NH; —p 5.860 0.221 2.820
H 5.966 0.137 2914
CH3 5.917 0.189 2.864
CeHs 5.848 0.215 2.816
CsHsNO; —p 5.795 0.226 2.785
CN 5.778 0.273 2.753
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As the polyynyl ligand chain length is increased from n = 1 to n = 6, there
is a corresponding decrease in the C(1)=C(2) bond order (Table 17). Again, the
diminished bond order of the C(1)=C(2) moiety may be attributed to a
combination of the decreased bonding density and a corresponding increase in the
anti-bonding density (Table 17). A similar process of orbital mixing and electron
redistribution is also evident within the parent molecule H(C=C)¢H. For the
remaining C=C bonds in the carbon backbone the order of this polarisation is
similar to that of the H(C=C)¢H species indicating that the end groups strongly
perturb only the C=C unit to which they are directly attached. These observations
are in agreement with, and extend, the bonding model proposed in previous

studies,”® despite the difference in the methodologies used.

4.5.5. Variation of the Supporting Ligand on the Metal

To explore the effect of ligand substitution on the structural and electronic
properties of these species, the carbonyl diynyl complexes
[Ru{(C=C),R}(CO):Cp] (n = 1, 2) were investigated and comparative fragment
orbital interaction diagrams for [Ru(PH;);Cp]’ and [Ru(CO),Cp]" with the
acetylide anion [C=CHJ are given in Figure 68. As expected, the frontier
orbitals of the [Ru(CO),Cp]" fragment are similar to those of the phosphine
analogue, although the electron withdrawing nature of the carbonyl ligands lowers
the energy of the d-orbitals by about 1 eV, and thus the interaction diagram with
the [C=CH] is qualitatively similar to that shown in Figure 63. Substitution of
CO for PHj can be seen to have a similar (but opposite) effect to including an
electron withdrawing group as a non-metal end cap or to lengthening the carbon

backbone.

i Interaction diagram courtesy of R. Rousseau.
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Table 17. Computed bond order associated with the hexatriynyl ligand C-C and
C=C bonds in the substituted complexes [Ru{(C=C)¢R }(PH3).Cp]
(R = C¢HsNH;-p, CH3, H, C¢Hs, CsH4NO,-p, CN) and [H(C=C)¢H].

[Ru{(C=C)s C¢Hs}(PH;),Cp]
p Bonding p Antibonding BO

C(1)-C(2) 5.688 0.334 2.677
C(2)-C(3) 1.970 0.031 0.969
C(3)-C(4) 5.614 0.424 2.595
C(4)-C(5) 1.973 0.026 0.974
C(5)-C(6) 5.600 0.044 2.778
C(6)-C(7) 1.974 0.025 0.974
C(7)-C(8) 5.605 0.432 2.586
C(8)-C(9) 1.974 0.025 0.974
C(9)-C(10) 5.631 0.402 2.615
C(10)-C(11) 1.974 0.025 0.974
C(11)-C(12) 5.708 0.402 2.653

[Ru{(C=C)s CsHNO—p}(PH;3)2Cp]
p Bonding p Antibonding BO

C(1)-C(2) 5.667 0.336 2.665
C(2)-C(3) 1.959 0.037 0.961
C(3)-C(4) 5.597 0.442 2.577
C(4)-C(5) 1.961 0.033 0.964
C(5)-C(6) 5.584 0.452 2.566
C(6)-C(7) 1.961 0.032 0.964
C(7)-C(8) 5.589 0.442 2.574
C(8)-C(9) 1.961 0.032 0.964
C(9)-C(10) 5.617 0.411 2.603
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C(10)-C(11) 1.961 0.033 0.964
C(11)-C(12) 5.696 0.306 2.694

[Ru{(C=C)s CN}(PH3),Cp]
p Bonding p Antibonding BO

C(1)-C(2) 5.661 0.340 2.660
C(2)-C(3) 1.970 0.031 0.969
C(3)-C(4) 5.588 0.440 2.575
C(4)-C(5) 1.973 0.026 0.974
C(5)-C(6) 5.573 0.452 2.560
C(6)-C(7) 1.974 0.025 0.974
C(7)-C(8) 5.575 0.443 2.566
C(8)-C(9) 1.974 0.025 0.974
C(9)-C(10) 5.595 0.418 2.588
C(10)-C(11) 1.974 0.025 0.974
C(11)-C(12) 5.660 0.362 2.649
H-(C=C)s-H

p Bonding p Antibonding BO

C(1)-C(2) 5.800 0.177 2.812
C(3)-C(4) 5.646 0.351 2.647
C(5)-C(6) 5.614 0.386 2.614
C(7)-C(8) 5.614 0.386 2.614
C(9)-C(10) 5.646 0.351 2.647
C(11)-C(12) 5.800 0.177 2.812
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dy2.y2

Figure 68. Schematic molecular orbital diagram for the complexes
a) [Ru(C=CH)(PH;);Cp] and (b) [Ru(C=CH)(CO),Cp] depicting the
interactions between the frontier orbitals of [Ru(PH3),Cp]’ and

[Ru(CO),Cp]" with [C=CH]".

In keeping with the strongly electron withdrawing nature of the carbonyl
supporting ligands, analysis of the charge distribution within the carbonyl series
reveals considerably less electron density residing on the diynyl ligand and the
non-metal end-cap (Table 18). In essence, the CO ligands withdraw the excess
negative charge from the acetylide ligand onto the metal fragment. This leads to a
lengthening of the Ru-C(1) bond by about 0.01A and a decrease in the C(1)=C(2)
bond length by the same amount relative to the phosphine substituted analogue. It
follows that the alternation of the m-charge along the carbon backbone will be

attenuated, and while in almost all cases similar trends in m-charge are found
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between the CO and PHj species the net n-charge is decreased by about 30%
(Table 19).

Table 18. Total charge distribution in the diynyl carbonyl complexes
[Ru{(CEC)zR}(CO)ch] (R = C6H4NH2-p, CH3, H, C6H5,
C6H4N02'p’ CN) .

[Ru{(C=C),R}(CO).Cp]

R q Ru(CO)Cp q(C=C)(e) aqR(e) qCu+z  qCp+y
(e) (e) (e)

CsH4NH, — p 0.413 -0.422 0.008 -0.617 0.142
H 0.427 -0.666 0.238 -0.404 -0.197
CHj; 0414 -0.438 0.024 -0.540 0.114
Ce¢Hs 0.427 -0.400 -0.026 -0.606 0.153
CgH4NO; —p 0.463 -0.376 -0.086 -0.607 0.177
CN 0.505 0.059 -0.565 -0.635 0.695

As noted previously, electronic properties such as redox potential and the
energy of electronic transitions largely depend upon the relative electron
withdrawing/donating strength of the various metal and non-metal end groups.*®
In many respects, replacement of the phosphine supporting ligands by CO has a
similar effect of opposite polarity to including an electron withdrawing R group,
or increasing the length of the polyynyl ligand. Thus rational ligand substitution
about the metal may also serve as a route by which to modify the electronic

structure and hence the reactivity and redox properties of these compounds.
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Table 19. Distribution of n-charge throughout the diynyl ligand in the
complexes [Ru{(C=C)sR}(L).Cp] (L. = CO, PH3; R = C¢HyNH;-p,
CH3, H, C6H5, C6H4N02-p, CN)

[Ru{(C=C),R}(CO);Cp] [Ru{(C=C)R}(PH:),Cp]
R qu  qm qm qm qm QM qm Q7

e S m— S - —— —_—

CeHuNH; —p  0.080 -0.142 -0.045 -0.001 0.104 -0.175 | -0.030 -0.035
H 0.106 -0.152 -0.036 -0.018 0.120 -0.187 -0.029 -0.045

CH; 0.075 -0.137 -0.059 0.009 0.097 -0.177 -0.050 -0.021

CeHs 0.097 -0.145 -0.021 -0.012 0.119 -0.183 -0.005 -0.040
CeHuNO, —p 0.149 -0.166 0.020 -0.045 0.064 -0.193 0.029 -0.062
CN 0.178 -0.174 0.134 -0.113 0.175 -0.204 0.078 -0.136

4.5.6. Effects of Oxidation

The oxidation chemistry of diyndiyl complexes has been investigated
thoroughly using a combination of synthetic, electrochemical, structural and
spectro-electrochemical techniques.ss’ 57, 58 280 Gimilar studies of polyynyl
complexes are much less advanced and primarily limited to electrochemical
measurements.” 22" 2832 To provide more detailed insight into the effects of
oxidation on polyynyl ~species, the electronic structure of the

[Ru{(C=C),CsHs}(PH;);Cp]" cations was analysed.

For a gqualitative understanding of the changes induced by removal of a
single electron from these species it is useful to refer the molecular orbital
diagrams in Figure 63. First, removal of an electron from the HOMO of these
species should lead to a reduction in the net repulsive interaction between the
metal dxz and dyz orbitals and the m, and m, orbitals of the polyynyl ligand. Since

this orbital is largely centred on the polycarbon chain, oxidation should be
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expected to give rise to a corresponding change in the C-C bonding interactions.
The optimised geometries calculated for each of the complexes
[Ru{(C=C),CsHs}(PH3),Cp]" (n = 1-6) reveal a significant decrease in the Ru-
C(1) bond length from ca. 2.00 A in the neutral species to ca. 1.900 A in the
oxidised form, an increase of 0.01-0.02 A in the C=C bond lengths and a 0.02-
0.03 A decrease in the length of the C-C single bonds (Table 20). These structural
differences correlate well with the HOMO structure depicted in Figure 64 in that
bond lengths increase where the orbital interactions are bonding and conversely

decrease where they are anti-bonding.

Table 20. Bond lengths associated with the metal-polyynyl portion of the
radical cations [Ru{(C=C),CsHs}(PH3):Cp]".

[Ru{(C=C),CsHs} (PH3),Cp]"

n

Bond (A) 1 2 3 4 5 6

Ru-C(1) 1920 1.909 1.904 1.903 1.904 1.905
C()-CQ) 1249 1257 1259 1258 1259 1.258
C(2)-C(3) 1326 1317 1314 1313 1313
C(3)-C(4) 1240 1249 1254 1254 1255
C(4)-C(5) 1326 1314 1311 1309
C(5)-C(6) 1238 1.248 1.253  1.255
C(6)-C(7) 1328 1316 1312
C(7)-C(8) 1236 1.246 1.252
C(8)-C(9) 133 1318
C(9)-C(10) 1285  1.245
C(10)-C(11) 1.331
C(11)-C(12) 1.233

C(2n)-C¢Hs 1400 1399 1399 1404 1405 1.406
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For complexes with a value of n less than three a comparison of the charge
distribution in the oxidised (Table 21) and neutral (Table 12) forms indicates that
approximately half of the electron lost originates from the metal fragment with the
remainder originating from the polyynyl ligand and the phenyl group (Table 21).
As the length of the polyynyl ligand increases the carbon ligand becomes the
dominant source of the oxidised electron, which is in complete accord with £he
nature of the HOMO in the neutral species (Table 21, Figure 64). Thus for small
n there is a significant effect on the Ru-C bond length upon oxidation as a large
part of the electron removed originates from the metal centre, and this effect
becomes less as the chain is lengthened. The carbon-carbon bond lengths are
much less sensitive to the change since the fraction of electron lost is divided over

all the carbon centres of the polyynyl ligand.

As a complementary measure of the origin of the oxidised electron,
distribution of unpaired electron spin density in the oxidised species is calculated.
This corresponds to the probability distribution of the radical electron that would
be generated following oxidation of the neutral species. Graphical displays of the
spin density in the cationic species show a significant amount of spin density
between the C=C triple bonded carbon centres (Figure 69). The spin density for
all these species is in good qualitative agreement with the shape of the orbital
generated by the anti-bonding combination of dxz and n, (Figures 63 and 64)
indicating that the remaining unpaired electron is strongly delocalised. It is
importaht to note that despite the fact that the molecule is fully able to rearrange
its structure and thus localise the unpaired electron this is in fact not observed and
the radical prefers to be delocalised over the entire molecule. In passing, in all
cases the unpaired spin density corresponds to the dxz and m, anti-bonding pair
despite the fact that it is not the HOMO for species with n < 2. This is related to
the relaxation of the orbitals upon oxidation and the fact that in the neutral species

the two highest occupied orbitals are quasi-degenerate.
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Table 21. Fragment charges for [Ru{(C=C),CsHs} (PH3),Cp]".

[Ru{(C=C), CHs} (PH3):Cp]"

n qRu(PH;2Cp(¢) q(C=C).(e) qCeHs(e)
1 0.943 -0.186 0.243

2 0.924 -0.121 0.196

3 0.876 -0.073 0.197

4 0.866 -0.045 0.178

5 0.770 0.065 0.165

6 0.844 0.002 0.154

Aq (neutral-

oxidised)

n Aq Ru(PH3),Cp Aq (C=C), (e)) Aq CeHs (e)

(¢)

SN W kWD~

0.445
0.387
0.318
0.292
0.239
0.242

0.241
0.370
0.459
0.517
0.594
0.599

0.314
0.242
0.223
0.189
0.167
0.158
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Scheme 24. Rearrangement of trans-[Cl(dppe),Ru-C=C-CH(C¢sHs),] radical

cation.

These observations raise the issue of the degree to which oxidation
induces structural reorganisation within the polyynyl chain and thus increasing the
net amount of cumulenic (=C=C=) character in the molecule. To address this
point, the net bond order associated with the carbon centres of the carbon-rich
ligand is considered again. In almost all the species examined, oxidation leads to
decrease in the C=C bonding density and thus reduction of the C=C bond order.
However, only for the n = 4 species is any appreciable cumulenic character
observed and even then the effect is localised along the first four carbons (Table
22). Moreover, the net bond order of C(2)-C(3) and C(4)-C(5) bonds increases
only slightly (ca. 0.3) indicating a minor contribution from the cumulenic form to
these bonds at best. These small changes are easily rationalised in terms of the
fact that the oxidation removes an essentially delocalised electron which only has

a minor effect upon any particular C-C bond within the acetylenic backbone.
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Table 22. Net bond order along the carbon chain in the radical cations

[Ru{(C=C),CsHs} (PH3):Cp]" (n=1-6).

[Ru{(C=C)s C¢Hs}(PH3),Cp]"

Bond Order 1 2 3 4 5 6

=T ————

C(1)-C(2) 2.35 2.26 2.23 221 2.49 2.51

C(2)-C(3) 097 097 132 097 0.97
C(3)-C(4) 229 218 216 243 243
C(4)-C(5) 097 132 097 097
C(5)-C(6) 143 218 244 243
C(6)-C(7) 091 097 097
C(7)-C(8) 262 250 246
C(8)-C(9) 097 097
C(9)-C(10) 263 251
C(10)-C(11) 0.97
C(11)-C(12) 2.64

C(2n)-C¢Hs  0.97 0.97 0.97 0.97 0.97 0.97

This property is extremely beneficial for the ultimate realisation of the
goal of employing these types of compounds as molecular scale wires.'> 4> %28 [f a
resonant conductance mechanism, which will generate a transient ionic species,
acts across a polyynyl wire the associated conversion of electrical energy to
vibrational energy will ultimately cause the wire to fragment. This effect has been
found to lead to the molecular desorption from Si substrates in STM experiments
with organic adsorbates on silicon surfaces.”®’ This restriction may be surmounted
by employing species which show little geometric rearrangement upon change in

oxidation state, such as the polyynyl species described in this work.
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4.6. Conclusion

The DFT calculations indicate that the electronic structure of polyynyl
complexes is best described in terms of a strong metal-carbon o-bond
complimented by a series of filled orbital-filled orbital antibonding 7 interactions.
This supports and extends the conclusions reached for the electronic structure of
acetylide complexes and the diynyl complex Fe(C=CC=CH)(CO),Cp described
previously.242 241, 276279 The increase in IR frequencies observed for CO and NO
supporting ligands with increasing polyynyl ligand chain length is therefore better
attributed to decreased o-donation from the ligand to the metal centre, and not to
increased metal-ligand n-back-bonding. Since the energy of the frontier orbitals
of these complexes are related to the degree of o-donating properties, and hence
the length, of the polyynyl ligand in addition to the nature of the supporting
ligands (phosphine vs. carbonyl) and the non-metal end-cap it should prove
possible to tune the redox potentials of these species in a rational manner. This
has been demonsfrated using the [(T]Z-dppe)(‘r]5-C5M65)FC(CECC5H4X)] series for
which electrochemical®™® as well as Raman and IR spectra is available.”® This
ability to choose oxidation potential has further implications towards energy
matching of these wire-like materials to the Fermi level of metallic conductors.
The charge distribution along the carbon chain is also susceptible to the nature of
the supporting ligands and the electronic properties of the non-metal end-cap.
Since the charge distribution along the carbon ligand suggests a measure of charge
control in the reactions of these species and as the range of polyynyl complexes
available for reactivity studies increases, subtle differences in reactivity patterns
correlated to these factors may become evident. The odd-electron in the oxidised
species is fully delocalised over the metal and polyynyl ligand, becoming more
carbon centred as the length of the polyynyl ligand increases, although the ligand

itself retains considerable polyynyl character.
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4.7. Experimental

4.7.1. Computational Method

Geometry optimisation and orbital calculations were performed using the
B3LYP function’” as implemented within the Gaussian 98 software package,*”’
with a 3-21G* basis set for ruthenium and a 6-31G** basis set for all other atoms.
These conclusions were tested against the Lanl.2DZ basis set used in previous
work and consistent trends in bond distances and charge distributions with only
small variations in the absolute values of these parameters (0.03 A in bond length
and 0.05 e in charge) were found.*®® Default criteria within the software were
employed for geometry optimisation, which places an uncertainty of less then +
0.005 A on bond lengths. C; symmetry is imposed on both electronic and nuclear
degrees of freedom during optimisation and no stationary point analysis was
performed. Population analysis was performed within the formalisation of natural
orbitals.”® Although this charge analysis is not in any way unique it does allow us
to report relative charges which are not sensitive to basis set, as is the case for
Mulliken population, and thus the results are consistent whether a minimal or
extended basis set is used. For the case of oxidised species the structures were
fully optimised using the unrestricted open shell formalism. The deviation of the
electronic state from a pure doublet was minimal as measured by values of the
spin operator S where the maximum deviation from S* = 0.75 (pure doublet) was
found to be at most 0.01 indicating negligible spin contamination. As a
complementary approach a fragment orbital analysis was performed with the
Amsterdam Density Functional Program (ADF) and the double zeta basis set
included with the package was employed for all atoms.*® ***?*® The Becke
Perdew-86 functional combination was employed which provide Kohn-Sham
orbitals in excellent agreement with the B3LYP orbitals obtained from Gaussian
98.26%27! Finally, the results of the orbital calculations were displayed graphically

using Molekel.*"2



Chapter 5. Synthetic and Computational Study of Ru,C,

Clusters

5.1. Transition Metal Cluster as Potential Molecular Switches

Metal clusters are the source of a remarkably diverse range of chemistry,
exhibiting a seemingly endless array of structural variations. Metal clusters have
the ability to undergo an incredible variety of chemical transformations as a result
of fragmentation and/or condensation of the metal core, ligand substitution
reactions, and the unusual electronic and steric properties of small molecules,
such as hydrocarbons trapped within the coordination environment of these multi-

metallic frameworks.?*®

Transition metal clusters can undergo both skeletal rearrangement as well
as skeletal isomerism. Skeletal rearrangement is often characterised either by the
presence of weak metal-metal interactions within the cluster core or a low energy
pathway between two polyhedra with similar relative energies. Moreover, these
types of rearrangements are often quite subtle; examples of this type of
isomerisation are the wing flapping motion of a butterfly cluster, cluster core
isomerism from planar to tetrahedral, and cluster breathing motion which enables
metals to interchange position, as well as exchange of ligand position.”’ Skeletal
isomerism is defined as exsisting between compounds with similar stoichiometry
characterised by similar ligands but with different skeletal geometry. The different
bonding modes of ligands to a metal core, usually accompanied by a change in the
electron contribution to the cluster electron count, seem to be one of the major

couses of skeletal isomerism,’"!

Of particular interest are the various skeletal isomers associated with

tetranuclear metal cluster complexes (Scheme 25). The initial tetrahedral structure

(A) has a Cluster Valence Electron (CVE) count of 60, and in undergoing
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rearrangement, two electrons are added for every metal-metal bond lost. Thus, the
butterfly structure (B) will have 62 electrons, while a square planar structure (C)

has 64 electrons.?’!

60 CVE
2¢e] 2¢” 2¢
% x =
-t P R N w
D E F

Scheme 25. Skeletal rearrangment in tetranuclear clusters.

An example of a skeletal transformation (A—D) can be seen when the 60
electron tetrahedral K;[Ru4(CQO),;3] is reacted with R,PCI (R = Cy, Et, NPr';, Ph,
Pri) resulting in a partial opening of the Ruy frameworks and results in the
formation of a 64 electron [Rus(CO);3(u-PRy)2] cluster with a planar butterfly
polyhedron possessing coplanar phosphido bridges. The ruthenium core consists

of two normal Ru-Ru bonds and three elongated ones (Scheme 26).*
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Scheme 26. Skeletal transformation from a tetrahedral to a flattened butterfly

core structure.

Upon thermolysis the 64 electron butterfly complex [Rua(p-
PPhy)»(C2Bu")2(CO)s] underwent C-C bond coupling through carbon monoxide
elimination to form [Rug(u-PPh,)(C,Bu")(CO)s] with a flattened butterfly core
structure which is an example of skeletal rearrangement (B—D) (Scheme 27).*
Transformation of a 62 electron butterfly cluster (B) to 60 electron tetrahedral one
(A) can be accomplished by heating of [Rm{p-P(NPriz)z}z(CO)”] under a purge
of hydrogen resulting in a smooth conversion to [Rua(us-H){u-P(NPr'y):} {us-

P(NPr'2)}(CO),] via hydrogenolysis of a phosphido bridge (Scheme 28).2*

CC _'Bu

t <<

"Nee coll SRu(CO); B\, _C—c=
SR/ 7 Cﬁ”%\
(OCHRIE = p/Ru(CO)2 SO (OC)2Ru\ SRu(CO)

Ph

(CO)Z\P
Ph Ph Ph

Scheme 27. Skeletal transformation from a puckered to a flattened butterfly core

structure.
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Scheme 28. Skeletal transformation from a butterfly to a tetrahedral core

structure.

Skeletal transformation (B—C) can be seen when the 62 electron butterfly
cluster [Rus{ps-P(Ph)C(C=CR)CR}(CO)12] (R = Ph, Me) is heated at reflux
resulting in a loss of one carbon monoxide ligand to afford the 64 electron cluster
[Rug {ps-P(Ph)C(C=CR)CR}(CO)11] (R = Ph, Me) with a distorted square planar
core arrangement (Scheme 29). This skeletal rearrangement involves P-C bond
cleavage and transfer of the originally basal p3-PPh vertex to an apical position,
adopting the form as a pu-cluster stabilising fragment.?
can be seen for the complex [Rus{PhPC(Ph)C(Ph)}(CO);2,] which affords

[Rus {PhPC(Ph)C(Ph)}(CO);,] again with the loss of a carbonyl.>*®

A similar rearrangement

S~ ~— n-hexane, 67°C, 4-6h Y R
(OC):Rufs / oc—|z71(CO)s e (OC)ZRJ@ Ru(CO);
) 7}'"”:,», R

oc—"1
N/
B

N

Scheme 29. Skeletal transformation from a puckered butterfly to square planar

core structure.
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Tetranuclear cluster skeletal transformation (C—F) can be seen when
[Rus(ps-PPh)2(CO)12] (64 CVE) is reacted with an equivalent of carbon monoxide
to afford [Rus(p3-PPh)2(CO)i3] (66 CVE). The initial rectangular cluster has
undergone a Ru—-Ru scission and the PPh groups both cap three metal atoms rather
than four (Scheme 30).”7 A similar rearrangement can be observed when the
square cluster [Osa(ps-S)(1g-HC,CO,Me)(CO) 4] reacts with carbon monoxide to
form [Osa(p3-S)(pa-HC,CO,Me)(CO)y2] which consists of a chain of four atoms
connected by three metal-metal bonds. These processes are reversible which can

be achieved by the thermal elimination of the carbon monoxide ligands.*®

o Ph
P.
PANN (OC)3Ru | Ru(CO);
0OC):R !S!RU(CO) -
(OC)Ru Lo, © Ru/ Nruco),
(OC)sRU e RU(CO);  +CO

\\//

Scheme 30. Skeletal transformation from a square planar to a linear chain core

structure.

Reaction 'of a spiked triangle cluster such as [Rus(p-H)2(ps-PCF3)(CO)y3]
(64 CVE) with MeC=CMe gives, as a result of metal skeletal rearrangement and
P-C bond formation, the butterfly cluster [Rus(CsMes)(jy-PCF3)(CO)2] (62
CVE).299 This gives an example of skeletal transformation (E—B) (Scheme 31).
In a similar reaction, the spiked triangle cluster, [Rus(u-H)2(pa-PCF3)(CO)13], can
be reacted with an alkyne under mild conditions to give square planar cluster
[Rus(RCoR)(pa-PCF3)(CO)11] (R = Ph, H) with the same electron count of 64
electrons. The acetylene ligands are attached to the metal square planar planes via

26 + 47 bonds, which is an example of skeletal isomerism (E—C).**
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Scheme 31. Skeletal transformation from a spiked triangle to a square planar and

a spiked triangle to a butterfly core structure.

The ability of the M4C, cluster core to adopt stable structures related by a
two electron step, one which would appear to be suitable for allowing
delocalisation of electronic charge through the cluster core, suggests that similar
cluster architectures may be suitable for use as molecular junctions with an
integrated capacity for molecular switching. Metal clusters offer face, edge and
vertex sites for the attachment of ligands and delocalised frontier orbitals derived
from the bonding, non-bonding and anti-bonding combinations of metallic orbitals
from the fragments which comprise the vertices of the polyhedron.’® The
electronic flexibility associated with the polyhedral metal cluster core, together
with ethynyl based “molecular-wires” will be exploited to prepare molecular
junctions or switches which are compatible with the molecular components being

developed as part of molecular electronics.'> '

5.2. Theoretical and Structural Analysis

The bonding in polynuclear metal clusters is commonly accounted for by
the polyhedral skeletal electron pair (PSEP) theory.’®" **? This theory has been
particularly useful in predicting or rationalising the geometrical structures in
organometallic cluster compounds that do not conform to the effective atomic
number (EAN) formalism. The rule predicts the stability of organometallic
compounds and simply states that stability is attained or gained when all of the
bonding and non bonding orbitals are occupied. The EAN is counted by summing

the number of electrons from the metal atom plus the total number of electrons
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donated by the ligands and this number should equal the number of electrons of
the next highest noble gas.’®* The conformity between the two schemes within
metal clusters of low metal-metal connectivity is due to the fact that the nine nd,
(n+1)s, and (n+1)p orbitals are valence orbitals, in which all their bonding

capacity is used when the EAN is reached.

The PSEP theory relates the structural arrangement of a cluster with the
number of CVEs and in particular the number of electron pairs involved in
skeletal bonding. Closo metallic arrangements based upon » vertex deltahedra are
expected to posses (14n+2) CVEs or (n+1) skeletal electron pairs (SEP) (Figure
70). The removal of one or two cluster vertices, for example by addition of
electron pairs, leads to more open geometrieses, the nido and arachno structures
(Figure 70). The nido form has a (14n+4) CVEs or (n+2) SEP, while arachno
form has (14n+6) CVEs or (n+3) SEP. The large HOMO-LUMO gap between the
bonding/nonbonding and antibonding molecular orbitals for main group clusters
and their transition metal carbonyl analogues explains partly the success of the
PSEP theory. The introduction of additional electrons over and above the number
required to populate the bonding and non-bonding molecular orbitals therefore
leads to either a general expansion of the metallic cluster core, or the elongation or
cleavage of a specific M-M bond. Despite the success of the PSEP theory in
understanding a large variety of organometallic clusters, it presents limitations in
application to mixed main group-transition metal systems. The theory fails to
account for skeletal isomerism, isomer interconversion or unexpected

geometries.”
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closo nido arachno

& & 4

Figure 70. Example of a closo, nido, and arachno structures and their

relationship to each other.

Detailed theoretical studies have been performed on the closo-octahedral
M4E; organometallic cluster where M is a transition metal, and E is a second,
third or fourth row main group atom of a conical fragment (discussed below)
(Figure 71). These compounds do not conform to the PSEP theory and can have

two possible electron counts, either seven or eight skeletal electron pairs.

Figure 71. M4E, compound, where M is a transition metal, and E is a second,

third or fourth row main group atom of a conical fragment.

187




Another feature of these compounds is that they have a short EE non
bonded interatomic distance which is only 15-20% longer than a normal E-E
bond. The frontier orbitals of M4E; show an unperturbed non-bonding orbital
lying approximately in the middle of the energy gap separating a cluster of seven
bonding skeletal n-type molecular orbitals levels from the antibonding molecular
orbitals (Figure 72).>” The presence of this nonbonding orbital allows the
possibility of two electron counts for this kind of M4E; octahedral cluster, namely

seven or eight SEPs depending on whether this orbital is populated or not.

A HOMO-LUMO = 1-2 eV

8 SEP

Figure 72. Qualitative molecular orbital diagram of MsL,(p4-E); cluster
exhibiting pseudo D4, symmetry.

The presence of this non-bonding orbital is due to the approximate Day,
symmetry for the cluster core, which does not allow mixing into the LUMO, and
the weak M-M antibonding character.”®® The non-bonding orbital is mainly metal

in character and as such strongly dependant on the electronegativity of the metal
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atoms, with more electronegative metals lowering the energy of the orbital, thus
favouring the eight SEP count. This is why most ruthenium clusters of this type
have seven SEP, while iron can have both seven and eight SEPs and cobalt has

eight SEPs.**

The presence of a conical fragment such as alkyl phosphinidene (PR) on a
M4E; compounds renders the core of the cluster square planar with a Dy
symmetry. A conical fragment possesses one o-type frontier orbital and two m-
type frontier orbitals that are degenerate and have the same shape (Figure 73).>%
Examples of these can be seen in compounds such as [Fes(CO);2(ps-PR),] (R =
Ph,),>®® [Fes(CO)11(p4-PR);] (R = Me, #-Bu, Ph, Tol),>**® and [Rus(CO)1i(s-

PR)2] (R = Ph, t-Bu,),306’ 309

Ruthenium clusters can be induced to possess eight SEP, for example by
the presence of a non-conical fragment. A non-conical fragment is basically the
same as a conical fragment, the only difference is that the orbitals lie in two

different perpendicular planes (Figure 73).>**

The presence of this fragment leads
to a puckered square core structure for the RusP, skeleton which gives rise to a
D,4 symmetry. Consequently, the HOMO of the molecule is stabilised favouring
the eight SEP count such as in [Rus(CO)2(1s-PNR3),] (R = Et, Pr).’o% 310
Another cluster exhibiting pseudo Dy¢ symmetry, [Fes(CO)1;{P(OMe);]}P-p-

Tol),], also has an eight SEP cluster.’®®
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Scheme 32. Example of a synthetic route to produce [Rus(CO);(p4-PPh);].

The molecular orbital scheme described above for M4E, compounds
predicts that the seven SEP clusters should be reducible, and the eight SEP
clusters oxidisable. As predicted, the unsaturated [M4(CO)11(14-PR)2] (M = Ru,
Fe, R=Ph) compounds cannot be oxidised, but can easily be reduced. Two
electrochemically reversible one-electron reductions were observed for the iron
compound, while an additional one-electron reduction is observable for the
ruthenium cluster as well as similar reduction peaks observed for the iron
cluster.’®® The eight SEP situation is unstable for the ruthenium cluster resulting
in it taking up more than two electrons by being reduced beyond the dianionic

state or by addition of two CO ligands.*®

Reaction of the butterfly phosphinidene cluster complex [Rus(CO)i3(ps3-
PPh)] with diphenylacetylene affords, as one of the products, the closo-square
planar [Rus(CO);(p3-PPh)(ps-PhC,Ph)], with seven vertices, and possessing eight
SEP as expected (Scheme 33).296 A similar reaction resulted in the conversion of
[Fea(CO)1o(s-PR)] to [Fea(CO)o(1a-PR)(u-R’C2R™)] (R = CHs).>'' Other
compounds of this type that have been synthesised include [Rus(CO)11(RC,R)(ps-
PCF3)] (R = H, Ph)® and [Rus(CO);;(RC=CC=CR)(1-PPh)] (R = Ph, Me).*”
The latter series of compounds have a distorted square planar core capped on one
side by a PR group and on the other side by RC=CR, with molecules containing
two bridging carbonyls. These compounds contain only 62 electrons so are

formally electron deficient by two electrons. However,
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[Rus(CO)11(RC=CC=CR)(14-PPh)] (R = Ph, Me) can also be classified as a closo-
pentagonal bipyramid arrangement of RusPC;, which is consistent with PSEP

theory having seven vertices, and possessing eight SEP as expected.295

Ph Ph
; L o
e LN N
(OC)sR‘\\Ru(CO)4 Ph——=——=—Fh (OC)ZRu\\ _XRU(CQ)Z
(OC)sRU< (OC)3Ru=\—\_'/I!{u/(\gOO)2
=
Ph/ Ph

Scheme 33. Conversion of [Rus(CO);3(u3-PPh)] to
[Rus(CO);1(p3-PPh)(ps-PhC,Ph)).

Reaction of M3(CO);; with an alkyne under reflux conditions or with
treatment of trimethyl N-oxide (Me;NO, TMNO) results in clusters of the type
[M4(1u-RC2R)2(CO) 1] (M = Fe, Ru, R = Ph, Me) (Scheme 34).'7% 3!2 313 The
compound [Rus(ps-HC,H),(CO),;] has been synthesised via a different method

using a reaction of Ru3(CO); and CaC,.*"*

Compounds of this type that have been
synthesised include [Feq(ua-HC2Et);(CO)1il,*"? [Rug(pe-PhCoPh)y(C0O)11]'™ and
[Ru4(u4-MeC2Ph)2(CO)1.].3]3 The four metal atoms in these clusters form a

distorted square with the two acetylenic bonds almost perpendicular to each other.

Rus(CO)ip+ R—==—R _ATMNO _ (OChRUS _A\RU(CO)

(OC)sRUZ '
R = Ph, Me 3 \\\/C//

Scheme 34. Synthesis of [Rus(ps-RC2R)2(CO)11] (R = Ph, Me).
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If the alkyne is considered as a four electron donor (one electron for each
c-bond, and two electrons for the n-bonds to the metal), then the cluster is lacking
two electrons with respect to the EAN rule which requires it to have 64 CVE.
Therefore it is better to rationalise the structure and bonding in terms of PSEP
theory where the MyC, skeleton can be described as a closo-dodecahedron which

has eight skeletal atoms and offering the expected nine SEP count.

Other compounds that posses similar core structure geometry to those
described above are that of [Cp’sFeq(HC;H);] (Cp’ = CsHs, CsHiMe).? 13, 316
Electrochemical oxidation of these compounds afforded two-electron oxidation
waves. These compounds have been chemically oxidised giving the monocationic
cluster product which possessed structures very similar to that of the neutral with

slightly shorter Fe-Fe bonds.

5.3. Synthesis and Characterisation of Ru,C, Clusters

The thermal reactions of alkynes and polyynes with Ru3(CO),; are
sensitive to both the nature of the alkyne and the precise reaction conditions
employed.zgo’ 53 The clusters of the type [Rus(u-RC2R)(CO)12] (43) were readily
prepared in moderate yield from the thermal reaction of [Ru3(CO),] with the
alkynes PhC=CPh (45a) or Me;Si(C=C);SiMe; (45b) to give [Ruy(p-
PhC,Ph)(CO)i2]  (43a),'® ' and [Ruy(p-SiMesC=CC,C=CSiMe;)(CO)11]
(43b)168 respectively in refluxing hexane (Scheme 35). The reaction was readily
followed by IR spectroscopy [v(CO)]. Unreacted Ru3(CO);, was recovered from
the cooled reaction mixtures as a crystalline precipitate of high purity, which may
be recycled in subsequent reactions, adding to the appeal of this method. The
product clusters, which are most likely formed by condensation of [Rus(ps-
RC,R’)(CO)10] with an Ru(CO), fragment generated in situ,'%% 318 were easily
separated from the other products by column chromatography or preparative TLC.
An analogous two-step reaction describes the reaction of [Ru3(CO);o(MeCN),]
with 1,6-bis(trimethylsilyl)-1,3,5-hexatriyne to afford [Rus(p-Me;.
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SiC=CC,C=CSiMe;)(CO);0] and subsequent reaction with Ru(CO)s to afford
43b.°"

Ri Ro
Rt Re \C
(45) ‘Cgc’\ (45) /
Ru3(CO)2 (OC)RUSI ISRu(CO), . (OCKRY \5 )
hexane, 67 °C (OC)3RuéRu(CO) hexane, 67 °C (OC)sRU\ \/C 2
Rs R,
45 43 44
a PhC=CPh a PhC=CPh a Ry, Ry Ry, Ry =Ph
b Me;Si(C=C);SiMe; b Me;Si(C=C);SiMe, b Ry, Ry =Ph, R, Ry = C,SiMe;
[ Messi(CEC)zsiMe:; c R1| RZ: RS: R4 - CzSiMeg

d Ry, Ry Ry = C,SiMeg; Ry = SiMes
e R1, R3 = Me; Rz, R4 = Ph

f R1, Rz, Rg, R4 =H

[+] R1, CzslMea R3 H; R4 CleCpPPhg

Scheme 35. Formation of [Rus(p-RCyR)(1s-R’CoR*)(CO)y, ] type clusters.

Further reaction of 43a with an equivalent of the alkynes 45a or 45b, again
in refluxing hexane, gave [Rus(pqe-PhCoPh),(CO)1] (442)'”° and [Rug(us-
PhC,Ph)(ps-Me;SiC=CC,C=CSiMe;)(CO);;] (44b), reépectively, by insertion of
the alkyne into one of the Ru-Ru bonds in the octahedral cluster core and loss of
CO. The metal and carbon atoms of the RusC4 core of these Rus(p-alkyne),(CO);,
clusters define a triangulated dodecahedron. Cluster 44a has also been obtained
(18%) from the low temperature TMNO assisted reaction of Ru3(CO);; and
diphenyl acetylene.'” Complex 44b was obtained in higher yield (23%) from a
reaction between 43b and 45a. Reaction of 43b with 45b or Me;Si(C=C),SiMe;
(45¢) gave [Rus(py-Me;3SiC=CC,C=CSiMe;)(CO);1] (44c) and [Rus(ps-
Me;SiC=CC,C=CSiMe;)(1s-Me3SiC,C=CSiMes)(CO)ii]  (44d)*™  respectively

xiii

Compound courtesy of P.J.Low.
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(Scheme 35). The clusters 44a-d were all readily characterised by standard
spectroscopic methods, and also single crystal X-ray diffraction in the case of
44b, and 44d (Table 23). Analogous clusters, such as [Rus(n-MeC,Ph)2(CO)y;]
(44e),’"* were prepared via similar techniques, while the parent cluster [Ruq(p-
HC,;H)2(CO)11] (44f)314 was prepared by thermolysis of smaller ruthenium cluster

carbides.

The synthetic method employed to yield 44a-d has the advantage of being
able to form a range of substituted clusters possessing a triangulated
dodecahedron core through the sequential reaction with two different alkynes,
diynes or polyynes. This method was utilised in the synthesis of [Rua(uu-
Me;SiC=CC,C=CSiMe;) (ps-(HC,C=C)Ni(PPh3)Cp)(CO), ] (44g) which arose as
a major product from a reaction of 43b and [Ni(C=C=CH)(PPh;)Cp] (Scheme
36).'® A minor product, [Rus(ps-n’-(MesSiC=CC,C=CSiMe;)(CO);0o(PPhs)3],
was also obtained which resulted from a substitution of two of the CO ligands at

the wingtips of the Ru(CO); centres on 43b by PPh; (Scheme 36).

Me;Si SiMe;

N/

(OC)gRu\/i L SRu(CO) B .

(OC)Ru! Ru(CO):, Ph3P
(43b)
Me,Si SiMe;

Me;Si SiMes
SO/
25 PhsP_ _PPhy
(OC)3Ry Ru(CO)z OC)zRu \/ RU(CO)z
\\| + | \/
(ocnRul&: 4’*”“30}2 OC)gRugR’U(CO)s

H/ 3%
Y
Ni—®>
PhsPl
(44g), 26%
Scheme 36. Products obtained from a reaction between 43b and

Ni(C=C=CH)(PPhs)Cp.



Table 23. X-ray crystal structure data of compounds 44b and 44d.

44b 44d

Empirical formula C37 Has O11 Rug Si; C33H36011Ru4Si4
Formula weight 1109.05 1125.26
Temperature 120(2) K 173(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group P2i/c Cm
Unit cell dimensions a=27.252009) A a=13.5503(8) A

o= 90° o= 90°

Volume

Z
Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data
collection
Index ranges

Reflections collected
Independent reflections

b=9.53093) A
B=108.51(1)°
c=33.374(1) A
y =90°
8219.9(4) A3

8

1.792 Mg/m3

1.555 mm-!
4336

0.60 x 0.08 x 0.06 mm3
1.28 to 27.50°

-35<=h<=35,
-12<=k<=12,
-43<=1<=43

65769

18870 [R(int) = 0.0657]

b=13.742309) A
B=101.0900(10)°
c=12.3319(7) A
y=90°

2253.5(2) A3

2

1.658 Mg/m3

1.470 mm-1
1108

0.3 x 0.25 x 0.2 mm?3
1.68 to 28.75°

_18<=h<=18,
-18<=k<=18,
-16<=1<=16

13383

6019 [R(int) = 0.0503]

— =

Completeness to theta 99.9 % 99.8 %

Absorption correction Semi-empirical from Empirical
equivalents

Max. and min. transmission  0.9125 and 0.4555

Refinement method Full-matrix least-squares Full-matrix least-squares
on F2 on F2

Data / restraints / parameters 18870/0/973 6019 /44 /403

Goodness-of-fit on F2 1.037 0.943

Final R R1=0.0469, wR2 = R1=0.0359, wR2 =

indices[I>2sigma(l)] 0.1031 0.0612

R indices (all data) R1=0.0787, wR2 = R1=10.0487, wR2 =
0.1123 0.0645

Extinction coefficient 0.000005(12)

Largest diff. peak and hole

2.154 and -0.915 e.A-3  0.673 and -0.460 e.A-3
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The IR spectrum of 44¢ was characterised by a series of strong absorptions
for terminal v(CO) at 2088, 2064, 2040, 2027 and 2008 cm’, and an additional
broad absorption at 1854 cm™ characteristic of bridging carbonyl ligands. The free
alkyne moieties gave rise to weak v(C=C) absorption bands at 2158 and 2131 cm’
'. The '"H NMR spectrum contained a singlet at & 0.03 ppm due to the SiMes
groups. The >C NMR spectrum revealed a single broad resonance at & 197.91
ppm from carbonyl ligands, which are rendered equivalent on the NMR timescale
by rapid intramolecular exchange processes involving the migration of all the
carbonyl groups around the tetra-ruthenium plane in a merry-go-round process.m
The variety of possible matches between carbonyl and metal orbitals are most

19 .
3® The reaction

likely due to a smooth continuum of possible conformations.
pathway for terminal-bridging-terminal carbonyl exchange between metal atoms
has been demonstrated via structural correlation methods to show that CO
exchange is a facile process with a broad low-energy maximum separating the

more stable terminal and fully-bridging carbonyls.*?°

The "*C NMR spectrum for 44c¢ also contained a resonance at & 0.03 ppm
due to the four SiMes groups, which were rendered magnetically equivalent on the
NMR timescale by the various fluxional processes within the molecule, and two
resonances at 6 97.83 and 109.61 ppm arising from the pendant acetylenic groups.
The carbon nuclei of the RusCs4 core were detected as one sharp singlet at
6 113.00 ppm. The FAB-MS spectrum exhibited a molecular ion at m/z 1149,
followed by fragment ions derived from the sequential loss of up to nine carbonyl

ligands.

The IR spectrum of 44b was characterised by a series strong absorptions
for terminal v(CO) at 2088, 2074, 2063, 2050, 2043, 2026, 2009, 1998, 1981 cm
! while the absorptions characteristic of bridging carbonyl ligands was not

observed. The free alkyne moieties gave rise to a weak v(C=C) absorption band at
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2130 cm’'. The FAB-MS spectrum did not exhibit the molecular ion; however, a
fragment ion at m/z 1052 arising to the loss of two carbonyls, followed by
fragment ions derived from the sequential loss of up to eleven carbonyl ligands
were observed. Attempts to obtain NMR spectra were hampered by the apparent
instability of the compound in solution. Decomposition was observed at the end of

even a short 'H NMR data collection.

The IR spectrum of 44d was characterised by a series of absorptions for
terminal v(CO) at 2092, 2067, 2060, 2027, 1989 and 1975 cm’!, with an
additional absorption at 1850 cm™ characteristic of bridging carbonyl ligands. The
free alkyne moieties gave rise to weak v(C=C) absorption bands at 2130 cm™. The
FAB-MS spectrum exhibited a molecular ion at m/z 1125, followed by fragment
ions derived from the sequential loss of up to eleven carbonyl ligands. The 'H
NMR spectrum contained three singlets at & 0.04, 0.07 and 0.18 ppm due to the
SiMes groups. The >’C NMR spectrum revealed a single resonance at & 198.85
ppm for the carbonyl ligands, as well as three resonances at 6 -1.05, -0.39 and
5.91 ppm due to the SiMes groups. The four resonances at & 96.57, 104.50, 109.71
and 110.43 ppm were attributed to the acetylenic moieties, while the carbon nuclei

of the RusCy4 core were detected as three singlets at 8 112.26, 114.68 and 141.14
ppm.

The IR spectrum of 44g was characterised by a series of absorptions for
terminal v(CO) at 2095, 2070, 2038, 2032, 2010 and 1977 cm’, with an
additional broad absorption at 1819 cm’' characteristic of bridging carbonyl
ligands. The free alkyne moieties gave rise to a weak v(C=C) absorption band at
2130 cm”. The FAB-MS spectrum exhibited a molecular ion at m/z 1365,
followed by fragment ions derived from the sequential loss of up to eight carbonyl
ligands. The 'H NMR spectrum contained a singlet at & 0.07 ppm due to the
SiMe; groups, and another singlet at & 2.35 ppm arising from the terminal proton

attached to the C; portion of the cluster. The Cp moiety gave rise to a singlet
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resonance at § 5.05 ppm, while the aromatic region contained characteristic peaks
due to the PPh; moiety. The *C NMR spectra revealed a single resonance at
8 198.82 ppm for the carbonyl ligands, as well a resonance at 8 1.26 ppm due to
the SiMes groups. The Cp group gave rise to a peak at 3 89.54 ppm, while the
acetylenic moieties gave rise to four resonances (8 91.54, 94.42, 106.25, 106.62
ppm). The carbon nuclei of the RuyC4 core were detected as three singlets at
5 109.04, 111.86 and 155.98 ppm. The aromatic region showed an envelope of ten
aromatic peaks between 6 126.96 and 132.82 ppm. The remaining resonances
expected for the aromatic carbons were not observed, due in part to the long

relaxation time associated with these quaternary carbon centres.

The minor product (3%) obtained from the reaction of 43b and
[Ni(C=C=CH)(PPh3)Cp] was  [Rug(pu-1n*-(Me3SiC=CC,C=CSiMe;)(CO)1o
(PPh;3);] (Scheme 36). This compound resulted from the substitution of two
carbonyl groups by PPhs; moieties, since it is not possible for an electronically
saturated M4C; octahedral cluster to add the new ligand without loss of an equal
number of two electron donor ligands. In contrast, the unsaturated iron cluster
[Fes(CO)11(1g-PR)2] (R = ‘Bu, Ph, Tol) readily adds nucleophiles resulting in
[Fea(CO)n(L)(1u-PR)2] (L = CO, ‘BuN, P(OMe)y). "™ !

The PPh; moieties of [Rua(py-1*-(Me3SiC=CC,C=CSiMe;)(CO)10(PPhs),]
are positioned on the butterflies wing tips. This positioning was confirmed via X-
ray crystallography connectivity studies, although the full structure was not
solved. A study on [Rus(CO)s(pa-1>-(CsHg)(1>-CeHg)] has shown that the wingtip
isomer of this compound is preferentially formed from the reaction of
[Rus(CO)12(pa-n>-(CéHs)] and with TMNO in the presence of CeHg.**
Alternatively heating of [Rm(CO)|2(pL4-n2-(C6Hg)] with C¢Hjg produces the hinge
isomer, which upon standing at ambient temperature converts to the wingtip

isomer. The mechanism proposed involves a low energy slippage of the benzene
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moiety over the cluster framework, possibly via the an edge bridged arene

. . 2
molecule as an intermediate.’

The IR spectrum of [Ru4(p4-n2-(Me3SiCECC2CECSiMe3)(C0)1o(PPhg)z]
was characterised by a series of absorptions for terminal v(CO) at 2054, 2025,
2005, 2032, 1990 and 1978 cm™. The free alkyne moieties gave rise to weak
v(C=C) absorption bands at 2097 cm’. The FAB-MS spectrum exhibited a
molecular ion at m/z 1428, followed by fragment ions derived from the sequential
loss of up to nine carbonyl ligands. The "H NMR spectra contained a singlet at & -
0.26 ppm due to the SiMes; groups, as well as resonances between & 7.28 and
7.95 ppm arising from aromatic protons of the PPhs moiety. The '°C NMR spectra
revealed a single resonance at 8 199.85 ppm for the carbonyl ligands, as well as a
resonance at § -0.00 due to the SiMe; groups. The carbon nuclei of the RusC,4 core
were detected as a single resonance at 6 113.13 ppm, while the acetylenic carbons
gave rise resonances at 8 95.95 and 128.67 ppm. The aromatic region exhibited

four resonances between 6 130.03 and 136.64 ppm.

5.4. Molecular Structures

The structure of 44a has previously been reported'’® but in contrast
attempts to obtain a sensible structure solution for 44¢ were hampered by severe
disorder in the crystal lattice. Crystal structures for similar clusters, such as 44e *"?

and the parent cluster 44f°'* have also been obtained.

The structure of 44b (Figure 74) has been determined (Table 23), and
may be compared with the structures of 44a,'® 44e,*'> and the parent complex
44f (Table 24).>"* The clusters 44 feature nine SEP, or 62 CVE, which supports a
description of the polyhedral cluster core in terms of a triangulated closo-
dodecahedral RusCj cluster core. The gross structural features across the series are

similar, and in all cases the metal centers sit +0.31-0.34 A from the mean least
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Table 24. Bond length comparison of 44a-44f.
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4420 44b 44d YTk 44f M4 44rT
(theory) (theory) (theory)
molecule molecule molecule molecule
1 2 1 2

Ru(1)-Ru(4) 2.8716(7) 2.8658(7) 2.7567(6) 2.8339(6)  2.8521(3) 2.7732(14) 2.824 2.858 2.752
Ru(1)-Ru(2) 2.7618 (7) 2.7628(7) 2.8815(6) 2.8530(7) 2.7948(2) 2.8338(14) 2.865 2.866 3.144
Ru(2)-Ru(3) 2.8649 (7) 2.8692(7) 2.8462(6) 2.7452(6) 2.8386(2) 2.8338(14) 2.871 3.001 2.736
Ru(3)-Ru(4) 2.7656(7) 2.7668(7) 2.7448(5) 2.8123(7) 2.7583(2) 2.7732(14) 2.829 2.866 3.014
Ru(1)-C(1) 2.221(6) 2.198(6) 2.161(5) 2.122(6)  2.0432(10) 2.143(12) 2.159 2.209 2.187
Ru(1)-C(4) 2.339(6) 2.278(6) 2.303(5) 2.353(5) 2.221 2.72(10) 2.333 2.177 3.093
Ru(1)-C(3) 2.273(6) 2.365(6) 2.419(5) 2.350(6) 2.262 2.312(12) 2.402 2.995 2215
Ru(2)-C(3) 2.210(6) 2.207(6) 2.147(5) 2.208(6) 2.180 2.11Q2) 2.121 2.183 3.010
Ru(2)-C(1) 2.365(5) 2.329(6) 2.273(5) 2.318(6)  2.2961(10) 2.310(15) 2.360 2.184 2.956
Ru(2)-C(2) 2.275(6) 2.288(6) 2.290(5) 2.267(5)  2.2961(10) 2.310(15) 2.351 2.995 3.308
Ru(3)-C(2) 2.192(6) 2.189(6) 2.150(5) 2.170(6)  2.2783(10) 2.143(12) 2.163 2.184 2.237
Ru(3)-C(4) 2.498(6) 2.484(6) 2.351(5) 2.430(6) 2.416 2.272(10) 2.340 2.952 2.175
Ru(3)-C(3) 2.311(5) 2.320(6) 2.397(5) 2.344(6) 2.329 2.312(12) 2.394 2.185 3.022
Ru(4)-C(4) 2.180(6) 2.195(6) 2.220(5) 2.171(5) 2.222 2.138(16) 2.163 2.177 2.988
Ru(4)-C(2) 2.514(6) 2.478(6) 2.310(5) 2.273(6) 2.2161(10) 2.283(12) 2.365 2.209 2.942
Ru(4)-C(1) 2.306(6) 2.334(5) 2.328(5) 2.358(6) 2.4123(11) 2.283(12) 2.369 2.981 2.229
C(1)-C(2) 1.406(8) 1.420(8) 1.428(7) 1.428(8) 1.426(2) 1.366(17) 1.389 1.401 1.397

C(3)-C4) 1.407(8) 1.425(8) 1.422(7) 1.509(8) 1.416(2) 1.39(3) 1.395 1.428 1.403

0(5)-C(5) 1.146(7) 1.136(7) 1.135(6) 1.138(7) 1.1344(14) 1.118(17) 1.149 1.162 1.171

0(6)-C(6) 1.158(7) 1.156(7)  '1.153(6) 1.146(7) 1.165(3) 1.14(3) 1.165 1.176 1.179

OoN)-C(7N) 1.179(7) 1.180(7) 1.131(6) 1.147(7) 1.170(3) 1.13(3) 1.152 1.162 1.172



O(8)-C(8) 1.136(7) 1.155(7) 1.137(6) 1.138(7)  1.1349(18) 1.06(3) 1.145 1.166 1.171
0(9)-C(9) 1.145(7) 1.144(8) 1.127(7) 1.138(7) 1.142(4) 1.13(3) 1.150 1.180 1.171
O(10)-C(10)  1.129(7) 1.132(7) 1.146(6) 1.159(7) 1.136(3) 1.13(3) 1.150 1.165 1.181
o(11)-C(11)  1.147(7) 1.144(7) 1.138(6) 1.137(7) 1.135(3) 1.13(3) 1.152 1.166 1.170
0O(12)-C(12)  1.125(7) 1.152(8) 1.135(6) 1.147(7)  1.1344(14) 1.118(17) 1.149 1.165 1.172
O(13)-C(13)  1.128(7) 1.142(7) 1.133(6) 1.141(7) 1.145(2) 1.10(3) 1.148 1.162 1.172
0(14)-C(14)  1.130(7) 1.123(7) 1.127(6) 1.139(7) 1.150(2) 1.19(3) 1.147 1.162 1.170
O(15)-C(15) 1.118(7) 1.153(7) 1.149(6) 1.135(7) 1.087(3) 1.14(3) 1.166 1.180 1.187
Diff from
mean plane
Ru(1) +0.3350 -0.3293 +0.3409 -0.3312 +0.3124 0 +0.0332
Ru(2) -0.3345 +0.3287 -0.3280 +0.3433 -0.3066 0 -0.0331
Ru(3) +0.3340 -0.3296 +0.3473 -0.3486 +0.3112 0 +0.0334
Ru(4) 0.3345 +0.3301 -0.3602 +0.3364 -0.3170 0 -0.0332

t using atom labelling as depicted in Figures 74 and 75
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The solid state structure of 44b contains two independent molecules which
differ in the arrangement of the carbonyl ligands around the RusC4 core and the
pattern of metal-metal bond lengths. Molecule 1 of 44b contains a single bridging
carbonyl ligand [Ru(3)-C(15) 2.053(6); Ru(4)-C(15) 2.090(6) A; Ru(3)-C(15)-
Ru(4) 83.0(2)°] spanning the shortest Ru-Ru bond [Ru(3)-Ru(4) 2.7453(6) A,
Ru(4)-Ru(1) 2.8124(7), Ru(2)-Ru(1) 2.8339(6), Ru(2)-Ru(3) 2.8530 A]. The Ru-
C(alkyne) bond lengths cover a slightly greater range than displayed in the
previous examples, with Ru-C(c) bonds in the range 2.122(6)-2.208(6) A, and
Ru-C(m) between 2.267(5)-2.430(6)A. The tetrahedral distortion in the Ruy core is
approximately +0.33-0.36 A from the mean least squares plane that passes
through them, which is a larger deviation than that found for 44a and 44e (Table
24).

Molecule 2 of 44b contains two semi-bridging carbonyl groups [Ru(3)-
C(15) 2.010(5); Ru(4)-C(15) 2.218(5) A; Ru(3)-C(15)-Ru(4) 80.8(2)°; Ru(4)-C(6)
2.184(5); Ru(1)-C(6) 2.024(5) A; Ru(4)-C(6)-Ru(1) 81.8(2)°] spanning the
adjacent edges Ru(3)-Ru(4) [2.7448(5) A] and Ru(4)-Ru(1) [2.7567(6) A]. The
other Ru-Ru bond lengths are considerably longer [Ru(3)-Ru(2) 2.8462(6), Ru(2)-
Ru(1) 2.8815(6) A]. The Ru-C(c) bond lengths fall within the range 2.147(5)-
2.221(5) A, while Ru-C(rn) span 2.273(5)-2.418(5) A. The tetrahedral distortion in
the Ruy core is approximately 0.33-0.34 A from the mean least squares plane that
passes through them. Most compounds of the type 44 exhibit structures possessing
only one bridging carbonyl with the exception of the structure described above
and one found for 44d and 44f>'" In both molecules, there is a correlation
between the Ru-C(alkyne) bond lengths, with the carbon centers that form the
shorter o-bonds also being involved in the longer Ru-C(rw) bonds. The tetrahedral
distortion associated with each molecule, as defined by a shift of the metal centers
from the mean least squares plane that passes through them, is ca. +0.34 A

(Molecule 1/2).
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or alkyne ligands are treated as four electron donors in the usual manner, electron
counts of 62 CVE are obtained, which are two electrons short of the 64 CVE’s
demanded by M, square frameworks. Similar inconsistencies are encountered
with the octahedral triangulated cluster core in 43 which has 60 CVE’s, two short
of the 62 CVE required. The failings of two-centre two-electron bonding models
in descriptions of cluster systems are well-documented,®'> ***

the clusters of the type [M4(CO);1(L):] are well described in terms of PSEP

and electronically,

concepts, containing either seven or nine skeletal pairs, as required for six and
eight vertex polyhedra respectively. While electron counting rules facilitate
structural correlation, they do not necessarily provide insight into chemical
properties, which depend on the finer details of electronic structure, which can be
provided by theoretical calculations. The electronic flexibility displayed by
square-based My frameworks which have been described above prompted us to

examine the electrochemical and chemical response of 44.

5.5. Electrochemistry and IR Spectroelectrochemistry

The CV response of dichloromethane solutions of 44a or 44c (Figure 76)
were characterised by a single, chemically irreversible reduction process (A) in
each case [E,(A): 2a -1.528 V; 2¢ -1.580 V vs. Fc/F¢'] with the oxidation peak B
appearing only as a consequence of the reduction A.™" Polarography of the same
solution showed only one reduction wave [E;;: 2a -1.418 V; 2¢ —1.387 V], and in
each case logarithmic analysis gave a linear plot with a slope of 47 mV. This
value is between that expected for a 1e” (59 mV) and 2e” reduction processes (29.5
mV). However, bulk electrolysis performed at a mercury-pool electrode at —1.60
V consumed exactly 2 F/mol, while the initial red-orange solution turned yellow.
Bulk re-oxidation at +0.30 V also consumed 2 F/mol and restored the initial red-
orange colour to the solution. Curiously, the cyclic voltammogram of the yellow
electrolysis solution was characterised by two, one-electron oxidation waves,

which were only partially chemically reversible.

xiv

Cyclic voltammetry data courtesy of C. Nervi.
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Infra-red spectroelectrochemical studies were carried out to gain some
insight into the chemical processes occurring during the electrochemical cycle
(Figure 78).*' The v(CO) patterns of 44a and 44¢ in 1,2-dichloroethane
containing 0.1 M NBu4PFs supporting electrolyte were similar to the spectra in
cyclohexane. Four terminal carbonyl bands were observed at 1988, 2044 and
2027(sh), 2080, and 2132 cm™. The bridging carbonyl gave rise to a weaker,
broad band at 1831 ecm™ while the v(C=C) band from the pendant alkynyl
moieties was observed at 2132 cm™ (Figure 78a). In situ reduction caused these
characteristic absorption bands to collapée giving way to a new set of bands
associated with the electrochemically generated dianion 44a” v(CO) 1953 vs,
1897 m, 1749 w cm’'; 44c* v(C=C) 2107 w, v(CO) 1962 vs, 1903 m, 1751 w
cm’' (Figure 78b). The decrease in carbonyl stretching frequencies is consistent
with the greater electron density associated with 44c”, and the chemical
reversibility of the electrochemical event was verified by the almost clean
regeneration of 44¢ upon re-oxidation. The conversion of 44 to a new compound
upon reduction, with three isosbestic points at 2102, 1979, 1850 and 1795 cm’
indicate a quantitative conversion (Figure 78b). There was no change in the
spectroelectrochemical behaviour of 44¢ under atmospheres of N, or CO, which
suggests that carbonyl dissociation processes are not involved with the

electrochemical reduction and subsequent transformations.

™ IR spectroelectrochemistry data courtesy of C. Nervi.






The spectroelectrochemical experiments clearly supported the
voltammetry data, and confirmed the chemical stability of the redox generated
products and chemical reversibility of the cycle. However, only limited structural
information could be derived from the IR spectroscopic data. In order to probe the
redox products in more detail, a computational analysis of the cycle was

undertaken.

5.6. Computational Analysis

To facilitate theoretical analysis, a simplified model complex,
[Rus(CO)11(na-HC,H),] (44f), with 62-electrons has been adopted (Figure 79).
Geometry optimisation, orbital calculations and transition state calculations were
performed using the B3LYP functional’® with a 3-21G* basis set for ruthenium
and a 6-31G** basis set for carbon, hydrogen, and oxygen. At the time this study
was undertaken, the structure of 44f had not been reported, and the coordinates
from the crystal structure of 44a were used as a starting geometry. Default criteria
within the software were employed for geometry optimisation, which places an
uncertainty of less than + 0.005 A on bond lengths. The dependence of the
calculation upon basis set was tested using the TZVP basis set. After optimisation
in C,, the coordinates were symmetrised, re-optimisation in the required point
group was performed, even though the symmetrised structures had very low
gradients, and frequency analysis carried out. All reported structures had (3N-6)
positive vibrational eigenvalues and the transition state was found to have one

imaginary vibrational eigenvalue.
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Nevertheless, the experimental result is clear, and the distinct behaviour of the
two dianions upon re-oxidation clearly indicates the relative stability of the mono-

anion derived from 447

5.7. Molecular Switching Behaviour

Scheme 37 illustrates a cycle broadly similar to that proposed for a
mechanochemical switching device based upon redox active [2]-catenanes
(Figure 16).' In the case of the RusCy cluster core, the dodecahedral geometry
observed in 44 and calculated in 44f represents the “open” position of the switch.
The HOMO is more or less localised around the metal “belt” and in the absence of
a delocalised orbital linking the cluster core carbon centres these sites, and any

pendant groups upon them, are effectively “insulated”.

Reduction of 44 (E;;; ca. —1.5 V), which consumes two electrons, gives the
thermodynamically and kinetically stable dianion 44%. The excess electron
density is relieved by adoption of the open M, framework and re-orientation of
the alkyne moieties to permit M(d)-C(n*) back-bonding. This back-bonding
interaction results in a HOMO which is delocalised over not just the metal centres,
but also the carbon centres of both alkyne moieties. This delocalised orbital
therefore offers a route for “through-bond” electronic interactions between the
alkyne carbons, and any groups pendant to them with appropriate orbital
symmetry, through the Rus core. The cluster switch can therefore be regarded as
“open” in the reduced form. A similar orbital structure is also observed:' for the
thermodynamically more stable isomer 44°. On rapid time-scales, the dianion
44% is cleanly re-oxidised to the neutral state, vig the pathway shown in Scheme
37, at potentials of ca. -0.5 V, giving a switching potential of ca. 1 V. On longer
time scales, the dianion isomerises to the more thermodynamically stable 44°%

which is itself re-oxidised in two steps, also starting at potentials near -0.5 V.
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The ability of the M4Cy cluster core to adopt stable structures related by a
two electron step, one of which would appear to be suitable for permitting
delocalisation of electronic charge through the cluster core, suggests that similar
cluster architectures may be suitable for use as molecular junctions with an
integrated capacity for molecular switching. These are obviously long term
aspirations, but the potential for metal clusters in this area is an appealing avenue

for investigation alongside more established organic frameworks.

5.8. Experimental

5.8.1. Spectroelectrochemistry

Tetrabutylammonium hexafluorophosfate was re-crystallised three times
from 95% ethanol and dried in vacuum oven at 110°C overnight.Electrochemistry
was performed with an EG&G PAR 273 electrochemical analyser connected to a
PC, employing the software M270. A standard three-electrode cell was designed
to allow the tip of the reference electrode to closely approach the working
electrode. The reference electrode was Standard Calomel Electrode (SCE). The
working electrode for CV was a glassy carbon (GC) electrode; for polarography a
dropping mercury electrode (DME) with flow rate of 1.22 mg s at a reservoir
height of 0.5 m was employed. Drop time (typically | s) was controlled by an
electromechanical hammer. The auxiliary electrode was a platinum wire. Positive
feedback iR compensation was applied routinely. Measurements were carried out
under Ar in freshly distilled anhydrous deoxigenated solvents. Solutions were 5x
10* M with respect to the compounds under study and 1x10™" M with respect to
the supporting electrolyte, [BusN][PF¢]. Potentials (versus SCE) are referred to
the ferrocene (0/+1) couple. Under our experimental conditions the Fc/Fc' couple
was evaluated to be +0.46 V vs. SCE in dichloromethane. Each experiment was
carried out in duplicate. Spectroelectrochemistry was performed in an optically
transparent thin-layer electrochemical (OTTLE) cell assembled as previously
4.3

describe spectra were recorded on a Bruker Equinox 55 FT-IR spectrometer.
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5.8.2. Computational Method

Geometry optimisation, orbital calculations and transition state
calculations were performed using the B3LYP functional’® as implemented
within the Gaussian 98 software package,”® with a 3-21G* basis set for
ruthenium and a 6-31G** basis set for all other atoms. Default criteria within the
software were employed for geometry optimisation, which places an uncertainty
of less then * 0.005 A on bond lengths. The dependence of the calculation upon
basis set was tested using the TZVP basis set and stationary point analysis were
performed. Results of these calculations were in qualitative agreement with those
reported here, thus giving confidence that the qualitative picture of the chemistry
is converged with respect to this parameter. After optimisation in C1 coordinates
were symmetrised, reoptimisation in the required point group was perfomed, even
though the symetrised structures had very low gradients, and frequency analysis
carried out. All reposted structures had (3n-6) positive vibrational eigenvalues and
the transition state was found to have one imaginary vibrational eigenvalue.
Finally, the results of the orbital calculations were displayed graphically using
Molekel "
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5.8.3. Experimental

5.8.3.1. [Rug(pen>-Me;SiC=CC,C=CSiMe3); (CO)y1] (44c)

Me;Si SiMe;

AW
PN

(OC)RuU, "Ru(QO)z
o N
° *RO(CO
(OC)3RU\E\/// (CO)

/N

Me;Si SiMe,

A solution of Ruy(us-n>-Me;SiC=CC,C=CSiMe;)(CO);, (0.14 g, 0.13
mmol) in hexane (20 ml) was treated with Me3;SiC=CC=CC=CSiMe;s (0.13 g, 0.46
mmol) and the solution heated at reflux for 8 h, cooled and the solvent removed.
The crude product was purified by preparative TLC (hexane). The orange band

contained the desired product and was recrystallised from CH,Cl;:hexane (0.04 g,
0.03 mmol, 23%).

IR (cyclohexane): v(C=C) 2158 w, 2131 m, v(CO) 2088 s, 2064 s, 2040 s, 2027 s,
2008 s, 1854 m cm’'."H NMR (499 MHz, CDCl): 8 0.03 (s, 36H, SiMe;). °C
NMR (125 MHz, CDCl3): 8 0.03 (SiMe3), 113.00 (C,), 97.83, 109.61, (2 x C=C),
197.91 (CO). FAB - MS (m/z). 1149 [M]", 1121-897 [M-nCO]" n=2-9. Anal.
Calc’d for RusSis01;CssHse: C 36.58, H 3.13%. Found: C 37.47, H: 3.70%.
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5.8.3.2. [Rug(e-n2-PhC,Ph)2(CO)y 1] (442)

o

(OC)aRu Ru(CO)z

(OCHRUTY //RU(CO)z

OO

A solution of Ru4(CO)|2(p4—n2-PhC2Ph) (0.07 g, 0.06 mmol) in hexane (20
ml) was treated with diphenylacetylene (0.02 g , 0.11 mmol) and heated at reflux
for 6 h. The solution was cooled and red precipitate collected by filtration. The
filtrate was heated at reflux overnight with additional diphenylacetylene (0.02 g,
0.11 mmol) to give a second crop of product. The combined precipitate (0.05 g,
0.05 mmol, 51%) was recrystallised from CH,Cl;:MeOH (51%).

IR (cyclohexane): v(C;) 2085m, 2055 ms, v(CO) 2040 s, 2023 s, 1981 ms, 1835
mcm”. 'H NMR (499 MHz, CDCL): & 6.71 (m, 8H, Ar), 6.93 (g, 12H, Ar). °C
NMR (125 MHz, CDCL): § 126.67 (Cy), 127.23, 128.56, 144.81, 148.08 (4 x Ar),
199.09 (CO). FAB - MS (m/z): 1014 [M-2CO]", 986-762 [M-nCO]* n=3-9. Anal.
Calc’d for RusCs9011Hz0.1/3CH,Cly: C 42.98, H 1.85%. Found: C 42.75, H 1.86%
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5.8.3.3. [Ruy(14-n"-Me3SiC=CC;C=CSiMe3)(14-n~PhC,Ph)(CO)y;] (44b)

Me3Sl\ /S|M33
s

(OC);Ru Ru(CO)z

(OC);RuL\ /RU(CO)z

!

A solution of Rus(ps-n’*-Me;SiC=CC,C=CSiMe3)(CO);; (0.56 g, 0.55
mmol) in hexane (20 ml) was treated with diphenylacetylene (0.58 g, 2.07 mmol)
and the solution heated at reflux for 8 h, cooled and the solvent removed. The
crude product was purified by preparative TLC (hexane). The orange band
contained the desired product and was recrystallised from CH,Cly:hexane (0.32 g,
0.27 mmol, 49%).

IR (cyclohexane): v(C=C) 2130 w, v(CO) 2088 w, 2074 w, 2063 s, 2050 s, 2043
m, 2026 s, 2009 m, 1998 m, 1981 m cm’. FAB - MS (m/2): 1052[M - 2CO7’,
1024-800 [M-nCO]" n=3-11. Anal. Calc’d for RusCs70;,H,5Si3.2.5C¢Hs: C
46.17, H 4.76%. Found: C 46.17, H 3.17%.
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5.8.3.4. [Ruy(p-MesSiC=CC,C=CSiMe;)(ju-Me;SiC,C=CSiMes)(CO)11] (44d)

Me;Si SiMes

\ /
C—=C
(OC)aR“./'//;x'I?U(CO)z
(00)3Rlli§:>\RtJ/(&9)z
N
/ \SiMe3

Me;Si

A solution of Ru4(p4-n2-Me3SiCECC2CECSiMe3)(CO)12 (0.05 g, 0.056
mmol) in hexane (10 ml) was treated with Me;SiC=CC=CSiMes (0.03 g, 0.162
mmol) and the solution heated at reflux for 6 h, cooled and the solvent removed.
The crude product was purified by preparative TLC (5%CH;Cl;:hexane). The
major yellow band contained the desired product and was recrystallised from

CHClj3:hexane (0.03 g, 0.02 mmol, 45%) to afford orange block shaped crystals.

IR (cyclohexane): v(C=C) 2130 w, v(CO) 2092 s, 2067 s, 2060 s, 2027 s, 1989 s,
1975 s, 1850 s cm™."H NMR (499 MHz, CDCl3): & 0.04 (s, 18H, SiMes), 0.07 (s,
9H, SiMes), 0.18 (s, 9H, SiMe;). °C NMR (125 MHz, CDCls): & -1.05, -0.39,
5.91 (3 x SiMe3), 112.26, 114.68, 141.14 (3 x Cy), 96.57, 104.50, 109.71, 110.43,
(4 x C=C), 198.85 (CO). FAB - MS (m/2): 1125 [M]*, 1097-817 [M-nCO]" n=1-
11. Anal. Calc’d for RuySis01,Cs3Hie: C 35.23, H 3.20%. Found: C 34.86, H:
3.26%.
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5.8.3.5. [Rug(ps-n>-MesSiC=CC,C=CSiMes)(pq-1-
(HC,C=C)Ni(PPh3)Cp)(CO)11] (44g)

Me;Si SiMe,

N4
SN

. {)

(OC)aRqu?u(pccgz

(00)@?@%‘? //'/'Ru/(co)z
5=

/

a

_@
Ph3P4

A solution of Rus(CO)i,(py-Me;SiC=CC,C=CSiMe3) (0.2 g, 0.21 mmol)
in hexane (20 ml) was treated with Ni(C=C=CH)(PPh3)Cp (0.1 g, 0.23 mmol) and
the solution was heated at reflux for 6 h after which another equivalent
Ni(C=CC=CH)(PPh3)Cp (0.1 g, 0.23 mmol) was added and the reaction mixture
was heated at heated at reflux overnight. The solution was filtered, the solvent
removed and the crude product purified by preparative TLC (60:40
hexane:CH,Cl,). The first band (red) was identified as Rus(ps-n’-
(Me3SiC=CC,C=CSiMe3)(CO),o(PPhs); (0.01 g, 0.007 mmol, 3%).The major
band (orange) contained the desired product (0.08 g, 0.06 mmol, 26%).

IR (CH,Cly): v(C=C) 2130 w, v(CO) 2095 m, 2070 m, 2038 m, 2032 m, 2010 w,
1977 m, 1819 w cm™. '"H NMR (499 MHz, CDCL3): & 0.07 (s, 18H, SiMes), 2.35
(s, 1H, CoH), 5.05 (s, 5H, Cp), 7.32 (t, 5H, Ar), 7.40 (t, 3H, Ar), 7.48 (t, 6H, Ar),
7.67 (t, 1H, Ar). C NMR (125 MHz, CDCL): & 1.26 (SiMe3), 89.54 (Cp),
109.04, 111.86, 155.98 (2 x Cy), 91.54, 94.42, 106.25, 106.62 (4 x C=C), 126.96,
127.04, 127.48, 129.13, 129.27, 131.06, 131.89, 132,33, 132.72, 132.82 (10 x Ar),
198.82 (CO). *'P NMR (203 MHz, CDCl;): & 44.0 (PPh3). FAB - MS (m/z): 1365
[M], 1337-1141 [M-nCO]" n=2-8.
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5.8.3.6. [RU4(}14-T| 2-(Me3SiCECC2CECSiMe3)(CO)10(PPh3)z]

Me3Si SiMe,

PhsP, \c / PPy
(OC)zRu\ \/\\/Ru(CO)2
(OC)3RU&(CO)3

IR (CH,Cly): v(C=C) 2097 w, v(CO) 2054 m, 2025 m, 2005 w, 1990 w, 1978 w
cm”. '"H NMR (499 MHz, CDCLy): & -0.26 (s, 18H, SiMes), 7.28 (m, 4H, Ar),
7.45 (m, 18H, Ar), 7.95 (m, 8H, Ar).””C NMR (125 MHz, CDCl): & -0.00
(SiMes), 113.13 (Cy), 95.95, 128.67 (C=C), 130.03, 131.27, 131.96, 136.64 (4 x

Ar), 199.85 (CO). *'P NMR (200 MHz, CDCl): & 34.80 (PPhs). FAB - MS (m/z):
1428 [M]", 1400-1176 [M-nCO]* n=2-9.
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