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Quotation

However, until a chemist has separated a grammphyan by column chromatography and
seen the purple lustrous crystals made by hisoowa hands (and split all over their bench
and lab coat, or over the inside of their rotarg@rator), then they really cannot say they've

worked with porphyrins.

The Colours of Life

Lionel R. Milgrom
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Abstract

Chapter one serves as an introduction to the piexiand methods used throughout this
thesis. The principles of photophysics are disedisgenerally and also in relation to
porphyrins and dipyrromethenes. Potential appboatfor the novel thienyl dyes and related
metal carbonyl complexes synthesised are then miexse This is followed by an outline of
the techniques of laser flash photolysis, timedresbinfrared (TRIR) spectroscopy and time
correlated single photon counting.

Chapter two involves the study of thienyl porphgtinThis chapter begins with a literature
survey on the synthesis, photophysics and electradtry of thienyl porphyrin systems. The
synthesis of the porphyrins studied is given, folbd by their photophysical and

electrochemical properties. The effect of therthiianoiety on the ground state and excited
state properties of the porphyrin macrocycle is@rad

Chapter three commences with a general introdudiboSonogashira-Hagihara type cross
coupling reactions and is followed by a literatatevey on the synthesis and photochemistry
of thienyl based organometallic systems. The sgithof the novel systems produced for this
study is then described and the photophysical ptiegeare examined. Electrochemical data
are also presented. The photochemistry of th€@) complexes are examined by steady
state photolysis in the presence of a trappinghtigaThree of the complexes were studied by
TRIR on a picosecond timescale and the quantunds/ief CO loss were determined at a
range of excitation wavelengths.

Chapter four commences with a literature surveyusogy on the photophysics of pyridyl

porphyrins and related organometallic systems. dymhesis of the monopyridyltriphenyl

porphyrin and metal carbonyl derivatives producent this study is described. The

photochemistry of the complexes was examined bypgand probe TRIR spectroscopy on a
picosecond timescale.

Chapter five contains with a short literature rewien the synthesis and photophysics of
dipyrromethanes and dipyrrin compounds. The swishef a series of substituted thienyl
dipyrromethanes, related dipyrrin complexes andresponding dicobalt complexes is
presented. Preliminary photophysical measurensptdiscussed.

Finally chapter six discusses future work for ceapB, 4 and 5.
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Chapter 1

Introduction

Chapter one serves as an introduction to
the principles and methods used
throughout this thesis. The principles of
photophysics are discussed generally and
also in relation to porphyrins and
dipyrromethenes. Potential applications
for the novel thienyl dyes and related
metal carbonyl complexes synthesised are
then presented. This is followed by an
outline of the techniques of laser flash
photolysis, time-resolved infrared (TRIR)
spectroscopy and time correlated single

photon counting.



1.1  Principles of photophysics

The absorbance of a photon of light, with enelhgy by a molecule generally causes a
valence electron in the absorbing species to be promoted to an oflhigher energy and
results in the formation of an electronically and vibrationallsitex state of that particular
species (Rxn. 1). This excited state species can then decayd#ite ground state
through spontaneous emission (Rxn. 2) or through stimulated emission IRxmnrhe
spontaneous downward transition of an excited state electron can gceumigsion of
light (radiative decay) or by conversion of the excess energyhatt (non-radiative

decay).

Rxn. 1 M+ h— M*

Rxn. 2 M* - M + hv

Rxn. 3 M* + hv —» M + 2hv

These ground and excited “states” are defined by the distributi@il ofuclei and all
electrons within the molecule, the wave function of the moleculectriéns have much
less inertia than nuclei; consequently they can adjust their positidnmotion almost
instantaneously. Since the motions of electrons in orbitals ar@ moce rapid than
nuclear motion, electronic and nuclear motions can be treated sdpamaterms of an
approximate wave function. This separation of nuclei and elecsdasivn as the Born-
Oppenheimer approximation and assumes that the heavy nuclei rept@nless while

the light electrons move around them.

Electronic motions occur at a faster timescale (£*H) than nuclear motion (16— 10"
s); as a result nuclei remain essentially stationary duengelectronic transition
(absorbance or emission). This is the Franck-Condon prirlciler this reason when a
molecule in its ground state absorbs a photon it forms a metastatited electronic
configuration (Franck-Condon excited state) where the nucleangjey is characteristic

of the ground state. Following the production of this Franck-Condonredxsiate, rapid
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vibrational relaxation to the lowest vibrational level of the etetit excited state occurs
producing a thermally and vibrationally equilibrated excited state time scale of the
order 10" s. This equilibrated excited state is known &hexi” state. Thexistates have
a definite chemical structure, chemical reactivity and absoebgpectrum and hence can

be considered as excited state isomers of the ground state.

There are several relaxation pathways by which sueki states can return to their ground
state and knowledge of these pathways is essential to undergtémeliphotophysics and
photochemistry of the molecule. On formation of the high energy sif®)eor thexistate
vibrational relaxation can occur to a lower excited state bgrnat conversion or
intersystem crossing. Internal conversion is the non-radiatiaeatéeon to a lower excited
state and occurs between states of the same multipligity (S, S — S, and |, — Ty,
where n > 1). Intersystem crossing is the non-radiative dbetiyeen two states of

different multiplicity (S — Ty).

Radiative decay to the ground state (luminescence) can alsplémieewhen an excited
state molecule loses its excitation energy as a photon of lifhts emission of light
occurs as either fluorescence or phosphorescence. Fluoresceacsead by the decay
between states of the same multiplicity (S &), whereas phosphorescence is a result of
decay between states of different multiplicity (b &). In accordance with Kasha's rule,
emission occurs only from the lowest energy excited stateeoimblecule. Therefore, as
with the initial Franck-Condon excited state, vibrational relaxatothe lowest energy
excited state must occur by rapid internal conversion beforesiemisan proceed. It is
the efficiency with which internal conversion or intersystem sirgs takes place that
controls the type of emission. Differentiation between the tworlescence processes is
possible as each emission occurs on a different timescEhese transitions are illustrated

in figure 1.
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Figure 1 Jablonski Diagram

As emission from the S— & level is spin allowed fluorescence is spontaneous and short
lived with lifetimes generally in the range 1 ps sl Vibrational relaxation to the first
excited singlet state prior to emission consumes energytsatkvhen radiative emission
occurs it is at lower energy than the absorbed radiation. @f@mission of less energetic
photons, which have longer wavelengths than the absorbed photons, is kno®tolassa
shift (Fig. 2, a). Often the fluorescence spectrum is aomimage of the absorbance
spectrum. At room temperature it is typically the v = 0 \ibreal level of the $ground
state that is populated, so excitation following absorbance istiterm = 0 of $to any
vibrational level of & The return fluorescence begins in the v = 0 leveL @b $he various

vibrational levels of &resulting in the mirror image (Fig. 2, b).
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Figure 2 (a) The Stokes shift in the absorbance and emission spectra isl @sfithe
difference between their maxima. (b) Diagrammatical representation of

mirror image absorbance and fluorescence transitions.

Phosphorescence, emission from—=+ &, is considered “spin forbidden” and takes place
on a much slower time scale ranging fromslto many seconds. As the State is lower

in energy than the ;Sstate phosphorescence occurs at longer wavelengths than
fluorescence. The processes of intersystem crossing and phasgnoee are both spin-
forbidden but can occur where there is spin-orbit coupling. Intersystessing can
proceed where vibrational coupling between the singlet eksitate and triplet excited
state occurs. Spin-orbit coupling increases with increasitognic number thereby
enhancing the rates of formally spin forbidden processes. Fkiwivn as thbeavy atom
effect As a result of the heavy atom effect a decrease in foenee quantum yield and

an increase in triplet quantum yield are observed, together avitlecrease in triplet

lifetime (phosphorescencé).

The electron distribution of a molecule is primarily what daetees its reactivity. In the
excited state, the electron distribution is changed with respebe ground state thus the
reactivity has also changed. Molecular orbital theory is usedeszribe electronic
transitions in terms of localisation of electron density fromgiorto destination. Such

transitions include:



1. Ligand-Field (LF) d-d transitions
These excited states are usually calied transitionsas the excited state arises
from electron transitions between metal d orbitals. Such tramsitiesult in an
angular rearrangement of electron density, with no changetnibdtgon between
ligands and metal. The angular rearrangement of the nhettdom has little effect
on internal redox processes (i.e. towards the homolytic fission tdl-+hgand
bonds) but has important consequences in changing the reactivity ofetiaé
towards ligand substitution or isomerisation reactions. The éracitaf an
electron from a metal orbital directed away from the liggmdn orbital directed
towards a ligand can cause: an increase in metal to ligand iogpulsth
lengthening of the metal to ligand bond distance and subsequent dethatim
nucleophilic attack of the metal.

2. Intra-ligand transitions (IL)
Electron transitions between two molecular orbitals primaegiyt@d on the ligand
orbital give rise to intra-ligand transitions, also callgénd centred transitions
These transitions do not affect the charge distribution betweengdred$ and
metal or the bonding structure of the complex directly. They moayever change

the donor-acceptor properties, dipole moment of the excited state species.

3. Charge-transfer transitions (CT)

These are transitions between molecular orbitals centred on é¢tal @nd
molecular orbitals centred on the ligands and are sometimereteteraslectron
transfer transitions The charge transfer transitions can be further subdivided into
metal to ligand(MLCT; d-n*) and ligand to metal(LMCT; o or n-d) charge
transfer depending on where the excited electron originates. e Thessitions
cause the radial redistribution of the electron density bettimeoentral metal and
ligands. Charge transfer excited states increase theévigatwards substitution
reactions as the oxidation state of the metal is changed. TMila@sitions increase
the positive charge on the metal facilitating nucleophiliacktby other ligands. In
LMCT transitions the electron is generally transferred imtcaatibonding metal
orbital. Transitions to the solvent medium can occur. Chargddrgdnsm a metal

centred orbital to a solvent orbital is calldthrge transfer to solvef€CTTS).



1.2.1 Porphyrins

Porphyrins are a large class of pigments known for their injetg®e colour. The basic
structure, first proposed by Kuster in 1912, consists of a largeonoyate containing 20
carbon atoms and four nitrogen atomsThe atoms are arranged as four pyrrole units
linked througho anda’ positions by four methine bridges. The first synthetic porphigrin

be reported was the “heme” porphyrin, containing an iron at its core.

The most basic, unsubstituted porphyrin is caflecbhine (Fig. 3, a) and its structure is
the basic skeleton that all other porphyrins possess. There@ngyges of substituted
porphyrin:f substituted porphyrins (Fig. 3, b), which have one or more substitueritse on t
pyrrole rings (all naturally occurring porphyrins are ofstiiype) andmesosubstituted
porphyrins (Fig. 3, ¢), which have substituents attached to the meittdge fthemeso
position). The majority of synthetically produced porphyrins arddttier type. Highly

substituted or over crowded porphyrins have substituents at bditatitenesopositions’

R R
R R
R R
R R
R R
(a) (b) (€)
Figure 3 Basic structure and substitution pattern of porphyrins (R = atkyl

aromatic substituents)

Porphyrins that contain two internal protons (N-H protons) arerrexf to as freebase
porphyrins. These protons on the central nitrogens are weaklig §kK, ~ 16) and can

be readily displaced by various metals (Zn, Mg, Cu, Ni, Pd) tl ylee corresponding
metalloporphyrin (Rxn. 4). Metalloporphyrins can be split into twes#a: regular and

irregular and are discussed below.

Rxn. 4 HP + M < MP + 2H



1.2.2 Properties of porphyrins

The porphyrin system consists of Z2electrons, 18 of which are delocalised over the
macrocycle. Hence, porphyrins are aromatic molecules gsaiey Huckel's rule of
aromaticity (4n + 2n electrons, where n = 4). X-ray crystallography has shown that
porphyrins are planar molecules (all atoms are i amfiguration) while heat of

combustion experiments also confirmed aromaticity.

The aromatic nature of porphyrins can also be observed Mth&MR signals. The two
endocyclic protons (N-H protons) are shielded by the aromatg current and their
resonance is shifted to a high field position, beyond TMS, typicatwden -2 and -4
ppm. Upon displacement of the internal protons by a metal ion ghefibid signal is no
longer observed. The diamagnetic ring current also affectextieenal protons at th@
and mesopositions. In this case, the deshielding effect causes a dowshid in

resonances for these protons.

Perhaps the most distinctive feature of a porphyrin is itsvidWble spectrum. The
spectrum consists of two distinctive regions: the B or Soret begidir and the Q band
region, which occur in the near ultraviolet and visible parts of teetremagnetic
spectrum respectively (Fig. 4). A strong transition to the seeaniled state (5— )
known as the “B” (strongly allowed) or “Soret” band usually occurs between 390 — 430 nm
and is the most intense absorbance in the spectrum having matatientcoefficients of

the order 10M™ cm. Two weak transitions to the lowest excited singlet §&te> S,)

are commonly referred to as the “Q” bands (Q — quasi allowetigy @re in the lower
energy region of the spectrum, generally observed between 500 - 700 nm.
Metalloporphyrins give rise to two Q bands as they possgssyhmetry whereas the less
symmetrical freebase porphyrins, with,,Dsymmetry, display four Q bands. In
metalloporphyrins, the lowest energy transition, sometimes rdféoresa, is denoted
Q(0,0) and arises from the lowest energy excited singlet. stéhe higher energy band,
sometimes referred to 45 is a vibrational satellite of the Q(0,0) band and is denoted
Q(1,0). When the central metal is replaced by two hydrogenis, feebase porphyrins,

the reduction in symmetry causes a splitting of the Q bands, he1®@(0,0) splits into
Q«(0,0) and 0,0) and its vibrational overtone Q(1,0) splits intgXQ) and 1,0) thus
doubling the number of Q bands to féur.
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Figure 4 Absorbance spectrum of a typical freebase porphi#si ThP) where the
Soret band and Q bands (insert) are clearly evident.

Metalloporphyrins can be categorised as either regularegular and display three types
of absorbance spectra calledrmal hypsoandhyper, where the effects of the interaction
of the metal and porphyrin orbitals is observed. Regular metallopanpldisplaynormal
absorbance and emission spectra which are largely determitied pgrphyrint electrons
as the central metal has very little interaction with the poiphorbitals. However a
decrease in the fluorescence of regular metalloporphyrins e\wa@usin accordance with
the heavy atom effect In irregular metalloporphyrins there is extensive intévact
between the porphyrim electrons and the electrons of the central metal ion. Irregular
porphyrins producénypsoand hyper absorbance spectraHypsoabsorbance spectra are
hypsochromically shifted with respectnormal porphyrins andyperabsorbance spectra
display prominent additional absorbance bands in the regoB820 nm. The position of

the Q bands also relies on the central metal and whether it has any arigliga



Gouterman et al. developed the four-orbital model to illustrate hevisoret and Q bands
arise from porphyrint-n* transitions (Fig. 5f. The absorbance bands of porphyrin
systems arise from transitions between two HOMOs and two QsIMTher orbitals are
two non degenerate orbitals labelleg ahd a, for HOMO and HOMO-1 respectively,
while the LUMO n* orbitals are two degenerate orbitals labellgd &or porphine the
electronic configuration of the ground statelAa_g comprised of (& &.). The lowest
excited singlet state configurations afa," &,') and*(a.,' €,). The degenerate nature of
these singlet states causes strong configurational ititerdetween them. Mixing of the
transition dipoles of the two configurations in a constructive mansalitsein the intense
Soret B(0,0) band, while mixing of transition dipoles in a deconsteicihanner
corresponds to the relatively weak Q(0,0) band. The closer teaelegy of the (g egl)
and (a, egl) configurations, the weaker the Q(0,0) band becomes. In freebasgmpwph
the symmetrical axis along the internal protons lifts the megey of the g(n*) orbital
causing the Q(0,0) band of the metalloporphyrin to split in{®,Q) and 0,0) each with

a vibronic overtone.

%ﬁ%

I
e, LUMO
d
lr
a,HOMO-1 a,, HOMO
Figure 5 Goutermans four orbital model.
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1.3.1 Dipyrromethenes

Dipyrromethenes, also called dipyrrins, are formally composea yrrole ring and an
azafulvene attached through thepositions by a methine bridge (Fig. 6, a and b). A
dipyrromethane has one less degree of unsaturation possessatigyene bridge (Fig. 6,
c). Similar to porphyrins, they can be substituted atftipgrrolic position or thaneso

position on the bridge (Fig. 6).

R R R
R T YT R NN $ ~ = )
\ NH N== \ NH N= NH HN
(@) (b) ()
Figure 6 (a)p substituted dipyrromethene (bjesosubstituted dipyrromethene and

(c) basic structure of dipyrromethane. (R = alkyl or aromatic substituent).

Dipyrromethenes readily coordinate to divalent metals (M = £n, G2, Ni and Pt) to give
homoleptic bis(dipyrrinato)metal complexes similar to porphy(kig. 7, a). Dipyrrins
can also easily undergo fluoroboration to coordinate with a boron aioform 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene dyes (Fig. 7, b). They ammaoly referred to as

borondifluoride dipyromethenes or BODIPY dyes since their commercialisation.

X

=
?
7

L/

—~
3

Ty,
M

(@) (b)

Figure 7 (a) Bis(dipyrrinato)metal complex where M = Zn, Co, Cu, Ni,aRd Pt
(b) borondifluoride dipyrrin
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1.3.2 Properties of borondifluoride dipyrrins

Borondifluoride dipyrrins are flat bipyrrolic structures limkby a BF; group. Quantum
mechanical calculations and X-ray crystallography have coeéirthe planar structure of
the molecule. In its most basic unsubstituted form, the dye pos€gsg®int symmetry.
BODIPY dyes are neutral molecules, however, they have aerwiitc structure where a
positive charge is delocalised throughoutitkeystem. It was first proposed that the boron
atom has a net positive charge due to the electronegative natoogh the fluorine and
nitrogen atoms linked to it. However quantum mechanical edlons have shown the
negative electronic density of the molecule localised mainlyertatoms and to a lesser
extent the N atoms. The resonance structures are showmiiie 8g The Bfgroup does
not take part in the delocalisagsystem but instead gives rigidity to the structure. Thus

borondifluoride dipyrromethenes can be classified as quasi-aromaticuteslec

@
X = X OX
\ N N / N N
“\e/“ .o\e/to
F/ \F /B\
(d) P
Figure 8 Zwitterionic structures of borondifluoride dipyrromethenes.

BODIPYs possess excellent photophysical properties such as hmythase coefficients
(molar extinction coefficients are of the order’>2@™ cm™) and high fluorescence
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quantum vyields (typicallyd = 0.7). Their optical properties are easily manipulated by
modification of the pyrrole core, thmesoposition and the boron substituents. The
absorbance and emission maxima occur at wavelengths in te 480-700 nm but vary
with substituents (Fig. 9). A strong absorbance in the green pidue¢ gfsible spectrum, at
approximately 500 nm, is attributed to tik&* transition from the ground state to the first
excited state (S— S;) of the molecule. The shoulder observed at higher energy is
assigned to an out-of-plane vibration of the aromatic C-H skeletd.ess intense
absorbance bands located in the range 350-400 nm can be attribata t@nsitions

from the ground state to higher excited statgo(®igher).

The intense fluorescence of these compounds has become their mgsisext@roperty.
The fluorescence spectrum is generally the mirror image @liberbance spectrum with a
weak Stokes shift (~500 ¢th The shape and position of the fluorescence band is
independent of excitation wavelength, in keeping with singlet emittatgssand excitation
spectra generally match absorbance spectra allowing foottwdusion that emitted light is
from the singlet excited state. Substitution of the BODIR¥nkwork can lead to large
shifts of their spectral properties and increase the quantum cfiedé to unity. The
fluorescence decay curve of the dyes can be analysed by-erpooential decay with

lifetimes typically in the nanosecond range.

COOH

3

& 2

- 8

5 2 Z
0] / —

8 o

g = —N N /
[T NS

/B\
- I 5y : F F
300 400 500 600
Waveleng / nm
Figure 9 Absorbance spectrum and corresponding emission spectrum of a sdbstitut

phenyl borondifluoride dipyrromethene in 0
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1.4  Singlet oxygen

Molecular oxygen in its ground state has triplet muItipIicﬁXlg'. Excitation causes
rearrangements of the electron spins within the degeneratal®rhitd results in two
possible singlet statet), and'z,", above the triplet state. The electronic configurations
of these excited states differ only by the electron configuration i #mébonding orbitals
(Fig. 10). The transition from the first excited state to theugd stat¢ O, (*Ag) — *O;
(329') is spin forbidden and as su&sb O is a relatively long lived species. The decay of
the second excited stath), ('Z,") — 0, (*Ay) is short lived as it is a spin allowed
transition and occurs with almost unit efficiency. Being spingmimetry forbidden, the
metastability of'A4 state allows the direct observation of thg < 3%, transition in both

the absorbance and emission spettra.

State Orbital Assignment

s (DD
o .0
= (..

Figure 10 Representation of molecular oxygen lowest triplet and singlet states.

Deactivation of singlet excited state oxygen by other speocigeturn to its ground state
can occur in two ways: physical quenching where excited sirggle oxygen is
deactivated without oxygen consumption or product formation (Rxn. 5) oricilem
quenching where a “quencher” reacts with the singlet oxygen amgnoelucts are formed
(Rxn. 6). Singlet excited state oxygen is more oxidising thaongt state oxygen and
therefore is more electrophilic. Owing to the high reactivity®f with substrates, the
chemistry of'O, has been extensively studied. Typical reactions include oxidatfons
alkenes (ene-type reactions, [2+2] cycloadditions), 1,3-dienes ([4y@baciditions),

aromatic compounds and heterocydes.
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Rxn. 5 o, + A > 30, + A
Rxn. 6 'o,+Q-> P

where A = atoms/ molecules that encounter singlet oxygen, Q = quencher anddRct.pr

The main method of production 89, is by photosensitisation reactions, the requirements
for which are oxygen, light of appropriate wavelength and a photosensitapable of
absorbing and using that energy to excite oxygen to its singlet state. seemsititation is
typically achievedria a one photon transition from the ground statet®a singlet state,
S,, followed by relaxation to the lowest excited singlet statg, v8th subsequent
intersystem crossing to generate the sensitiser triplateexstate, T As discussed
previously, the triplet state lifetime is longgsy than that of the singlet state lifetime (ns),
thus allowing the photosensitiser triplet excited state to medéictmolecular oxygen. This
occurs in two ways, defined as Type | and Type Il, accorditigetmature of the quencher
(Fig. 11). Type | involves hydrogen-atom abstraction or electramster between the
excited sensitiser and a substrate to give free radicalsseThee radicals can then react
with oxygen to form an active oxygen species, i.e. superoxide raohial (Fig. 12, Rxn.
7). Type Il involves energy transfer during a collision fromekeited sensitiser to triplet

oxygen to generate singlet oxygen (Fig. 12, Rxn. 8).

Photosensitiser
hv
Type | Type Il
. 3
Radicals or ” O,
Aledl substrate 3 .1
radical ions—< Photosensitiser* » O,
302
Products of Products of
Oxidation Oxidation

Figure 11 Two pathways (Type | and Type Il) of molecular oxygen sensitisation.
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Generally a photosensitiser molecule can produée- 1@ molecules ofO, before being
degraded through photobleaching or photodegradatid®by Photodegradation refers to
the process in which singlet oxygen reacts with a matersalltieg in its degeneration,
while photobleaching refers specifically to the degradation e$ dby singlet oxygen. The
quantum vyield of singlet oxygen formatiob,, is dependent on the quantum yield of the
triplet state of the sensitiseb;r, though competing reactions must be considered (Fig. 12,
Rxn. 9). These include monomolecular radiative and non-radiative predgsge 12,
Rxn. 10 and 11) and bimolecular reactions such as physical deactilgtiotolecular
oxygen or electron transfer (Fig. 12, Rxn. 12 and 13). Quenching dxitieed state
sensitiser by molecular oxygen through electron transferepses (Fig. 12, Rxn. 13)

yields the superoxide radical anion (Type | quenching).

Rxn.7  3Sens* Q Radical Q@ — 22 Oxygenateg
Rxn.8  3Sens* +302A> 1Sens +10,

Rxn.9  Pa = Pr S Sq

Rxn. 10  3Sens* Ki _ ISens + hv"

Rxn. 11  3Sens* Knr 1Sens

Rxn. 12 3Sens* + Q_ Kda O 1Sens + Q

Rxn. 13 3Sens* + Q__ Ket P* + O

Figure 12 Singlet oxygen production and processes affecting yield and efficiency,
where Sens = sensitiser, Q = quenchey, Krate of energy transfer,,S-
fraction of triplet molecules quenched by oxygen and yielding singlet
oxygen, $= fraction of oxygen dependant triplet deactivations=Kate of
radiative decay, K = rate of nonradiative decay, 40, = rate of
deactivation by @and K = rate of electron transfer.
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Typically photosensitisers are divided into three categorieanarglyes and aromatic
hydrocarbons, porphyrins and other porphyrinoid compounds, and transition metal
complexes. Photosensitisers should exhibit the following propeft)ekigh extinction
coefficients in the spectral region of excitation; (2) a ¢tigkate with appropriate energy to
allow efficient energy transfer to ground state oxygen; (3) losegl ltriplet state lifetimes
(Tt > 1 us) with high quantum yieldsd{ > 0.4); and (4) high photostability. Porphyrins
and their derivatives have the ability to absorb several wavbkeigthe UV-vis spectrum
and they also possess long lived triplet states that allow fdr bigantum yields.
Substitution around the macrocycle, coordination of metal ions atisecand axial
ligation of the central metal ion allow for the tuning of the phoyspial properties of
porphyrins. Aggregation of the photosensitiser is not desirable as phatoutyefficiency
decreases due to the decreased sensitising ability of diametshigher aggregates.
Aggregation can be circumvented by bulky substituents on the periphtrg pbrphyrin

macrocycle.

Singlet oxygen has found application in areas such as waste tnestgnent and fine
chemical synthest& and in photodynamic processes. The photodynamic effect is the
damage caused to living tissue by the combination of a photosandgitjseand oxygen.

Due to the rapid reaction of singlet oxygen with biomolecules, dspettroscopic
evidence of singlet oxygen in photodynamic therapy (PDT) icdif to find. It is
generally accepted tH®, (*Ay) is the major participari.

Blood sterilisation, but more specifically, decontamination of freshly frozesna units is
carried out using PD¥. Methylene blue is known for its lack of toxicity to humans and i
an effective photosensitiser in destroying extracellulary-expeel viruses. Silicon-based

phthalocyanines are also under investigation for sterilisation of blood compbhents.

Photodynamic therapy is a relatively new type of cameatment? In PDT of cancer, a
photosensitiser, visible light and oxygen are combined to produce kgleats which

destroy or inactivate tumour cells. In is widely agreed shreglet oxygen is the primary
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cytotoxic agent responsible for the photobiological activity. The delettvity of PDT
arises from the preferential accumulation of photosensitisersieasied tissue and the
ability to confine activation of the photosensitiser by illuminatadrthe tumour region
only. This allows for tumour destruction without effecting normallthgaissue. The
majority of sensitisers investigated to date are of porphytismiicture* First generation
photosensitisers included haematoporphyrin derivative (HpD) and itegaieal which
were the first compounds to be authorised for clinical use. The3eagbnts were a
mixture of about ten components. Poor selectivity, long retention tenes poor
reproducibility of biological effects meant a second generation of pbositisers was
required. This second generation of PDT sensitisers were sallyctlistinct compounds
with long wavelength absorbance. Third generation photosensitisers asd geoeration
photosensitisers bound to carriers for a higher selective accumulation in the fumour.

In a similar manner photodynamic herbicides and insecticideghes¢oxic effects of
singlet oxygen to destroy unwanted plants or pests. Photodynarbicidhes cause the
accumulation of chlorophyll and heme metabolic intermediatesfigtoles) in green
plants®® These accumulated tetrapyrroles, once exposed to light, @tiosssensitisers
for the production of singlet oxygen which Kills the treated plantsutiir oxidation of
their tissues while leaving untreated plants unharmedminolevulinic acid, (ALA), is
the main precursor of all tetrapyrroles in plant and anima$ @ld as such the main
component in these tetrapyrrole-dependant photodynamic herbicidesHYTDHhe
insecticidal effects of photosensitisers have also been stifdi@tganic dyes, such as
xanthenes, were extensively examined for this purpose. They gofiseshigh
photosensitising capabilities required and their poor photostabiiityféet advantageous.
Persistence of conventional insecticides in the environment isi@seassue but is
eliminated by the facile decomposition of xanthene dyes. Mosntlgcporphyrin-based
insecticides have been investigated. These compounds can \#edctly a range of

wavelengths and have shown to be effective as insecticides.
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1.5 Carbon monoxide — releasing molecules (CO-RMs)

Carbon monoxide (CO) is widely considered to be an environmental poisorOhlike€
nitric oxide (NO), elicits essential biological functions in s when formed in discrete
quantities:’ Akin to the change in attitude towards NO, the reputation of €®roxious
polluting gas is changing to that of a vital messenger molécydertant for processes in
all living organisms. In high concentrations the toxic effectsasban monoxide are
typified at biological levels by the high affinity of C@rfhaemoglobin and cytochromes,
both of which carry out oxygen transport and mitochondrial respiration. etwat low
concentrations CO can be utilised for therapeutic purposes in theti@saf various
pathological state¥ CO has been shown to regulate vessel tone and blood pressure, exer
anti-inflammatory actions, inhibit platelet aggregation and suppmegsction of
transplanted hearts. Heme is oxidised autpesition of the protoporphyrin ring by heme
oxygenase to generate ferrous iron, carbon monoxide and biliverdin. sbiaoms of
heme oxygenase exist (HO-2 and HO-1) suggesting that théhaebsevolved to regulate
heme consumption and ultimately the production of CO. Basal producticaridn
monoxide in humans is estimated to beu®ol Kg' day' and this rate increases
significantly in pathological states such as asthma, cfystizsis and diabetes as the body
responds to counteract these conditith3herefore the development of Carbon Monoxide
— Releasing Molecules (CO-RMs) should be emphasised as encoupagsmgects for

therapeutic agents.

While some main group elements have been shown to bind and releatiee @Dyious
choice for CO-releasing molecules are transition metal camplwith one or more carbon
monoxide ligands. Mann and Motterlini have created the foundations irargss by
demonstrating that some homoleptic and non-homoleptic transition matadbnyl
complexes can act as CO-RMs in biological systéhmsletal carbonyl complexes should
satisfy some essential prerequisites for latesivo applications including reasonable water
solubility, controlled release of CO ligands with known follow up proglsimple CO

exchange or further reaction) and non-toxicity prior to and after decomposition.
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The bonding in metal carbonyls will be discussed in detail in chdptee. For the
purposes of carbon monoxide release, dissociation of CO from metales@ss a result

of the cleavage of the metal carbonyl (M-CO) bond. Consequendiatvely weak M-
CO bond is favourable. There are several different approaches émtippCO delivery.
Photochemical cleavage using smooth light irradiation in order to prdd@teelease has
been examined, though this technique has limited applicationseat wsitich are not
directly exposed to the body’s surfa&teThe use of prodrugs (i.e. methylene chloride) that
are catabolised by hepatic enzymes to generate CO have beemezka Also under
investigation is the transport and delivery of CO by means of fRp€xD carriers. The
chemistry of transition metals allows them to be effectivebydified by coordination of
biological ligands to the metal centre in order to render theauleldess toxic and more
water soluble while modulating the liberation of CO. While thseaech is still in its
infancy, complexes that have been characterised as potentiRM3Qnclude those that
contain a heavy metal such as nickel, cobalt or iron surrounded by carbonyl (CO)agoups
coordinated ligand® Studies have shown that certain ligands in a metal comptex ca
promote, either electronically or sterically, dissociation of ©0The extent and rate of
CO release from CO-RMs is assessed by measuring thersmmvef deoxy myoglobin to
myoglobin-CO?*?! Motterlini et al. also discovered that the rate of CO seldeom CO-
RMs, which can be fine tuned to achieve fast or slow release,saftf@vmodification of
the ensuing biological effect. The complexes, [Feg;QJinuclear [Mn(COj) and
[{Ru(CO)sCl,} ;] were among the first complexes reported to release carbon denox

biological models and also to promote relaxation of blood vesseigo.?°

In organometallic chemistry, substitution by loss of CO i®mmoon feature though it is
rarely studied in aqueous media. Further studies are necdssaiycidate the full
requirements for effective CO release and to understand ticatddbalance between CO
liberation and CO-RM stability. Limited numbers of CO-RMs hbgen examined. Thus
the development of new molecules or complexes which release CO pmgsological
conditions at specific sites needs to be further investigated.also likely that many CO
releasing molecules synthesised for other uses (i.e. asstatalyorganic synthesis) may
possess the properties required of a CO-releasing molecule in biologieahsyst
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1.6.1 Laser flash photolysis

The technique of laser flash photolysis was developed by NomigHParter during the
1950's** They were awarded the Nobel Prize in 1967 for their studiest@nesly fast
chemical reactions. Using very short pluses of energy to dighebequilibrium,
observation of short-lived intermediates present in photochemical processes wWas.poss

The fundamental technique of laser flash photolysis involves irradiafia sample with a
high intensity pulse of light (e.g. laser or discharge lawiff)in a very short time, which
produces a high concentration of excited state species (trarsgienies, radical or
photoproduct) in that time interval. With its short pulse duration, higtngiy and
monochromatic nature, laser radiation is ideal for this purpose. @&yitonng the
evolution of the system in time using UV-vis or IR detection,rd@etion kinetics can be

determined.

Using UV-vis detection, the changes in the absorbance of ae@xstéte transient species
as it undergoes thermal relaxation to the parent compound can beeobselowever for
UV-vis detection to be viable there are two factors that musbbsidered. Primarily, the
thermal relaxation of the excited state must occur on a ldimgescale than the lifetime of
the laser pulse itself. Secondly, the excited state absorbaecteusn must be sufficiently
different from the parent compound so that the changes can be absé&kied resolved
characteristic absorbance spectra aid the identification afmiathates whereas transient
species with low molar extinction coefficients may not be detected.

A significant disadvantage of UV-vis monitored laser flash photelysithe lack of
structural information available for a particular system. Elav when coupled with time-
resolved infrared (TRIR) and time-resolved resonance Raman JT&h&ctroscopy it
becomes a much more comprehensive technique. The infrarettuspeaf metal

carbonyls observed in the carbonyl stretching region (1700 — 228pattows structural
information to be obtained. The number and intensity of the infrared ,badsh is

dependent on the molecular symmetry, provide a direct signal & tgebmetry of a

molecule.
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1.6.2 Laser flash photolysis with UV-vis detection

A schematic diagram of the laser flash photolysis instrumentasi given in figure 13.
The excitation source is a neodymium yttrium aluminium gafNdtYAG) laser, which
operates at a frequency of 1064 nm. The host YAG crystalmptented with Nd atoms
of approximately one part per hundred. The main advantage of the YA@htesial is
its relatively high thermal conductivity which removes wastedt,hihus allowing these
crystals to operate at high repetition rates of many pulsesepend. Using non — linear
optics, the fundamental frequency of 1064 nm can be doubled, tripled dnupleml to
generate a second, third or fourth harmonic frequency at 532, 355 or 266pautirely.
This allows specific excitation pathways within a system teddected. Amplification of
the laser power can be carried out by varying the voltagesaaroamplifier flash tube. At
a frequency of 355 nm, the energy generated is typically 45emgdytse and the lifetime

of the laser pulse approximately 10 ns.

The circular laser pulse is diverteth a Pellin Broca prism through an optical trigger
(which prepares the transient digitiser) onto the sample cuvétie transient digitiser (a
Hewlett Packard HP 54510A oscilloscope) detects the transient spossioned at right
angles to the laser beam is the monitoring light source, @&ra- cooled 275 W Xenon arc
lamp that monitors any changes induced in the sample. Throughout the experirngat UV
filters are employed between the Xenon arc lamp and the sampleevent excessive
photodegradation. After passing through the sample the monitoringibehrected to the
entrance slit of an Applied Photophysics /3.4 monochromatora circular lens. A
Hamatsu 5 stage photomultiplier operating at 850 V is situatatieaexit slit of the
monochromator. Following activation of the optical trigger the testsdigitiser

(oscilloscope) measures changes in the absorbh@meevariable load transistor.
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Figure 13 Schematic diagram of laser flash photolysis instrumentation.

A typical transient signal is obtained in the following manneitially the amount of
monitoring light being transmitted through the sample solution fwitre laser flashy|is
recorded. d (mV) is the voltage corresponding to the amount of light deteggethd
photomultiplier tube when the Xenon arc lamp shutter is open less the voltageegktbgrat
stray light when the shutter is closed. While firing therlatbe Xenon arc lamp shutter is
simultaneously opened, allowing the laser pulse to pass throughrtipe cuvette and the
amount of light transmitted to be recordeg. (IAccording to the Beer — Lambert law
absorbance = log {l;). The change in intensity of the monitoring beam transthitte
through the sample is measured as a function of time and/clemath. Therefore a
typical trace depicts the change in absorbance/voltage wiité. ti The time-resolved
absorbance may then be analysed by first or second order kin€tessient absorbance
difference spectra are obtained as a result of point by poird hpilby changing the
wavelength of the monochromator (usually every 10 nm) with consittee-base and
voltage settings. Solvents of spectroscopic purity are requrdichit impurities while
sample solutions must also be optically transparent for the maogitbeam. A general
procedure describing sample preparation for laser flash photoksesiments is given in

appendix A.
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1.6.3 Time resolved infrared spectroscopy

While time resolved optical spectroscopy allows the elucidadiokinetic information
from a transient species, the broad and often featureless alrsiimnds observed in the
UV-vis following excitation give little structural informah. For this reason time
resolved infrared (TRIR) spectroscopy is a very complementachnique. TRIR
spectroscopy involves the direct observation of transient spamésng over time using
IR detection. Laser flash photolysis is used to generate #renediates in solution while
ultra fast IR spectroscopy monitors the photophysical or photochémrocesses over
time. Infrared bands with distinct absorbance frequencies (e@.sBetching vibrations)

allow transient species in metal carbonyl systems to be exafined.

As organometallic compounds include functional groups with chardaiefsquencies,
sensitive to molecular structure, this is a particularly usédol for spectroscopic
characterisation and kinetic studies. TRIR involves a pump and poofiguration where

a laser pulse excites (“pumps”) a sample and IR spectrospmygting in a very fast time
range “probes” the generation of excited state transient spe€enventional ns TRIR
systems use a XeCl excimer laser or Nd:YAG laser apuh® source, which operates at
the 308 nm output of the XeCl excimer and the third harmonic (355 nthedfid:YAG
laser. A flow cell set up may be used during IR detection tadgyodtodecomposition of
the sample and allow for signal averaging. An IR probe sourde au@ globar (black
body radiation) combined with a monochromator is frequently used, while for nyevssti

of metal carbonyl photoreactions CO lasers have been utffized.

Ultrafast TRIR systems such as the Picosecond Infrared riddosce and Transient
Excitation (PIRATE) facility at the Rutherford Appleton Labiowges (RAL) provide
pump and probe spectroscopy with picosecond time resolution. Thé&nsgdows the
interrogation of the structural relaxation and reactivity of shweed (ps) intermediates
formed in solution during a chemical reaction. A Ti:sapphire “putapér operating at
1KHz repetition rate with an average of 2 — 3 mJ per pulse tswisiée < 1 ps snap shots
of the IR region of interest “probe” the progress of the reactiTRIR studies discussed
later were carried out at RAL and a full description of the R'Rdpectroscopy
instrumentation is available in a number of annual reports publishetel@entral Laser
Facility at RALZ®
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1.7  Time correlated — single photon counting

Time correlated single photon counting (TC-SPC) is used to aetdculiminescence
lifetimes (or luminescence decay) by measuring the toheemission of individual
fluorescent photons. The technique relies on the theory that the prigbdibitibution for
emission of a single photon after excitation yields the actu@nsity against time
distribution of all photons emitted as a result of the excitat®probability distribution is
constructed by measuring the single photon emission followingrge laumber of
excitation flashes. The time to amplitude convertor (TAC) isdabsential part of the
system as it transforms the arrival time of the photon betweeh and stop voltages.
Simply put, it is not possible to measure the arrival time afallphotons emitted by the
fluorescent species as a result of the excitation flash. Goesty arrival time of the first
photon is recorded by the TAC and then only if it arrives invargtime interval after the
flash.

A schematic diagram of the single photon counting instrumentatisinown in figure 14.
Initially a flash of light excites a fluorescent speciesstag it to emit a photon from the
excited state. Light from the excitation source is monitore@ Iphotomultiplier (PM1)
and a signal from it (the “start” signal) initiates thendi sweep of the TAC. A second
photomultiplier (PM2) monitors the fluorescent photons and the first phetpstered by
PM2 during the sweep of the TAC acts as a “stop” signal. An output signalasatged by
the TAC, whose voltage is proportional to the time difference dmvihe start and stop
signals. This process is repeated to build up the time correlalio®.pulse output of the
TAC is amplified and used to sample a section of the time-to-amplitude comearger. It
is then expanded to cover the full range of a multichannel pulsktheglyser (MCA).
The MCA converts the voltage signal from the TAC to a tilm@noel. Each channel is a
unit division on the time axis and can be varied from 0.2 nsfewamicroseconds per
channel. The number of counts in each channel is directly proportmtiet fluorescent
intensity and so a probability histogram (counts versus timegnsrgted. The contents of
the MCA are displayed on an oscilloscope where the build up of the daemee decay
curve can be visually followed. The data collected consists dduthreof counts due to
photon emission from the excited species and counts due to random odoackgr

Deconvolution methods are required to extract the inherent decay itifammahe quality
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of the lifetime data is judged by two criteria: the randonumeadf the residual plot and the

chi® (?) value which should be between 1 and?.1.

computer
MCA
TAC
amplitier amplitier
PNIZ PN
€111ss101
monochromator
) excitation a1 i .
sample cel : ‘ pulsed light source
monochromator -

Figure 14 Schematic diagram of single photon counting instrumentation.
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1.8 Conclusions

The techniques discussed in this introductory chapter were applied tonh@ounds

synthesised throughout this research. Thienylethynyl substipggehyrins had their
ground state and excited state properties investigated. The pysitspbf a series of
thienyl acetylenic compounds and their corresponding cobalt carlsonyplexes were
examined. Pyridyl porphyrin metal carbonyls (M = W or Cerevexamined by TRIR to
elucidate the initial excited states populated following exoih. Finally the absorbance
of a series of thienyl dipyrromethane dyes was obtained avithew to synthesising
BODIPY complexes in the future. In all cases, assessmeasddcon the fundamental
chemistry of the compounds in question in the hope that it shall enlwamcability to

create and improve practical applications in photochemical processes.
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Chapter 2

The synthesis, photophysics and
electrochemical properties of a series
of zinc(ll) tetra thien-2-yl porphyrins
and related zinc(ll) tetra phenyl

porphyrins.

Chapter two involves the study of thienyl
porphyrins. This chapter begins with a
literature survey on the synthesis,
photophysics and electrochemistry of
thienyl porphyrin systems. The synthesis
of the porphyrins studied is given,
followed by their photophysical and
electrochemical properties. The effect of
the thienyl moiety on the ground state
and excited state properties of the

porphyrin macrocycle is examined.
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2.1 Literature Survey
2.1.1 Mesoor B thienyl porphyrins (direct attachment to porphyrin macrocycle)
2.1.1.1  Synthesis

The first reported thienyl substituted porphyrmesotetra(thien-2-yl)porphyrin H,P1,

Fig. 1) was synthesised by Triebs et al. in 196Fhe direct condensation of pyrrole and 2-
thiophenecarboxaldehydéa an adapted Rothemund metAdtbute A, Fig. 1) resulted in
the pure porphyrin in 9 % yield. The Adler-Longo metfiadacting equi-molar amounts
of 2-thiophenecarboxaldehyde and pyrrole in refluxing propionic acid fetowy
recrystallisation, was later applied by Torréns et al. howtheeyield was never reported
(route B, Fig. 1. Both meso tetra(thien-2-yl)porphyrin andmeso tetra(thien-3-
yhporphyrin, produced by the Adler-Longo method, using 2- and 3-
thiophenecarboxaldehyde respectively to give the target compaddpid$ &ndH,P2, Fig.

2), was later reported by Bhyrappa and Bhavana.

Rothemund Method

sealed bomb=
(route A) 150°C S

H

N S\_-CHO
{7 ° — |
\/ U (route B) S \

propionic acid

reflux, 30 min'

Adler-Longo Method 7 g

Figure 1 Rothemund (route A) and Adler-Longo (route B) synthesimeaso
tetra(thien-2-yl)porphyrinKi,P1).
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Later the Lindsey methdtthe acid catalysed condensation of an aldehyde and pyrrole to
form porphyrinogen followed by oxidation to give porphyrin, was appbeithe synthesis

of thienyl porphyrins. This method is advantageous as it avoids ¢y hoxidising
environments of both the Rothemund and Adler-Longo methods. Ono et al. syudleesis
series ofmese and - dodecasubstituted thienyl porphyrinsd,P1, H,P3, H,P4, H.P5,

Fig. 2) including their zinc and copper metallated derivativesggusmadapted version of
Lindsey’s method. Thienyl carboxaldehydes and 3,4-diarylpyrroles were used to
synthesise highly substituted dodecathienyl porphyrins in an att@mgiter the redox

potentials of the macrocyclic structure by inducing rufflinghe planar geometry of the

porphyrin.
Ar Ar Ar
Lindsey Method Ar Ar
H TFA, p-chloranil
N . i > r Ar'
j\ /Z + Ar-CHO room temp., 24 h
Ar Ar Ar Ar
Ar Ar Ar
Ar Ar' M
p1 — ] —H 2H, Zn(I1), Cu(ll), Mg(ll)
_(Sj
P2 _Q —H 2H, Zn(l1), Cu(ll), Fe(lll)
P3 _(/j a 2H, Zn(ll), Cu(ll)
J <

P4

_(/j _Q 2H, Zn(Il), Cu(ll)
S
P5 —@

—(/1 2H, Zn(ll), Cu(ll)
S

SMe

Figure 2 Synthesis and structures of highly substituted thienyl porphyrins reported by
Ono et al’
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A series of uncrowdethesotetraarylporphyrins (e.gd,TPP) and - octaarylporphyrins

(e.g. 2,3,7,8,12,13,17,18-octaphenyl porphyrin) as well as a number of highly crowded
systems including 5,10,15,20-tetrakis(thien-3-yl1)-2,3,7,8,12,13,17,18-octaphenyl porphyrin
(H.P6, Fig. 3) and 5,10,15,20-tetraphenyl-2,3,7,8,12,13,17,18-octakis(thien-3-yl)-
porphyrins H,P7, Fig. 3) were synthesised directiya the Lindsey methofl. Some
intermediately crowded systems, such as nickel(ll) 5,10,15,20-tetndgh8rbis(thien-3-
ylporphyrin (NiP8, Fig. 3), were produced. The intermediately crowded porphyii?s,

was synthesised by a Suzuki coupling reaction with nickel(ll)dihBamotetraphenyl

porphyrin and thiophene-3-boronic acid.

Ar, Arp Ar, Ar Ph
Ar, Ar, Ar
Ary Arq P Ph
Ar, Ar,
Ar,  Ar; Ar, Ph
P6: Ar, = Thien-3-yl, A, = Phenyl P8 Ar = Thien-3-yl

P7: Ar, = Phenyl, Ag = Thien-3-yl

Figure 3 Highly substituted porphyrins synthesised by Medforth®et al.

The majority of studies to date use an adapted Lindsey procedtire aslder conditions
are better suited to thienyl porphyrin synthesis although a number of altersaproaches
have been reported. Bonar-Law reported an innovative process towagsyrpor
synthesis by producing a range of porphyrins in surfactant sefufihis method involved
multicomponent assembly in micelles. Micelles are dynanhisters of surfactant
molecules which have the ability to collect and concentratéegpfom aqueous solution
and so promote porphyrinogen assembly by binding the product more tilghtlythe

reactants. The initial steps of the reaction are: the contientiaf the reactants in the

micelle, their condensation into linear chains and their cyidisanto porphyrinogen.
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Subsequently, the porphyrinogen is irreversibly oxidised to the panph$everal aspects
of this method were investigated including the time course ofdhetion, reactant and
surfactant concentration, as well as the reversibility of ¢élaetron. In this way freebase
mesotetra(thien-2-yl)porphyrinH,P1, Fig. 2) was produced, with an isolated yield of 24

%, which is comparable to reported yields the Lindsey procedure.

Most recently, a novel high yielding synthesisnoésosubstituted porphyrins has been
reported by Shi and WheelhouSeUsing an adapted method of Lindsey and Woodfbrds,
commercially available porphine was initially converted to Mggbdyphine. Mg(ll)-
5,10,15,20-tetrakisbromoporphine was synthesisathromination of the Mg(ll)-porphine
precursor in 81 % vyield. Using standard Suzuki conditions, the authorsedoapll
boronic acid groups to the porphyrin macrocycle and afterwards rentozedagnesium
ion to yield the desired freebase porphyrins (Scheme 1). Innthisner freebase
tetra(thien-3-yl)porphyrin H,P2, Fig. 2) was produced in 41 % total yield, the highest
yield reported to date. However as former methods involve the Wiglding
porphyrinogen cyclisation step this method cannot be directly cothareéhe yield is

based purely on the functionalisation of the commercially sourced porphine.
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Mg Brz_OEtz
3 -
CH,Cl,
60°C

CH,CONHBr

Ar = 4</:/S CHCls
(0]
= i) ArB(OH), 0°C

Pd(PPR),

Ar Na,CO; Br
PhCH,
MeOH

70°C
Ar Ar = Br Br
i) HCI

Ar Br

Scheme 1 Shi and Wheelhouse procetiure.

The Mac Donald 2+2 procedutgjnvolving the condensation of 3-formylthiophene with
dipyrromethane to synthesisdrans porphyrin, 5,15-bis(thien-3-yl)porphyritHgP9, Fig.
4), was reported by Arminger and Ldgh. The thien-2-yl isomer, 5,15-bis(thien-2-
y)porphyrin H,P10, Fig. 4), was later synthesised by a similar mefttod.
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H,P9 H,P10

Figure 4 5,15-Bis(thienyl)porphyrin structural isomers prepared by the Mataldl

2+2 procedure->

Similarly, the condensation of an alkylated dipyrromethane and 2-
thiophenecarboxaldehyde in the presence of trichloroacetic atidsullsequent oxidation

of the porphyrinogen resulted in the formationHaP11 (Fig. 5)*° The reaction of the
dipyrromethane with 2’,5-bithienylcarboxaldehyde gad¥eP12 (Fig. 5). Their metal
complexes ZnP11, ZnP12, CuP1l1l and CuP12 were readily produced using metal

acetates.
S
[ —
S
P11 M =2H, Zn, Cu P12

Figure 5 Trans thienyl porphyrir@11andP12*
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A series oftrans porphyrins have been synthesised by Collis and co-workers using an
adapted Lindsey methdfl. Alkylated dipyrromethanes were condensed with 2-/3-
thiophenecarboxaldeyde to produce 5,15-bis(thienyl)porphyHinBP13 H.P14, H,P15
H,P16 Fig. 6) with isolated yields of between 16 and 65 %. Further tezdtofH,P14

with zinc acetate produced the metallated derivaivé>(4).

P13 R; = Me, R, = CH,CH,CO,Me P15 R; = Me, R, = CH,CH,CO,Me
P14 R, = Me, R, = CH,CH,CH,CHj, P16 R, = Me, R, = CH,CH,CH,CHj,
Figure 6 Examples of trans substituted porphytths.

The sterically hindered porphyrimesotetrakis-5,10,15,20-([2’,2":5",2""-terthiophen]-3"-
yhporphyrin, H2P17, Fig. 7), and itdrans substituted homologue, 5,15-bis([2’,2":5",2"-
terthiophen]-3"-yl)-2,8,12,18-tetra-butyl-3,7,13,17-tetramethyl porphyrirH{P18 Fig.
7), were produced under Lindsey conditions from 3-formylthiophene. IniklaP17 was
synthesised using trifluoroacetic acid as catalyst witlsaltieg yield of 17 %. Repeating
the procedure but using boron trifluoride diethyl etherate as thaslLaeid catalyst,
resulted in a significantly higher yield (34 %) of the porphyrirlowever*H NMR
analysis revealed a complex array of signals. Due tbuHey nature of the terthiophene
moiety, the product contained a mixture of four inseparable atroprsomMolecular
modelling indicated that th&pyrrolic hydrogen clearly prevented the rotation of the bond
joining the central thiophene ring, due to its interaction with ther aotephene rings of
the terthiophene moiety. Complete metallation of the porphyritung@xproved difficult,

due to the steric constraints imposed by some of the atropisor@ersdensation of 3'-
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formylterthiophene with dipyrromethane gave thens porphyrinH,P18 as a mixture of
Bp- andaB- atropisomers*H NMR of the product indicated a statistical mixture of §fe

transandaf-trans porphyrin.

P18 BB - andaf - porphyrin

Figure 7 P17 andP18terthienyl porphyrins.

Novel mono-substituted thienyl porphyrins zinc(ll)-5-(5-carboxythierd#10,15,20-
trimesitylporphyrin  ZnP19, Fig. 8) and zinc(ll)-5-(4’-carboxythien-2-yl)-10,15,20-
trimesitylporphyrin ZnP20, Fig. 8) have also been reportédThe precursor téi,P19, 5-
(5-methoxycarbonylthien-2-yl)-10,15,20-trimesitylporphyrin was syntkdsisia the
Lindsey method and then hydrolysed to yield the target fregb@gdyrin. Subsequent
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metallation gave ZnP19. 5-(4’-cyanothien-2-yl)-10,15,20-trimesitylporphyrin, also
produced by the Lindsey method, was converteH 820 and then to the zinc analogue
ZnP20.

Ar Ar
5. COOH S Ar =
Ar \ | Ar \ |
COOH
M =2H, Zn

Ar Ar
P19 P20

Figure 8 Mono-substituted carboxythienylporphyrins.

Utilising C-C coupling reactions thienylporphyrins can be furtfanctionalised.
Rochford et al. synthesised a complete series of mono-, di-, trtetmadmeso(thien-2-
yhporphyrins H,P21 — H,P26, Fig. 9) to fully investigate the influence of the thiophene
ring on the ground and excited state propertienegoporphyrins'® The tetra substituted
porphyrins were prepared according to Lindsey’s standard procedoeemdno-, di- and
tri- substituted porphyrins were prepared by a mixed aldehya@éenisation of 5-bromo-2-
thiophenecarboxaldehyde, benzaldehyde and pyrrole followed by metalgith zinc
acetate and Sonogashira coupling with trimethylsilylacetylereso trithienyl and
triphenyl-porphyrin-ferrocene dyadsH{P27 and H,P28 Fig. 37) were similarly
synthesisedvia Lindsey’s mixed aldehyde condensation and converted to their zinc(ll)
analogues? The ground and excited state properties were then examinedmpared to
ZnP1.
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ZnP1: R1:R2=R3:R4 \®
S
ZnP2L R =R,=Ry= R, \@/Bf
ZnP22 Ry=R,=Rs =R, \@—ems
ZNP23 R =R, =R3 = S =
R, Ri=R=Rg=Ry \@?H
ZnP24: R, \Qéms Rp =Ry =R, @
R4 RZ
ZnP25 R, = R, - Rs= R, @
R=Rs ;\ /; ™S Ro=Ry

Rs
ZnP26: R, = R, = Ry \Q%TMS R, @
Figure 9 Various thienyl porphyrins with extended conjugation.

Modern metal-catalysed bond-forming reactions were employed facititated the
construction oZnP29 — ZnP34 (Fig. 10)*** Combining electron-rich Suzuki-porphyrin
synthon precursors, a variety of appropriately functionalised ponshwere produced.
These chromophores possess electron-poor thiophene and oligothiophendisgediéy
a direct carbon-carbon single bond or conjugated through an intervenirg/letimit.
Following this work, a series of conjugated zinc(ll) porphyrin-dageomophores related
to ZnP32 were synthesise(P35 — ZnP38 Fig. 11)via similar metal catalyzed cross-

coupling reaction&”
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Figure 10

ZnP29 — ZnP38

P36

P38
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Efficient intramolecular energy transfer from an anthryl donoretyoto a porphyrin
acceptorvia terminally substituted oligothiophene bridging units was reported farge
series of compoundsHgP39 — H,P59 Fig. 11 and Table £}. The porphyrins were
synthesisedvia Lindsey’s method with a mixed aldehyde reaction, where yielelse w
consistent with a statistical incorporation of two aldehydes 16 %). n-Pentyl groups

were incorporated into the oligothiophene chain to increase their solubility.

. ey
® /S\ ta o /S\ '
9

. B

C5H 11 C5H 11

Figure 11 R groups used to make porphyrin-oligothiophene-anthracene triads.
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Porphyrin R1 R, R; R4
H,P39 bt bt bt bt
H,P40 tt tt tt tt
H.P41 bta n-pentyl | n-pentyll n-penty
H.P42 bta n-pentyl bta n-penty
H.P43 bta bta n-pentyl| n-penty
H.P44 bta bta bta n-pentyl
H.P45 bta bta bta bta
H.P46 tta n-pentyl | n-pentyl| n-penty
H.P47 tta n-pentyl tta n-pentyl
H,P48 tta tta n-pentyl| n-pentyl
H,P49 tta tta tta n-pentyl
H-P50 tta tta tta tta
H,P51 gt n-pentyl | n-pentyl| n-pentyl
H,P52 gt n-pentyl gt n-pentyl
H,P53 qt qt n-pentyl [ n-pentyl
H.P54 qt gt qt n-pentyl
H,P55 gta n-pentyl | n-pentyll n-penty
H,P56 gta n-pentyl gta n-penty
H,P57 gta gta n-pentyl n-penty
H,P58 gta gta gta n-pentyl
H,P59 gta gta gta gta

R groups used to make porphyrin-oligothiophene-anthracene triads.

Post functionalisation of the porphyrin ring is often carried outhie preparation of
polymeric thienyl systems.Meso tetrakis(2’5-bithienyl)porphyrirH,P60 (Fig. 12) and
mesotetrakis([5’,2":5”,2"-terthiophen]-2’-yl) porphyrinH,P61 (Fig. 12) were produced
from the corresponding oligothienylcarboxaldehydes under standareér-athgo

conditions, and their zinc(ll) and palladium(ll) metallated anasgwere subsequently
synthesised® Two-dimensional porphyrin polymers containing oligothienyl bridgetaén

prepared by electrochemical oxidation tbé meso

lateral direction were

tetrakis(oligothienyl)porphyrin metal complexes (Fig. 24).
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M = 2H, Zn(ll), Pd(ll)

Figure 12 P60 N=0,P6L n=1.

The crystal structure aZnP1 (Fig. 2) indicates that the porphyrin possesses a wave like
conformation with the central zinc ion residing in an inversion céhtréhe macrocycle
has a four coordinate geometry and a 24 atom core similar to miaphenylporphyrin
(ZnTPP). CuP1 (Fig. 2) was found to have a near planar porphyrin core with aglytsl
puckering with a deviation of less than 0.01 A observed for individual atoth® mean
plane.?* In contrastZznP2 (Fig. 2) exhibits unusual planar and non-planar core features
(Fig. 13)® In the case of the planar core, only minimal deviation from pignar
observed with th@-pyrrolic carbons showing marginal deviation from the mean ptane (
0.034 A). In the case of the non-planar thienyl porphyrin,ptipgrrolic carbons show
significant deviation (+ 0.422 A) over the mean plane. This deviatigyests the

conformation is a combination of saddle and marginal ruffle.
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Figure 13 Solid state crystal structure of the planar uniZoP2, (i) and (ii) indicate

the side view of the planar and non-planar porphyrin units respecfively.

The crystal structure of 5,10,15,20-tetrakis(5-methylthien-2-yl)ponphyH,P62,
possesses an essentially planar geometry with a slight weweitfgrmatior’® A direct
correlation between the degree of porphyrin distortion and the bathochsbiftion the
absorbance spectra was shown for a seriemesfo, - overcrowded porphyrins. The
macrocyclic core of theans porphyrin H,P10, Fig. 4) adopts a saddle like conformation
in the solid state with the two meso thienyl arms par#dleach othet? These arms are
tilted with respect to the porphyrin mean plane at angles 50 < (smaller than that of
ZnP2). The porphyrins formed parallel layers aligned through the atfonsore with
thienyl groups forming a staggered arrangement. The arowcwtcof the porphyrins

formed a supramolecular columnar structure (Fig. 14).
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Figure 14

Side view of stacking arrangement generatdd,ByL0in the solid staté?
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2.1.1.2Electronic and photophysical properties

The electronic and photophysical properties of thienyl porphyring Wwefestigated by
several groups though there has been little consistency in degdtiginnfluence of the
thienyl ring on the electronic properties of the porphyrin mamlec The absorbance
spectrum of thienyl porphyrins has long been known to shift to longesl@ragths when
compared to the tetraphenylporphyrin analogues. The spectrakpobfihe zinc(ll) and
copper(ll) metallo derivativesZ(P1, ZnP2, CuPl, CuP2 Fig. 2) reported by Bhyrappa
and Bhavana are quite similar to those of the corresponding tetsdpbgohyrin ZnTPP
and CuTPP), each displaying an intense Soret and two Q bandSome minor
bathochromic shifts were observed ImP1 (ZnTPP: 422 nm ZnP1: 427 nm,ZnP2: 422
nm), as shown in figure 15 with greater shifts observed for the cappéguesGuTPP:
415 nm,CuP1: 421 nm,CuP2 418 nm). The molar extinction coefficients were found to

be comparable to other porphyrins.

1.0
0.8

0.6

Absorbance

0.4

02 \
— N

0.0
350 400 450 500 550 600 650
Wavelength (nm)

Figure 15 Electronic absorbance spectraznfTPP (blue line) andZnP1(red line)in
CH.Cl,.
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Sun et al. reported the absorbahgg and extinction coefficients ¢i,P1, H,P63 H,P64,
H,P65 (Fig. 16) and observed red shifts of between 10 - 15 nm with respeeTPP.>’
They postulated that the spectral shifts in the UV-vis spectr@ Wue to an inductive
effect by the thienyl group as opposed to the increased conjugattbe pbrphyrint —

system.

P63
Ar

P65 _(/j

Figure 16 Substituted meso thienyl porphyii63— H,P65.

More recently Briickner et al. investigated the electronicralbsae properties of a series
of thienyl porphyrins ,P1 and H,P2, Fig. 2,H,P63 andH,P64, Fig. 17)*® The Soret
and Q bands of all the thienyl porphyrins were red shiftedrtmesextent when compared
to H,TPP with its Soret band at 417 nm (Table 2). A bathochromic shiftroho 426
nm was reported foH,P1 with respect taH,TPP. The Soret band dfl,P2 was only
slightly shifted to 421 nm (+ 4 nm). However the Soret band of methyl substitigaelt

yl porphyrins was red shifted by some 8 — 13 nm depending on the paditioem methyl
group. Methyl substitution at the 5 position asHaP63 resulted in a further 4 nm
bathochromic shift to 430 nm, whereas substitution at the 3’ posititip64 gave a
slight hypsochromic shift (-1 nm to 425 nm). These observations ghhaat conclusive
do indicate the direct influence of theesothienyl substituents on the electronic properties

of the central porphine ring.
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Porphyrin | AmaxSoret (nm) | AnaxQ bands (nm) Aem(NM) Stokes shift (nm

H,TPP 417 514, 549, 588, 6471 651, 715 4

H.P1 426 523, 558, 594, 661 670, 720 (sh) 9

H.P2 421 519, 556, 594, 653 661, 723 8

H,P63 430 526, 569, 597, 665 674 (br) 9

H,P64 425 520, 557, 597, 66( 666, 725 6
Table 2 Absorbance and emission datangsotetrathienylporphyrins anéi,TPP

in CH,Cl,.%®

As part of the investigation into the origin of these bathochromitsshifthe absorbance
spectra of thienyl porphyrins, density functional theory was erepldy Briickner et al. to
compute the energy of the porphyrin system as a function of thenotdta single meso
aryl group®® There is less steric hindrance for the smaller 5 memimeesdthienyl ring
than for the larger 6 membered phenyl ring. In addition the thidrgBeyp lacks on®-
phenyl H top-pyrrole H interaction (Fig. 18). This should allow greater eds®tation
for the thien-2-yl porphyrins and also a somewhat more facileigont&ir the thien-3-yl
porphyrins. The computed rotational barriergdgP1 andH,P2 confirm this greater ease

of aryl rotation, being 50 and 75 % lower than thatigT PP respectively.

This suggests that, the previous proposal, of bathochromic shifts obserteignyl
porphyrins, due to the thienyl rings inductive effect, is over sfra@l The molecular
modelling results indicate that these shifts may be more depeodeht conformation
which the thienyl groups adopt, allowimgr orbital overlap of the thienyl and porphyrin

ring systems, as opposed to solely the thienyl inductive effect.
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Figure 18 Barriers of rotation for phenyl and thiemyesosubstituent$®

A direct correlation between the degree of porphyrin distortion fetbathochromic shift

in absorbance spectra was shown for the overcrowded porphysiR8, H.P4, H,P5, Fig.

2).” Remarkable bathochromic shifts of up to 100 nm of the Soret bagmesabserved.

H,P3 and H,P5 have Soret bands withnax at 508 and 520 nm respectively. The Soret
band of 2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrin was observed at 466 nm
indicating that along with the distortion of the macrocycle thisreanother factor

influencing the bathochromic shifts in thienyl porphyrins.

A more recent study on porphyridgP21 — ZnP26 (Fig. 9) suggests that the direct
attachment of the aromatic thiophene ring atrttgsoposition of the porphyrin ring does
lead to electronic interaction of the twesystems which can be enhanced by appropriate
substitution® By varying the substituent on the thiophene ring a bathochromic ahift ¢
be observed in the Soret band of the porphyrin. Again, when compagad RP the
Soret band oZnP1 was red shifted by 8 nm to 430 nm, while the other tetra subdtitute
porphyrinsZnP21, ZnP22 andZnP23 are shifted by an additional 4 nm, 8 nm and 6 nm
respectively. Such a strong shift would not be predicted on thedfasisinductive effect
alone. More likely is the increased coupling of the overlappisgstems of the porphyrin

and thiophene rings as is evidenced in the increasing FWHM of thypor Soret.
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Varying the number of 5-trimethylsilylethynylthien-2-yl groupsound the porphyrin
(ZnP24, ZnP25 and ZnP26) also induces a 4 nm bathochromic shift for each thienyl
moiety added (when compared ZnTPP Amax = 422 nm) such that the Soret band of
ZnP26is observed at 438 nm.

The fluorescence spectrum of thienyl porphyrins exhibit chemigtit singlet state
emission consisting of two vibronic bands i.e. Q(0,0)* and Q(1,0)* in the rab@ge 800
nm (Fig. 19)*® In the fluorescence spectrumtd$TPP two Amay are observed at 652 and
716 nm corresponding to Q(0,0)* and Q(1,0M;P2 exhibits red shifted bands at 658 and
723 nm and even more bathochromically shifted is the spectrityPidfwith bands at 666
and 722 nnf> Fluorescence quantum yiel®() of 0.006 was reported f¢t,P1. This is
lower than the values reported tdgP2 (0.010) andH,TPP (0.120). A similar trend was
observed for the zinc metallated derivatives wAiiP1 and ZnP2 exhibiting emission
bands at 618, 658 and 605, 653 nm respectively. The fluorescence quahdsnofyibe
metal complexesZnP1: 0.0013,ZnP2: 0.004) are also reduced comparedZtolrPP
(0.033). The decrease in quantum yield of thien-2-yl porphyrins relaiinthien-3-yl
porphyrins has been attributed to the closer proximity of the sulphtlre porphyrint-
systent>

70
60
50
40
30
20
10

Emission Intensity

580 630 680 730
Wavelength (nm)

Figure 19 Steady-state emission spectrur@rof PP (blue line) andZnP1 (red line)

recorded in CHCI, at room temperature.
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A reduction in singlet state lifetime was obserfedthe thienyl porphyrin(H.P1, Fig. 2
andH,P63 H,P64, H,P65 Fig. 20) with respect tbl,TPP (Table .2’ This is attributed
to the presence of the four “heavy” sulphur atomstloe periphery of the macrocyc
However suggestion ai-n overlap of the thienyl and porphyrin systems was anplied

by the authors.

Porphyrir 7 (NS) of kf (1/ns
H>TPP 9.8 0.11 0.10z
H,P1 1.11 0.013 0.0¢
H,P63 1.31 0.014 0.7¢€
H,P64 1.47 0.014 0.6¢
H,P65 1.20 0.017 0.8
Table 3 Luminescence data of th-2-yl porphyrins andH,TPP in toluene at

ambient temperatur?’

2000 4
1500 4

1000 9

Counts

500 4

Tima(ns)

Figure 20 Fluorescence decay signalsH,TPP, H,P1 (1), H,P62(3), H,P63(2) and
H.P64 (4) in toluene at ambient temperatur&@he detection wavelength

660 nm. IRF indicates thénstrument response functi?’
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The fluorescence lifetimes of zinc(ll) thienylporphyrifisP21 — ZnP26(Fig. 9) are in the
range 1.36 — 0.52 ns. The shortest lifetime was thahBR1, bearing four heavy bromine
atoms and it also possessed the lowest fluorescence quantum Vieddfluorescence
emission spectra @dnP24 — ZnP26show increased intensity with a concurrent red shift of
their Amax @s the number of 5-trimethylsiylethynylthien-2-yl moietiesrevadded, when
compared toZnTPP. The fluorescence quantum yieldq) of the mono- and di-(5-
trimethylsilylethynylthien-2-yl)porphyrins increase by 39 &md 27 % respectively
compared toZnTPP. Triplet excited stat€(n-n*) absorbance spectra and transient
absorbance lifetimes were also obtained. SimilaZrnf®PP, each porphyrin displayed a
weak absorbance in the UV region with another more intense abseiipaihe visible in
the region. In the case @hTPP theAnax is observed at 470 nm, however with theso
tetra(thien-2-yl)porphyrins th&nax 0f each is observed in the region between 490 — 500
nm. A substantial increase in absorbance was also observed ayitie 580 — 780 nm
which the authors attribute to charge transfer to the peripheral thein-@ygtem.ZnP24,
ZnP25, ZnP26 andZnP22 are all red shifted relative @nTPP with their Ay OCcurring

at 480, 480, 490 and 500 nm respectively. A decrease in triplet lifetimleserved for
ZnP1 (20 us) ZnP21 (7 us) ZnP22 (12 us) andZnP23 (13 us) relative taZnTPP (24 us).
Increasing the number of 5-trimethylsilylethynylthien-2-yl ei@s on the porphine also
resulted in a decrease in the triplet lifetirdaP24 (16 us), ZnP25 (11 us) andZnP26 (10

us). These excited state characteristics suggest ré&yastveng coupling of the porphyrin
ring and the thien-2-yt framework upon excitation. The combined studies of Briickner et
al. and Rochford et al. show considerable electronic communication betiee¢hienyl
and porphyrinz-systems in both the ground and excited states. Thus earliersstudie
thienyl porphyrins implying inductive effects alone were respoasibt the change in

photophysical properties relative to phenyl porphyrins need to be revised.

In trans thienyl porphyrins, the classic electronic spectra of the hyomp is retained
although it is hypsochromically shifted compared to bétR1 (Fig. 1) andH,TPP. The
unsubstitutedransthienylporphyrin H,P10 Fig. 4) presents an intense Soret band with a
maximum absorbance at 411 nm, with the Q bands showing a similaslhoftie The
emission spectrum dfl,P10 possesses a strong fluorescence, centred at 642 nm with a

weak shoulder at 707 nm. The emission pattern is very simillwiatoofH,TPP (Aem =
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653, 721 nm) only slightly blue shifted. The photophysical properties oimibeo
substituted porphyrins (Fig. 8) were also examitedThe Soret band at 425 nm for
ZnP19 and 424 nm foZnP20 are very similar to those &nP1 (Amax = 426 nm) but
appear broader. The slightly increased broadenimi?il9 compared t&nP20 may be
caused by the larger conjugation between the porphyrin core attidpkene inZnP19.

The emission oZnP19 andZnP20 occurs at 608, 660 nm and 606, 661 nm respectively.

The on/off switching of porphyrin fluorescence through the usefefracene/ferricenium
(Fc/F¢) redox couple was reported for the zinc(ll) tri(thien-2-yl)porpierrocene dyad,
ZnP27 (Fig. 37)* The'(n-n*) fluorescence oZnP27 is almost completely quenched in
comparison to botlrnP1 (Fig. 2) andZnTPP, with no evidence of th&xn-n*) excited
state observed by transient absorbance spectroscopy (Fig. 21). Attachrherfeobicene
substituent at thenesoposition quenched both tHe-r* and *z-n* excited states of the
porphyrin ring by a rapid electron transfer mechanism. The fluoresoétive dyad can be
“switched on” by oxidation of the ferrocene to the ferricenium iorhe Fc/F¢E redox
couple occurs 40 mV positive of the unsubstituted ferrocene and restlits appearance
of a low-energy ferricenium ligand-to-metal charge transtbsorbance at 767 nm.
Oxidation of Fe(ll) to Fe(lll) restores the porphyrin emissibroagh preclusion of the
electron-transfer process. The relative fluorescence quantuchfgieZnP27" is 71 %
with respect taZnP1 the minor decrease in fluorescence is attributed to the quenching
processes of intersystem crossing of the porphymia*) excited state to the new LMCT
state and energy transfer quenching by the ferricenium umitansient absorbance
spectroscopy of thEnP27" dyad produced transient signals indicative ofi{het*) triplet
excited state (Fig. 21). A triplet lifetime of 28 was obtained faZnP27, a reduction of
50 % in comparison t8nP1 (40ps). Similarly, the(r-n*) singlet excited state lifetime of
0.31 ns observed f@P27", is shorter than that @ P1 (0.56 ns).
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Figure 21 Fluorescence spectra BhTPP, ZnP27, and ZnP27 in ethanol. Inset:
normalised transient absorbance decay traceZrd®1 and ZnP27" at 490

NM @exc 532 NM; 1 atm of argon, in ethand?).

The electronic absorbance properties of porphyrfin?29 — ZnP34 (Fig. 10), were
examined (Table 4) and results indicated that boththeof the Q bands and emission
spectra are primarily dependent on whether the thiophene unit inleed Ito the
macrocycle directly at theamesecarbon position inP29 — ZnP31) or through an
intervening ethynyl unit AnP32 — ZnP34) and was also affected by the number of
thiophene units (n = 1, 2 or 39.Modest Stokes shifts (350 to 1300 Hnindicate that the
derivatised zinc(ll)porphyrins undergo modest to substantial exatate structural
distributions. For each mode of connectivity the porphyrins that posseg a single
thiophene unitZnP29 andZnP32) display the largest Stokes shift within their respective
class. Consistent with thiZgnP29 and ZnP32 exhibit emission maxima at 698 nm and
714 nm the lowest energy within their respective structuras.clabe emission maxima of
each class also follow a similar trend, in that; they shifisbghromically with increasing
number of thiophene units. The porphyrins with thiophene units bonded daédtig
mesoposition gnP29 — ZnP31) displayed emission maxima values at 698, 669 and 662

nm respectively while porphyrins linked to the thiophene through thgngtimoiety
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(ZnP32 - ZnP34 displayed bathochromically shifted emission maxima which shift
hypsochromically with increasing number of thiophene units at 714, 706/@Mhdm
respectively. This is indicative of the increased excitee gti@ictronic dipole moment due
to extensive porphyrin-thiophene conjugatiafnP35's formyl group caused a blue shift
in the Q bandunax (676 nm), whereas the strong dicyanovinyl accemooup inZnP36
caused a red shiftfax = 698 nm) relative tdnP32 (Amax = 685 nm).

Soretimax Stokes shift B1300
Porphyrin (hm) Aem(NM) (cm™) (x 10°%su)
ZnP29 456 698 1298 2400
ZnP30 457 669 653 2200
ZnP31 458 662 495 4335
ZnP32 465 714 593 690
ZnP33 468 706 477 670
ZnP34 470 700 356 1170
ZnP35 461 696 425 1020
ZnP36 469 759 1151 785
ZnP37 458 713 812 810
ZnP38 459 682 375 1400
Table 4 Electronic data ainP29—ZnP38recorded in THF®

In spite of the direct attachment of thesystems of anthracene, oligothiophene and
porphyrin inH,P39 — P59 (Fig. 11), the individual molecular subunits were observed in
the UV-vis spectra as in the spectra of supramolecular sys(@able 5f* For all
anthracene-oligothiophene-porphyrin molecules, highly selectiveaéraitof the terminal
9-anthryl unit at 258 nm is possible. The supramolecules all posgasal singlet
emission from the porphyrin Q(0,0)* and Q(1,0)* emission bands. Thesgmibands are

broadened and red shifted (~7 nm) compardd foPP. Upon excitation at 258 nm, both
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H.P46 andH,P49 possess the typical porphyrin emission indicating energy trafnefa
the anthracene to the porphyrin chromophore. The authors estimate basithef perfect
matching of absorbance and excitation spectra, that energy transfieneffiis 98 %. The
bithiophene bridged systemld,P42 and H,P44, gave analogous results. Thus singlet-
singlet energy transfer is the only quenching process involvedilaGnesults were found
on increasing the length of the oligothiophene chaiH4iR55 - H,P59. Excitation of the
intensive anthracene transition led to typical emission from thghgon end group. The
mechanism of energy transfer, i.e. Forster or Dexter, couldenolearly defined for these
systems. The authors did suggest however that due to vibronic coughiagy is
transferred from the anthryl donor to the porphyrin acceptar an intramolecular
vibrational relaxation process mediated by the oligothiophene chainco@paring these
results with similar polyene based systems Wirthner et al.umetithat oligothiophenes
were far superior with regard to mediating energy transfeshaded greater potential for

application in molecular electronics.

Anthracené\max Soret bandmax

Porphyrin (nm) (nm) Q bands (nm)

HoP41 258 421 522, 559, 600, 657
H,P42/P43 258 426 524, 564, 599, 657

H,P46 258 422 522, 559, 599, 657
H,P47/P48 258 428 525, 565, 600, 659

H,P49 258 435 526, 573, 598, 663

H,P55 254 419 519, 555, 601, 659

Table 5 Absorbance data for some of the supramolecular systems recorded in n
hexanée

Okada et al. investigated substituent control Jediggregate formation of insoluble
porphyrins in protonated wat&t. Working primarily with phenyl substituted porphyrins it

was found that substituents at timesoposition affected aggregation to a higher extent.
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Porphine and octaethylporphyrin did not fodraggregates, indicating that aromatic rings
at themesoposition are necessary for aggregate formation. Furthermore taraings
with large steric bulk also did not aggregate. In protonated solutiorevieot,P2 (Fig.

2) did formJ-aggregates. This was evidenced by changes in the absorpanta.s The
Soret band of the freebase monomer (420 nm) is first replaced pyotio@ated monomer
absorbance (447 nm) which is in turn exchanged by a new absorbance am481
Simultaneously the observed Q band at 652 nm is bathochromically shis&& nm and
subsequently 756 nm. These bathochromic shifts in the absorbance sigmdfyatise
assembly of “head-to-tail” aggregates. In most cases, ARRYes of thel-aggregate
films revealed square rod like microcrystals. The Soret bandined around 480 nm for
the aggregates however the Q band absorbances were found to vayyfuwicheb58 to
756 nm. It was also noted that the electron-donating charactbe ofesosubstituents
affected the FWHM of the Q bands. These changes in the abserbpectra suggest that
the energy levels of the excited states of the porph¥saggregates are substituent

dependant.
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2.1.1.3Electrochemical properties and electropolymerisation

By monitoring shifts in the anodic and cathodic redox processes of theyporpe
influence of the thienyl group on the HOMO and LUMO energies can be fuxtherired.
Each of the thienyl porphyring{,P1, H,P2 and their zinc and copper analogues (Fig. 2),
displayed two successive one-electron oxidations and two successivelecinen
reductions (Fig. 22). H,TPP was also examined to delineate the effect of the thienyl
groups. The observed potentials revealed striking differencesdatima and reduction of
H.P1relative toH,P2andH,TPP. Both thienyl porphyrins showed a cathodic shift of the
first oxidation (50 mV foH,P1"° and 110 mV foH,P2"°) with respect tdH,TPP (+1.0

V vs. Ag/AgCl). The first reduction oH,P2 was within experimental error when
compared td4,TPP, howeverH,P1%" showed a substantial anodic shift of 140 mV which
was primarily responsible for its reduced band gap and lower \ersdagprbance. A
HOMO-LUMO energy gap of 1.98 eV was calculatedHigP1 compared to 2.18 eV for to
H.P2 and 2.23 eV foH,TPP. Similar trends were observed for the metallated analogues
with the redox potentials &nP2 and CuP2 approaching those &nTPP and CuTPP.
While the authors ascribed this band gap narrowing to thienyl sulmstiinductive effects
the results can similarly be explained by tha overlap of the porphyrin and thienyl
structures resulting in stabilisation of both the HOMO and LUMO tald)i which
corresponds well with the ground and excited state trends obserBxdidkner et al. and
Rochford et al. The electrochemical propertiesHeP1 (Fig. 2), H,P62 H,P63 and
H.P64 (Fig. 12) were also investigated by cyclic voltamméfryHowever in contrast to
the previous results, the latter study showed two one-electron iorisland only one,

one-electron reduction process
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Figure 22 Cyclic voltammogram oZnP1l in CH,Cl, with 0.1M TBAHFP as
supporting electrolyté.

Substitution of the thien-2-yl moiety caused significant changdseimedox potentials as
observed in the cyclic voltammetry studiesZofP21 — ZnP26 (Fig. 9). All porphyrins
showed two one-electron oxidations and two one-electron reductions. meEsse
tetra(thien-2-yl)porphyrins showed an anodic shift in their fisstlation gnP1"° 0.43,
ZnP21"° 0.61,ZnP24" 0.49,ZnP23"° 0.49 Vvs. Fc/F¢) when compared t@nTPP*°
(0.34 V vs. Fc/F¢), indicating stabilisation of the HOMO orbital of the porphyringri
system. Stabilisation of the LUMO orbitals also occurred wittecrease in the potential
of the first reduction. AgairznP21 showed the largest effect with a decrease in its
reduction potential of 240 mV compared ZoTPP% -1.85 V vs. Fc/F¢. Increasing
stabilisation of the HOMO and LUMO was observed on increasingythgibstituents on
the porphyrin ring as seen inP24, ZnP25, ZnP26 and ZnP22. A decrease in the
reduction potential (i.e. LUMO energy) appeared to be the domindat faadeducing the
calculated HOMO-LUMO energy gap for these systems. €Hdaation in the band gap
follows the ordeZznP22 (2.02 eV),ZnP26 (2.02 eV),ZnP25 (2.04 eV),ZnP24 (2.06 eV)
andZnTPP (2.09 eV). Therefore by controlling the number of thienyl substituen the
porphyrin as well as the nature of the thienyl ring itself the band gap enaabipulated.
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It is well established that the HOMO orbital of the porphyrircroaycle is destabilised
upon reduction of its planarity. Puckered porphyrins are easier thsexwhere as
reduction is insensitive to the distortion, which lowers the HOMO-IQJkhergy gag®
This was realised in the redox properties of the copper(ll) lattdl derivatives of the
highly substituted porphyrinsCuP3, CuP4 and CuP5, along with CuP1 (Fig. 2)’
Substitution of the porphyrin ring with thien-2-yl moieties in these andp- positions
increased the energy of the HOMO orbital as expected, howestabaisation of the
LUMO orbital also occurred resulting in an overall decreasesdgy gap of 1.89 eV for
CuP4, 1.63 eV forCuP3and 1.48 eV foCuP5. HOMO-LUMO energy gaps of 2.34 eV
and 2.20 eV were reported f6uTPP andCuP1.

Two reversible waves occur at -1.58 V and -2.0¢sVSCE fortrans dithienylporphyrin
(H-P10, Fig. 4)** Continual sweeps ¢1,P10resulted in the deposition of a thin insoluble
polymer on the electrode. Further investigation of this polymesrlapowed that it
belongs to the restricted family of “zero bandgap” polymers,ishalhe oxidation potential
is less than or equal to its reduction potential. Porphyrins with gapsl as low as +0.8
and +0.35 eWs. SCE {H.,TPP andZnTPP respectively) have been previously reported.
This is the first “zero bandgap polymer” in a poly (aryl-porphyseries. The authors are
continuing their studies in order to explain such electrochemical behaviour.

Polymerisation by electrochemical oxidation was carried outaors dithienylporphyrins
ZnP11 and CuP11 (Fig. 5). Following electrochemical oxidation, the zinc(ll) and
copper(ll) polymerspoly-ZnP11 and poly-CuP11, were deposited on the surface of a
gold-plate electrode. Peak currents at +1.1 V and +@®. SCE, attributed to coupling of

the thienyl groups at thmesoposition of the porphyrin, increased with increasing scan
number, indicating, that the deposited porphyrin-thiophene copolymer formed a conductive
film. Chemical oxidation oH,P12, ZnP12and CuP12 (Fig. 8), using FeGlas oxidant
resulted in the corresponding co-polymessly-H,P12, poly-ZnP12andpoly-CuP12) in

high yield (> 90 %). The conductivity of the co-polynpeiy-H,P12 doped with FeGl

was found to be over T0S/cm. Increased conjugation between the bithienyl groups and
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the porphyrin ring may have caused accelerated energy ancbelé@nsfer processes

between the porphyrin and oligothiophene units.

The iron(lll) porphyrin FeP2 Fig. 2) also undergoes electropolymerisation. An anodic
wave at ~1.3 Ws. Ag/AgCl was attributed to oxidation of the peripheral thien-3rglgs

in the monomer and a subsequent single broad anodic wave in the rédlon %5 Ws.
Ag/AgCI signified polymerisation of a porphyrin filmpdly-FeP2 Fig. 23) onto the
electrode®® The electrode modified witholy-FeP2 demonstrated electroactivity due to
the presence of the iron (lI/lll) couple and a mean redox potenti@l0o¥ vs. Ag/AgCI
suggested a low charge-transfer resistance within the semi¢wedilon. Bromoiron(lll)
meso tetrakis(thien-3-yl)porphyrin  was coordinated with the axial arig, 1-
methylimidzole (im), to form the coordination compl&e(im)P2]'Br". Electrodeposition
of the complex resulted in a broad anodic wave in the range +0.8 — 0t45A¢/AgCI
and the polymerised complex was electroactive with a mean redentipbof +0.05 Ws.
Ag/AgCI.

Fe(ll)P2

poly-FeP2

Figure 23 Polymerisation dfeP2
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The metalloporphyrins 60 and MP61 (M = Zn, Pd, Fig. 12were polymerised by
electrochemical oxidative coupling of thmeso oligothienyl group$® The repeated
oxidation ofmesobithienyl groups oZnP60 was observed above +1.40v¢. SCE, with
the redox couple of the first oxidation of the porphyrin ring (obseatex. +1.0 V vs.
SCE) increased with increasing number of cycles. Depositiorpolyaner poly-ZnP60)
onto the working electrode occurred during the course of the exgrari Electrochemical
polymerisation ofZnP61 (oxidation of the porphyrin ring: +0.60 Vs. SCE, oxidative
coupling of terthienyl groups: +0.71 - 0.80W. SCE) and the palladium complexes of
bithienyl and terthienyl substituted porphyrin was achieved in dasimanner. Infrared
analysis indicated thato coupling of themesoeligothienyl groups occur to form a quasi-
2D polymer (Fig. 24). Scanning tunnelling microscopy (STM) of arauhin film of
poly-ZnP61 prepared on a Au(lll) substrate confirmed the quasi — 2D stryctitheugh
some disorder was included. Film thickness of 0.5 nm indicatemarpbrientation of the
porphyrin rings, with an alternating structure of porphyrin and dligphene moieties.
The mean distance between the intersections cga®.82 nm and the model distance
between the monomer units waa. 3 nm which supported the fact thpbly-ZnP61
formed a lattice. The d.c. conductivities fdly-ZnP60 and poly-PdP60 were 3 x 10
S/lcm and 2 x 10 S/cm respectively. Layered polymers cells (ITO electymalg/
PdP60/poly-ZnP60Au electrode), constructed by the successive electrochemical
polymerisation of PAP60 and ZnP60 showed electric rectifying properties. As the
contacts between the individual polymers and the electrodes are, dimirectifying
properties are thought to arise from the molecular interfacesbepoly-ZnP30 andpoly-
PdP6Q*
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2.1.2 Thienyl porphyrins connected through a saturated or conjugated spacer
2.1.2.1 Synthesis

The design and synthesis of a series of thiophene appended porpBigmssyhere the
thiophene ring is fused to the periphery of the macrocy@etwo aza linkages was
reported by Crossley and Prasffar.The porphyrin precursors possessed a di-ketone
functionality at the p position of the macrocycle which was reacted with 3,4-
diaminothiophene to produce the laterally conjugated thienyl porphyi#66 — HP70,

Fig. 25). The aim was to attach the highly conjugated porphystersi to a gold surface
through the sulphur atom of the fused thiophene ring in order to ttedself assembly

and molecular electronic properties of porphyrin based monolayers and thsn film
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t-Bu t-Bu t-Bu

Figure 25 Crossley and Prasher’s fused thienyl porphypR66 — HP70.
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Ono et al. synthesised a series of naphtoporphyrin systems usrngsads pyrroles fused
with aromatic rings (isoindole derivative®).The aromatic nitro compourid (Scheme 2)
was reacted with ethylisocyanoacetate in the presence @&U D(1,8-
diazabicyclo[5.4.0Jundec-7-ene) to give fused pyrrdlen 60 % yield. Reduction ¢ to

the hydroxymethyl pyrrole3, is a crucial step in the reaction. Tetramerisation and
oxidation of compoun@® generated the porphyrid,P71 However scrambling led to a
mixture of four regioisomers. Only suitably controlled conditions fedtuction and
tetramerisation allowed the isolation of piiteP71 A similar fused porphyrin-thiophene

system ZnP72, Fig. 26) has also been reported by Callot & al.

OH
S EtO.C S
§_® CNCH,COSEL 6—@ LIAIH , s
HN - o
O,N DBU F HN_
1 2 3
H*, [O]

M = 2H, Zn, Ni, 4H

Scheme 2 SynthesisRil

Me
Et
/ S
Et Me

Et Et
Et Et

Figure 26 ZnP72
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3’-[5-(4-Phenoxy)-10,15,20-tritolylporphyrin]-2,2;-bithiophend ,P73 Fig. 27) and 3'-
[5-(4-Phenoxy)-10,15,20-tritolylporphyrin]pentyl-2,2":5’,2”-terthiophené,P74, Fig. 27)
were synthesised by coupling the porphyrin subunit [5-(4-phenoxy)-10,15,20-
tritolylporphyrin)] to the relative oligothiophene by a Williaomsether synthesis to yield
the tetraphenylporphyrin functionalised bithiophene in 88 % vyield thedanalogous
terthiophene in 73 % yiefd. The corresponding cobalt, nickel, zinc, iron and manganese
complexes were also produced. In another study 5-(4-(1-hexylthyBptBnoxy)-
10,15,20-tritolylporphyrin i ,P75 Fig. 27)and the corresponding porphyrin without the
thienyl group (5-(4-(1-hexyl)phenoxy)-10,15,20-tritolylporphyrin weymathesised by the
Adler-Longo method® The thienyl porphyrirH,P75 was also metallated with nickel in
high yield.

Figure 27 P73 m=1, n =0, M = Zn(ll), Ni(ll), Co(ll), Fe(lll)CI, Mn(lI1)CI
P74 m=1,n =1, M = Ni(ll), Co(ll), Fe(lll)CI
P75 m =0, n=0, M= 2H, Ni(ll)
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On reacting a thiophene substituted — benzaldehyde with 5-phenytofipthane, 5,15-
bis(4-(2-(3,4-ethylenedioxy)thienyl)phenyl)-10,20-diphenyl porphyii,R76, Fig. 28)
and 5,15-bis(4-(2-thienyl)phenyl)-10,20-diphenyl porphyridl,R77, Fig. 28) were
produced along with their metal analogues in good yildThe thiophene and 3,4-
ethylenedioxythiophene moieties were chosen as polymerisation poirttee porphyrin

monomers as shown in figure 35.

M =2H, Zn P77

Figure 28 Porphyrin monomei76and P77.

A number of phosphoric, P(V), porphyrin derivatives with two thienylalkaxy
oligothienylalkoxy groups at the axial position of the centralamaetom have been
synthesised® The donor-photosensitiser-acceptor molecules were synthesised fro
dichlorophosphoric(V)-tetraphenylporphyrin and the corresponding thienylguotioienyl
alcohol. Spectroscopic analysis confirmed that the two equivalkoxyabroups were
attached to the central phosphorus atom at the fifth and sixth coardipasitions (Fig.
29).
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Figure 29 P(V)P78 n=0,P(V)P79n=1,P(V)P8Q n=2

Zinc(I)-porphyrin polymers withmeselinked aryl and ethynyl spacers were synthesised
using a combination of Stille and Sonogashira palladium coupling anad¥ilapy)
couplingtechniqued! The porphyrin monometd,P81 — H,P85 were synthesised by the
Mac Donald 2+2 reaction of bispyrrole and a range of aldehydésywéal by metallation
with zinc yieldingZnP81 — ZnP85(Fig. 30). The porphyrin monomers were directly

coupled to form homopolymers and also coupled to aryl units to form copolymers.
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R'= H,-0GaHzs

Figure 30 Thienyl porphyrins witlnesolinked aryl and ethynyl spacers.

The oligothienyl linkage in multicomponent porphyrin systems is ehtgimportance
because it has two roles: it acts as a rigid spacer positibnomgeighbouring centres at
fixed distance with a well defined geometry, and the spacer camope electronic
communication, thus facilitating electron and/or energy transggvden two porphyrins.
For this reason Odobel et al. synthesised a series of oligothiophdged bisporphyrins
(P86 — P89, Fig. 31)* The novel bis-porphyrins are directly substituted at rtreso
position with an oligothiophene chain tethered by a single, dotrales( or triple bond.

The porphyrins were produced by palladium catalysed cross couphegores (Stille,
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Heck and Sonogashira) between 5-iodo-10,15,20-(3¢btdiutylphenyl)porphyrin and the
oligothienyl chain. Subsequently either one or both of the linked porphwrars

metallated with zinc.

t-Bu t-Bu
0 - O t-Bu
t-Bu tBu t-Bu
@ YA W,
WA WA
t-Bu BU 0 CsHqq -Bu O t-Bu
t-Bu t-Bu

M = 2H, 2H; Zn(ll), 2H; Zn(l1), Zn(l1)

L = CH,, R ’ —_—

Figure 31 P86 n=0,L=CH
P87-.n=1,L=CH
P88 n =1, L = trans vinyl link
P89 n =1, L = ethynyl link.

The synthesis of freebase and Zn(ll) 5,15-bis(acetylene-gléetdioxy)thiophene)-
10,20-bis(4-methoxycarbonylphenyl)porphyrind,P90 and ZnP90, Fig. 32) and their
hydrophilic disodium dicarboxylate derivativd$,£91andZnP91, Fig.32) have also been
reported”® The porphyrin monomer synthesis begins with Sonogashira coupling of 2-iodo-
3,4-(ethylenedioxy)thiophene with 3,3-diehtoxypropyne, followed by @tadis with 5-
(4-methoxycarbonylphenyl)dipyrromethane to give the porphyrin proéis€t90, in 3 %

yield.
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Figure 32 P90 R = COOCH
P91 R = COONa4".

Kuo et al. presented a novel synthetic route to zinc tetrakis(d#ryhporphyrins?*
Using an adapted Sonogashira method, a range of electron donatintusotsstvere
coupled with 5,10,15,20-tetrakis(ethynyl)porphyrin and their redox propex@sined.
In this manner, zinc(ll) 5,10,15,20-tetrakis(ethynylthien-2-yl) porphy#ZnP92 was
produced (Rxn. 1).

I S

W

Pd,(dba), AsPh,
NEt; / THF

Rxn. 1 Novel route t&dnP92
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2.1.2.2 Electronic and photophysical properties

The extendedi-system in the porphyrin with fused aromatic ringsP71 (Scheme 2),
causes both the Soret and Q bands to red*hifhe Soret band ¢f,P71was observed at
432 nm compared to 417 nm fdeTPP. In order to compare the extentme€onjugation
between the porphyrin ring and the fused aromatics the absorbandeurspet the
diprotonated species was obtained. The Soret and Q bands were boliftegd tise
former more so than the latter. The diprotonated species digpBgset band .« at 462
nm with Q bands at 604 and 659 nm. The metallated derivatives waiso
bathochromically shifted displaying Soret bands at 438 nm and 452 n&nfRatl and
NiP71respectively.

Decoupling of the two chromophores by the oxaalkyl spacer was otsertres electronic
spectrum oH,P73andH,P74 (structures in Fig. 27. The spectral features consisted of

an intense Soret band at 420 nm with Q bands between 510 and 650 nm due tonporphyri
transitions and a-n* transition between 290 — 350 nm due to the oligothiophene. The
Soret band oZnP73 was bathochromically shifted by 2 nm compared to its freebase
analogue Xmax = 422 nm), whereas th€oP73/74 and NiP73/74 derivatives displayed
hypsochromically shifted Soret bands at 412 and 416 nm respectivelgctrss of the
Fe(1ll) and Mn(lll) complexes showed highly red shifted Soret bé&Rd@811)P73: 511nm,
Fe(ll)P74: 512 nmMn(l11)P73 : 480 nm) with respect to the freebase porphyHpR73
andH,P74 (Amax = 420 nm). An additional intense absorbance between 350 and 400 nm
was assigned to charge transfer of occuptedbitals of the porphyrin to vacant d-orbitals

of the central metal cation.

The metallated phosphoric(V) porphyrins with axial substituersts displayed a classic
porphyrin spectrum with added spectral features due to thetlabeayl moiety at 232, 310
and 357 nm foP(V)P78 P(V)P79 and P(V)P80 (Fig. 29) respectivel§’ Soret bands
were observed at wavelengths of 430, 428 and 431 nnP{g)P78 P(V)P79 and
P(V)P80 respectively with the two Q bands of each porphyrin in the r&abg§e604 nm.
The fluorescence quantum yields and lifetimes in these systemes dependent on the
number of thiophene units in the system (Table 6). A decrease of fluoresceme kied
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quantum yield was observed with an increase in the number of thiophetse uni
Surprisingly theP(V)P79 system showed a larger decrease in fluorescence lifetime and
guantum vyield than th&(V)P80 analogue. Fluorescence quenching was observed for
P(V)P79andP(V)P80compared to diethoxyP(V)tetraphenylporphyrir=(4.4 ns) without
thienyl moieties attached, which indicated that photoinduced eleamosfér occurred
from the oligothiophene moiety to the P(V) porphyrin unit of the 2,2himphene and
2',2".5",2""-terthiophene systems.

Porphyrin| Aem(nm) T (NS) OF

P(V)P78 | 613, 668 410 | 27x10

P(V)P79 | 615, 668 <05 | 51x10

P(V)P80 | 622, 673 0.80 | 3.9x10

Table 6 Luminescence data for phosphorus porphy@g#&— P80n MeCN*°

In the ethynyl-thienyl porphyrinZnP92 (Rxn. 1), both the absorbance and emission
maxima are bathochromically shifted comparedHsP1 (Fig. 2)** The Soret band

maximum was detected at 484 nm with emission bands observed at 703 and 774 nm.

The electronic spectra of the porphyrin systems connected with tgpes of
oligothiophene bridges (structures in Fig. 31) showed many integestiaracteristics:
UV-vis absorbance spectroscopy was used to determine the magrofudbe
interporphyrin interactions. The absorbance spect@n@hP86 andZnZnP87 showed
the least perturbation when compared to the reference porphyrinil)zBd6-bis(3,5-
ditert-butylphenyl)porphyrin. Their spectra were simply the sum of tiphyrin and the
oligothiophene bridge indicating that direct attachment of oligothiopherte tainihe
porphyrin did not perturb the ground state properties. Inserting tigeoriethynyl linker
between the quaterthiophene moiety and porphyrin core Z84nP88 and ZnZnP89
imparted distinctive features to the absorbance spectra inclbdiaglening of the Soret

bands.
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ZnZnP89 underwent the largest red shift and highest intensification ofn@sbaithin the
series. The Soret region 8hZnP89 was split into two discernible transitions (Fig. 33), at
437 and 448 nm with a shoulder at 417 nm indicativéajgregate formationH,H,P89
and ZnH,P89 displayed single maxima at 442 and 444 nm respectively. ARD %
increase in the FWHM of the Soret bandzmznP89 was observed compared to the other
porphyrins in theP89 series. However, the Q band regiorzaH P89 is simply the sum
of the spectra foZnzZnP89 and H,H,P89. These spectra closely resembled those of
structurally similar ethynyl-substituted zinc porphyrins, so ¢hanges seen in tHe89
series were attributed to the effect of the ethynyl bridgdiout any substantial influence
from the quaterthiophene bridge. The changes observed were aofesdlecrease in the
HOMO-LUMO gap as a consequence of the increasednjugation in the system. The
smaller vinyl moiety in the bridge of the dyad®znP88, H,H,P88 and ZnH,P88
resulted in Q bands that were also red shifted that can basyndnalysed. Thus, both
vinyl or ethynyl substitutionRK88 and P89) at themeseposition gave rise to enhanced
coupling between the two porphyrin units in comparison to the direatked
guaterthiophene bridgd?86 and P87) which displayed weak interaction indicating only
slight perturbation of the ground state properties of the porpluyrits. Similar to the
absorbance spectra, the fluorescence spectra are alteredratures of the bond linking
the porphyrin units to the bis- or quaterthiophene bridge (Table he flliorescence
quantum yields for the zinc dyads increase in the &dénP87 < ZnZnP86 < ZnZnP88

~ ZnZnP89. The fluorescence quantum vyields for thgH, porphyrin series followed a
similar trend. The largest Stokes shifts between were obsewvékef vinyl seriesP88
indicating that the dyads undergo a significant reorganisationabéarucoordinates in the
excited state. The energy transfer in the asymmetricalsdyvas also studied by
fluorescence spectroscopy. Photoinduced energy transfer beasgemmetricalZnH ;
porphyrins was investigated. The lowest excited singlet sfaigeeazinc porphyrin was
higher than that of the corresponding freebase porphyrin. Ea&nitef the asymmetrical
dyad at 560 nm (the wavelength at which most light is absorbeatebyinc porphyrin)
produced a fluorescence spectra with > 95 % emission from the geepbgohyrin. The
fluorescence of the zinc porphyrin was almost completely tuafiein each of theZnH
systems and fluorescence occurred from the freebase porphyrirsindibated efficient
energy transfer from the zinc porphyrin excited state to the nearlbage@orphyrin. The

decrease in the zinc porphyrin fluorescence lifetime inelitat clear trend in energy
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transfer from the slowest to the fastest of theenZnH,P87 = ZnH,P88 >ZnH,P86 >
ZnH,P89.

7x10° -
- \
[
| 'l
6105 |- i Zn monomeric reference porphyrin
'.‘ [ I — — - Zn7nP8A
£ Iy, InZnP87
5 ] b — - ZnZnP$88
- 5x10° |- fAl — ZnZnP89
) _' =
4107
3:10° |
2x10°
1 =107 -
D i
350

Figure 33 Electonic absorbance spectra oZnZnP86, ZnZnP87, ZnZnP88 and

ZnZnP8¢ and zirt monomeric reference porphy in CH,Cl,*%°
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Porphyrin Aem(NM) 7t (NS) O

ZnZnP86 624 1.60 0.10
ZnH P86 664 0.02 0.86
HoH-,P86 662 3.90 0.86
ZnZnP87 626 1.30 0.09
ZnH,P87 666 0.03 0.78
H,H,P87 667 3.50 0.78
ZnZnP88 676 1.30 0.17
ZnH P88 713 0.03 0.21
H,H,P88 717 3.40 0.22
ZnZnP89 657 1.40 0.18
ZnH,P89 688 0.01 0.31
H,H,P89 690 6.20 0.34

Table 7 Luminescence data for porphyrin dinfe@6— P89in THF *?

A Soret bandymax at 460 nm was observed BnP90 (Fig. 32) in dichloromethane, while
poly-ZnP91 displayed a hypsochromically shifted Soret band at 434 nm in
dimethylsulfoxide®® An intense single fluorescence peak was observed at 720 nm for
ZnP90 whereaspoly-ZnP90 and poly-ZnP91 produced two fluorescence bands at 650,
720 nm and 620, 660 nm respectively.

Electronic coupling between the adjacent porphyrin units in the polyrokbdae ofpoly-

ZnP84 and poly-ZnP85 (Fig. 30) resulted in splitting of the Soret band in the UV-vis
spectra (Table 8} The monomeZnP81 showed a sharp Soret peak at 417 nm with
FWHM of ca. 20 nm. Polymerpoly-ZnP81, poly-ZnP83, poly-ZnP84 andpoly-ZnP85

gave peaks ithe Soret and Q band region, the sharpness and intensity of which dependec
on the structure of the polymePRoly-ZnP85with an ethynyl spacer directly bound to the
mesoposition of the porphyrin ring displayed the largest shiftdibrSoret bands in the
series. Polymersvhich have a spacing thiophene unit directly bonded to the zinc
porphyrin units, such gsoly-ZnP81, poly-ZnP83 andpoly-ZnP84 (Fig. 30) display two
emission peaks similar to those of the relative monomers. Irrdagath its UV-vis
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spectrum, the photoluminescencepofy-ZnP85 was at a longer wavelength than the other

polymers.
Porphyrin AmaxSoret (nmM) | AmaxQ bands (nm)  Aex(NM) Aem(NM)
ZnP81 417 542, 583 417 592, 644
Poly-ZnP81 416 543, 582 416 590, 642
Poly-ZnP83 416 546, 584 416 590, 639
Poly-ZnP84 417, 431 547, 585 422 591, 646
Poly-ZnP85 454, 490 697 455 724
Table 8 Electronic data faP81— P85in CHCl.**
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2.1.2.3 Electrochemical properties and electropolymerisation

HOMO-LUMO energy gaps of 2.06 and 2.01 e§. SCE were calculated fanP71 and
NiP71 (Scheme 2yespectively’® These values correspond to a reduced HOMO-LUMO
energy gap of almost 30 eV relativeanTPP. Cyclic voltammetry studies carried out on
H.P73andH.P74 (Fig. 27) reveal potentials comparable to the individual subuthishw
are in agreement with the UV-vis studies, confirming a lack of electronimeoimation®’
Polymerisation of the freebase porphyrin monomer ublit$73 and H,P74, was not
possible due to the interference of the porphyrins internal nitrogeitis the
oligothiophene radical cations. However electrochemical oxidationhef nhetallo-
porphyrins lead to the corresponding porphyrin functionalised polythiophene. The
metallo-bithiophene analogue M(II)/M(IP)73, showed a higher tendency to polymerise
and gave thicker films. OnlyMn(ll)P73 displayed low polymerisation trends.
Electrochemical studies on the polymers displayed a combinatioevefsible redox
waves for the conducting polythiophene backbone and the porphyrin redcesd@reble

9). Reduction of the metal centres of the porphyrin units at negatiemtials was not
observed due to the insulating character of the polythiophene backbdme potential

window monitored.
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Porphyrin Porphyrin Metal Porphyrin
Reduction Cation Oxidation
V) V)
(V)

E(l) E() | E(MY) | E(M*® ={D) E(V) | E(V)
H,P73 -2.03 -1.71 -—-- 0.44 0.85 1.10
H,P74 -2.05 -1.70 -—-- 0.46 0.87 1.10
Co(IDP73 -1.95 -—-- -1.44 0.34 0.51 0.75 1.34
Co(l)P74 -1.95 -—-- -1.44 0.34 0.51 0.78 1.36
Ni(IhP73 - -1.81 -—-- 0.50 0.84 1.29
Ni(IhP74 -——- -1.80 -—-- 0.50 0.86 1.29
Fe(llHP73 -——- -1.60 -0.86 0.55 0.98 1.24
Fe(llhP74 -—-- -1.57 -0.84 0.55 0.99 1.26
Mn(lIP73 -2.14 -0.81 0.63 1.06 1.28
Zn(1HP73 -——- -1.92 -—-- 0.23 0.50 0.76
Table 9 Redox potentials B73—P74in CH,Cl, vs. Fc/F&.%

In contrast, Ballarin et al. observed irreversible oxidation ofpbhyrin moiety in a

copolymer ofH,P73 and the tetraphenylporphyrin-alkoxy-monothiophene #hiP753%

In a later study®’ the authors also investigated the nickel derivafili®73, and analysed

the complexation ability of the porphyrin unit in the polymer chain. hB#4P73 and

NiP73 formed mechanically stable electrode surface films. Hg?73 the oxidation

process centred at +1.04vg. SCE, previously ascribed to the oxidation of the porphyrin-

containing monomer, was observed along with an additional redox couple jpotential

region +0.45 - 0.70 Ws. SCE attributed to oxidation of the co-polymer.

NiP73 was quite different.

Analysis of

The oxidation process recordedHig?73 was no longer
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present and a reversible system was evident with an oxidation pbtent0.94 Vvs.
SCE. This shift with respect tbl,P73 was attributed to the nickel porphyrin core,
however the highly distorted conformation of the porphyrin ring induced updelfiix

complexation should also be considered.

Electrochemical oxidation d®(V)P79 andP(V)P80 (Fig. 32) resulted in the formation of
one dimensional polymers (Fig. 34).Poly-P(V)P79and poly-P(V)P80 were deposited
onto the electrode as peak currents assigned to the redox reacdt@nR{) porphyrin
increased. Poly-P(V)P80 displayed a new anodic peak due to the oxidation of
sexithiophene. The UV-vis absorbance of the bithiophene and terthioplogteesfmax

= 310, 357 nm respectively) disappeared upon polymerisation with strong queottiie
fluorescence in the polymers. In addition conductivitiespoly-P(V)P79 and poly-

P(V)P80were strongly enhanced by photoirradiation.

Figure 34 Polymeric oligothiophene chain of P(V)-tetraphenylporphyrins.

Zinc(Il) 5,15-bis(4-(thien-2-yl)phenyl)-10,20,diphenylporphyrinP76) failed to form a

polymer owing to its low solubility in a range of solvefitsPolymeric films ofZnP77

(Fig. 35) were deposited on an array of electrodes in severahsolyg electrochemical
oxidation. During the polymerisation process, the polymer filmareed electroactive
indicating, that the film itself, has enough electrical condugtitatmaintain the polymer
growth process. An electrode modified with gmdy-ZnP77 exhibited two reversible one-
electron porphyrin ring oxidations at +0.78 and +1.06s\VAQ/AgCI. With potential scan

rates of 60-180 mV/s, the potential difference between oxidation and reductionfggks (
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was 50-100 mV, which indicated the high electroactivity of th@lpynin film. Deposited
polymer layers ranging from 5 x 1bto 5 x 10° mol/cn? were reproducible. The
synthesised polymepoly-ZnP77, was considered to be two isolated redox systems: the
porphyrin and the 5,5’bisphenyl-2,2’-bi(3,4-ethylene-dioxy-thiophene). Qgidalf the
thienyl subunit occurred at +0.61W8. Ag/AgCl, cathodic of the porphyrin unit (+0.78 and
+1.06 V vs. Ag/AgCl). Consequently the thienyl subunit poly-ZnP77 was only
electroactive after oxidation of the porphyrin ring and as atréselloxidised state of the
bithiophene subunit was trapped when the potential scan was revaisedormation of

two distinct redox units in the polymer chapuly-ZnP77, was believed to be responsible
for the observed charge trapping phenomenon, the mechanism for whiclippasted

using model compounds.

Figure 35  poly-ZnP77

Polymerisation of th@nP90 andZnP91 complexes to their respective homopolymers was
carried out by electrochemical oxidatibh. The monomers were also successfully
polymerised by chemical oxidation with iron(lll)chloride. Cyclioltammetry onpoly-
ZnP90 reveals a zinc porphyrin oxidation in the range +0.6 — 0\\Ag/AgCI while
oxidation of the thiophene moiety was observed at higher potentials\(>&0Ag/AgCl).
Conductivity measurements of the hydrophobic zinc porphyrinate polyoieiZnP90 on
platinum electrodes gave upper values of 6 X 3@&m. Images of the sodium derivative
of the zinc(ll) polymerpoly-ZnP91 (Fig. 36), were recorded by TEM and AFM. The
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formation of uniform porphyrin wires of up to 2ufn in length ¢a. 1200 monomer units)
was confirmed, with a thickness c&. 2 nm corresponding to the width of the porphyrin

unit.

Figure 36 poly-ZnP91
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2.1.3 Applications

The various uses of porphyrins are widely studied and include sua$ asecatalytic’
therapeuti®® and potential (opto-)electronic applicatidis. Extended T-conjugated
porphyrin systems are increasingly investigated due to dapgiications towards advanced
technologies, which include nonlinear optical matefif§. By appending various
chemical moieties onto the periphery of the porphyrin ring {ergtionalised thiophenes)
the electronic and redox properties of the macrocycle in suclknsystan easily be
modulated. Also varying the metal centre of the porphyrin alkh@se properties to be
fine tuned. Desirable molecular and material properties, suergeshyperpolarisabilities,
can therefore be imparted onto the porphyrin ring by appropriate tstibsti and

metallation.

Their strong absorbance and fluorescence properties allow porphydesised in (opto-)
electronic systems. Redox control mesozinc(ll) trithienyl and triphenylporphyrin —
ferrocene dyadszfiP27 andZnP28, Fig. 37) allowed the on/off switching of porphyrin
fluorescence through use of the ferrocene/ferricenium redox cbupleienching of the
porphyrin fluorescence by excited-state electron transfer fthen ferrocene to the
porphyrin was easily reversed by oxidation to the ferricenmmaillowing the porphyrin
fluorescence to be “switched on”. The reversible “on” and “offitawng of the electron-

transfer pathway allows for efficient control of the porphyrin luminescence.

: Fe(ll
emidgton R \_/@e( ) emissi)ﬂf R %(HI)
e transfer e traysfer

Figure 37 On/off switching of porphyrin fluorescenc&nP27 andznP27".*°
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Electrochemical studies of the thienyl porphyridaP21 — ZnP26 (Fig. 10) have shown
that the band gap can be controlled by varying the number of treghsgtituents on the
porphyrin ring and by the nature of the thienyl moiety its@fg. thiophenevs.
bromothiophene). As previously discussed the reduction in band gap foltbevextder
ZnP22(2.02 eV),ZnP26 (2.02 eV),ZnP25 (2.04 eV),ZnP24 (2.06 eV) an&nTPP (2.09
eV). Thus, through molecular design, the application of thienyl hyoims in (opto-
)electronics such as dye sensitised solar cells and photovoltacesidbecomes a real
possibility.

Supramolecular systems with magnesiom@sotetrakis(thien-2-yl)porphyrin,MgP1, Fig.

2) andp-cyclodextrins have been produc®d.In a phosphate buffer solution of pH 5.4,
MgP1 was found to form 1:1 supramolecular systems Wityclodextrin and four other
modified B-cyclodextrins. The cyclodextrin cavity offerred a hydrophobic envierirfor
guest molecules with two of the modified cyclodextrins, dimetkbxryclodextrin (DM$-
CD) and trimethoxyB-cyclodextrin (TM$-CD), substantially increasing this hydrophobic
environment. A bathochromic shift and decrease in extinction coefficient obteeland
of MgP1, was observed upon formation of a supramolecular systepacpélodextrins
with MgP1. When fluorescent substances move from a polar phase to a non-po&r phas
the quantum efficiency of fluorescence increases. An enhancememission intensity
and shift to shorter wavelength was noted for the BEB/MgP1 and TM$-CD/MgP1
systems, indicative of the formation of supramolecular systereselresults showed that

the modified3-cyclodextrins easily formed a supramolecular system MdR 1.

The poly-FeP2 modified electrode is the first all-synthetic electroctmhsensor for the
superoxide anion radical ¢@&:) due to its efficient electrocatalytic oxidation of Oto O;,

To mimic the iron centre of cytochronee-an iron(lll) porphyrin modified electrode was
developed by Yausa et &l. The[Fe(im)P2]'Br™ electrode was applied to detect ©and
results indicated that QO: was catalytically oxidised at the modified electrode. axial
imidazole ligand enables the oxidation of ©by an outer-sphere process comparable to
cytochromee mediated @ & oxidation. The sensitivity of the system towards<Cs 50
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times higher than that obtained in a previous study using a nbdifichromez/Au
electrode (typically ~6 nAM ™ cm?).

Mono substituted porphyrinsZP19 and ZnP20, Fig. 8) with meso 5-membered
heteroaromatic groups were designed to evaluate the effe¢ts spacer on mesoporous
TiO, nanoparticle films! The carboxylic group ensured a single point of attachment to
the surface. The three remaining mesityso substituents possess large steric bulk,
reducing aggregation of the porphyrin molecules. Porphyrin — modifi€lTiO,
electrodes were produced by adsorbing the porphyrin onto the prepad£dio,
electrode. ZnP19 adsorbed quickly and formed a densely packed porphyrin monolayer
whereasZnP20 adsorbed at a slower rate and formed a loosely packed monoley@i.
amounts of porphyrin adsorbed onto the Jiin were calculated using surface area on
the electrode and porphyrin densitiegnP19 was found to have a small density value of
2.0 x 10" mol cmi? while ZnP20 possessed a value of 1.2 x*¥@nol cm?. The calculated
porphyrin density value together with the tilt of the molecuksesponsible for the
packing on the surfaceZnP20 was tilted almost parallel to the TiGurface and so
adsorbed in a tightly packed monolayer whei@&a819'’s horizontal orientation of the acid
group resulted in a loosely packed monolayer. An ITO/fp@phyrin dye sensitised solar
cell device sensitised withnP19, was found to possess high photovoltaic properties with
maximum incident photon-to-current-efficiency (IPCE) of 65 % and imam power
conversion efficiencynmay Of 3.1 %. Values of IPGEx = 34 % and)max = 2.0 % were
obtained forZnP20. The higher effectiveness @nP19 is attributed to the additional
electron-transfer pathway through specific interaction betwkenstilphur atom in the
bridge and the Ti@surface.

Friedlein et al. reported the self-assembly of supramolecatdumns of large
polycyclicaromatic hydrocarbons and thienyl porphyriis Ordered films of porphyrins
with functional side arms (e.g. thiophene) are ideal for (optatyeleic applications,
where fast charge separation and transport are requdrgd21 (Fig. 6) was used for this
“bottom-up” synthetic strategy of a highly ordered nanostructire anolybdenum

disulfide (MoS) surface. Bromination of the peripheral 5-position of the thiophene
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increased solubility and facilitated the self assembly ofcthlemnar nanostructures in
solution. Tapping-mode scanning force microscopy (TM-SFM) indictte film was flat
(10 nm thick, £2 nm) and the surface was completely covered. Phattoalspectroscopy
was used to investigate the alignment of the nanostructures on rtheesu Spectral
changes observed upon annealing were attributed to increased ratracter in the
columnar arrangements. Cone-like photoelectron emission around the olaxigl
(typical for m-electronic states of discotic molecules) indicated a flagntation of the
porphyrin rings, face to face with the surface substrate. aligement of the columns is

suited for solar cell applications.

The non-linear optical propertiegiz. the molecular first hyperpolarisabilityj, was
evaluated using femtosecond hyper-Rayleigh scattering (fs-HR&sed laser
measurements for a range of thienyl systefim®29 — ZnP38, Fig. 11)*° Exceptionally

large dynamic hyperpolarisability values of 670 — 4350 X°H¥u were obtained at 1300
nm incident irradiation. The value of 4350 x*3@su, obtained faZnP31, was the largest
B1300 Value (measured at 1300 nm incident radiation) for an uncharged chromophore.
Using the same technique the molecular first hyperpolarigabdlues oZnP35 — ZnP38

(Fig. 11) were determinedZnP35's formyl group drove a blue shift in the Q bang =

676 nm), wherea&nP36's strong dicyanovinyl acceptor caused a red shift in the Q band
position fmax = 698 nm) relative t&nP32 (Amax = 685 nm). Compound&nP37 and
ZnP38 were analogues aZnP32 in which there was an inversion of charge-transfer
direction. ZnP38 showed diminished excited-state structural heterogeneigfivelto
ZnP32 andZnP37, caused by the planarity of the conjugated carbazolyl unit. r&sudt

both ZnP37 and ZnP38 B1300 Values (Table 4) exceeded that measuredZfd?32, but
interestingly,ZnP38 exceeded that aZnP32 and ZnP35, approximately 2-fold. These
enhanced results indicated that further improvements in the all@agy magnitude for
B1300 values within the porphyrin-oligothiophene based neutral dipolar chromophores

should be possible.

A copolymer ofH,P18 (Fig. 7) and terthiophenpply-H,P18 (Fig. 38), was the basis for a

novel photoelectrochemical céfi. The use of a porphyrin co-polymer enhanced the light
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harvesting capabilities of a previously synthesised polythiophersetbplotovoltaic
device. Scanning electron microscopypofy-H,P18 showed an open porous morphology
(Fig. 39) which was beneficial for photovoltaics due to the largéaseiarea. A series of
porphyrin to terthiophene monomer mole ratios were also investigatdeguimolar
amounts of each were found to give the best energy conversiorsreshls photovoltaic
device had an energy conversion efficiency of 0.09 %. An additionalaise (0.06 — 0.12
%) was also observed in the efficiency of the copolymer aftaking in a zinc(ll) solution
due to metallation ata. 25 % of the porphyrin units on the polymer backbone.

Figure 38 Poly-H,P18
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Figure 39

Scanning electron micrographpafly-H,P18°2
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2.2 Abstract

The aim of this chapter is to gain information about the variglmfithe general types of
spectra in connection with the variability of the structure in fiporphyrins. To date,
there is still much discussion about the changes observed inp#otras of thienyl
porphyrins. The question remains - are the changes observedspetiiea a result of the
increased conjugation induced upon thienyl substitution of the porphyrioriagesult of

the conformation which theesathienyl substituents adopt?

Historically, bathochromically shifted absorbance and emissiortrapeere attributed to
the inductive effect of thenesothienyl moiety. However investigations carried out by
Rochford et al. and Briickner et al. indicated that this explanatasover simplified.
Rochford et al. synthesised a range of thienyl porphyrins (Figh&h were compared to
ZnTPP.® For the tetra substituted thienyl porphyrins both the absortmrtemission
spectra were red shifted were compare&ndPP. By varying the number of thienyl
rings and their substituents, the overall effect of the substitptitiern could be observed.
Successive replacement of a phenyl ring with a thien-2-yl nvigch had an
ethynyltrimethylsilyl moiety at the thien-5-yl position re®d in sequential red shifts of 4
nm in the absorbance spectra for each ring replaced. The authigedtthe shifts to
increased coupling of the overlappingsystems of the porphyrin and thiophene rings.
Evidence for this included an increase in the FWHM of the porphyrin Soret band.

Briickner and co workers synthesised thienyl porphyrins with ayingtbup attached at
various position on the thienyl ring (Fig. 18).Changes observed in the spectra indicated
that the position of substituents on tiesothienyl groups had a direct influence on the
electronic properties of the porphyrin ring. Subsequently, DFTusad to calculate the
conformation which the thienyl rings adopted with respect to thphgan macrocycle.
The results showed that the thienyl rings adopted a co-planagamant which may
allow for greatern-n orbital overlap between the thienyl group and the porphyrin

macrocycle.
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Thus a series ahesotetra (thien-2-yl)porphyrins antesotetra (phenyl)porphyrins were
produced, each further substituted with ethynylbenzene, ethynyRhyeor ethynylthien-
3-yl moieties (Fig. 40).

porhyin R group
R NB-ZnP3 \\J ="
e \S/

NB-ZnP5

S
//
S
NB-ZnP6 ——
\ 7/
NB-ZnP7 —< >—§: 7 s

Figure 40 Porphyrins produced for this study.
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PorphyrinsNB-ZnP1 — NB-ZnP3 were synthesised with substituents at the thien-5-yl
position, in order to examine whether an additional aryl group would camgesr
coupling of the overlapping systems and if so, the effect of the choice of aryl ring.
Porphyrins NB-ZnP4 and NB-ZnP5 possess the same terminal substituents
(ethynylbenzene and ethynylthien-2-yl) B8-ZnP1 and NB-ZnP2; however they are
substituted at the thien-4-yl positioNB-ZnP4 andNB-ZnP5 can therefore be compared
directly to NB-ZnP1 and NB-ZnP2 in order to examine how the conjugation pathway
affects the spectra of porphyrin. PorphyriNB-ZnP6 and NB-ZnP7 are phenyl
substituted porphyrins which have been further substituted apalee position with
ethynylthien-2-yl and ethynylthien-3-yl moieties respectivelyhese porphyrins can be
comparedNB-ZnP2 and NB-ZnP3 as they possess the same terminal substituents.
However, the phenyl porphyrindB-ZnP6 and NB-ZnP7, should adopt an idealised
orthogonal arrangement with respect to the porphyrin plane. Thus asystems of the
porphyrin andnesosubstituents will no longer be overlapping any changes observed in the

spectra can be attributed to the conformation rather than the couplinguasytsiems.

Increased FWHM of the porphyrin Soret band is evidence of isedeaoupling of the
overlappingr systems, thus UV-vis absorbance spectra shall be obtained tbgateethe

extent of this overlap. Emission spectra and lifetimes of the ponshmay indicate how
substitution pattern affects the singlet and triplet excite@sthat are formed following
absorbance. Electrochemistry may provide information about theafj@xerited states of

the porphyrins under study relative to each otherZanidPP.

For NB-ZnP1 — NB-ZnP3 substitution at the thien-5-yl position of tiheesothienyl
substituent would be expected to increase conjugation within the melerocTherefore,
bathochromic shifts in the absorbance and emission spectra aréeexpdde effective
conjugation forNB-ZnP4 andNB-ZnP5 should be lower than iNB-ZnP1 — NB-ZnP3

and therefore modest spectral shifts are expected with respgofl ThP. Porphyrins
NB-ZnP6 andNB-ZnP7 have a phenyl ring attached to the porphyrin macrocycle so the
properties of these porphyrins are expected to be moréhikEP. However the effect of

terminal thienyl moiety can be examined by changes in the electronic prepertie
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2.3 Experimental
2.3.1 Materials

All operations were carried out under an atmosphere of argon or nitnsgen standard
Schlenk techniques. All solvents were supplied by the Aldrich Chéricenpany.
Dichloromethane was dried over Mg&@rior to use. Methanol was distilled over
magnesium turnings and iodine before use. All organic reagentpweatgased from the
Aldrich Chemical Company. Benzaldehyde, 5-bromo-2-thiophenecarboxaldeloyd-
bromo-2-thiophenecarboxaldehye were distilled using a Buchi Klgehmbaratus prior
to use. Pyrrole was freshly distilled over potassium hydroxiderdafse. Anhydrous
triethylamine,  1-phenylacetylene,  2-ethynylthiophene,  3-ethyioghene,  2-
thiophenecarboxaldehyde, 4-bromobenzaldehyde, propionic acid, borontrifluoride
diethyletherate and p-chloranil were all used without further purification.
Bis(triphenylphosphine)palladium(il)chloride, triphenylphosphine and cuprous iodide w
used as received in the coupling reactions. These reagents undsifgoformation of
Pd(PPh)s. Column chromatography was carried out using neutral siliclvigetk, used
as received). All mobile phases for column chromatography drézd over MgSQ@ prior

to use. Solvents used in emission and lifetime measurement®fsgectroscopic grade
and used without further purification. All solvents were deoxygenbiepurging with
argon or nitrogen for ~10 minutes. The prefabiB-" is applied to compound codes

indicating that these are novel compounds synthesised throughout this work.

2.3.2 Equipment

All syntheses involving air- and moisture-sensitive reagents per®rmed in oven or
flame dried glassware. NMR spectra were recorded on a Brukdel AC 400 MHz
spectrometer and Bruker model ANC 600 MHz spectrometer usindsGi3Golvent. All
NMR spectra were calibrated according to the residual sojvesk, i.e. CHGlat 7.26
ppm for all*H spectra and 77.16 ppm for &lC spectra. Chemical shift8)(are given in
parts per million (ppm). Proton coupling constadsafe given in Hertz (Hz). Melting
points were measured on a Stuart Scientific SMP1 melting ppipdratus. IR spectra
were recorded on a Perkin-Elmer 2000 FT-IR spectrometer {Zesolution) in a 0.1 mm

sodium chloride liquid solution cell using spectroscopic grade dichlohamet All UV-
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vis spectra were measured on an Agilent Technologies 8453 photodiode array spectrome
using a 1 criquartz cell. Emission spectra (accurac$ fim) were recorded at 298 K
using a LS50B luminescence spectrophotometer, equipped with a redveddaitimatsu
R928 PMT detector, interfaced with Elonex PC466 employing PerkimiElh WinLab
custom built software. Luminescence lifetime measurement® weade using an
Edinburgh Analytical Instruments (EAI) Time-Correlated Singlaéoten Counting
apparatus (TCSPC) as described by Browne &t @lyclic voltammetry experiments were
carried out using a CH instrument model 600a electrochemical workstatiooaat eate of

0.1 VS Electrochemical studies were conducted using a conventional electeode
system consisting of a 2 mm diameter Teflon shrouded glassy oadvkimg electrode, a
platinum wire auxiliary electrode and a saturated calomelenee electrode. The solvent
used in all experiments was spectrophotometric grade dichloromethdrtbe supporting
electrolyte was 0.1 M TBARF Deoxygenation of the solutions was achieved by bubbling
through nitrogen for approximately 10 minutes and a blanket of nitragsnmaintained

over the solution during all experiments.
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2.3.3 Synthesis

2.3.3.1 Procedure for the preparation of aldehydewia the Sonogashira reactiorr”

To a flame dried round bottom flask anhydrous triethylamine (~BOwas added and
purged with nitrogen for 10 minutes. Following this, the appropriatelytitutes
halogenated thiophenecarboxaldehyde was added and the solution was @uagkenither
5 minutes. A catalytic quantity of bis(triphenylphosphine)palladil)oi(loride,
triphenylphosphine and cuprous iodide were added to the flask followed dxcass of
aryl alkyne in quick succession. The reaction mixture was edlwovernight under an
inert atmosphere and then allowed to cool. Excess aryl alkyneoahtswas removed
under reduced pressure. The crude product was extracted fromotine dit by first
addingca. 5 ml of dichloromethane followed by the additionaaf. 25 ml of petroleum
ether (or hexane). The solvent layer was then decanted off. pidusess was repeated
several times until the washings remained colourless. The wasWwiere combined and
dried over magnesium sulphate. The solvent was then remaaedtary evaporation
affording a dark viscous oil. The crude product was then purified) @skKXigelrohr or by

column chromatography as described for each compound.
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2.3.3.1.1 5-(Phenylethynyl)thiophene-2-carboxaldehyde (A1)

< HC:—< > o) S o
H> \\ // o 2wpdPry. . 4\ [

EtN/A/Ar

5-Bromothiophene-2-carboxaldehyde (6.0 mmol, 0.71 ml), bis(triphenylphosphine)
palladium(ll)chloride (0.12 mmol, 84 mg, 2 %), triphenylphosphine (0.24 mmol, &3 m
4%), cuprous iodide (0.12 mmol, 23 mg, 2 %) and 1-phenylacetylene (9.0 thatbinl)

were used. The crude product was purified using a Kugelroh*4m04 mmHg) which
afforded a bright yellow solid. Yield: 102 mg, 4.8 mmol, 80 %. Spectroscopic datanwere i
good agreement with reported data.

'H NMR (400 MHz, CDC}): 9.86 (1H, s), 7.67 (1H, d, = 3.6 Hz), 7.55-7.52 (2H, m),
7.39-7.37 (3H, m), 7.31 (1H, d= 3.6 Hz) ppm.m.p. =89 - 90 °C.

97



2.3.3.1.2 5-(Thien-2-ylethynyl)thiophene-2-carboxaldehyde (A2)

S

N
\ S e \_/ - Q s s
6 % Pd(PPY), -
H Et;N/A/Ar H \ / \ /
5-Bromothiophene-2-carboxaldehyde (3.0 mmol, 0.36 ml),

bis(triphenylphosphine)palladium(il)chloride  (0.18 mmol, 126 mg, 6 %),
triphenylphosphine (0.36 mmol, 94 mg, 12%), cuprous iodide (0.18 mmol, 34 mg, 6 %)
and 2-ethynylthiophene (3.3 mmol, 0.35 ml) were used. The crude product was purified by
column chromatography on silica gel usingCH: hexane (50:50) as mobile phase which
afforded an orange-yellow solid. Yield: 455 mg, 2.08 mmol, 69 %. Specpiosdata

were in good agreement with reported data.

'H NMR (400 MHz, CDCJ): 9.87 (1H, s), 7.68 (1H, d = 4.0 Hz), 7.39-7.38 (1H, m),
7.36-7.35 (1H, m), 7.31 (1H, d,= 4.0 Hz), 7.06-7.04 (1H, m) ppnm.p. = 78 - 79 °C.
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2.3.3.1.3 5-(Thien-3-ylethynyl)thiophene-2-carboxaldehyde (NB-A3)

= 7

> Br HC—@S > R > — 7

Hj \\ // 6% Pd(PPY, \ / = >
EtN/A/Ar H

5-Bromothiophene-2-carboxaldehyde (1.5 mmol, 0.18 ml), bis(triphenylphosphine)
palladium(ll)chloride (0.6 mmol, 63 mg, 6 %), triphenylphosphine (0.18 mmol, 47.#hg
%), cuprous iodide (0.09 mmol, 17 mg, 6 %) and 3-ethynylthiophene (1.65 mmol, (.16 ml
were used. The crude product was purified by column chromatggoapsilica gel using
CH.CI; : hexane (50 : 50) as mobile phase which afforded a yellow sol&ld: 245 mg,

1.12 mmol, 75 %.

'H NMR (400 MHz, CDC}): 9.86 (1H, s), 7.66 (1H, d,= 4 Hz), 7.61-7.60 (1H, m), 7.34-

7.32 (1H, m), 7.29 (1H, d) = 4 Hz), 7.21-7.20 (1H, m) ppm™C NMR (100 MHz,
CDCly): 182.40, 143.78, 136.09, 132.91, 132.37, 130.25, 129.61, 125.92, 121.00, 93.19,
81.63 ppm.IR (CH.Cl,): (C=0) 1671 crit, (C=C) 2209 cnit. m.p.: 92 — 93 °C.
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2.3.3.1.4 4-(Phenylethynyl)thiophene-2-carboxaldehyde (NB-A4)

Q s e Q s
\ / C \ /
Br 6 % Pd(PP
EtsN /A(/A?4 \\

|
I

4-Bromo-2-thiophenecarboxaldehyde (2.6 mmol, 500 mg), bis(triphenylphosphine)
palladium(ll)chloride (0.16 mmol, 112 mg, 6 %), triphenylphosphine (0.31 mmahd@1

12 %), cuprous iodide (0.16 mmol, 30 mg, 6 %) and 1-phenylacetylene (3.27 mmol, 0.34
ml) were used. The crude product was purified by column chromatogtesing silica gel

and CHCI, : hexane (40:60) as mobile phase which afforded a bright yellosk séield:

502 mg, 2.36 mmol, 91 %.

'H NMR (400 MHz, CDC}): 9.92 (1H, dJ = 1.2 Hz), 7.87-7.86 (1H, m), 7.82 (1H,X&

4.0 Hz), 7.54-7.51 (2H, m), 7.38-7.35 (3H, m) ppriC NMR (100 MHz, CDC}):
182.59, 143.56, 138.44, 137.07, 131.63, 128.78, 128.48, 123.94, 122.43, 90.01, 82.77 ppn
IR (CH,Cl,): (C=0) 1675 crit, (C=C) 2214 crit. m.p.: 128 — 129 °C.
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2.3.3.15 4-(Thien-2-ylethynyl)thiophene-2-carboxaldehyde (NB-A5)

s HC= S
VR LJ Y
2 9% Pd(PP
o EN A A AN
/s
=

4-Bromothiophene-2-carboxaldehyde (2.6 mmol, 500 mg), bis(triphenylphosphine)
palladium(ll)chloride (0.16 mmol, 112 mg, 6 %), triphenylphosphine (0.31 mmahd1

12 %), cuprous iodide (0.16 mmol, 30 mg, 6 %) and 2-ethynylthiophene (3.27 mmol, 0.35
ml) were used. The crude product was purified by column chromatogtesing silica gel

and CHCI, : hexane (50:50) as mobile phase which afforded a bright yellogk sdield:

471 mg, 2.16 mmol, 83 %.

'H NMR (400 MHz, CDC}): 9.92 (1H, dJ = 1.2 Hz), 7.86-7.85 (1H, m), 7.83-7.82 (1H,

m), 7.33-7.32 (1H, m), 7.30-7.29 (1H, m), 7.03-7.01(1H, m) ppi@. NMR (100 MHz,
CDCl): 182.54, 143.64, 138.19, 137.09, 132.50, 127.91, 127.24, 123.59, 86.44, 83.32
ppm. IR (CH,Cl,): (C=0) 1677 cnt, (C=C) 2213 cril. m.p.: 114 — 115 °C.
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2.3.3.1.6 4-(Thien-2-ylethynyl)benzaldehyde (NB-AG6)

S

? HC‘@ R S
Br - —
¥ 6 % Pd(PPY), \ /
Et;N /A Ar H

4-Bromo-benzaldehyde (3.0 mmol, 555 mg), bis(triphenylphosphine)palladjonhgtide

(0.128 mmol, 126 mg, 6 %), triphenylphosphine (0.36 mmol, 94 mg, 12%), cuprous iodide
(0.28 mmol, 34 mg, 6 %) and 2-ethynylthiophene (3.0 mmol, 0.3 ml) were udseel. T
crude product was purified by column chromatography on silica geb . GH.ClI, :
petroleum Ether 40:60 (75:25) as mobile phase which afforded an oraifme yelid.

Yield: 597 mg, 2.81 mmol, 94 %.

'H NMR (400 MHz, CDC}): 10.02 (1H, s), 7.86 (2H, d,= 8.4 Hz), 7.66 (2H, d] = 8.4
Hz), 7.36-7.33 (2H, m), 7.05-7.03 (1H, m) pprtC NMR (100 MHz, CDC}): 191.42,
135.42, 132.89, 131.81, 129.62, 129.26, 128.38, 127.35, 122.45, 92.27, 86.80Rpm.
(CH,Cl,): (C=0) 1701 crit, (C=C) 2206 cnt. m.p.: 101 — 103 °C.
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2.3.3.1.7 4-(Thien-3-ylethynyl)benzaldehyde (NB-A7)

Br — - —— / S
6 % Pd(PPE),

H Et;N /A Ar H —

4-Bromobenzaldehyde (4.5 mmol, 833 mg), bis(triphenylphosphine)palladjonhgtide

(0.18 mmol, 126 mg, 6 %), triphenylphosphine (0.36 mmol, 94 mg, 12%), cuprous iodide
(0.28 mmol, 34 mg, 6 %) and 3-ethynylthiophene (3.0 mmol, 0.29 ml) were used. The
crude product was purified by column chromatography on silica geb . GH.ClI, :
petroleum ether 40:60 (75:25) as mobile phase which afforded an orelhge golid.

Yield: 522 mg, 2.46 mmol, 82 %.

'H NMR (400 MHz, CDC}): 10.02 (1H, s), 7.86 (2H, d,= 8.4 Hz), 7.66 (2H, d] = 8.4

Hz), 7.60-7.59 (1H, m), 7.35-7.33 (1H, m), 7.23-7.22 (1H, m) ppi@.NMR (100 MHz,
CDCl): 191.46, 135.35, 132.00, 129.81, 129.74, 129.61, 125.74, 121.60, 88.65, 88.16
ppm. IR (CH,Cl,): (C=0) 1703 crit, (C=C) 2207 cri. m.p.: 129 — 134 °C.
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2.3.3.2 Procedure for the preparation of porphyrins via the Adler method?
2.3.3.2.1 5,10,15,20-Tetraphenylporphyrin (HTPP)

@_{ proplonlcaC|d
; ; reflux

Benzaldehyde (30 mmol, 3.05 ml) and pyrrole (30 mmol, 2.08 ml) were addeid mi
propionic acid. The reaction mixture was brought to reflux tempergtug® minutes and
then allowed to cool and left overnight. The porphyrin wasrditteoff and repeatedly
washed with cold methanol affording a purple crystalline solideldYi920 mg, 1.49
mmol, 20 %. Spectroscopic data were in good agreement with reportéd data.

'H NMR (400 MHz, CDC}): 8.85 (8H, s), 8.23-8.21 (8H, m), 7.77-7.75 (12H, m), -2.86
(2H,s) ppm.**C NMR (100 MHz, CDCY): 142.11, 134.52, 127.67, 126.65, 120.09 ppm.
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2.3.3.3 Procedure for the preparation of porphyrins via the Lindsey method®

The freebase porphyrins were prepaveda modified version of Lindsey’s two-step one-
flask room temperature reaction for the synthesimes$esubstituted porphyrins. Molar
equivalents of pyrrole and the appropriate aldehyde were dissolve2Ddnml of
dichloromethane and the solution was purged with argon for 10 minutegheFtnenyl
porphyrins the reaction mixture was then cooled to 0 °C before thgoadoi the acid
catalyst, BE.OEb (0.1 equiv.). Cooling of the reaction mixture was not required for the
tetraphenylporphyrins. The reaction mixture was allowed to csternight at room
temperature.p-Chloranil (0.75 equiv.) was added to the solution and stirring continued for
a further 6 hours [note: gschloranil is an oxidising agent the solution no longer needs to
be kept under argon at this point.] The volume of solvent was thenecktiuca. 25 ml

and the crude mixture was purified by column chromatography.
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2.3.3.3.1 5,10,15,20-Tetra(thien-2-yl)porphyrin (H:TThP)

H
N S N,

)
H
\ / \ / pl?(lzjshclz)%znil

Pyrrole (5 mmol, 0.35 ml), 2-thiophenecarboxaldehyde (5 mmol, 0.47 my)OBE (0.50
mmol, 63.36ul) and p-chloranil (3.75 mmol, 922 mg) was used. The crude product was
purified by column chromatography using silica gel and@}as mobile phase which
afforded a greenish purple solid. Yield 145 mg, 0.23 mmol, 18 %. Spmprogdata
were in good agreement with the reported data.

'H NMR (400 MHz, CDCJ): 8.97 (8H, s), 7.85 (4H, dd) = 3.2 Hz,*J = 1.2 Hz), 7.78
(4H, dd,3) = 5.2 Hz,%J = 1.2 Hz), 7.44 (4H, df) = 5.2 Hz,*J = 3.2 Hz), -2.72 (2H, s)
ppm. 2*C NMR (100 MHz, CDC}): 146.90, 142.62, 133.89, 127.90, 126.08, 112.38 ppm.
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2.3.3.3.2 5,10,15,20-Tetra(5-(phenylethynyl)thien-2-yl)porphyrin (NB-HP1)

R
H
N
‘\ /7 R R
CH,Cl /AT
1) BR.OE,
+ 2) p-chloranil R
O
— R = =
'y ¢ J

Pyrrole (3.53 mmol, 0.25 ml) and 5-(phenylethynyl)thiophene-2-carboxalde{3/88
mmol, 750 mg), BEOE® (0.35 mmol, 45ul) and p-chloranil (2.65 mmol, 645 mg) was
used. The crude product was purified by column chromatography ubgaggel and
CH.CI; : petroleum ether 40:60 (80:20) as mobile phase which afforded agireemple
solid. Yield: 257 mg, 0.25 mmol, 28 %.

'H NMR (600 MHz, CDC}): 9.15 (8H, s), 7.83 (4H, d,= 3.6 Hz), 7.71 (4H, d] = 3.6

Hz), 7.66-7.64 (8H, m), 7.43-7.39 (12H, m), -2.71 (2H, s) ppiC NMR (150 MHz,
CDCly): 143.10, 133.03, 131.52, 130.60, 130.25, 127.70, 127.47, 125.27, 121.81, 110.81
93.42, 81.53 ppm.
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2.3.3.3.3 5,10,15,20-Tetra(5-(thien-2-ylethynyl)thien-2-yl)porphyrin (NB-HP2)

R
H
N
\_J R ?
CH2C|2/Ar ‘
1) BR.OE,
+ 2) p-chloranil R
Q s s

= =)

Pyrrole (1.37 mmol, 95u) and 5-(thien-2-ylethynyl)thiophene-2-carboxaldehyde (1.37
mmol, 300 mg), BEOE® (0.14 mmol, 18ul) and p-chloranil (1.03 mmol, 253 mg) was
used. The crude product was purified by column chromatography ubgaggel and
CH.CI; : petroleum ether 40:60 (80:20) as mobile phase which afforded agireemple
solid. Yield: 83 mg, 0.08 mmol, 23 %.

'H NMR (600 MHz, CDCJ): 9.12 (8H, s), 7.82 (4H, d,= 3.6 Hz), 7.79 (4H, dJ = 3.6

Hz), 7.70-7.69 (4H, m ), 7.41-7.37 (4H, m), 7.10-7.06 (4H, m) -2.65 (2H, s) pan.
NMR (150 MHz, CDCY): 143.51, 133.09, 131.47, 130.43, 126.96, 126.32, 124.82, 121.86,
110.70, 86.68, 85.12. ppm.
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2.3.3.34 5,10,15,20-Tetra(5-(thien-3-ylethynyl)thien-2-yl)porphyrin (NB-HP3)

R
H
N
Y\ /7 R R
CH,Cl, / Ar _
1) BR.OE,
+ 2) p-chloranil R
(@]
S

Pyrrole (1.37 mmol, 95u) and 5-(thien-3-ylethynyl)thiophene-2-carboxaldehyde (1.37
mmol, 300 mg), BEOE® (0.14 mmol, 18ul) and p-chloranil (1.03 mmol, 253 mg) was
used. The crude product was purified by column chromatography ubgaggel and
CH.CI; : petroleum ether 40:60 (80:20) as mobile phase which afforded agiregemple
solid. Yield: 61 mg, 0.06 mmol, 17 %.

'H NMR (600 MHz, CDCY): 9.13 (8H, s), 7.82 (4H, d, = 3.6 Hz), 7.70 (4H, dJ = 3.6

Hz), 7.67-7.66 (4H, m), 7.38-7.37 (4H, m), 7.36-7.31 (4H, m) -2.63 (2H, s) ppe.
NMR (150 MHz, CDCY): 142.96, 132.96, 130.21, 128.83, 128.24, 125.17, 124.93, 124.70,
120.92, 117.81, 110.80, 88.68, 80.93 ppm.
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2.3.3.35 5,10,15,20-Tetra(4-(phenylethynyl)thien-2-yl)porphyrin (NB-HP4)

R
H
:N: R R
\ / CH2C|2/Ar _
1) BR.OEt,
+ 2) p-chloranil R
Q s s
R =
' ®

N\ N\

Pyrrole (2.0 mmol, 0.14 ml) and 4-(phenylethynyl)thiophene-2-carboxald€By@ienmaol,
424 mg), BE.OE® (0.2 mmol, 2511) and p-chloranil (1.5 mmol, 369 mg) was used. The
crude product was purified by column chromatography using silicargeCHCI, : EN
(99:1) as mobile phase which afforded a greenish purple solid. Yielth@36.13 mmol,
26 %.

'H NMR (600 MHz, CDCY): 9.12 (8H, s), 8.05 (4H, d,= 1.2 Hz), 8.03 (4H, dJ = 1.2

Hz), 7.64-7.62 (8H, m), 7.41-7.38 (12H, m), -2.69 (2H, s) ppiC NMR (150 MHz,
CDCly): 141.75, 134.98, 131.19, 130.63, 130.31, 127.49, 126.52, 126.20, 122.17, 120.10.
110.46, 87.35, 81.39 ppm.
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2.3.3.3.6 5,10,15,20-Tetra(4-(thien-2-ylethynyl)thien-2-yl)porphyrin (NB-HP5)

R
H
N R R
@ CH2C|2/Ar o
1) BR.OEt,
+ 2) p-chloranil R
Q S S
R =
‘ay L J

Pyrrole (1.65 mmol, 0.11 ml) and 4-(thien-2-ylethynyl)thiophene-2-carbdekgtle (1.65
mmol, 360 mg), BEOE®L (0.17 mmol, 21ul) and p-chloranil (1.24 mmol, 304 mg) was
used. The crude product was purified by column chromatography ubgaggel and
CH.Cl; : EN (99:1) as mobile phase which afforded a greenish purple solidd: 6l
mg, 0.06 mol, 14 %.

'H NMR (600 MHz, CDC4): 9.12 (8H, s), 8.07 (4H, d, = 1.2 Hz), 8.03 (4H, dJ = 1.2
Hz), 7.40 (4H, d,) = 3.6 Hz), 7.14 (4H, d] = 3.6 Hz), 7.09 — 7.06 (4H, m), -2.64 (2H, s)
ppm. °C NMR (150 MHz, CDC}): 141.67, 134.85, 131.13, 130.33, 126.40, 126.12,
122.27,120.11, 110.49, 105.45, 87.42, 81.41 ppm.
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2.3.3.3.7 5,10,15,20-Tetra(4-(thien-2-ylethynyl)phenyl)porphyrin (NB-HP6)

R
H
N
R R
@ CHchZ | Ar o
1) BR,.OEt,
+ 2) p-chloranil R
Q s <
== R = =
] \J \J

Pyrrole (1.44 mmol, 0.1 ml) and 4-(thien-2-ylethynyl)benzaldehyde (1.4&In300 mg),
BF;.OE% (0.14 mmol, 18ul) and p-chloranil (1.06 mmol, 260 mg) was used. The crude
product was purified by column chromatography using silica gel an€IigHEBN (99:1)

as mobile phase which afforded a greenish purple solid. Yield 40 mg, 0.04 mol, 11 %.

'H NMR (600 MHz, CDC4): 8.88 (8H, s), 8.21 (8H, d, = 8.4 Hz), 7.92 (8H, d] = 8.4

Hz), 7.44-7.42 (4H, m), 7.39-7.37 (4H, m), 7.11-7.09 (4H, m), -2.78 (2H, s) PG
NMR (150 MHz, CDCY): 144.93, 133.58, 131.20, 128.85, 126.57, 126.25, 122.31, 121.59,
118.66, 82.89, 81.33 ppm
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2.3.3.3.8 5,10,15,20-Tetra(4-(thien-3-ylethynyl)phenyl)porphyrin (NB-HP7)

R
H
N
i\ /7 R R
CH2C|2/Ar -
1) BR.OEt,
+ 2) p-chloranil R
0
= 7 g R = = 7 g
H —_— -

Pyrrole (1.44 mmol, 0.1 ml) and 4-(thien-3-ylethynyl)benzaldehyde (1.4&In300 mg),
BF;.OE% (0.14 mmol, 18ul) and p-chloranil (1.06 mmol, 260 mg) was used. The crude
product was purified by column chromatography using silica gel an€IigHEBN (99:1)

as mobile phase which afforded a greenish purple solid. Yield: 59 mg, 0.06 mmol, 16 %.

'H NMR (600 MHz, CDC}): 8.88 (8H, s), 8.20 (8H, d, = 8.4 Hz), 7.92 (8H, d] = 8.4

Hz), 7.68-7.67 (4H, m), 7.40-7.38 (4H, m), 7.35-7.34 (4H, m), -2.78 (2H, s) ppd.
NMR (150 MHz, CDCYJ): 141.73, 138.57, 134.35, 129.77, 129.71, 128.72, 127.65, 125.32,
115.81, 86.70, 81.53 ppm.
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2.3.3.4  General procedure for metallation of porphyrins®’

The appropriate porphyrin was dissolvecc@ 20 ml CHCI; and the solution was purged
with argon for 10 minutes. 1.5 equivalents of Zn(QAweas first dissolved ica. 5 ml
MeOH and then added to the porphyrin solution. The reaction mixturalleasd to stir

for ca. 10 hours. All solvents were removed under reduced pressure leguinglesolid.
This solid was dissolved in GBI, and washed successively with 5 % aqueous Na}iCO
followed by water. The organic layer was dried over Mga@d the solvent removed
under reduced pressure. The metalloporphyrins were purified by malramatography
using silica gel and Ci€l, (100 %) as mobile phase. All metalloporphyrins synthesised in

this manner were typically obtained in > 95 % yield.

2.3.34.1 Zinc(l1)-5,10,15,20-tetraphenylporphyrin (ZnTPP)

Spectroscopic data were in good agreement with reported’data.

'H NMR (400 MHz, CDC}): 8.87 (8H, s) 8.18-8.15 (8H, m), 7.72-7.64 (12H, m) ppm.
%C NMR (100 MHz, CDCJ): 150.16, 142.77, 134.39, 131.39, 127.45, 126.51, 121.09
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2.3.3.4.2 Zinc(l)-5,10,15,20-tetra(thien-2-yl)porphyrin (ZnTThP)

Spectroscopic data were in good agreement with reported®data.

'H NMR (400 MHz, CDC}): 9.07 (8H, s) 7.84 (4H, dd) = 3.6 Hz,"J = 1.2 Hz), 7.77
(4H, dd,3J = 3.6 Hz,*J = 5.2 Hz), 7.44 (4H, dd)) = 3.6 Hz,"J = 1.2 Hz) ppm.}*C NMR
(100 MHz, CDC4): 151.34, 143.00, 133.53, 132.15, 127.45, 125.94, 115.93, 113.17 ppm.
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2.3.3.4.3 Zinc(1)-5,10,15,20-tetra(5-(phenylethynyl)thien-2-yl)porphyrin
(NB-ZnP1)

'H NMR (400 MHz, CDCY): 9.21 (8H, s), 7.79 (4H, d,= 3.6 Hz), 7.68 (4H, d) = 3.6

Hz), 7.51-7.49 (8H, m), 7.34-7.32 (12H, m) ppfiC NMR (100 MHz, CDC}): 150.12,
144.02, 132.59, 131.24, 130.52, 130.13, 127.55, 127.43, 124.59, 121.88, 111.37, 87.28
84.49 ppm.Mass. Spec(MALDI): calculated 1102.69, observed 1102.5.
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2.3.3.4.4 Zinc(l)-5,10,15,20-tetra(5-(thien-2-ylethynyl)thien-2-yl)porphyrin
(NB-ZnP2)

'H NMR (600 MHz, CDC}): 9.21 (8H, s), 7.80 (4H, d,= 3.0 Hz), 7.69 (4H, d] = 3.0

Hz, 7.41-7.40 (4H, m), 7.37-7.36 (4H, m), 7.08-7.07 (4H,ppjn. *C NMR (150 MHz,
CDCly): 150.11, 144.37, 132.65, 131.39, 130.29, 126.83, 126.24, 124.14, 121.86, 111.32,
86.27, 85.26 ppmMass. Spec(MALDI): calculated 1126.8, observed 1126.1.
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2.3.3.45 Zinc(l)-5,10,15,20-tetra(5-(thien-3-ylethynyl)thien-2-yl)porphyrin
(NB-ZnP3)

'H NMR (600MHz, CDC}): 9.22 (8H, s), 7.79 (4H, d,= 3 Hz), 7.68 (4H, dJ = 3Hz),
7.65-7.64 (4H, m), 7.37-7.36 (4H, m), 7.31-7.30 (4H, m) ppiC NMR (150 MHz,
CDCly): 150.21, 144.02, 132.70, 131.40, 130.10, 128.80, 128.23, 124.73, 121.06, 111.54
88.42, 81.17 ppmMass. Spec(MALDI): calculated 1126.8, observed 1124.1.
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2.3.3.4.6 Zinc()-5,10,15,20-tetra(4-(phenylethynyl)thien-2-yl)porphyrin
(NB-ZnP4)

'H NMR (600 MHz, CDC}): 9.13 (8H, s), 8.06 (4H, d,= 1.3 Hz), 8.05 (4H, d] = 1.3

Hz), 7.66-7.63 (8H, m), 7.42-7.38 (12H, m) ppHiC NMR (150 MHz, CDC}): 150.22,
142.35, 139.57, 134.71, 131.35, 130.66, 129.73, 127.42, 122.10, 120.36, 111.33, 87.9¢€
84.02 ppm.Mass. Spec(MALDI): calculated 1102.69, observed 1102.5
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2.3.3.4.7 Zinc(l)-5,10,15,20-tetra(4-(thien-2-ylethynyl)thien-2-yl)porphyrin
(NB-ZnP5)

'H NMR (400 MHz, CDCJ): 9.21 (8H, s), 8.04 (4H, d,= 1.2 Hz), 8.02 (4H, d] = 1.2

Hz), 7.37-7.36 (4H, m), 7.32-7.31 (4H, m), 7.05-7.03 (4H, m) ppi@.NMR (100 MHz,
CDCl): 150.16, 142.27, 135.05, 133.20, 130.39, 126.45, 126.19, 122.38, 120.47, 111.26,
87.64, 83.99 ppm.
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2.3.3.4.8 Zinc()-5,10,15,20-tetra(4-(thien-2-ylethynyl)phenyl)porphyrin
(NB-ZnP6)

'H NMR (400 MHz, CDC}): 8.98 (8H, s), 8.23 (8H, d,= 8.4 Hz), 7.93 (8H, dJ = 8.4

Hz), 7.47-7.44 (4H, m), 7.40-7.39 (4H, m), 7.19-7.15 (4H, m) ppi@.NMR (100 MHz,
CDCly): 150.07, 145.87, 133.28, 131.04, 129.05, 126.03, 121.63, 121.63, 121.51, 119.97
82.79, 81.13 ppmMass. Spec(MALDI): calculated 1102.69, observed 1101.7
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2.3.3.4.9 Zinc()-5,10,15,20-tetra(4-(thien-3-ylethynyl)phenyl)porphyrin
(NB-ZnP7)

'H NMR (600 MHz, CDC}): 8.98 (8H, s), 8.23 (8H, d = 8.4 Hz), 7.93 (8H, dJ =
8.4Hz), 7.69-7.68 (4H, m), 7.42-7.39 (4H, m), 7.35-7.34 (4H, m) ppiG. NMR (150
MHz, CDCk): 150.49, 141.41, 139.28, 134.55, 129.62, 129.57, 128.79, 127.43, 125.15,
116.04, 85.88, 81.19 ppniMass. Spec(MALDI): calculated 1102.69, observed 1102.6

122



2.4 Results
2.4.1 UV-vis absorbance studies

A UV-vis spectrum typical of the porphyrins discussed in this chapter is digglayigure
41. The electronic absorbance spectral featisgs for Soret and Q bands) of porphyrins
synthesised in this study in addition to the extinction coefficiangslisted in table 10.
The absorbance spectra oA TPP and ZnTThP have been previously reported in the
literature® The solvatochromic effect fd¥B-ZnP1 was studied in a range of solvents

with the differences in absorbarnGg.x of the Soret and Q bands listed in table 11.
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Figure 41 Electronic absorbance spectrum BhTPP (insert Q bands region)
recorded in CHCl,,
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Porphyrin Soret (nm) FWHM (ch Q bands (nm)
ZnTPP 419 (2.53) 514 547 (9.72)
588 (1.90)
ZnTThP 429 (2.84) 813 556 (9.48)
600 (1.97)
NB-ZnP1 439 (2.75) 1197 559 (1.94)
603 (6.40)
NB-ZnP2 439 (2.04) 1350 559 (1.42)
603 (5.05)
NB-ZnP3 439 (1.81) 1252 559 (1.47%)
603 (4.95)
NB-ZnP4 429 (0.443 870 555 (0.28)
596 (0.45)
NB-ZnP5 425 (0.47) 828 550 (0.19)
590 (0.85)
NB-ZnP6 426 (2.76) 772 550 (9.97)
590 (2.30)
NB-ZnP7 425 (2.69) 775 550 (9.971)
590 (2.25)
Table 10 UV-vis absorbance data of porphyrins recorded inQl# 2 Values in

Table 11

brackets refer ta (x 10 M™* cm?). ° Values in brackets refer to(x 10 M’
L em?). °Values in brackets refer to(x 1¢ M* cnit).

Porphyrin ~ Soret (hm) FWHM (ch Q bands (nm)

Toluene 439 1197 559, 602
Chloroform 442 1073 563, 607
DMSO 445 1059 570, 614

Solvatochromic behaviourB-ZnP1 in different solvents.
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The Soret band aZnTPP andZnTThP were observed at 419 and 429 nm respectively.
Tetra(thien-2-yl)porphyrinsNB-ZnP1, NB-ZnP2 and NB-ZnP3 were red shifted and
displayed their Soret band at 439 nm (Fig. 42). This was a bathochsbiftiof 20 nm
when compared tZnTPP and 10 nm with respect @nTThP. PorphyrinsNB-ZnP4

and NB-ZnP5, with mesothien-2-yl units substituted at the thien-4-yl position were also
shifted compared t@nTPP, with both porphyrins displaying Xa.axat lower energy than
ZnTPP. The Soret band dfiB-ZnP4 was observed at 429 nm, while fdB-ZnP5 the
SoretAmax Was at 425 nm. Both the porphyrins showed little or no change inSbest
band position with respect ENTThP (Amax = 429 nm). They were however blue shifted
when compared to the Soret band®BFZnP1 —NB-ZnP3. Brickner et al. observed that
substitution of themesothien-2-yl ring at the thien-5-yl position caused a red shift in the
porphyrins Soret absorbance band while substitution at the thiep@sition caused a
minor blue shif£® The tetra(phenyl)porphyrindiB-ZnP6 andNB-ZnP7, undergo modest
shifts. Both their Soret banélh., observed at 426 nm, were red shifted (7 nm

bathochromic shift) with respect to the related porphyhni,PP.

For porphyrind\B-ZnP4 - NB-ZnP7, where small shifts were observed in the Soret band
position, only minor changes were observed in the FWHM values (I8pleHowever as
the Soret band was shifted to lower energy for porphWiBsZnP1, NB-ZnP2 andNB-
ZnP3 the FWHM increases (FWHM: 1197, 1350 and 1252'cmespectively). This
suggested increased electronic and vibronic coupling betweem-$lystems of the
porphyrin ring and thenesopendant arm® Also an increase in the relative intensity of
the Q(0,0) band can be observed as the electronic communication betwgenptingin

and thienyl moieties increased. The ratio of the intensitp(6f0)/Q(1,0) bands (Fig. 43)
increased significantly, with respect ZmTPP and ZnTThP, for NB-ZnP1, NB-ZnP2,
NB-ZnP3, NB-ZnP5 and NB-ZnP6. Thus the relative energies ground state and first
excited singlet state were altered by appropriate substitution.
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Figure 42
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Figure 43
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2.4.2 Steady — state fluorescence studies

Fluorescence spectra were obtained for the thienyl and phenyitsigiols porphyrins
produced and compared ZmTPP andZnTThP. Table 12 below presents the emission
maxima of the Q bands of the porphyrins and their respectiveesliigtimes, while table
13 illustrates the solvatochromic effects induced in a range of solvents.

Porphyrin Amax(nm)  Stokes shift (ci) 1 (ns)

ZnTPP 595, 643 200 1.83
ZnTThP 617, 658 459 141
NB-ZnP1 634 811 0.80
NB-ZnP2 635 836 0.72
NB-ZnP3 635 836 0.72
NB-ZnP4 613, 652 465 0.83
NB-ZnP5 601, 647 310 1.39
NB-ZnP6 605, 646 420 1.77
NB-ZnP7 603, 650 365 1.47

Table 12 Fluorescence maxima and singlet lifetimtes of ZnTPP, ZnTThP and
tetra aryl porphyrins studied, all recorded in @El, at room temperature.
Singlet lifetimes (+/- 0.03 ns)

Solvent Amax(NM)  Stokes shift (ciH? 7 (ns)
Toluene 634 838 0.94
Chloroform 638 801 0.91
DMSO 640 662 0.82
Table 13 Fluorescence maxima and singlet Iifetinjre)s df NB-ZnP1 recorded in

chloroform, toluene and DMSO.
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The fluorescence spectrafTPP, ZnTThP and the novel porphyrins studied are shown
below (Fig. 44 and 45). The first striking difference in the flueese spectra aheso
tetra(thien-2-yl)porphyrind\B-ZnP1, NB-ZnP2 and NB-ZnP3 was that the emission
bands which arise from the Q(0,0)* and Q(1,0)* excited states wailby/ tohresolved due
to the large red shift of the higher energy of the Q(0,0)* statd, tve Q(1,0)* emission
band stretching out to longer wavelengths (Fig. 48B-ZnP4 retained the emission
profile similar toZnTThP, albeit with a slight increase in the intensity of its bands, while
the fluorescence emission profile MB-ZnP5 was significantly increased in intensity and
was hypsochromically shifted (the Q(0,0)* band underwent a 12 nm bifie 3(1,0)*
band underwent a 5 nm blue shift). The fluorescence spectra obserWB-ZmP6 and
NB-ZnP7 although similar to that &nTPP, were red shifted. The intensity of the bands
was generally higher than that&fTPP and also the Q(0,0)* band was more intense than
the Q(1,0)*.

70 -

ZnTPP

60 -

ZnTThP

50 - —— NB-znP1
40 - ——NB-ZnP2

——NB-ZnP3

30 -

20 -
10 -

Emission Intensity

O I I T T

575 625 675 725 775
Wavelength (nm)

Figure 44 Fluorescence spectra o TPP, ZnTThP andNB-ZnP1 — NB-ZnP3. All

spectra were recorded in GBI, at room temperaturel{xc = 555 nm, abs
= 0.2 at 555 nm).
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Figure 45 Fluorescence spectra o TPP, ZnTThP andNB-ZnP4 — NB-ZnP7. All
spectra were recorded in GBI, at room temperaturel{xc = 555 nm, abs
= 0.2 at 555 nm).

The fluorescence lifetimestj were recorded in dichloromethane and are included in table
12. A lifetime of 1.83 ns was observed #EnTPP, which is in good agreement with the
literature reported value of 2.0 ts.All porphyrins studied showed reduced fluorescence
lifetimes relative t&ZnTPP. The tetra(thein-2-yl)porphyrins studied showed a substantial
decrease in lifetimes which ranged from 0.72 to 1.39 ns. The sHiekste observed in

the series was that &B-ZnP2 and NB-ZnP3 (0.72 ns). In keeping with its increased
emission intensityNB-ZnP5 possessed the longest lifetime in the thien-2-yl series (1.39
ns). The lifetime of both tetra(phenyl)porphyribB-ZnP6 andNB-ZnP7, was reduced

to 1.56 and 1.47 ns respectively comparedZtd PP. Typical fluorescence decays
observed foNB-ZnP1 andNB-ZnP6 are shown in figure 46 and 47.

129



1000

800 50

Resiclels

600 4
254

Counts

400 s 2 3
Tire(s)

Residuals

200

254"

T T T 1
5 10 15 20 25 -50 T T 1

Time (ns) Time (ns)

Figure 46 Typical fluorescence decay observed\iBfZnP1 (7= 0.80 ns) at 633 nm,

following excitation at 630 nm. Singlet lifetime (+/- 0.03 ns).
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Figure 47 Typical fluorescence decay observedNB+ZnP6 (7= 1.77 ns) at 603 nm,

following excitation at 630 nm. Singlet lifetimes (+/- 0.03 ns).
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2.4.3 Laser flash photolysis studies

Transient absorbance measurements following laser flash phetay<355 and 532 nm,
were carried out in toluene under one atmosphere of argon at roonraampeavith a
typical sample absorbance of 0.080:862) AU. All transient species were formed within
the lifetime of the laser pulsed. 10 ns) and were independent of excitation wavelength.
The transient absorbance spectrum of each porphyrin was obtaine@m&bgeand 600
nm. All porphyrins studied gave rise to a transient signal avithaximum in the region
440 — 500 nm. A typical transient decay observed following flash phstaZnTPP at
532 nm excitation is shown in figure 48. The transient speciesciad to the lowest
energy 3(n-n*) triplet excited state of the porphyrin complex. A depletions vedso
observed in the Soret region of the spectrum attributed to the deptdtihe porphyrin
ground state. The lifetimes of the triplet excited stateymen in table 14. Table 15 gives
the results of a solvatochromic studyNB-ZnP1.

Porphyrin 3T (us)
ZnTPP 24
ZnTThP 20
NB-ZnP1 9
NB-ZnP2 7
NB-ZnP3 11
NB-ZnP4 36
NB-ZnP5 51
NB-ZnP6 26
NB-ZnP7 54
Table 14 Triplet lifetimes of porphyrins recorded in toluene at 1 atm arduiplet

lifetimes (+/- 10 %)s.
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Solvent T (US)
Toluene 9
Dichloromethane 8
Ethyl Acetate 7
Acetonitrile 7
Dimethyl Sulfoxide 7

Table 15 Triplet lifetimes dfiB-ZnP1 recorded in various solvents at 1 atm argon.
Triplet lifetimes (+/- 10 %)s.

0.29
0.24 -
0.19 -
0.14 -
0.09 -
0.04 -

_001 T T T T 1
-10 10 30 50 70 90
Time (us)

AA

Figure 48 Transient spectrum 8hTPP in toluene following 532 nm excitation under

1 atm of argon.

The excited state transient absorbance difference spectrdnT8P was characterised by

a weak absorbance from 300 to 390 nm in the ultraviolet region andng stibsorbance

from 435 to 540 nm in the visible withdgax at 470 nm. A depletion observed between
400 and 435 nm which equated to the Soret band absorbance of the parent specie
Isobestic points were present at 400, 435 and 538 nm indicatindgn¢hspectral changes
were caused by a clean conversion between two states. At lsagelengths only weak
absorbances were observéd.
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The excited state transient absorbance difference specZaTafthP was red shifted
relative toZnTPP where thé\.,ax occurred at 490 nm. A depletion of the ground state was
observed as a negative bleach centred at 430 nm. Weak absorbamcebsgeved in the
UV region from 300 — 390 nm with further weak absorbance detected redlo 550 —
600 nm.

The tetra(thien-2-yl)porphyrindNB-ZnP1 — NB-ZnP5, also showed bathochromically
shifted transient absorbance difference spectra with respe@nTPP. Similar to
ZNTThP the Anax Occurred between 450 and 520 nm. Lower energy absorbances that
extended past 600 nm were also observed. The profile of the traabsmtbance
difference spectra and the lifetimes of the transient sigiatlsined were independent of
excitation wavelength (Fig. 49 and 50NB-ZnP6 and NB-ZnP7 possessed transient
absorbance difference spectra very similar to thaZrdfPP with their Amax at 450 nm,

weak absorbances in the UV region and no additional absorbances obvilongeat

wavelength.
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Figure 49 Transient absorbance difference spectr&diBfZnP1 in toluene following

355 nm excitation under 1 atm argon.
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Figure 50 Transient absorbance difference spectrdlBfZnP1 in toluene following

532 nm excitation under 1 atm argon.
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Figure 51 Transient absorbance difference spectrdilBfZnP2 in toluene following

355 nm excitation under 1 atm argon.
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Figure 52 Transient absorbance difference spectr&dilBfZnP5 in toluene following

355 nm excitation under 1 atm argon.

320 370 420 470 520 570
Wavelength (nm)

Figure 53 Transient absorbance difference spectr&dilBfZnP7 in toluene following

355 nm excitation under 1 atm argon.
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2.4.4 Electrochemistry

Porphyrins are electroactive systems and undergo multiple redox sgece3he cyclic
voltammogram oZnTThP is shown in figure 54. In general metalloporphyrins display
one or two ring centred oxidations and one or two ring centred reductBuisstitution at

the mesoposition of the porphyrin macrocycle had an effect on the eléanoistry of the
porphyrin ring. The twde,, values observed at positive potential (Table 16) correspond to
the first and second reversible oxidations of the porphyraystem which result in the
formation of the porphyrin cation radical and porphyrin dication radiespectively.
Generally there were two reduction processes observed at nqgaBwsial corresponding

to the formation of the porphyrin anion radical and dianion species.

Oxidation

Reduction

ISSOOBA

L M "
000 -050 -1.00\/ 150

E/V

Figure 54 Cyclic voltammogram showing oxidation and reduction wav&saDfhP
in CH2C|2.5
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Porphyrin  Oxidation Reduction
1st 2nd 1st 2nd
E1/2 E1/2 Epc Epa E1/2 Epc
ZnTPP 0.78 1.08 -1.44 -1.38 -1.41 -1.83
NB-ZnP1 0.89 1.06 -1.19 -1.14 -1.16 -1.36
NB-ZnP2 0.90 1.06 -1.19 -1.16 -1.17 -1.49
NB-ZnP3 0.91 1.06 -1.19 -1.32 -1.26 -1.53
NB-ZnP4 0.85 1.15 -1.36 -1.26 -1.31 -1.70
NB-ZnP5 0.86 1.14 -1.36 -1.28 -1.32 -1.72
NB-ZnP6 0.86 1.13 -1.38 -1.44 -1.41 -1.69
NB-ZnP7 0.85 1.14 -1.38 -1.49 -1.43 -1.71
Table 16 Redox potentials of porphyrins recorded in@4reported vs. SCE.
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Notably, all themesotetrathein-2-yl porphyrins showed an anodic shift of their first
oxidation relative t&ZnTPP, which indicated a stabilisation of the HOMO orbital of the
porphyrin.  An anodic shift of 110, 120 and 130 mV was observedNBZnP1, NB-
ZnP2 andNB-ZnP3 respectively compared #EnTPP (E;;» = +0.78vs.SCE). Porphyrins
NB-ZnP4 andNB-ZnP5 displayed a smaller shift in their first oxidation potentita#0.85

and +0.86 Vvs. SCE (70 and 80 mV anodic shift), compared to the first oxidation of
ZnTPP. Thus the stabilisation of the HOMO orbital was less pronounteh themeso
thienyl ring is substituted in the thien-4-yl position. The f@tenyl substituted porphyrins
(NB-ZnP6 andNB-ZnP7) underwent a similar shift of their first oxidation, observed 80
and 70 mV anodic &ZnTPP.

Destabilisation of the LUMO orbitals also occurs with a deszrda the potential of the
first reduction. AgaiMB-ZnP1 — NB-ZnP3showed the largest effect with a decrease in
their reduction potential compared ZnTPP. The largest effect was observed B-
ZnP1 which displayed a reduction 250 mV anodicZoiTPP. NB-ZnP2 andNB-ZnP3
showed their reduction at 240 and 150 mV anodi&rdfPP respectively ZnTPP E;, = -
1.41vs. SCE). Destabilisation of the LUMO is less pronounced for thairetar of the
porphyrins examined. Both thienyl porphyriN8-ZnP4 and NB-ZnP5 were shifted by
100 and 90 mV respectivel¥f, = -1.31 V and -1.32 Ws.SCE). There was no evident
shift in the first reduction oNB-ZnP6 and only a slight cathodic shift ftNB-ZnP7 (Ey,
=-1.43 Vvs.SCE).
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Figure 55 Cyclic voltammogram BIB-ZnP2 showing oxidation and reduction
waves.

2.50E-05
2.00E-05
1.50E-05
1.00E-05
5.00E-06
0.00E+00
-5.00E-06
-1.00E-05
-1.50E-05
-2.00E-05

Current (A)

-2 -1.5 -1 -0.5 0 0.5 1 15 2
Potential (V)

Figure 56 Cyclic voltammogram d8iB-ZnP3 showing oxidation and reduction
waves.
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Figure 57 Cyclic voltammogram dIB-ZnP5 showing oxidation and reduction
waves.
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Figure 58 Cyclic voltammogram &IB-ZnP7 showing oxidation and reduction waves.
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2.5 Discussion
2.5.1 Synthesis and'H NMR spectra

The porphyrins produced in this study were synthesised using standaditions
involving the condensation of pyrrole with 4/5-substituted thien-2-ylcaldekydes and
4-substituted benzaldehydes. Initias,TPP was synthesisedia the Adler method,
although synthesis ¢1,TThP by the same method proved problematic. This was ascribed
to possible decomposition of the porphyrin under such harsh conditions, edlevat
temperature (141 °C) and the acidic environment (propionic acid). Usmgd#ied
Lindsey procedured,TThP was produced in 18 % vyield. It had previously been noted
that addition of BE.OEL to the reaction flask at 0 °C improved the yields for thienyl
porphyrins>® Thus this condition was employed for the synthesis ofrtesotetra(thien-
2-yl)porphyrinsNB-ZnP1 —NB-ZnP5. The reduction in temperature was not required for
the phenyl substituted porphyrif$B-ZnP6 andNB-ZnP7. Metallation of all porphyrins
using zinc acetate was carried out quantitatively. Melting pdot all porphyrins were
greater than 300 °C.

Each of the porphyrins in this study argtfpe mesesubstituted porphyrins, which are of
S, symmetry and possess a IGtational axis through the metal centre perpendicular to the
plane of the ring. As each of tRepyrrolic protons is in an identical environment a sharp
singlet is produced in th#H NMR spectra. This singlet occurs at 8.87 ppmZof PP
however it is shifted depending on the substituents. PorphyBaZnP6 andNB-ZnP7
which have the phenyl ring attached directly to the porphyrin madecgnd are
substituted at thegpara position with ethynylthien-2-yl and ethynylthien-3-yl groups
respectively, displag-pyrrolic signals at 8.89 ppm in thel NMR spectra. However the
B-pyrrolic signal for meso tetra(thien-2-yl)porphyrin is shifted further downfield with
ZnTThP displaying a signal at 9.07 ppm. For the (thien-2-yl)porphyrindis gtudy,
NB-ZnP1 - NB-ZnP5, the B-pyrrolic signal is observed in the range 9.20 — 9.22 ppm.
This deshielding effect of the3-pyrrolic protons observed for theneso thien-2-
ylporphyrins has previously been observed and was ascribed itewra@ase in the ring
current of the porphyrin ring caused by delocalisation onto thephmzal thienyl
units>?2>27%% The presence of a singlet in the region -2.5 to -2.8 ppm arisesthe

endocyclic protons at the centre of the porphyrin which are exelusi the freebase
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porphyrins. The internal protons experience this high field bleifuse of the internal
ring current of the porphyrin macrocy&e. The absence of this signal confirms the
presence of a metal at the centre of the porphyrin ringurésgh9 and 60 give an overlay
of the aromatic region of tH#1 NMR spectra for the tetra substituted porphy@nd PP,
ZnTThP, and various porphyrins studied, all recorded in GDCI
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Figure 59 An overlay of the aromatic region of theNMR spectrad) for H,TPP (a),
NB- H,P6 (b) andNB- H,P7 (c) in CDCp.
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Figure 60 An overlay of the aromatic region of fie NMR spectrad) for ZnTThP
(@), NB-ZnP1 (b),NB-ZnP3(c) andNB-ZnP4 (d) in CDCE.
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2.5.2 UV-vis absorbance studies

Historically there have been mixed reports as to whether theists eelectronic
communication between the porphyrin macrocycle and thienyl substitwbets attached
via the mesoposition®#*?"*® However in more recent publications, the influence of
thienyl substituents on ground and excited state electronics hasobserved and the
source of these changes were examined using both theoretidalexgerimental
methods®?® Direct substitution of the porphine core with aromatic thiophene iesiet
does lead to electronic interaction between the#dvwsgstems. This can also be enhanced
through appropriate substitution of the thienyl groups. The UV-vidrspetNB-ZnP1 —
NB-ZnP7, were shown in figure 42 and 43, are comparechibPP andZnTThP.

The UV-vis spectra of porphyrind|B-ZnP1 — NB-ZnP3, were bathochromically shifted
with respect to botnTPP and ZnTThP. These porphyrins also possess the highest
FWHM values for the porphyrin Soret band of all porphyrins studgathochromic shifts

in the UV-vis spectra and increasing FWHM of the Soret ban@é\adence of increased
coupling of the overlappingt systems. Rochford et al. reported that appropriate
substitution of themesothienyl groups resulted in increased coupling oftteystems?
Therefore the changes observed MB-ZnP1 — NB-ZnP3 may be due to enhanced
delocalisation when substituents (ethynylbenzene, ethynyl-2-thiopaedeethynyl-3-
thiophene respectively) were in the thien-5-yl position. Withia group changing the
terminal aryl group attached to theesothien-2-ylethynyl arms did not change the UV-vis
spectra significantly. Although, the FWHM would suggest thatatteystems ofNB-

ZnP2, which has two thien-2-yl moieties are coupled more strongly.

The UV-is spectra of porphyrindB-ZnP4 andNB-ZnP5 were red shifted with respect to
both ZnTPP but not ZnTThP. The Soret and Q bands were equal to and
hypsochromically shifted respectively when compared&w@ThP. Also the FWHM
values were very similar t&nTThP. The conjugation is not effective when the
ethynylbenzene and ethynyl-2-thiophene are in the thien-4-yligrosiiThis suggests that
the conjugation pathway that allows for greatest- n= overlap occurred when the

ethynylaryl substituents are in the distal position ofl@scthien-2-yl ring.
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Changes in the absorbance spectra of thien-2-yl porphyrins sulastiiititea methyl group
were reported® When substituted at the thien-5-yl position, a red shift in thevidV-
spectrum was observed. While substitution with a methyl group ithitve-3-yl position
caused a blue shift. The authors attributed this change in absorbaheectmformation
the thienyl rings adopted. Thus substitution the thien-4-yl position mreder the co-

planar conformation of the thienyl rings with respect to the porphyrin madeocyc

The UV-is spectra of porphyrindB-ZnP6 andNB-ZnP7 were red shifted with respect to
bothZnTPP. Substitution with ethynylthiophenes at {bera position of the phenyl ring

allowed for increased conjugation throughout timeso pendant arms. Studies on
phenylacetylene building blocks have shown tipaira substituted phenylacetylene
compounds possess greater conjugation of:thgstem$? Although the phenyl rings are
not co-planar to the porphyrin macrocycle, porphyhiissZnP6 andNB-ZnP7 were red

shifted and display higher FHWM values thZnTPP. This indicates that there is
increased coupling of the systems even though theesosubstituents lie in an idealised

orthogonal manner with respect to the porphyrin macrocycle.
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2.5.3 Steady — state fluorescence studies

The fluorescence spectra of porphyriN8-ZnP1 — NB-ZnP3, were also shifted to higher
energy with respect to boEnTPP andZnTThP. The Q(0,0)* band was red shifted to a
greater extent than the Q(1,0)* band, such that the individual emissionwarelsotally
unresolved. The changes in lifetime within the group were quite ,satthibugh all were
reduced with respect @WnTThP. This is in agreement with literature, where substitution

of thienyl rings caused a reduction in singlet lifetiriies.

PorphyrinsNB-ZnP4 andNB-ZnP5 displayed quite interesting fluorescence spediB-
ZnP4 displayed a fluorescence spectrum typical of thienyl porphyritistwo Q* bands
but with emission intensity higher than thatafTThP. However,NB-ZnP5 possessed
an emission profile that was significantly different frowB-ZnP4 and ZnTThP. The
Q(0,0)* band was bathochromically shifted with respect to both and thesityt of the
emission was much higher. The lifetime NB-ZnP4 was reduced with respect to
ZnTThP by approximately 40 %, whereas the lifetimeNB-ZnP5 not reduced (within

instrumental error).

For the phenyl substituted porphyrim$éB-ZnP6 andNB-ZnP7, a minor red shift in the
Q(0,0)* and Q(1,0)* emission bands was observed together with an lcreahe
intensity of the Q(0,0)* band relative #nTPP. The emission spectra are the mirror
image of the UV-vis spectra where a similar increasénén@ bands was observed. A
reduction of fluorescence lifetimes, approximately 15 - 20 %, alss observed for the
phenyl porphyrin analogues. Previously, a small reduction in fluoreeddetime was
noted for tetraphenylporphyrins when an additional phenylethynyl rlimkes placed
between the porphyrin ring and thresophenyl ring®®
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2.5.4 Laser flash photolysis studies

The transient absorbance difference spectra were ascribiesl ltwest(z —*) porphyrin
excited state. All transient signals recorded in this stitidyl fwell with mono-exponential
kinetics indicating unimolecular decay. Triplet lifetimes ZmTPP andZnTThP were
previously reported as 24 and @8 respectively® Triplet lifetimes reported throughout
this study were (+/-) 10 %s.

The transient absorbance difference spectra of the thienyl yporphNB-ZnP1 — NB-

ZnP5 were bathochromically shifted with respectZoTPP but in a similar range to
ZnTThP. Low energy absorbances that extended past 600 nm were obsdiveske
excited state characteristics suggested an increase imeleélsonic coupling of the
porphyrin ring and the thieny-network upon excitation and possibly charge transfer onto
the peripheral thien-2-yk-system. These lower energy absorbance bands were not
observed for the phenyl substituted porphyhiiBssZnP6 andNBZn-P7.

The lifetimes of the porphyrins varied widely with substitution pattern. Vhmorphyrins
substituted in the distal positiolNB-ZnP1 — NB-ZnP3, were significantly reduced in
comparison to botnTPP andZnTThP. There was little change within the series as the
terminal group was changed from benzene to 2-thiophene to 3-thiophdaetmes were

similar to those reported previously for substituted thien-2-ylethynyl panshy

Upon further substitution of theesothien-2-yl moieties at the thien-4-yl positiddB-
ZnP4 and NB-ZnP5, significant changes in the triplet lifetimes were observdte
lifetime of the former was 3@s and the latter, 5is. These are greatly increased
compared t&ZnTThP (20 us). Also unexpected was the increase fiéBrZnP4 to NB-
ZnP5 when only the terminal aryl group was changed.

The phenyl porphyrindNB-ZnP6 and NB-ZnP7 also showed some deviation from the
norm. NB-ZnP6 possessed a lifetime similar to thatafTPP. This is not surprising
given that both have a phenyl ring attached to the porphyrin mateogyhich lie
orthogonal to each other. The lifetime MB-ZnP7 is almost double that of the other

phenyl porphyrins. As only the terminal aryl group has changed this is $@hemusual.
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2.5.5 NB-ZnP1 solvatochroism

Modest red shifts were observed in the UV-vis spectra fogtinet band.ax of NB-ZnP1
on going from toluenelfax = 439 nm) to chloroformifax = 442 nm) to DMSONnax =
445 nm) as can be seen in figure 61. Bathochromic shifts werelasoved in the Q

band region of the spectrum (Table 11).

The fluorescence spectra showed similar solvatochromic behaviour.theA€(0,0)*
emission band oNB-ZnP1 was red shifted to a greater extent than the Q(1,0)* band, a
convergence of the bands occurred and the porphyrin fluoresappeared as a single
broad emission, nonetheless this emission band was red shifted orsimgrealvent

polarity from 634 nm in toluene to 638 nm in chloroform to 640 nm in DMSO.

A bsorbance
Emission

350 450 550 650 750
Wavelength (nm)

Figure 61 An overlay of the UV-vis absorbance and fluorescence emissidra syec
NB-ZnP1 recorded in toluene (blue), chloroform (red) and DMSO (green).
Absorbance spectra have been normalised at th@it Emission spectra

were recorded at room temperatuig. = 555 nm, abs. = 0.2 at 555 nm).
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The transient absorbance difference spectiB3¥ZnP1 were recorded in various solvents
of increasing polarity (ethyl acetate, acetonitrile and DY$Eween 450 and 800 nm
following 532 nm excitation under 1 atm argon. In all solvents therspetiaracteristics
observed were similar to those discussed previously. The ldaifnthe transient species
were all within instrumental error (8 *us, Table 15). However, a substantial increase in
the lower energy absorbances was observed ranging from 580 880 tom (Fig. 62).
This was possibly due to an excited state charge transfsitioa. The transition gains
oscillator strength on increasing the solvent polarity. The appearof this low-energy
band and the enhancement of the absorbance in polar media suggest #havather
enhanced electronic communication between the porphygystem and theesothien-2-

yl substituents on going from the ground state to the excited stste-ahP1.

0.20
0.10
/M
< 0.00
< = Ethyl Acetate
= Acetonitrile
-0.10
DMSO
-0.20 *®
450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 62 An overlay of transient absorbance difference spectrdlB3ZnP1 in
various solvents following 532 nm excitation under 1 atm argon. Each plot
Is taken 2us after the laser pulse.
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2.5.6 Influence of arylethynyl spacers on the photophysical properties of porphyms

A study of arylethynyl spacer units at theesoposition of porphyrin macrocycle was
previously reporte@® The contribution of phenylethynyl spacers to the ground and excited
singlet state was studied through changes in the absorbance andcBucee spectra as
well as fluorescence lifetime and fluorescence quantum yielgurd-63 depicts a series
5,10,15,20-tetraarylporphyrinsAY and 5,10,15,20-(arylethynyl)phenyl porphyrinB) (
reported in the literature

Ar Ar
Ar Ar
A
Ar = C6H5
4-CHyCgH4
4-CRCgH4
4-O,NCgH,4

3,5-(CF),CeH3

Figure 63 SeriesA, phenyl substituted porphyrins and serkes phenyl substituted
porphyrins with an additional phenylethynyl spacer unit.

Comparison of the absorbance spectra of selieand seriesB showed only small
differences in thé.nax (+ 5 nm). From the absorbance spectra the authors concluded that
the aryl substituents ok and 4-(arylethynyl)phenyl substituents Bfwere not strongly

coupled to the porphyrin core. More distinct changes in the fluemescproperties were
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observed whed andB were compared. The emission maxima were almost identical but
the excited state lifetimes for porphyrins in seesiere consistently shorter (3 — 15 %)
than those observed for sersand fluorescence quantum yields were consistently higher
for seriesB compared toA. The phenylethynyl spacer allowed minimal electronic
communication between the porphyrin core and the aryl substituéitinthe ground
state and excited state (similarity of the absorbance anssiemj which suggested the
energy levels of the HOMO and LUMO were comparable for thesA and serieS.
However the contributions of a phenylethynyl spacer should be @li@mthe electronic

effects should were near identical when the aryl substituent itself wasd phg.

When mesoaryl groups are substituted with ethynyl units and further suteditwith a

second aryl moiety the influence on the ground sate and excitede&tatronics may be
perturbed. The direct contribution from (aryl)ethynyl spaterthe photophysics of the
excited state have not been extensively examined for porphyriansys Figure 64

represent three series of porphyrins each with three varying (agylj¢spacers.
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Figure 64 Three series of porphyrins with various (aryl)ethynyl) spacers.

In this study, serief is examined.ZnTThP is the parent porphyrin ardB-ZnP2, NB-

ZnP5 and NB-ZnP6, display three variations of arylethynyl spacer groups (B#).
Substituents in the distal position of the thien-2-yl ring, 88BAZnP2, should possess the
same steric requirements ZeTThP, where themesopendant arms lie in a co-planar
arrangement with respect to the porphyrin macrocycle. It isifdesthat the substitution
pattern orNB-ZnP5 may hinder the co-planar arrangement favoured by thien-2-yl groups.
As noted earlier, the steric requirements for a five membae=ibthienyl ring are smaller
than that of a six memberadesophenyl ring?® In the case ofNB-ZnP6, the phenyl
groups should lie in a low energy conformation, arranged in anisddabrthogonal
fashion with respect to the mean plane of the porphyrin. Table 17 Ipeksents the

ground state and excited state data for the porphyrins.
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SorethAmax  Q bands Stokes shift EmISSiONAnay

(nm) (nm) (cm) (nm) (ns) s
ZnTThP 429 556, 600 489 617,657  1.36 20
NB-ZnP2 439 559, 603 836 635 072 7
NB-ZnP5 425 550,590 310 601,647  1.39 51
NB-ZnP6 426 550,590 420 605,646 156 26

Table 17 Photophysical data aAnTThP and (arylethynyl)thien-2-yl porphyrins,
NB-ZnP2, NB-ZnP5 andNB-ZnP6.

Due to the contribution of conformations, in which the thienyl groups adeptised co-
planar arrangements with the porphyrin ring, an efficientresibn of the porphyrinia-
system through conjugation was observed. In the ground state tigsifsed as a red
shift in the Soret band along with an increase in the FWHM valines was the case for
NB-ZnP2 which possessed the same steric requiremets BBhP but also possessed an
extendedr-framework. The minor hypsochromic shift observed in the Sgrgtof NB-
ZnP5 was attributed to a somewhat encumbered rotational barrier deebstitution
pattern and the orthogonal orientation of the phenyl ringBrRZnP6. The fluorescence
lifetime of NB-ZnP5 (1.39 ns) was very close to thatZ&iTThP (1.36 ns). However a
reduction in singlet excited state lifetime was observed\i®ZnP2 (0.72 ns) and\B-

ZnP6 displayed an increase in fluorescence lifetime relatiniorhP .

A marked difference in triplet lifetime was also observed. 3Slnartest triplet lifetime is
that of NB-ZnP2 (7 us), significantly reduced comparedZaTThP (20 us). The triplet
lifetime of NB-ZnP6 (26 us) is very similar to that aZnTPP (24 us) andZnTThP (20
us). Most interesting wadB-ZnP5 that had a triplet excited state lifetime of &l This
increase irf(n-n*) triplet lifetime was indicative of increased communicatiorihef thienyl

groups with the porphyrin-network.
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2.5.7 Electrochemistry

Electrochemical studies were performed on the porphyrins tadetecthe effect of
substitution on the porphyrin macrocycle. The results showed tbatitation of the
porphyrin ring system at thmesoposition had an effect on its electrochemistry. All the

porphyrins showed two one-electron oxidations and one, one-electron reduction.

Examination of the redox data (Table 16) revealed that the fiidatmon potentials were
shifted to more positive potential when the six membenedophenyl moiety oZnTPP
was replaced with five memberetksothienyl groups NB-ZnP1 — NB-ZnP5) indicating
that the thienyl porphyrins are harder to oxidise than phenyl parph¥yihis stabilisation
of the HOMO of the porphyrin macrocycle by the thienyl moietas observed by
Rochford et at® and more recently by Ghosh ef4l.

When the meso thien-2-yl moiety was substituted at the thien-5-yl position, the
stabilisation was slightly higher. Higher oxidation potentiadgsenobserved faNB-ZnP1
—NB-ZnP3 compared tiNB-ZnP4 andNB-ZnP5 which were substituted at the thien-4-yl
position. Also the reduction potentials were shifted to less megpbtentials for the
thien-2-yl porphyrind\B-ZnP1 — NB-ZnP5. On replacement of th@esophenyl group
with a thienyl moiety the LUMO was destabilised.

An increase in oxidation potentials was also observed for the pperptyrinsNB-ZnP6

and NB-ZnP7 relative toZnTPP indicating stabilisation of the HOMO occurred. The
reduction potentials were observed more negative than t@afTétP. This indicated that
the LUMO is also stabilised. This result is interestingabfisation of both the HOMO
and LUMO would not be expected as theesosubstituents are not co-planar to the
porphyrin macrocycle and thesystems do not overlap. However stabilisation is brought

to the macrocycle by thmesophenyl(ethynylthienyl) moieties.
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2.6 Conclusions

PorphyrinsNB-ZnP1 — NB-ZnP3 were synthesised with substituents at the thien-5-yl
position, in order to examine whether an additional aryl group would caugesr
coupling of the overlapping systems. The results showed that it did in fact cause
increased coupling with bathochromic shift in the absorbance spectra andeaseénorthe
FWHM values of the Soret band. No additional effect was observeelation to the
choice of terminal aryl ring. The singlet lifetime of the porphyrinsaweduced relative to
ZnTThP as were the triplet lifetimes. Electrochemical analgbiswed that extension of
the conjugation on thenesothien-2-yl arms caused a stabilisation of the HOMO but
destabilisation of the LUMO.

Porphyrins NB-ZnP4 and NB-ZnP5 possessed the same terminal substituents
(ethynylbenzene and ethynylthien-2-yl) B8-ZnP1 and NB-ZnP2; however they are
substituted at the thien-4-yl position. The conjugation ohtlegosubstituents was not as
effective inNB-ZnP4 andNB-ZnP5. The absorbance spectra were generally unchanged
when compared t&nTThP. Both the singlet and triplet lifetimes were substantially
changed. The singlet lifetimes were reduced compar@hT@hP but to a lesser extent
than that observed foNB-ZnP1l — NB-ZnP3 However the triplet lifetimes were
significantly increased. This would suggest that the conformatiothe thien-2-yl
substituents with respect to the porphyrin macrocycle is cdawpen themesothienyl

ring is substituted at the thien-4-yl position and that caused theaserin lifetime as

opposed to conjugation within tineesosubstituents.

PorphyrinsNB-ZnP6 and NB-ZnP7 are phenyl substituted porphyrins which have been
further substituted at th@ara position with ethynylthien-2-yl and ethynylthien-3-yl
moieties respectively. These porphyrins possess the samaaksubstituents akiB-
ZnP2 andNB-ZnP3. However, the phenyl porphyrindB-ZnP6 andNB-ZnP7, should
adopt an idealised orthogonal arrangement with respect to the porplayrengeid in doing

so then systems of the porphyrin andesosubstituents will no longer overlap. The
absorbance spectra of the phenyl porphyrins is bathochromicallgdshifth respect to

ZnTPP. There was a significant change in the fluorescence padfileugh the lifetimes

156



were only slightly altered. The most perceptible change madriplet lifetime ofNB-

ZnP7 which was double that &nTPP. Clearly there is a contribution from theeso
substituents even though the conformation prevents coupling ofnthg/stems.
Electrochemical studies indicated the stabilisation of both thEl@@nd LUMO orbitals
for both phenyl porphyrins.
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Chapter 3

The synthesis, photochemistry and
electrochemical properties of a series
of thiophene based dyads and the
corresponding metal carbonyl

complexes.

Chapter three commences with a general
introduction to Sonogashira-Hagihara
type cross coupling reactions. This is
followed by a literature survey on the
synthesis and photochemistry of thienyl
based organometallic systems. The
synthesis of the novel systems produced
for this study is then described and the
photophysical properties are discussed.
Electrochemical data are also presented.
The photochemistry of the &GO)
complexes are examined by steady state
photolysis in the presence of a trapping
ligand. Three of the complexes were
studied by TRIR on a picosecond
timescale and the quantum yields for the
CO loss process was determined at a

range of excitation wavelengths.
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3.1 Literature Survey

3.1.1 Cross coupling reactions

Organometallic chemistry has provided several new methods rp @atr carbon-carbon
(or carbon-heteroatom) bond formation. Such processes, genenagdteross coupling
reactions, have found a central place in organic synthesis withsttoge increasing year
on year. The Sonogashira-Hagihara reaction involves the couplingnuhae alkynes

with aryl or vinyl halides under palladium catalysis (Rxn. 1), @@dure which has not

changed much since originally reported in 1975.

alkyne Pd(0)

Rxn. 1 Sonogashira — Hagihara reaction.

Other important cross-coupling reactions include the NegBuzuki-Miyaura® Heck and
Stille® reactions. A very detailed general overview of palladium csgdlyalkynlation
reactions has been compifeahd a review of palladium catalysed cross coupling reactions
in organoboron compounds has also been publiSHaatther still, the use of Negishi cross
coupling reactions in the generation of a new binding site in a Ru(lopyplex was
reported while a detailed review of regioselective cross coupling reastof multiple
halogenated nitrogen-, oxygen-, and sulphur-containing compounds can atambarf

press’

The Sonogashira coupling is a catalytic process performed in ¢iserue of an amine
base, using a palladium(0) complex and generally requires copper ad@eo-catalyst
(Scheme 1). Initially the palladium catalyst is oxidistd Fd(ll)) and a cyclic reaction
follows. Oxidative addition of the organic halide to the palladiukeggplace giving a
Pd(Il) intermediate. In parallel, Cu(l) coordinates to the ragkyerminal end and
transmetallation occurs, so called because the nucleophile ietradsfrom the metal in
the organometallic reagent to the palladium and the counterion moves appbsite

direction. Reductive elimination yields the final coupled product wie Pd(0) catalyst

ready for another cycle.
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\ / Pd(Il) ——= Pd(0) @»Br
Pd(PPh), (
Reductive elimination Oxidative addition

PP
S |h;

S cis/trans Isomerisation @» Fid— Br
CuBr + @» F|>d— PPh - PPh
Cul Cu————— : >
Transmetallation

N

@ o ® ©
ELNH 4 CZ—O EtNH |
Eth + HT@

Scheme 1 Sonogashira cross coupling reaction mechanism, using the formation of 2-

(phenylethynylthiophen®&lB-L1) as an example.

It is often convenient to use a stable and soluble Pd(Il) source strd(RP%).Cl, instead

of Pd(0). This precursor is reduced situ to give the coordinately unsaturated
catalytically active Pd(0) species. The reduction of Pd(ll) to P&i@)e achieved with an
amine. A stoichiometric excess of an amine, usualj Eterves two purposes: it acts as a

base to trap the halide and as a reducing agent for palladium.
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3.1.2 Functionalised thiophenes

A series of functionalised thiophenes and bithiophenes were synthesbdbe&r non-
linear optical properties were studied by both computational aperiexental method?.

The thiophenes contained combinations of dimethylamino and dimethytioydra-
donors along with nitro and dicyanovim#acceptor groups. The first hyperpolarisability,
B, is an important aspect for second-order NLO materials andgaitude off determines
how efficient a given molecule will be in causing quadraticded-order) NLO effects.
The main molecular features for highis a polarisable framework, such as an aromatic
ring substituted with donor (D) and acceptor (A) moieties in a notrasgymmetric
fashion (-7, Fig. 1). The calculate{0) values for the lowest energy conformations were
found to be in good agreement with experimefif@) values. Comparison df with 2
revealed that thiophene provides a more efficient delocalisation patinaa benzene.
Addition of the imine (-N=CH-) unit to the-electron conjugating pathway in hydrazdhe
caused a doubling ¢f with respect t®. Computational studies also revealed increased
conjugation pathlength ih, with its dicyanovinyl acceptor as opposed to the nitro group in
2, which led to an increase i Including both the hydrazone and dicyanovinyl in
thiophene5 resulted in a fivefold increase with respect to 2heSimilarly the bithienyl
with the hydrozone-dicyanovinyl combinatidd),gave & value about twice as high as the
dimethylamino-nitro derivative]. This suggests that thiophenes of this type could be used

in NLO materials.
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Figure 1 Functionalised thiophenes and bithiophenes of the formAD-

Donor-acceptor conjugated compounds are of considerable interest bd#vaysknd
potential applications in (opto)electronic devices such as fieldteff@ensistors and light
emitting diodes. Studies have demonstrated that replacing thenberae with another
heterocycle such as thiophene, pyrrole or thiazole resultednlmneed molecular
hyperpolarisabilities? Conjugated thiophene — pyrrole derivatives as donors with
appropriate acceptor substitutes have been synthesised as canfidgtesh — pull
systems § - 13 Fig. 2). The potential of these conjugated molecules as strelegtron
donor units functionalised with dicyanovinyl were examined. Largdroohtomic shifts
of the absorbance maxima in the UV-vis spectra are observée asdeptor strength of
the dicyanovinyl group increases. The position of the dicyanovinyl group ahitiphiene
ring or on the pyrrole ring can be seen in the absorbance s@&&tra = 454 nm whereas
with 9 Amax = 415 nm. The bathochromic shift observed 8ds due to more extensive
electron delocalisation. The position of the absorbance bands isylaftgdted by the
substitution position of the dicyanovinyl group along with the group thatswuastituted
onto the nitrogen atom of the pyrrole ring. Donor-acceptor substithienylpyrroles
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have previously been shown to demonstrate strong solvatochromic behaviour and
compounds - 13are no exception. Compoun8isnd12 were examined in a range of 15
solvents. Respective energy shiftsAef= + 1130 crit and + 1263 cim were observed for
their CT absorbance bands indicating positive solvatochroism. oAlpounds displayed
two oxidative processes ascribed to the formation of the radicahaat the pyrrole but
extraction of subsequent electrons gives rise to an irreversiidegs. As a consequence
of the destabilising effect of the electron withdrawing dicyamgvgroup compound8
and10-13displayed their first oxidation between +0.46 — 0.68s\MFc/FE. The reduction
of the thienylpyrroles was reversible one-electron processled cathodic shift in the
reduction peak was observed as the donor strength in the substituent groapibrogen
of the pyrrole increases. Hyper-Rayleigh scattering wsed to measure the first
hyperpolarisability8, of the compounds. For compourgisnd9 values of 526 x 1¢f
and 85 x 13° esu respectively were obtained, which indicates that the posititméng
dicyanovinyl group on the 5’ position of the thiophene ring leads to largelinearity
than the same group on the 5-position of the pyrrole. fTtaue forl0 - 13increased
with the donor strength of the substituent on the nitrogen atom of thaeoging along the
series withl0 (364 x 10%° esu) <11 (439 x 10*° esu) <12 (651 x 10°° esu).

-CH=C(CN}, R, = H

\ / N R, : Ry =H, R, =-CH=C(CN})
I
(CH,),CHg
CN
NC 10: R3=H
\ S / \ 11: Ry = 4-MeO
N 12: R; = 2,4-diMeO
\ / 13 Ry=4-F
4 I
) R
XN
Figure 2 Conjugated thiophene-pyrrole push — pull systems.
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3.1.3 Thiophene acetylene systems

A series of push-pull substituted oligo(2,5-thienyleneethynylef@J%’s) with alkylthio
groups (R) and nitro groups (B were synthesisedl4 - 18 Fig. 3) and their electronic
properties examinef. The donor-acceptor substitution caused polarisation within the
molecule which was evident from the5 (**C) values of the acetylenic carbon atoms. The
A & (**C) values were found to decrease with increasing chain length2, 3, 4) as
extension of the conjugation led to increased distance between D, amcioh therefore
decreased the partial dipole moment at the chain ends. Furtherceviderthe Dr-A
interaction can be observed in the absorbance spectra whereoietralar charge transfer
(ICT) bands were observed. The parent compdihdlisplays aimax vValue of 317 nm
whereas the substituted OTIS displays amax Value at 413 nm. The effect is strong for
the small distance between the donor and acceptor sides in conff®uAgd the number

of repeating units increases the extent of the bathochromic sbitad@sinax 15 = 413
nm,16 =426 nm17 =427 nm18= 428 nm).

14 Ry =H,R,=H,n=1
15! Ry = SG,Hos, Ry = NO,, n=1
16: Ry = SGoHos, Ry = NO,, n =2
17: Ry = SGHos Ry = NO,, n =3
18 Ry = SGHos Ry = NO,, n =4

Figure 3 Donor-acceptor substituted conjugated thienyl oligomers-ftype).

Rodiiguez et al. synthesised a large body of conjugated 2-arylétardy2-arylethynyl
thiophene structured 9 - 34, Fig. 4) in order to improve the nonlinear optical properties of
these types of moleculé$.All compounds in the series were synthesisad sequence of
heterocoupling (Sonogashira) or oxidative homocoupling reactions. Compfuadd20
(Fig. 4) were initial conjugated 2-thienyl end-capped structufEse conjugation effect
through the double or triple bond to the thiophene ring and the conjugated evexe
considered. Extension of the 2-thienyl end-capped structures (to pr2gu24 and25)

was carried out by couplifgl and22. Thepara connection of the two acetylenic units (in
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26 and27) guaranteed conjugated electronic communication in the follow-ompaaomnas

28 — 34, where 3, 4, 8 and9 were coupled to 2,5'-thienyl positions. The conjugated
molecules which integrate the thiophene rings and the end-capped N,N-
dimethyaminophenyl unit2@ and29) were constructed as this type of compound showed
intrinsic electronic properties including luminescence and chaagsgort characteristics.
Compound19 exhibited a low quantum vyield of fluorescence while 20rno emission
fluorescence was observed. The ethenyl conjug@&edisplayed two emission bands at
Amax = 427, 454 nm whereas the ethynyl conjugate mole@4e possessed a unique
emission band aktmax 421 nm, with higher quantum yield. Compou2& showed two
fluorescence bands &hax = 390, 410 nm with a lower quantum yield than the24f The
reported quantum yields were 0.29, 0.36 and 0.3@3p24 and25 respectively. All the

2,5 disubstituted thiophene conjugat28 ¢ 39 showed fluorescence emission bands with
some noteworthy points. Each of the compouB2ls 34displayed two emission bands
while compound®8 - 31showed just a single emission band. Increasing the number of
ethynylphenyl units as i@88, 29 and32 - 34caused a significant increase in the emission
quantum vyield (0.20, 0.42 and 0.54 f&2 - 34respectively). In compound¥0 and31,
where the double bond was replaced by a triple bond, an increase in qyaitlsnwas
observed (in order: 0.10 and 0.34). The authors have shown that by aumttbb

structure and dimensions of a compound the fluorescence properties can be fine tuned.
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Figure 4 Conjugated 2-arylethenyl and 2-arylethynyl thiophene structures.
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Several structures of-conjugated polymers were examined to measure the impact that
regioregularity had on the photoluminesceticeCompounds35 and 36 (Fig. 5) were
synthesised from monomers through selective formation of carbon — chdmols at
specific locations. Three chain sequences of the polymers vaete: h: the head-to-tail
sequencab, 2: the head-to-head and tail-to tail sequed;eand 3: a regiorandom sample
which contained head-to-head and head-to-tail sequences in a ratio ob@li&iut The
absorbance spectra 86 and 36, which were almost identical, suggested essentially the
same conjugation length along tiieonjugated backbone in both polymers. The rigidity
of the molecules as a result of the extengedconjugation was calculated. Using the
Mark-Houwink equation values of 1.06 and 0.91 were obtaine85%and36 respectively.
This indicated that the head-to-tail chain sequence8%fad a slightly more rigid
conformation in dilute solution. The radius of gyratiog, &5ed to measure the stiffness
of a polymer (R/My) also confirmed thaB5 was more rigid. The chain stiffness of the
regiorandom sample fell between thaBéfand36 for both the Mark-Houwink and iy,
values. Botl85 and36 showed nearly identical absorbance spectra withtheobserved

at 414 and 415 nm. They also displayed almost identical photolumineqgdr)cprofiles
with the emissionmax at 453 and 478 respectively. However the quantum efficien89 of
was higher than that &6 (35 ®, = 0.59,36 ®, = 0.53), which the authors attributed to the
relative molecular stiffness of the molecule. Both regioregotempounds had higher
quantum efficiencies than that of the regiorandom compo®pé (0.42). This indicated
that the PL efficiency was affected not only by the relatbemtent of head-to-tail
sequences that determine the chain rigidity, but also by theedktmikages between the
chain sequences. The absorbance and fluorescence spectra ofstasolitim of36 are
both red shifted in comparison to the film 8. It appeared that the more symmetrical
chain sequence (head-to-head and tail-to-tai§6odllowed for better packing in the solid
state. In the solid state the fluorescenc8@ivas ~2.5 times stronger than that of %
and both have significantly stronger emission than the regiorandorplesanThus,
photoluminescence enhancement is dependent on structural regiorggakgécially in

the solid state.
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35

36

Figure 5 Regioregulatt-conjugated polymers where R i 3.

The homologous serie€d7 - 40(Fig. 6) are well defined oligomers, where tetraf@is
the longest of the series and lacks the terminal silyl-protécpe bond, were synthesised
by palladium-catalysed cross-coupling reactions (Sonogashiralheir optical and
electrochemical properties were compared to that of a staligtuelated series of oligo(3-
hexylthiophene)s as it gives insight into common and deviating phygroperties
between the two series. Increasing chain length of the coigugatstem resulted in a
progressive bathochromic shift of the absorbance maxima with enhariceiehe
extinction coefficient in steps of about 20,000'Mm™. This is almost equal to the
extinction coefficient of ethynylated bithiophene £ 18,800 M' cmi'). While 37
displayed an absorbandg.y at 333 nm £ = 18,800 M' cm'), the other homologues
increased in orde38 (Amax = 392 nmg = 40,800 M* cm?), 39 (Amax = 471 nmg = 54,400
M™* cmt) and40 (Amax = 427 nmg = 78,700 M' cmi’). The emission maxima were red-
shifted with increasing chain length. The bithioph&¥,displayed &.m at 410 nm and
this was shifted steadily to longer wavelength for the higherolmgues. Thé., for the
dimeric compound38, shifted by 59 nm to 469 nm, with trimer@® bathochromically
shifted toAem = 510 nm AAhem = 41 nm with respect t88). For the tetrameric compound,
40, the change in emission maxima becomes less pronounced withfénerndié between
the highest analogue39 and40, only 11 nm Xen of 40 = 521 nm). No overall trend was
observed for the fluorescence quantum yieRig 88, 39, 40: ® = 0.08, 0.46, 0.36, 0.43
respectively). The stepwise increase of the conjugation chagthléed to an increased
number of redox potentials which lay closer together. Mond@iedisplayed only one
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oxidation wave (E° = 0.75 Vs. Fc/F¢), 38 and39 had two and three waves respectively
(38 E° = 0.56, 0.77 Ws. Fc/F¢, 39: E° = 0.50, 0.62, 1.00 Vs. Fc/F¢) and the tetramer
40 had four oxidation waves (E° = 0.45, 0.50, 0.77, 0.94sVFc/F¢). No reduction
waves were observed down to potentials of -2.&sVFc/FE. A correlation of the
maximum absorbance and emission energies versus the inverse nunabEn®fin the
conjugation backbone presents clear linear relationships. Thegysteanatic change in
the spectral features but particularly in the emission and oxid&tehaviours. The

influence of the triple bonds becomes more pronounced with increasing chain length.

)\\7/ CoHlig

> / \ 37.n=1

= S N=
— \ ) ST 3eRss

CeH13

40

Figure 6 Oligomeric series (monomer to tetramer) of ethynyl bithiophenes.

Inspired by structures of metalloproteins, Toyota and co-workesd 8snogashira and
Suzuki coupling techniques to synthesise a spacer, 1,4-bis(2-ethimgih@l)benzene
(ETB) (41, Fig. 7), which has a phenylene axis and a pair of thien-3-yl units at both ends of
the axist® Selective introduction of substituents at the terminal sp-carbororaBe/
position of the thiophene ringd4- - 55 Fig. 7) made an easily tuneable spacer. UV-vis
spectra of compounds were compared to the pdde(where R = H). Compound&, 49
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and53, the trimethylsilyl series, showed a bathochromic shifthie orde9 > 42 > 53,
Compared ta19 a significant red shift was observed in compod@dvith a concomitant
increase in extinction coefficient which indicated the existarfcincreasea-conjugation
through the central phenylene unit. Compo68dvith the biphenyl moiety showed the
largest bathochromic shift among the three trimethylsilyl tsuibsd derivatives however
the difference inmax betweerb3 and41 is relatively small suggesting that the extension of
the n-system is hindered by the lack of co-planarity in the biphepgdcies. The
phenylethynyl derivatived6, 47, 51, 52 and55 again showed a similar absorbance profile
with the Amax shifting to lower energy in the orddi7 > 46 > 51> 52. Similar to the
previous series, the spectrum4d exhibited the larger molar absorbances aBgdhowed
very little change compared 6. The pyridyl derivatives43-45 50 and 54, gave
comparable results. Compoud@ displayed the largest extinction coefficient, with the
others following the orde#3 > 45 > 44. As expected54 did not show a significant red-
shift compared to those of compountls or 51 whereas the spectra 48-45 did show
large bathochromic shifts. This indicates that signifieaobnjugation through the central
phenylene moiety is possible.

S S S
\ \ \
=\ =\ =\
R R R
R' ®
R
N2
L ®
41 R=H D= - R
o _ 49: R = TMS, R' = phenyl =
42 R=TMS 50: R = 2-pyridyl, R' = phenyl X—=
a3 R=Zpyrdy 51 R = R' = phenyl \
! R = 3-pyridy D= s
45 R = 4-pyridyl 52 R =phenyl, R'= H S
46. R = phenyl o
53 R=TMS
47. R = 4-butylphenyl 54 R = 2-pyridyl
48 R = 4-hexylphenyl 5C R = ohenyl

Figure 7 ETB (1,4-bis(2-ethynyl-3-thienyl)benzene) spacers with varypasps

attached at both ends of the axis.
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A new class of radial oligothiophenéds/(- 6Q Fig. 8) with oilgophene “arms’sg, Fig. 8)
around a central aromatic core attached with alkynyl linkager® weported’ These
radial “starlike” molecules included ethynyl units bound directlythe core and were
expected to support extendeaonjugation of the molecule as well as adding coplanarity
to the molecule. Both the absorbance and emission spectra wer@e&xa Increasing the
number of oligothiophene arms around the arene (benzene or thiophenejused the
Amax Of the lowestt-n* transition to be red shifted{: Amax = 400 NmM59: Ayax = 458 nm).
Thelnax Of the unappended thiophene af, was observed at 374 nm suggesting that the
overall coordination of the oligothiophene arms to the arene core induocedlation of
the © system. Solid state spectra of the homologues were also atihmcally shifted
with respect to solution phase which is attributed to enhanced pyaoftite molecule in
the solid state. A similar trend was observed for the emisgientra, each displaying a
red shifted emissioimax as the number of thiophene rings increasgd«G7 = 520 nm,

Amax 59 = 615 nm) which were further bathochromically shifted in the solid state

s 1\
\ / 5 \/

R
R
R R R R RﬁR
/[ j\ R; i :R R R
. . R R
R

57 58 59 60

56 HC=

57,5859, 60: R= g s / S

\ / \J

Figure 8 Radial oligothiophenes with arene core.
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3.1.4 Bonding in metal carbonyl compounds

In order to discuss the bonding in metal carbonyl complexes, thercakygen bond must
first be examined. In carbon monoxide there ésteond between the carbon and oxygen
atoms and a lone pairs of electrons on each of the two atoms. i$h&ls® a doubly
degenerater-bonding orbital. The result of which is a triple bor)’(y)*(my)* (Fig. 9
(a)). However this is a polar bond, and in iherbitals the electrons are almost four times
as likely to be near the oxygen as near the carbon. The low digorent observed for
carbon monoxide can be explained by the bonds polarity compensatitige fetrongly
directional lone pair on the carbon atom. CO is an example of amgaodeptor. Such
ligands are of great significance in organometallic cheynestrthey form strong metal-

ligand bonds.

In forming a metal-carbon-bond the metal employs it&l, (n + 1)p and § +1)s vacant
metal orbitals. The metal must possess vacant d-orbitals that can ovénldpenone pair

on the carbon and this may be regarded as the formation of acaktahcs-bond of the
donor acceptor type. In the metal carbonyl there are filled non4tgmtorbitals on the
metal which have the correct symmetry to overlap with the ywonbitals of the CO, this
orbital is the COn*, a low-lying n-antibonding orbital of the carbon monoxide and it
accepts electron pairs from the occupied metal d-orbitals 94b)). As a result of this
additionaln-bond the d electrons that were metal centred now sometimes reside on the
ligand. The metal has now donated electron density back to the ligahisis referred to
asback bondingand is a feature of M — L bonds where L is an unsaturated molecule. Back
bonding allows electron density on the metal shift back to the ligaddswell as an
additionaln-bond, the transference of charge from the metal can be seemaans of
strengthening the original-bond (it contributes principally to the total bond energy) by
removal of unfavourable charge separation induced by the damond. This produces a
“synergic” interaction between the two types of bonds and ihis interaction that
accounts for the most part of the metal-carbon bond strength.
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Figure 9 (a) Formation of carbon-metatbond. (b) Formation of metal-carbot
bond.

In addition to the previously discussed linear M—C—O bond, many methbrgdr
compounds possess a carbon monoxide group bonded to two or more metal at@ns. T
bridging effect in carbonyl compounds is generally confined tovaigves of the first row
transition metals. Simplistically it can be assumed thatigbrg carbonyl groups
contribute only one electron to each of the metal atoms forstognds with the metal
electrons. The nature of tlebonding is a little more complicated. The carbon-oxygen
bond order is reduced as evidenced by a shift in CO stretchingfreiga to ~1850 cth
Another important type of bond found in metal carbonyls is the mettdirbond. It is
sometimes the only bond between two halves of a metal carbonyl leat fofind in
conjunction with bridging carbonyl groups. With the exception of vanadium
hexacarbonyl, all binary carbonyls obey the inert gas rutb &) terminal carbonyl
groups each contributing a pair of electrons to the outer of the atetak, (b) bridging
carbonyls each contributing one electron to each of the metal ataih{g) covalent metal-
metal bonds formed by one electron from each metal atom bringintptal number of

electrons to that of the next inert-gas shell.
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3.1.5 Dicobalt hexacarbonyl complexes

The pioneering work of Reppeand Hiibel® in the field of alkyne — metal chemistry in the
1940’s and 1960’s respectively revealed the structural diversaikpne oligomerisation
at metal centres. Complexes of the-é#lkyne)Co(CO) series are among the earliest
known organometallic compounds. The dicobaltatetrahedrane, (RCR’)Co,(CO)s, is
the main product of alkynes reacting with,(0O) at room temperature. One of the most
widely reported and studied of these dicobalt hexacarbonyl compléedsy
diphenylacetylene dicobalt hexacarborfuk-PhC=CPh)Co,(CO)s.

Dicobalt octacarbonyl is the simplest closed shell cobalt catpbooytaining two types of
carbonyl groups, i.e. bridge and terminal carbonyl groups as shovigure 10 (a).
Alkynes possess a pair of perpendicular mutually degenerateitals. The reaction of

an alkyne with dicobalt octacarbonyl replaces two bridge carbgrodps to form the
organometallic complex (Rxn. 2, Fig. 10 (b)). Bridge bonding observeduin
alkyne)Co@(CO) complexes are thought to arise from a combination of forward donation
from the two bondingt molecular orbitals of the alkyne into the unfilled metal d tatbi

and back donation from the filled metal orbitals into the vacant antibomdinglecular

orbitals of the alkyné'

RXnN. 2 RECR’ + C0y(CO)% —(u2-RC=CR’)C0,(CO) + 2COt
ﬁ R
oC ¢ cO OCeq CO¢q
\VAW NN/
oC /CO\ /Co\ CcO(a) OC,——Co—|—CG—CO, (b)
oC |(|? CO oceq/ N\ COqq
o) R

Figure. 10 (a) Structure of dicobalt octacarbonyl with bridging and terminal carbonyl
groups, (b) structure of alkynyl dicobalt hexacarbony;R.C,).Co,(CO)
showing the axial (ax) and equatorial (eq) carbonyl groups.
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Sly reported the molecular configuration of diphenylacetylene dicbleakcarbonyl, one

of the first molecules to exhibit a multi-point attachment sirgle organic molecule to
more than one met&. The molecule was found to have six-fold coordination about each
cobalt atom in a distorted octahedral with the C-C bond of the anet@pproximately
normal to the Co-Co bond axis. The coordination about the acetyldmencatoms is
four-fold in a distorted tetrahedral configuration. This gives @pprate G, symmetry to

the molecule, except for the benzene rings. With most symnagkgroes the molecules
possess & symmetry with distorted octahedral symmetry about the individobhlt

atoms.

A more recent theoretical study of the alkyne-bridged comglexC,H,)Co,(CO)s, 61,
identified significant population of a Co-Co antibonding orbital alonth Wos* back
bonding® The authors used complete active space (CAS) methods alonglavttee-
Fock and hybrid density functional theory (DFT) calculations fos #tudy, as standard
DFT and quantum theory of atoms in molecules (QTAIM) methods, althasefal, were
insufficient to reveal the fine detail in the region betweendaddmetal atoms. The
occupation of bonding and antibonding orbitals in the CAS molecular calculations
suggested a rather more complex picture of metal-metal and-ligated bonding than
might be initially inferred. Using CAS in conjunction with QT a deeper insight into
the bonding was gained. Surprisingly, there was no bond critical popit ¢bserved in
the region between cobalt nuclei, although four Gufe bonds were observed in the
analysis, along with all other expected bond critical points (€§-C-C, C-O and C-H).
This indicated the presence of two three - membered metallsciycléhe CgC core,
sometimes referred to as a “butterfly arrangement”. Eleufiock calculations explore
metal-metal bonding where a value of 1.0 indicates a single bdimé authors, who
calculated a value of 0.26 f6(Co,Co), using an adjusted theoretical method, state that the
atomic overlap data suggested a weak but non-zero overlap betweeob#ie atoms.
Another diagnostic tool which calculates the ratio of potential tatikiemergy density at
bond critical points was employed. A value of less than one indicdtsed shell
interaction while a value of greater than two indicates a slmredvalent interaction. A
value of 1.34 at the mid-point of the Co-Co vector and other valuessattre vector were
observed. Consistent with other results, it points to some covaleattdran the metal-

metal region. The authors suggested that the complex was besbelbsas a singlet
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diradical with partial occupation of both bonding and antibonding orbitals beta@balt

atoms.

The structure ofy(;-alkyne)Co(CO) derivatives are based on a centraj@detrahedrane
with an external “R” group on each carbon and three terminal cdrigooyps on each
cobalt (Fig. 10 (b)). The GG, tetrahedrane in anf{-R>C;)C0,(CO) complex had 12
skeletal electrons localised along its six bonds that includeJot€ bonds, one C-C bond
and one Co-Co bond. As discussed above the Co-Co bond is considered to bal a form
single bond however some singlet diradical character of the Cot€@dtion has been
observed. Using DFT calculations, model complexes of the fesRAC,)C0o(CO), (n <

6) were used for a theoretical study investigating the pesfestructure for alkynyl
dicobalt hexacarbonyl complex&s. Structures of -Co,H2)Co(CO) (61), (uo-
CoH2)Co(CO)s, (u2-CoH2)Cox(CO) were investigated (formal Co=Co double and=Co
triple bonds were required to give both cobalt atoms the favoured d&oele
configurations in the pentacarbonyl and tetracarbonyl respbgtiveAn eclipsed G,
structure was the preferred structure for-C,H,)Co(CO) (61, Fig. 11) with two axial
carbonyls approximatelyrans to the Co-Co bond and the remaining four carbonyls are
equatorial in approximatérans positions relative to the Co-C bonds attached to the
acetylene carbon. The Co-CO bond lengths were predicted to be fongdose in
equatorial positions (Co-G@~ 0.04 A longer than Co-Gg) suggesting that the acetylene
ligand has a strongerans effect than the Co-Co bond. Three structures were found for
the pentacarbonyl derivativgyC,H,)Co,(CO). The lowest energy structure is derived
by removal of an equatorial carbonyl group (a carbonyl gtoams to the acetylene) and
can be referred to asg(u-CoH2)Co(CO). The second is axesingly bridged -
C,H2)Co(CON(u-CO) structure. The bridging carbonyl group exhibits a relgtileav
V(CO) stretch at 1878 citypical for bridging carbonyl groups compared to terminal
carbonyl groups. The third pentacarbonyl structure is the result of loss of boaalzanyl
group,ax-(u2-CzH2)Co(CO) and lies a predicted ~ 10 kcal above the equatorial structure.
In both the axial and equatorial pentacarbonyl species one cobaltistassigned the
favoured 18-electron configuration while the other cobalt atomirigeanly two terminal
carbonyls has only a 16-electron configuration. Removal of two carigooyps from the

parent hexacarbonyl species resultedupn@H,)Co,(CO), to give six different structures.
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The three lowest energy structures are derived by remouwslcotarbonyl groups from

different cobalt atoms so that each have two Cof@®i}s in their structure.

1.154 B3LYP
1.169 BP86

Figure 11 f12-CoH2)Co(CO) (61) with proposed & symmetry?

A series of oligothiophene derivatives were synthesised in which dicobalt
hexacarbonyl acetylides wereconjugated onto both terminals of the oligothioph@né\
variety of substituents were grafted onto the oligothiophenes to teie ghysical
properties. Heck coupling techniques were used to produce the orgammowuls §2a —
66a Scheme 2) and reaction with dicobalt octacarbonyl gave the aldigubalt
hexacarbonyl derivatives62b — 66k Scheme 2). The absorbance spectra of the
oligothiophene moieties displayed moderately intense high enengitivas and a very
intense lower energy transition which the authors attributed-ta* localised excitation
of the heteronucleus amd-* transitions of the conjugated— system, respectively. The
Amax Values of the higher energy bands were blue-shifted on incretngumber of
thienyl units Kmax 62a = 305 nm,64a = 257 nm,66a = 254 nm) with similar trends
observed for the phenyl substituted oligomers. The complé2&s{ 661 exhibited three
characteristic bands: a moderately intense high-energy batdng medium-energy band
and a weak low-energy band. The high energy bands werbeaktwi ther — n* localised

excitation within the organic component while the medium and low ergagys were
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attributed to metal to ligand {gn*iigand) Charge transfer transitions. Electrochemical
studies of62a — 66aexhibited one highly irreversible oxidation process (twotfs), the
potential of which decreases gradually on going fiéi2a to 64a to 65a in the hexynyl
substituted oligothiophene series and fr68a to 65a in the phenylethynyl substituted
series, indicating the decrease of #teonjugation length in serial order. The complexes
(62b — 661 exhibited two oligothiophene based oxidation processes (o8l between

-0.2 and +1.5 Ws. Ag/AgCl, and one reduction process of the metal moiety between 0.0
and -1.6 Ws. Ag/AgCl, which was not observed for the oligothiophenes. The complexes
only possess one irreversible reduction process compared to thedtwetioles commonly
observed in these bimetallic systems the authors suggested thradtixecentres were
independent of each other. The lack of electronic communication betiveemdtal
centres is attributed to the reduction process followed byckeshical reactiongia an EC

mechanism.
HC=—CR
S Pd(dppf)C} Cul
Br Br - > R SeriesA
\ / diisopropylamine
X reflux
62 X =1, R =n-butyl ;332;00)8
63 X =1, R =phenyl L
64 X =2, R =n-butyl
65 X =2, R =phenyl
66. X =3, R=n-butyl CcO CcO
OC\Clo/co oc\Clo/CO
S
R \ / R  SeriesB
oc:/C|0\co OC/C,O\CO
(6(0) oC
Scheme 3 Synthesis of thienylethynyl ligands and corresponding bimetallic complexes
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Ferrocene is an electron donating group where the ferrocenyl domgp can be linked

via an electron-rich backbone to a polyaromatic acceptor mdietyhe attachment of
adjacent organometallic moietiega alkyne linkages results in electronic interactions
between metal atoms. These complexes are of interest betaheeossibility of charge
transfer along a conjugated backbone and the potential for tuneablebeddhwiour. The
modification of ferrocene substituteduy{alkyne)Co(CO) complexes enabled the
assessment of the effect of structural changes imposed byimdpaihg position and
substituents on ferrocenylalkynes. The ferrocenylalkynydniits were synthesised by
standard coupling methods followed by treatment with cobalt otiawcgrto produce the
complexes67 - 72in figure 12. The incorporation of one or two dicobalt carbonyl
moieties into the alkynyl chain caused a reduction in triple bonchctes observed as a
downfield shift in the proton and carbon NMR spectra of the productgstaCistructures

of 68, 69 and72 were obtained and observed Co-Co bond lengths were in the range 2.46 —
2.47 A, in agreement with previously reported dicobalt systems bridggerpendicular
alkynes. The interaction of the alkyne with,(f&O) units resulted in delocalisation of the
electron density onto the €aunit which caused a lengthening of the alkyne bond,
consistent with loss of triple bond character as observed in the. NMRomplex68 the

free alkyne unit retains its linearity as expected and the relevant batd Veas consistent

with the retention of its triple bond character (1.20 A). Phosphindisiios of carbonyl
ligands in the dicobalt hexacarbonyl complexes occurred. Corbflesas treated with 1
equivalent of 1,1-bis(diphenylphosphino)methane (dppm) and 1.5 equivalents of 1,1-
bis(diphenylphosphino)ferrocene (dppf) to produce the phosphine substituted
ethynylferrocene : dppm in 1:1 ratio and ethynylferrocene : dp@f3 ratio respectively.

In this manner the electronic environment of the metal atomsbeamodified via

replacement of some carbonyl groups by suitable chiral phosphine ligands.
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Fc H 67 Fc Ceo—H 70
Co—\Co Co—\ Co
Fc ———Fc 68 Fc Fc———=———FPh 71
Co—\Co Co—\ Co
Fc ’\ ‘ ‘ ‘ Fc 69 Fc Fc Ph 72
S} IX
Co;\ Co Coi\ Co Co—\Co Co—\ Co

where Fc = Ferrocenyl and ;\ = Coy(CO)g
Co—Co

Figure 12 Ferrocenyl alkynyl dicobalt hexacarbonyl complexes.

Coleman et al. synthesised a series of pyrene-thiophene dyadkeandotresponding
dicobalt hexacarbonyl complexe&3@\b — 76a\b Fig. 13)?’ In the UV-vis absorbance
spectra a high energy transition was observed between 320 — 400 mscehdd to tha
— m* transitions within the pyrenylacetylene chromophore. Coordinationliadbalt
carbonyl resulted in broader, less well-defined spectra withiaxaitweak d-d bands in
the range 580-600 nm that extended to approximately 700 nm. Visibtatiexcled to
luminescence for all compounds in the series. No shift was observed in th®einessils
following complexation which suggested the origin of the emission balighisd based.
At room temperature all compounds were found to be strongly luminesCembpounds
73aand74adisplayed two emission bands at 404, 425 nm and 410, 430 nm respectively.
For 75a and 76a a single intense emission band, at 503 and 612 nm respectively, was
observed with significantly larger Stokes shifts (~3800 and ~4600 mspectively)
indicating that the aldehyde and dicyanovinyl terminal units hadtaliésing effect. The
bathochromic shift in emission maxima, on altering the terminaltgosas attributed to
the electron accepting ability of the dicyanovinyl unit. Emis$ifetimes were measured
as 0.16, 0.64, 0.88 and 1.16 ns78g 74a 75aand76a Following coordination with
Coy(CO) a large reduction in the emission intensity (> 95 %) was obserkzeassion
guenching had been previously reported for metal carbonyl complexeescent organic
compounds. Low temperature (77 K) emission studies showed no changeimiskmsn
bands of73b and74b. However the emission band Z6b was blue shifted by 2650 chto
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444 nm while the emission band b was blue shifted by ~2890 ¢ho 520 nm. The
authors attributed quenching to energy transfer to the cobdibrodr system. Al
compounds {3a\b — 76a\b exhibited an oxidation in the range +1.0 — 1.¥8VAg/Ag",
which was assigned to the irreversible oxidation of the pyrerte Uxidation at high
positive potentials led to the deposition of a film onto the workingcanchter electrode
surfaces. This suggested that electropolymerisation occurteghapositive potentials, a
process observed in other thiophene systems. An irreversible owridatocess is
observed in the range +0.55 — 0.7@3/Ag/Ag" in all cases following complexatio@3b
— 76b. This was assigned to the oxidation of the cobalt metal ecenBteady state
photolysis was carried out at8b — 76bwith IR monitoring. Irradiation atexc. > 520 nm
in the presence of PRresulted in bleaching of the parent absorbance bands together with
generation of product bands assigned to the pentacarbonyl speciesquobgeadiation
at Aexc. > 400 nm caused further bleaching of the parent bands and an inore#sesity

of the photoproduct. Also observed under these conditions were new bandsdtsithe

|
Coy(CO)s

tetracarbonyl species.

73:R=H
74 : R = Br
75 :R =CHO

76 :R = CH(CN),

Figure 13 Pyrenylethynylthienyl compounds and complexes with various end

groups.

(u2-Alkyne)Co(CO)s derivatives have been shown to undergo replacement of one or both
axial CO groups upon heating with monodentate tertiary phosphines, phospites
arsines® Bidentate ligands, such as fluorocarbon- and hydrocarbon-bridged compounds,
reacted similarly but they displaced two or four CO groups. Thenkatk ligands tended

to occupy equatorial coordination points about the metal atoms éyhbridging two
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cobalt atoms of the same molecule (Fig. 14, b) or by chelatiogegmf them (Fig. 14, c).
An investigation into carbonyl substitution reactions p-RC=CR’)Co,(CO) (where
R/R’ = H, phenyl or CHOH) was under taken for a range of monodentate ligands (L). In
each case, heating the@{alkyne)Co(CO) complexes with the monodentate ligand
resulted in the formation the pentacarbonyl product of the fassRC=CR’)Co,(CO)L
(Rxn. 3). It was found that further reaction of the alkynyl dittob@ntacarbonyl product
with a monodentate ligand resulted in a greater substitution pattethef complex i.e.
disubstituted, trisubstituted and tetrasubstituted complexes of the Qs
RC=CR’)C0,(CO)L», (12-RC=CR")C0,(CO)L 3 and (1-RC=CR")C0,(CO),L4
respectively. Reaction of the ligand substituted carbonyl produsRBG=CR’)Co(CO)s.

nLn with CO replaced the monodentate ligand to regenerate the parepound (Rxn. 4).
Fluorocarbon bridged ditertary phosphines and arsines (denoted asaetgd with .-
alkyne)Co(CO) and produced complexes of forpp-alkyne)Co(CO)(L-L) which were
ligand bridged. The bidentate ligand®$ and ffars (abbreviations pg. xv) produced the
bridged disubstituted complexes (Rxn. 5) while further reaction ofdikabstituted
complex with ffars/fifos produced the tetrasubstituted complexes. The reaction of the
tetrasubstituted alkynyl dicobalt carbonyl with CO resultedhi@ tegeneration of the
disubstituted complex (60 %) by displacement of one bidentate ligattdtwo CO
molecules (Rxn. 6). Complexes of the formyla-glkyne)Co(CO)(L-L) fall into two
classes. The first class Qi {RC=CR’)C0o(CO)(L-L) complexes (where L-L =4fios,
fifars, tfars, ,AsP and dppm, (abbreviations pg. xv) all had terminal carbonytistnet
bands in their IR spectrum (in the region 1959 — 2038%csimilar to those of
(f4fos)Ca(CO), and hence the authors assigned a bridged structure to thesexasnpl
(Fig. 14, b). The second class ph-RC=CR’)C0,(CO}(L-L) complexes (where L-L =
fsfos and §fos) had carbonyl stretching bands at higher frequencies (1963 — 2096 cm
indicating that complexes of this type produced chelates (Fig. 14, b).

(12-RC=CR’)C0y(CO)% + P(CHO); — (u2-RC=CR’)C0y(CO}(P(CHO)s) + CO

Rxn 3 Substitution with monodentate ligand P{O}H producing pentacarbonyl complex.

(n2-RC=CR’)C0(COR(P(CHO))s + CO — (z-RC=CR’)C0(COR(P(CHO)s)s

Rxn. 4 Replacement monodentate ligands following reaction with CO.
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(1-RC=CR’)C0,(CO) + fifos — (u-RC=CR’)Co(CO)y(fsfos) + 2CO

Rxn. 5 Substitution with bidentate ligand producing tetracarbonyl complex

(12-RC=CR’)C0y(CO)(fsfos), + 2CO — (u2-RC=CR’)Co,(CON(f4f0S)

Rxn. 6 Replacement bidentate ligand following reaction with 2 equivalents of CO.

Figure 14 Representative structures gp-RC=CR’)C0,(CO) complex and the two
classes of carbonyl bonded complexes.

Ford et al. used time resolved spectroscopy (TRIR) to extensexalyine the reactive
photoproducts produced on irradiation (continuous and flash photolysis) of the
hyrdoformylation catalyst precursor £60)(PMePh),>® The UV-vis absorbance
spectrum of CgCO)(PMePh), possessed a characteristic* transition with aimax at

386 nm, assigned to a metal-metal bonded dimer by analogy to tbieaspe similar
compounds such as §G80). The infrared spectrum shows a carbonyl stretching band
centred at 1953 cihwith shoulders at ~1928 and ~1975tm

Continuous photolysisi{x. = 365 nm) of Cg(CO)(PMePh), in benzene was carried out
under different conditions: (1) under an atmosphere of argon, (2) undeanaspaere of
CO and (3) under argon with added PMgP{l) Photolysis under argon resulted in small
decreases in the 386 nm absorbance band with no new bands appearing Vfivise U
spectrum. In the IR spectrum, similar irradiation caused sleaching of the parent band

with new broadv(CO) stretches between 1980 and 2040 cmhich were tentatively
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assigned to the formation of a cobalt cluster complex. (2) Uakleatmosphere of CO,
photolysis at 365 nm resulted in significant changes on a much fastscale. The
Co(CO)x(PMePh), absorbance at 386 nm decreased in intensity and shifted
hypsochromically with concomitant generation of a new absorban8d0ahm and an
isobestic point at 362 nm. This rapidly occurring spectral chaegsed after ~90 s
irradiation indicating that the system had reached a photostatistzey (Rxn. 7). The
changes observed were attributed to formation of a dinuclear emmglch as
Co(CO),(PMePh) as the characteristie-o* transition of a Co-Co bond remained. The
IR difference spectrum produced positive peaks at 1987, 2022 and 2078wtich
suggested the formation of the PMeRbss product as the bands matched well with
literature results for the spectrum of JL£oO)(PPh). (3) Photolysis of
Co(CO)x(PMePh), in benzene under argon with added PMekd to very different
spectral changes in the infrared. A decrease in parent heasl®bserved while new
bands formed at 1749, 1770 and 1998 'cntonsistent with the formation of
Cox(CO)(PMePh)s.

Co(CO)(PMePh), + CO = :V —  Co(CO)(PMePh) + PMePh
\"

Rxn. 7

Interestingly, continued photolysiske(c = 365 nm) of CgCO)(PMePh), in the
chlorinated solvent 1,2-dichloroethane (DCE) produced markedly diffexsualts. Under
an argon atmosphere the intensity of éhe* transition at 386 nm rapidly decreased with
no new bands generated. This is ascribed to photo-induced homolysés raktal-metal
bond to give the mononuclear “17-electron” metal based radi€d¢CO}(PMePh) (A,
Scheme 3). These radicals can undergo two processes eitlededoilar reaction with
another such radical to reform the metal-metal bdhdScheme 3) or extraction of a
chlorine atom from the solvent to form mononuclear chlorinated prodd¢tScheme 3).
Monitoring the reaction by IR spectroscopy provided further evidesrciné formation of
chlorinated mononuclear photoproducts. Bleaching ofv{i®) bands characteristic of
Coy(CO)L, with concomitant growth of bands at 1981 and 1917 awere observed
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which indicated the formation of Co(C§{FMePh)CI. Similar analogues,
Co(COX(PEB)CI and Co(COXPER)I were previously reported to display a strorGO)
band at 1977 and 1976 &mespectively previously. Using various concentrations of DCE
added to benzene the quantum yield for the disappearance(6i@sPMePh), followed
by formation of Co(CQJPMePh)CI upon irradiation was determined. Tkevalues
showed increased generation of the chlorinated photoproduct with imgreBTE
concentration. This dependence of quantum vyield on [DCE] is consisténttive
photochemical homolytic cleavage of L£0O)(PMePh), to give the radical
‘Co(CO}(PMePh). This radical is expected to either react competitivglyabsecond
order recombination to give the parent carbonyl or with excess DCE lepdqfrst order
pathway to give the mononuclear chlorinated species. The redsimed by Ford and
co-workers are in agreement with previous studies that show dinwdegrlexes can

undergo both ligand labialisation and metal-metal bond homolysis when irratfiated.

hv = 365 nm
Co,(CO)%(PMePh), ——— [Co,(CO)(PMePB),]*

B

2 *Co(CO)(PMePh) —5cg— Co(COX(PMePh)CI

A C

Scheme 3 Photochemical pathways following irradiation of(@0)(PMePh), in
DCE.

Flash photolysis studies were carried out (1) under argon, (2) undean@@3) under
argon with an excess of PMeRto further investigate photochemical pathways and obtain
kinetic data. (1) Flash photolysis of £LB8O)(PMePh), in CsDg under argoniex. = 308

and 355 nm) resulted in bleaching of the parent carbonyl bands withiasieous growth

of a major product peak centred at 1940'ca® cm' lower than to the parent absorbance
at 1952 crit. The magnitude of the bleach of ZoO)(PMePh), was comparable for 308
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and 355 nm photolysis however the absorbance at 194Gves) considerably larger in
magnitude following 355 nm photolysis indicating that different photoly&iselengths
gave rise to different intermediates or else a differestridution of photoproducts.
Kinetic traces of the changes in absorbance suggested thphbotmprocesses occur. The
faster process had &°@rder rate constant of 2 x 1M™ s? following 308 nm excitation
and 8 x 16M™ s* following 355 nm excitation, while the slower process had a higtter r
constant (9.6 x ™ s%) following 308 nm irradiation compared to (2.4 x’10* s%

355 nm irradiation. This indicated the slower process was pratdhgpreformed on 308
nm excitation. This was in keeping with other polynuclear neetiddonyl studied! where

CO photodissociation occurred preferentially following shorter vesagth irradiation. (2)
Flash photolysis of GOCO)(PMePh), in GDg under a CO atmospherk,{. = 308 and
355 nm) also resulted in bleaching of the parent absorbance at 195&ittntoncomitant
growth of a product band at 1939 ¢mAnalysis of the transient decay of the absorbance
at 1939 cnit following 308 nm irradiationyia a double exponential fit, indicated that two
photoprocesses occur which both absorb at 1948 amd both react with free CO. The
faster component with a second order rate constant (2.8 M1@&?) was ascribed to the
CO loss product CHCO)(PMePh), reacting with CO to reform the parent species. The
slower component with a second order rate constant (1.5 M1@") was ascribed to the
reaction of the photogenerated radical specias(CO}(PMePh) with CO via ligand
dissociation to form Co(CQ) (3) Following photolysis of GECO)(PMePh), in CsDg
(Aexe = 308 nm) with added PMePthree temporal processes were observed. An
immediate bleach at 1950 &ntorresponded to the photolytic depletion of the parent
carbonyl complex owing to primary photochemistry, a continued absorbaoc=aske at
1950 cm® due to the decay of transient species and a slow increase drbaie
attributed to formation of GECO)(PMePh)s. The absorbance at 1940 trwhich
corresponded to the intermediates,(C®)(PMePh), and -Co(CO}(PMePh) appeared
then decayed below baseline as both transient species reactdeMeBf according to
(pseudo) first order kinetics.  The reaction of ,@@®)x(PMePh), to produce
Co,(CO)(PMePh); had a rate constant of 3.9 x’10™ s™.
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3.1.6 Pauson — Khand Reaction

The compounds produced from the reaction of alkynes with transitionsnineteé found
wide ranging uses but none more so than those of thetyptkyne)Co(CO)s as they are
important precursors in the formation of derivatised cyclopentanonesal-Mediated co-
cyclisation reactions have become more widely used in recerg gspecially since the
discovery of the Pauson — Khand reaction (PER)The products of the PKR can be
highly regio- and stereo-chemically pure and as such are invalsgthetic intermediates
in a number of natural products syntheses, the synthesis of biolpgioghortant
compounds such as prostaglandthsjrsutic acid* and trans-dihydrojasmonat® being

just three examples.

The Pauson — Khand reaction represents the formal [2 + 2 + 1] dglitioa involving an
alkene, alkyne and carbon monoxide to produce derivatised cyclopentanoties a
represents one of the most convergent methods in the synthesis of sywbucdsn
Although the exact mechanism of the PKR has yet to be elucjdatethemically
reasonable pathway was proposed by Matfrarsd then by Schor8,in which the initially
formed {i-alkyne)dicobalt hexacarbonyl clustet, (Scheme 4) loses a carbonyl ligand to
form the pentacarbonyl clusteg, (Scheme 4) which provides an empty coordination site
for alkene coordinationf{, f-2, Scheme 4). It has been observed that the coordinating
alkene positions itself closest to the least sterically batletylenic substituent and that C-

C bond formation occurs between this acetylenic carbon and the alkbiseresults in the
majority of cyclopentanones with the bulky acetylenic substitirent position on the
compound, next to the C=0 bond. Subsequent coupling of the alkyne and alltema t

the metallocycled, Scheme 4), alkyl migration to incorporate the carbonyl moiety a

reductive elimination of the cyclopentanone form the final produ&cheme 4).
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Scheme 4 Proposed mechanism of the Pauson Khand redttion.

There are several disadvantages for the large scale coraimese of the classical PKR,
namely the requirement for stoichiometric quantities of carbon mon¢xsdeilly supplied

by Ca(CO)) and the high reaction temperature required. Several studies degn
carried out in order to develop systems which use only catayaatities of the metal
carbonyl compound and/or use light to prompt the chemical reactional Ektonyl
complexes undergo photoinduced CO dissociation and Livinghouse et al. used high
intensity visible light to facilitate catalytic Pauson- Khaeactions® The purity of the
dicobalt octacarbonyl catalyst and the choice of appropriate kgints were found to be
critical. Of those examined the Q-Beam light source proved midsttive with a
Coy(CO)g concentration of 5 % providing the highest yields. Solvents including 1,2-
dimethoxyethane (1,2-DME), ethyl acetate and diglyme also eelsuhl efficient
conversion to the cyclopentanone. Thus under mild conditions (50 — 55 °C) ancCDat
the photochemically driven PKR can proceed.

In order to aid elucidation of the mechanism of the photo-induced PKR, t

photochemistry of phenylacetylene dicobalt hexacarbdmuytPhC=CH)Co0,(CO)s, was
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examined by matrix isolation techniques in conjunction with infda-spectroscop$f
Irradiation of (u-PhC=CH)Co0,(CO)s isolated in an argon matrix with = 254 nm
resulted in depletion of the paremCO) stretches and formation of the coordinately
unsaturated (n,-PhC=CH)Co0,(CO)s species (¢ type species, Scheme 4). A
photostationary state was reached upon conversion of 25 % of thegstagterial. No
evidence was observed for the formation of a tetracarbonyl spesies on extended
irradiation. Broadband photolysis at > 400 nm regenerated the parem@ssakicough
complete photoreversal could not be achieved. In an argon matrix doged @i
dinitrogen, irradiation at 254 nm resulted in the increased appearampt®toproducts
with a greater amount of parent band depletion, indicative of a higisdding
photoreaction. The major photoproduct, thge ddordinated pentacarbonyl specigs-
PhC=CH)Co,(CO)sN,, was observed as the appearance of new carbonyl stretdes in
IR spectrum, along with a number of unknown species formed. ritatiphotolysis at
390 nm resulted in the coordinately unsaturgjeedPhC=CH)Co,(CO)s species but had
little effect on the M adduct. Broadband irradiation with> 400 nm, as observed in the
argon matrix, resulted in bleaching of the product bands with simaliarregeneration of
the parent bands. Irradiation (@h-PhC=CH)Co,(CO)s in a 100 % nitrogen matrix using
A = 254 nm resulted in the rapid formation of the coordinatgegéwtacarbonyl species.
Generation of a secondNN) band suggested the formation of a secoactdbdrdinated
photoproduct. Once again broadband irradiatioh at 400 nm regenerated the parent
species. Thus it was shown that the yield and rate of the pdiydagh formation
increased as the Nmnatrix gas concentration increased. In pure argon matneesge
recombination of the photoejected CO with the pentacarbonyl spemesred readily.
Also irradiation at 350 nm of the parent spe¢esPhC=CH)Co,(CO)s had little effect; it

appeared to be photochemically inert at this wavelength.

It is widely accepted that decarbonylation{de, Scheme 4) of an initially formegda{
alkyne)Co(CO) species is the precondition to the overall Pauson — Khand reaction
sequence. The photochemical properties of these important interesadidte PKR were
examined by Long and co-workers by both steady state and flaskr photolysis®
Generally these alkynyl dicobalt carbonyl compounds absorb acrtisead range of
wavelengths up to 630 nm providing a large choice of excitation wavelengths. Stmady
photolysis of(u-PhC=CH)Co0,(CO)s with Aexc > 340 nm, in the presence of a trapping
ligand (L = PPhB or GHsN), produced the monosubstituted specig,-
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PhC=CH)Co0,(CO)s(L) with prolonged photolysis resulting in the disubstituted species
(n2-PhC=CH)Co0,(CO)4(L)2.  Irradiation with Aexe > 400 nm produced the same
photoproducts although longer photolysis times were required. Thadés rekearly
showed that CO loss occurreda photochemical conditions, and the authors further
investigated the process using monochromatic light sources. lasephotolysis ofu,-
RC,H)C0,(CO)s (R = GHs or H) in cyclohexane solution was carried out. Pulsed
photolysis Lexc > 355 nm) resulted in depletion of the parent hexacarbonyl lzdosoes
within the rise-time of the monitoring beam (~20 ns) followedalnapid recovery to the
pre-irradiation levels. No transient absorbance signals wesetddtas far out as 600 nm.
The kinetics of the recovery to pre-irradiation absorbance leadsSaund to be first order
with a rate constant of 4 x 1G* at 298 K. The rate of recovery of the depleted
absorbance was unaffected following the addition of CO to the soltiash suggested
that the depletion of the parent absorbance was not a result los€OEXxperiments using
pyridine as a trapping ligand in 20-fold excess with the parexadarbonyl compound
produced spectral changes showing the depletion of the parent cathany&covered
with an identical rate constant to that measured in the presér@®, indicating that the
intermediate produced did not react with pyridine. No photochemistryrrecl from
irradiation withexc > 355 nm, which was in keeping with the results of Gordon t al.
suggesting thafu,-CsHsC2H)Co02(CO)g is not CO substitution labile at this wavelength.
The spectral changes were attributed to homolytic cleavage afotbedt — cobalt bond
(Scheme 5), which rapidly underwent efficient recombination resukimg permanent or
long lived bleaching. However, pulsed photolysis wvkigh > 532 nm produced a transient
species that absorbed witha:,x at 400 nm that was assigned to the pentacarbonyl species.
Typical of the reaction of CO loss intermediates, addition of CO reduceddtimdfof the
transient species although its yield remained unaffected. The othsateeconstankgps

was found to be linearly dependant on the concentration of CO, wittoadseader rate
constant of 1.2 x foM™ s* (298 K). In the presence of excess triphenylphosphine,
irradiation produced a transient at 400 nm assigned to the pentadaspecies(u.-
RC,H)Co,(CO)s(PPhs) (Scheme 5). The lifetime and yield of the transient species
depended on the concentration of the Bk was the case in CO addition. The second

order rate constant for the substitution was found to be 3 M1&!at 298 K.
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Scheme 5 Observed wavelength dependent photochemistry (usf

RC,H,)Co,(CO)s in cyclohexane solution, in the presence of either
PPhs or pyridine.

The factors influencing the regio-chemical outcome of the PKdRevexamined using
theoretical method®. In the vast majority of reactions, the larger acetylemiety was
found at thea position in the resulting pentanone. The authors postulate that the reg
chemistry of the reaction is governed, through the discriminate dbss CO, almost
exclusively by the electronic nature of the acetylenic sulestis. Numerous studies have
indicated that the nature of these substituents can affect tieerle properties within the
(n2-alkyne)Co(CO)% complex. *°Carbon NMR analysis of the CO carbons im-(
RC=CR")Co,(CO) indicate that they are affected by the nature of the Bf®ips. An
increase in the electron donating ability of the R groups cause¥idtushifts of the CO
resonances. Infra-red spectroscopy has also shown thdCg stretches in the carbonyl
region of the spectrum shift as a function of R/R’ substituentsicredsing the
electronegativity of R/R’ causes an increase in the vibratioseguéncies observed. The

difference in electron density on the two acetylenic carbanghé complex may be
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responsible for the discriminate loss of CO. DFT calculationatell that different
substituents on the acetylene give rise to different electdenmisities on its carbon atoms
which results in polarisation of the alkyne bond. The electronectsffcaused by the
different substituents influence the position from which carbon mdeois lost and
ultimately the regio-chemistry of the reaction. It is asstitihat the initial step of CO loss
from the (1,-alkyne)Co(CO) provides a coordination site for the incoming alkene, the
position of which fixes the regiochemistry of the resultingl@yentanone adduct. In the
case where the gCof the acetylenic RCr bond possesses the larger electron density, a
longer Co-CO bond length is calculated for the carbon monoxides #teh@spositioned

with respect to R’. It is reasonable to expect that theséiga@ds would dissociate more
easily. A complex where the acetylenig-Cg bond lacks significant polarisation, the Co-
CO bond lengths were found to be almost identical. The CO ligands should dissociate with
equal facility and therefore steric effects as opposed torahécteffects become the
determining factor. Finally in the case where the acetytermstituents are sterically
virtually identical but electronically different the result waand to be the same. TheC

of the G-Cr polarised bond had the higher electron density and resulted in the carbon
monoxides that areis-positioned with respect to the dissociating R group. This provides

an alternative to the “steric rationale” for mechanistic interpogtaif the PKR.

Recently, a series ofif-alkyne)Co(CO)(n*-alkene) complexes have been reported and as
such are the first isolated examples in the next step of thRe*PKA range of 5-alkynyl-
5H-dibenzop,d]cycloheptenes 17 — 82A Fig. 15) were allowed to react with dicobalt
octacarbonyl and two products were isolated: the major product &F %) was the
anticipated hexacarbonyl clustéf7(— 82B Fig. 15) and the minor product (6.5 — 16 %)
was the pentacarbonyl comples7(— 82C Fig. 15). In the pentacarbonyl species the third
ligand site on one of the cobalt centres is occupied by the douhbkk dfothe seven
membered ring. The thermal instability of the hexacarbonydtets and therefore the
facile reaction to form the pentacarbonyl complex was surpridecgarbonylation of the
hexacarbonyl and formation of the pentacarbonyl complex occurred inosohttiroom
temperature. The authors suggested that CO loss was compenséatetbfaration of the
cobalt-alkene complex as a chelate. Several theoretical stealieulated geometries for
the incoming ethylene and found it favours a pseudoaxial site suchhthatistance

between an alkene carbon and the nearer alkyne carbon is approxiR&@A.
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Crystallographic structures ofi£alkyne)Ce(CO)(n>alkene) complexes’{ — 82G Fig.
15) revealed carbon-alkene-carbon distances of 2.133 to 2.184 A, with cobplexesn
alkene carbons within 2.817 — 2.880 A from the nearer alkyne carbonwkamshorter
than expected. Despite the proximity of these carbons, the pdraghcomplexes were
reasonably stable and the PKR did not continue to the correspondingeayienones?{

— 82D, Fig. 15). The authors postulated that alkene insertion in this typengblex
occurred preferentially from the equatorial position and the contoruafi the PKR was
precluded by severe ring strain caused by the rigidity ofdlaiss of compound77 —
82C). The activation energy for the decarbonylation process was floubhd ~29 kcal
mol™* and the overall reaction was endothermic by ~14 kcal"fm@hese values correlate
very well with theoretically values calculated by Yamanafd Nalamur® (Ea;andAH =
26.4 and 14.6 kcal molrespectively) and Pericas et*a(Ea andAH = 33.5 and 12 kcal
mol ™ respectively) especially as their calculations are basexhartermolecular reaction
to form (uo-CoH2)Co(CO)(n>-CoH.), whereas the experimental data were obtained for a

more heavily substituteidtramolecular process.

77 R=Ph;

OH Q T8 R=SiMes
~f~ F oM 79 R =p-CaH(CN,
L

+

 OH  THF,RT.15h %
Vi - R=licoco),  (©0Catl>—r o 80 R = mCyHaF
R (CO)s {€o), R 81 R =p-CaH,CF5
A B C D 82 R=H

Figure 15 Isolated intermediates of the Pauson Khand reattion.
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3.2 Abstract

The aim of this chapter is to investigate the photochemistryngdlsiaromatic molecules
and corresponding dicobalt hexacarbonyl complexes. Central to elucidating phatathem
processes in more sophisticated assemblies is a fuller undemgtaridhe spectroscopy
and photochemistry of simple aromatic and organometallic molecDiegeloping a better
grasp of the photochemistry of simple molecules will aid the erimagict of our ability to
create and improve practical applications in photochemical procedsethis chapter a
concerted experimental investigation into the photochemistry diccdoddonyl complexes
was undertaken, focusing on the effects of terminal group substitutitre aromatic core

and the primary photoactivation processes in Co-Co complexes.

Thienylacetylene systems have been extensively studied yeffdot of terminal group
substitution in such systems less so. Rpdz et al. focused on chain length in these
systems and the influence of double bonds versus triple bonds wasied&mivhere the
double bonds were replaced by a triple bond, an increase in fluorespeartem yield
was observed. Toyota et al. synthesised a series of compounds with a pharidemd a
pair of thien-3-yl moieties at each etfd.The effect of substitution of the thiophene with
ethynylTMS, ethynylbenzene and ethynylpyridine units wasnexed. Results indicated
that the additional aryl groups increase the conjugation within thecoleland as a result
the electronic properties were altered. Coleman et al. eeama series of pyrene-
thiophene dyad%. In all cases, luminescence from the pyrene chromophorehsasved,
which was reduced upon complexation with dicobalt hexacarbonyl. Thedscence of
these compounds and complexes was affected by ligand substitution slsitscAssed
previously, experimental evidence for the accepted mechanism dPKRe has been
limited. Long et al. carried out thorough investigations of dicolb&ixacarbonyl
complexes? Two possible photochemical pathways were proposed for (
alkyne)Cg(CO)s complexes following excitation. Irradiation k. = 355 nm resulted in
Co-Co bond homolysis withecomp= 25 ns, while irradiation atxc = 254 nm in an argon
matrix resulted in reversible CO loss. More recently Gibsoal.eteported that Co-Co
cleavage competes with CO loss and alkene binding in an (alkyregtatracarbonyl

dicobalt complex and that the Co-Co bond cleavage was a facile pfocess.
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Thus, a series of simple organic thienylacetylene based medeawgre synthesised, along
with their corresponding dicobalt hexacarbonyl complexes (Fig. 16Jands,NB-L1 —
NB-L4, were examined to delineate the effect of a thiophene motaghat in the thien-
2-yl or thien-3-yl position. While ligand$yB-L1 andNB-L5 — NB-L8, can be used to
investigate the effect of terminal group substitution on the orgaaiety, with respect to
their absorbance, emission and electrochemistry. A previoegbrted investigation into
the photochemistry of diphenylacetylene revealed that it wasnafluorescent molecule
which became weakly fluorescent when a terminal electron wikhidga group was
attached. This too was investigated for the thienylacetylgsteras by steady state

fluorescence techniques.

) = UT U

Co,(CO)s Coy(CO)s
NB-C2 Q%Cs Neca ) —‘_— 7 s

C‘ZOZ(CO)G_ Coy(CO)
NB-C5 S @_@_\
B == Br - ==

‘ \ / NB-C6 ‘ \ / \O

Coy(CO) Coy(CO)

; )
NB-C7 _‘—_ \ / \ . — o S 7\
T e Oy
Coy(CO) Coy(CO)

Figure 16 Complexes synthesised for the investigation in chapter 3

For the dicobalt hexacarbonyl complexes, the two competing route® &S andCo-Co
bond homolysis were investigated by various methods. Steady pdtatelysis and
quantum yield measurements of CO loss was be carried out intordgamine whether
CO loss occurred from these complexes and with what efficie@IR spectroscopy
with ps resolution will aid the identification of the primary photopsses that occur on a

picosecond timescale following excitation.
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A shift in the absorbance and emission maxima in the spectra dhidre/lacetylene
molecules is expected were appropriate substitution has occutredexpected that the
more electronegative the terminal substituent the greater thgadphanges will be. The
non fluorescent molecules may become weakly fluorescent upon apprdpriaiaal

group substitution as was observed for diphenylacetylene.

For the dicobalt hexacarbonyl complexes, steady state photatysie ipresence of a
trapping ligand is expected to result in CO loss as this has dizsrved for similar
systems. The extent of CO loss may be substituent dependant,withich revealed by
the quantum yield measurements. To date, TRIR has not been used tgatweake
photochemistry of(>-alkyne)Co(CO) type complexes. Thus, picosecond time resolved
infrared spectroscopy was used to probe the photochemistry of(ibrakkyne)Co(CO)
complexes. The results from TRIR spectroscopy will hopefullyeak what initial
photoprocess occur following excitation (CO loss or Co-Co bond homodysisaid in the
indentification of transient species formed. This is of particnk@rest as it relates to the

initiation of the well known PKR.
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3.3 Experimental
3.3.1 Materials

Any experiments that required an inert atmosphere were castiedinder argon or
nitrogen using standard Schlenk techniques. All solvents were suppglidte Aldrich
Chemical Company. Dichloromethane, chloroform, diethyl ether, pentahehexane
were dried over MgS©prior to use. Tetrahydrofuran (THF) was distilled from sodium /
benzophenone solution and used immediately. Anhydrous triethylamine wedsass
received and diisopropylamine was distilled over potassium hydrgxide to use. All
organic reagents were purchased from the Aldrich Chemical Cgmpzphenylacetylene
and ethynylferrocene were used as received. 5-Bromothiophene-2alddigde was
purified by distillation using a Buchi Kugelrohr apparatus. Adllaiie phases for column
chromatography were dried over Mg&Sénd silica gel (Merck) was used as received. All
solvents used in absorbance, emission, lifetime and quantum yieldnegptriwere of
spectroscopic grade and used without further purification. All solvegres deoxygenated
by purging with pure argon or nitrogen for ~10 minutes. The prefdBe*is applied to
compound codes indicating that these are novel compounds synthesised thraduighout t

work.

3.3.2 Equipment

All syntheses involving air- and moisture-sensitive reagents per®rmed in oven or
flame dried glassware. NMR spectra were recorded on a Brukdel AC 400 MHz
spectrometer and Bruker model ANC 600 MHz spectrometer usingsGi3Golvent. All
NMR spectra were calibrated according to the residual sojvesk, i.e. CHGlat 7.26
ppm for all'H spectra and 77.16 ppm for &lC spectra. Chemical shift8)(are given in
parts per million (ppm). Proton coupling constad)safe given in Hertz (Hz). Melting
points were measured on a Stuart Scientific SMP1 melting pppdratus. All UV-vis
spectra were measured on an Agilent Technologies 8453 photodiode mecaymeter
using a 1 crhquartz cell. Emission spectra (accurac$ fim) were recorded at 298 K
using a LS50B luminescence spectrophotometer, equipped with a redveddaitimatsu
R928 PMT detector, interfaced with Elonex PC466 employing PerkimiElh WinLab

custom built software. Luminescence lifetime measurement® wede using an
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Edinburgh Analytical Instruments (EAI) Time-Correlated Singlaéoten Counting
apparatus (TCSPC) as described by Browne ¥t # spectra were recorded on a Perkin-
Elmer 2000 FT-IR spectrometer (2 ¢mesolution) in a 0.1 mm sodium chloride liquid
solution cell. Cyclic voltammetry experiments were caroetl using a CH instruments
model 600a electrochemical workstation at a scan rate of 04 VBectrochemical
studies were conducted using a three electrode system with aluton of TBAPE in
anhydrous acetonitrile as supporting electrolyte. The workiagtrede was a 3 mm
diameter Teflon shrouded platinum electrode, which was polished befdreusa. The
counter electrode was a platinum wire and the reference aglectwas a non-aqueous
Ag/Ag’ electrode. Deoxygenation of the solutions was achieved by bulthinggh
argon for approximately 10 minutes and a blanket of argon wastaireed over the
solution during all experiments. The filling solution for the AgiAgference electrode
was 0.1 M TBAPE and 10 mM AgNQ in anhydrous acetonitrile. All potentials are
quoted with respect to the potentials of the ferrocene/ferricecauple % = 0.382 Wvs.
SCE).
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3.3.3 Synthesis

Procedure for the preparation of compoundsia the Sonogashira reactiort.

To a flame dried round bottom flask anhydrous triethylamine (~BOwas added and
purged with nitrogen for 10 minutes. Following this, the appropriatelytitutes
halogenated thiophene was added and the solution was purged forea Sunimutes. A
catalytic quantity of bis(triphenylphosphine)palladium(il)chloridghtenylphosphine and
cuprous iodide were added to the flask followed by an excess loalagne in quick
succession. The reaction mixture was refluxed overnight undereanatmosphere and
then allowed to cool. Excess aryl and solvent was removed undeedepgssure. The
crude product was extracted from the brown oil by first addoag 5 ml of
dichloromethane followed by the addition cd. 25 ml of petroleum ether (or hexane).
The solvent layer was then decanted off. This process waseéseaeral times until the
washings remained colourless. The washings were combined and dniethiamyeesium
sulphate. The solvent was then removedrotary evaporation affording a dark viscous
oil. The crude product was then purified using a Kiigelrohr or by cotlmomatography

as described for each compound.

Procedure for the preparation of dicobalt hexacarbonyl complexes.

To a flame dried round bottom flask hexane was added and purged with mitoodkO

minutes. Molar equivalents of the relevant substituted ethynylthigpligand and
Coy(CO)s (in some cases an excess of the metal carbonyl was useslladaed to the
reaction vessel which was then covered in tin foil. This solutios stiered overnight at
room temperature under inert conditions and to yield a dark brown solufioa.crude
product was subsequently purified by column chromatography on silicsiggla mobile
phase of hexane (100 %) then increasing the polarity (as statedivadual compounds)

to elute the desired product band.

204



3.3.3.1 2-(Phenylethynyl)thiophene (NB-L1)

=0
S .
Br - =
@ Et;N/A/N, \ /
2 % Pd(PP}),Cl,
2 % Cul
4 % PPh

2-Bromothiophene (3.0 mmol, 0.29 ml), bis(triphenylphosphine) palladium(ll)delori
(0.06 mmol, 42 mg, 2 %), triphenylphosphine (0.12 mmol, 31 mg, 4%), cuprous iodide
(0.06 mmol, 11 mg, 2 %) and 1-phenylacetylene (5.7 mmol, 0.63 ml) were used. T
crude product was purified using a Kigelrohr (240 °C, 0.04 mm Hg) whichdedl a
white solid. Yield: 502 mg, 2.72 mmol, 91 %. Spectroscopic data were inagredment

with reported dat&’

'H NMR (600 MHz, CDCY): 7.53 — 7.51 (2H, m), 7.38 — 7.33 (3H, m), 7.30 — 7.29 (2H,
m), 7.02 — 7.01 (1H, m) ppm*C NMR (150 MHz, CDC}): 131.91, 131.44, 128.45,
128.39, 127.27, 127.12, 123.36, 122.96, 93.04, 82.63 ppm.= 51 — 52 °C.
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3.3.3.2 3-(Phenylethynyl)thiophene (NB-L2)

o= )

/ . -
Br‘GS EtN /A /N, = s
= 2 % Pd(PPY,Cl, —
2 % Cul
4% PPh

3-Bromothiophene (3.0 mmol, 0.28 ml), bis(triphenylphosphine) palladium(ll)delori
(0.06 mmol, 42 mg, 2 %), triphenylphosphine (0.12 mmol, 31 mg, 4%), cuprous iodide
(0.06 mmol, 11 mg, 2 %) and 1-phenylacetylene (5.7 mmol, 0.63 ml) were used. T
crude product purified using a Kugelrohr (225 °C, 0.04 mm Hg) which effoesh off
white solid. Yield: 447 mg, 2.43 mmol, 81 %. Spectroscopic data wemdohagreement

with reported dat&®

'H NMR (600 MHz, CDCY): 7.52 — 7.51 (3H, m), 7.35 (1H, s), 7.34 — 7.32 (2H, m), 7.31
—7.29 (1H, m), 7.21 — 7.19 (1H, m) pprfC NMR (150 MHz, CDC}): 131.55, 129.90,
128.60, 128.35, 128.22, 125.37, 123.24, 122.35, 88.91, 84.52mppm.= 34-35 °C.
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3.3.3.3 2-(Thien-2-ylethynyl)thiophene (NB-L3)

. A,

Br EtN/A/N —
—J e e L U

2 % Cul
4 % PPh

Y
wn
wn

2-Bromothiophene (4.0 mmol, 0.38 ml), bis(triphenylphosphine)palladium(ll)chloride
(0.06 mmol, 42 mg, 2 %), triphenylphosphine (0.12 mmol, 31 mg, 4%), cuprous iodide
(0.06 mmol, 11 mg, 2 %) and 2-ethynylthiophene (3.0 mmol, 0.30 ml) were used. The
crude product was purified by careful by careful Ktigelrohr dagih (115 °C, 0.04 mm

Hg) affording an off white solid. Yield: 427 mg, 2.24 mmol, 75 %. S8pscopic data

were in good agreement with reported ddta.
IH NMR (600 MHz, CDCY): 7.30 (2H, d,J = 6 Hz), 7.28 (2H, dJ = 6 Hz), 7.01 (2H, tJ

= 6 Hz). *C NMR (150 MHz, CDC}): 132.14, 127.66, 127.14, 122.95, 86.20 ppmp.:
94-95 °C,
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3.3.3.4 2-(Thien-3-ylethynyl)thiophene (NB-L4)

\/
YA S

S HC o — 7 s
Br—@ Et;N /A /N, \ / \—/
2 % Pd(PPy,Cl,
2 % Cul

4 % PPh

3-Bromothiophene (4.0 mmol, 0.38 ml), bis(triphenylphosphine)palladium(ll)chloride
(0.06 mmol, 42 mg, 2 %), triphenylphosphine (0.12 mmol, 31 mg, 4%), cuprous iodide
(0.06 mmol, 11 mg, 2 %) and 2-ethynylthiophene (3.0 mmol, 0.30 ml) were used. The
crude product purified using a Kigelrohr (125 °C, 0.04 mm Hg) whidrde&fl a cream
coloured solid. Yield: 352 mg, 1.85 mmol, 62 %. Spectroscopic data wegeod

agreement with reported data.

'H NMR (600 MHz, CDC}): 7.54-7.50 (1H, m), 7.31-7.30 (1H, m), 7.29-7.28 (1H, m),
7.27-7.26 (1H, m), 7.19-7.18 (1H, m), 7.01-7.69 (1H, m) pplfC NMR (150 MHz,
CDCly): 132.17, 131.86, 129.73, 128.83, 127.21, 127.11, 125.49, 121.98, 88.21, 82.12
ppm. IR (CH,Cly): (C=C) 2203 cnit. m.p.: 88-89 °C.
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3.3.3.5 2-lodo-5-bromothiophene

S

Br\@ I, /A Acid= Br\w/l

2-lodo-5-bromothiophene was prepared in a similar manner to that @éekbyiiHolmes et

al>® Initially a flame dried round bottom flask was charged with,Clki(16 ml) and 2-
bromothiophene (7.8 mmol, 0.76 ml) and purged with nitrogen for 10 minutes.
Subsequently iodine (4.0 mmol, 1.0 g) was added followed by freshly pcegas M
nitric acid (12 ml) (37.72 ml of conc. nitric acid in 100 mi@J. The reaction mixture was
refluxed for six hours under an inert atmosphere. The reactisguenched with water
and the organic layer extracted with £Hp. The crude product was then washed with 50
% wi/v aqueous sodium thiosulphate and dried over Mg3Xcess solvent was removed
undervia rotary evaporation. The crude product was then purified by caféfyglrohr
distillation (95 °C, 0.04 mm Hg) to give a colourless oil. Yield: §96.75 mmol, 86 %.
Spectroscopic data were in good agreement with reported°data.

'H NMR (400 MHz, CDCY): 7.04 (1H, d,J = 3.6 Hz), 6.75 (1H, dJ = 3.6 Hz) ppm.
13C NMR (100 MHz, CDC}): 137.28, 131.51, 115.10, 72.52 ppm
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3.3.3.6 2-(Phenylethynyl)-5-bromothiophene (NB-L5)

) = )

EtN/A/N,

6 % Pd(PP},Cl,
6 % Cul

12 % PPh

\j

2-Bromo-5-iodothiophene (4.43 mmol, 1.28 9), bis(triphenylphosphine)
palladium(ll)chloride (0.27 mmol, 189 mg, 6 %), triphenylphosphine (0.54 mmol, §42 m
12 %), cuprous iodide (0.27 mmol, 51 mg, 6 %) and 1-phenylacetylene (5.7 mmol, 0.63
ml) were used. The crude product was purified using a Kugdi®dr°C, 0.04 mm Hg)
which afforded a white solid. Yield: 982 mg, 3.73 mmol, 83 %.

H NMR (600 MHz, CDC}): 7.53 — 7.48 (2H, m), 7.38 — 7.32 (3H, m) 7.02 (1H] &,4
Hz), 6.96 (1H, dJ = 4 Hz) ppm. **C NMR (150 MHz, CDC}): 131.46, 129.23, 128.72,
128.47, 128.44, 125.12, 122.54, 121.83, 94.06, 81.68 prCH.Cl,): (C=C) 2207 crit.
m.p.: 54-55 °C.
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3.3.3.72-(Phenylethynyl)thiophene-5-methylenemalononitrile (NB-L7)

U
U O '<>ﬂ—\/F>\CN
EtOH /A

The dicyanovinyl derivativeNB-L7, was synthesisedia a Knoevenagel condensation
reaction of 2-(phenylethynyl)thiophene-5-carboxaldehyde (synthesise aildehydelNB-

Al, described in chapter 2, page 101). Argon purged ethanol (40 ml) wgsedhath 5-
(phenylethynyl)thiophene-2-carboxaldehyde (4.0 mmol, 850 mg), malen@i0 mmol,
0.25 ml) and 3-4 drops piperidine. This yellow solution was then heatefluo fier 1
hour under an inert atmosphere to yield a dark red solution. Solvememased under
reduced pressure yielding a dark red-brown coloured solid. This resakipurified by
column chromatography using silica gel and,CH as mobile phase to yield a dark orange
solid. Yield: 562 mg, 2.16 mmol, 54 %.

'H NMR (400 MHz, CDCY): 7.77 (1H, s), 7.66 (1H, d, = 4 Hz), 7.56 — 7.54 (2H, m),

7.43 — 7.37 (3H, m) 7.33 (1H, d,= 4 Hz) ppm. *C NMR (100 MHz, CDC4): 150.04,
138.55, 135.62, 134.98, 132.64, 131.80, 129.81, 128.67, 121.51, 113.84, 100.81, 81.7C
78.11 ppm.IR (CH,Cl,): (C=C) 1576, (€C) 2203, (&N) 2226 cnt. m.p.: 137-138 °C.
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3.3.3.8 2-(Phenylethynyl)thiophene-5-ethynylphenanthrene (NB-L8)

@éw& + HC

EtzN/A/N, | 2% Pd(PP§,Cl,
2 % Cul
4 % PPH

2-(Phenylethynyl)-5-bromothiophene (2.28 mmol, 600 mg), bis(triphenylphosphine)
palladium(ll)chloride (0.05 mmol, 32 mg, 2 %), triphenylphosphine (0.09 mmol, &4 m
4%), cuprous iodide (0.05 mmol, 9 mg, 2 %) and 9-ethynylphenanthrene (20 607

mg) were used. The crude product purified by careful column chroraptogusing silica

gel and CHCI, / hexane (40:60) as mobile phase affording a bright yellow sdidld:

726 mg, 1.89 mmol, 83 %.

'H NMR (400 MHz, CDC}): 8.72-8.70 (1H, m), 8.67 (1H, d,= 8 Hz), 8.47-8.45 (1H,

m), 8.09 (1H, s), 7.88 (1H, d,= 8 Hz), 7.73-7.71 (2H, m), 7.70 — 7.67 (1H, m), 7.64-7.60
(1H, m), 7.56-7.52 (3H, m), 7.38-7.33 (4H, m), 7.29 (1H] &,4 Hz), 7.22 (1H, d) = 4

Hz) ppm. **C NMR (100 MHz, CDC}): 131.47, 131.09, 131.02, 130.93, 130.48, 130.10,
129.73, 129.39, 129.06, 128.19, 127.69, 127.66, 127.42, 126.70, 126.21, 126.17, 126.0
125.79, 123.88, 123.58, 121.83, 121.63, 121.54, 91.56, 85.67, 81.27IRptCH,CL.):

(C=C) 2201 crit. m.p.: 150-151 °C.
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3.3.3.9 Diphenylacetylene dicobalt hexacarbonyl (PhCCPh-CgCO)e)

CofCO)
Hexane _‘_

N,/R.T.
Coy(CO)e

Diphenylacetylene (1.12 mmol, 200 mg) and,C®) (1.12 mmol, 384 mg) were used.
The crude product was purified by column chromatography usiraa il and hexane
(100 %) as mobile phase which furnished the pure reddish-brown product. 488ldng,

1.04 mmol, 93 %. Spectroscopic data are in good agreement with report&d data.

'H NMR (400 MHz, CDCY): 7.61-7.60 (m, 2H) 7.59-7.58 (m, 2H), 7.39-7.37 (m, 3H),
7.35-7.33 (m, 3H) ppmIR (CH,Cl,): v(CO) 2090, 2056, 2028 ¢hn
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3.3.3.10 2-(Phenylethynyl)thiophene dicobalt hexacarbonyl (NB-C1)

. S Co)(CO) < > . isi
- \ / Hexane i ‘ \ /

N,/ R.T. Co,(CO)

2-(Phenylethynyl)thiophene (1.08 mmol, 200 mg) and(CO) (1.08 mmol, 370 mg)
were used. The crude product was purified by column chromatography usiagsilend
hexane : ChHCl, (70 : 30) as mobile phase which furnished the pure reddish-brown
product. Yield: 457 mg, 0.97 mmol, 90 %

'H NMR (600 MHz, CDCY): 7.70-7.68 (2H, m), 7.42-7.35 (5H, m), 7.06-7.04 (1H, m)

ppm. 2C NMR (150 MHz, CDC4): 198.57, 141.57, 137.23, 137.64, 128.92, 128.73,
128.37, 127.88, 126.70, 91.58, 82.04 pdR.(CH,Cl,): v(CO) 2091, 2058, 2030 ¢
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3.3.3.11 3-(Phenylethynyl)thiophene dicobalt hexacarbonyl (NB-C2)

—— 7 S CooCOk - == 7 S
_ Hexane i L
N,/ R.T. Locor

3-(Phenylethynyl)thiophene (1.63 mmol, 300 mg) and(CO) (1.63 mmol, 557 mg)
were used. The crude product was purified by column chromatography usiagsilend
hexane : CHCI, (70 : 30) as mobile phase, which furnished the pure reddish-brown
product. Yield: 568 mg, 1.21 mmol, 74 %.

'H NMR (400 MHz, CDC}): 7.62-7.60 (3H, m), 7.52-7.49 (3H, m), 7.34-7.32 (1H, m),
7.25-7.24 (1H, m) ppm.**C NMR (100 MHz, CDC}): 198.3, 137.20, 130.50, 128.84,
128.16, 127.96, 127.36, 125.50, 122.71, 87.90, 83.40pfRn.(CH.Cl,): v(CO) 2090,
2055, 2028 cil.
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3.3.3.12 2-(Thien-2-ylethynyl)thiophene dicobalt hexacarbonyl (NB-C3)

=) == OO

N,/ R.T. Co,(CO)

Y

2-(Thien-2-ylethynyl)thiophene (0.82 mmol, 157 mg) and(C®) (0.90 mmol, 308 mg)
were used. The crude product was purified by column chromatography usiagsilend
a mobile phase of hexane (100 %) followed by hexane,CGH70 : 30) which furnished
the pure reddish-brown product. Yield: 333 mg, 0.70 mmol, 85 %

'H NMR (400 MHz, CDCY): 7.42-7.41 (2H, m), 7.40-7.38 (2H, m), 7.06-7.03 (2H, m)

ppm. 3C NMR (100 MHz, CDC}): 197.70, 140.40, 128.79, 127.01, 126.13, 81.12 ppm.
IR (CH,Cl,): v(CO) 2091, 2058, 2031 ¢
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3.3.3.13 2-(Thien-3-ylethynyl)thiophene dicobalt hexacarbonyl (NB-C4)

S Coy(CO)g S
=~ s - = s
\ / - Hexane \ / | _
N,/ R.T. Co,(CO)g

2-(Thien-3-ylethynyl)thiophene (0.66 mmol, 126 mg) and(C®) (0.66 mmol, 226 mg)
were used. The crude product was purified by column chromatography usiagsilend
a mobile phase of hexane (100 %) followed by hexane,CGH70 : 30) which furnished
the pure reddish-brown product. Yield: 247 mg, 0.52 mmol, 79 %.

'H NMR (600 MHz, CDC}): 7.68-7.65 (1H, m), 7.45-7.33 (3H, m), 7.20-7.18 (1H, m),
7.05-7.01 (1H, m) ppm.23C NMR (150 MHz, CDC}): 198.57, 132.12, 131.39, 131.03,
130.05, 129.07, 128.65, 128.37, 125.05, 93.99, 81.63 piRn(CH.Cl,): v(CO) 2091,
2059, 2032 cil.
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3.3.3.14 2-(Phenylethynyl)-5-bromothiophene dicobalt hexacarbonyl (NB-C5)

R U o () T - SN
T \ / ' Hexane _‘_ ;\ /; '

N,/R.T. LolCO)

2-(Phenylethynyl)-5-bromothiophene (0.49 mmol, 128 mg) angCI)y (0.54 mmol, 185
mg) were used. The crude product was purified by column chrgnagtoy using silica
gel and a mobile phase of hexane (100 %) which furnished the pure rbduiigh
product. Yield: 242 mg, 0.44 mmol, 90 %.

'H NMR (400 MHz, CDCY): 7.64-7.50 (3H, m), 7.40-7.30 (2H, m), 7.05-7.01 (2H, m)

ppm. 2C NMR (100 MHz, CDC4): 198.76, 137.89, 131.67, 129.50, 128.63, 128.06,
126.95, 126.67, 123.72, 88.08, 81.96 pR.(CH.Cl,): v(CO) 2092, 2057, 2030 ¢
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3.3.3.15 2-(Phenylethynyl)thiophene-5-carboxaldehyde dicobalt hexacarbonyl
(NB-C6)

-2 O
\ / \O Hexane - \ / \O

2-(Phenylethynyl)thiophene-5-carboxaldehyde (1.41 mmol, 300 mg) as(€Q)p (1.55
mmol, 530 mg) were used. The crude product was purified by column dbgraghy
using silica gel and a mobile phase of hexane (100 %) followed byéexdiethyl ether
(60 : 40) which furnished the pure reddish-brown product. Yield: 492 mg, 0.99 mdnol,
%

'H NMR (400 MHz, CDC}): 9.88 (1H, s), 7.69-7.68 (1H, m), 7.63-7.62 (2H, m), 7.39-
7.36 (4H, m) ppm.*C NMR (100 MHz, CDC}): 198.25, 182.50, 153.74, 143.23, 137.28,
137.15, 129.17, 128.89, 128.49, 92.64, 79.40 pff(CH.Cl,): v(C=0) 1652 (M-CO)
2095, 2062, 2035 cih
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3.3.3.16 2-(Phenylethynyl)thiophene-5-methylenemalononitrile dicobalt
hexacarbonyl (NB-C7)

— \S/ \__oy Hexane O u \}N

N,/R.T.
NC c:oz(c:O)6

2-(Phenylethynyl)thiophene-5-methylenemalononitrile (0.48 mmol, 125%md)Ce(CO)s

(0.58 mmol, 198 mg) were used. To aid dissolution of the dicyanovinyl ligaiRd(3 ml)

was also used. The crude product was purified by column chromatograpdpgilisa gel
and a mobile phase of hexane (100 %) followed by hexane : digteyl @ : 2) which
furnished the pure reddish-brown product. Yield: 109 mg, 0.20 mmol, 42 %

'H NMR (600 MHz, CDCY): 7.75 (1H, s), 7.64-7.56 (3H, m), 7.49-7.35 (3H, m), 7.29-
7.27 (1H, m) ppm.°C NMR (150 MHz, CDCY): 198.89, 152.47, 141.54, 137.23, 137.01,
132.86, 131.82, 128.93, 128.64, 126.33, 114.26, 105.56, 81.35, 79.75Rp(GH,Cl,):
v(CO) 2094, 2061, 2034 (C=C) 1576 T) 2226 cni
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3.3.3.17 2-(Phenylethynyl)thiophene-5-ethynylphenanthrene dicobalt
hexacarbonyl (NB-C8)

Co,(CO)g
Hexane

2-(Phenylethynyl)thiophene-5-ethynylphenanthrene (0.26 mmol, 100 mg) axtess of
Coy(CO)s (0.60 mmol, 205 mg) were used. The crude product was purified by column
chromatography using silica gel and hexane (100 %) followed kgnlee: CHCI, (75 :

25) as mobile phase which furnished a pure dark green solid. Yieldnd48.15 mmol,

57 %

'H NMR (600 MHz, CDC})): 8.78-8.77 (1H, m), 8.69-8.68 (1H, m), 8.23-8.15 (2H, m),
7.94-7.92 (1H, m), 7.71-7.68 (2H, m), 7.64-7.58 (3H, m), 7.35-7.29 (5H, m), 7.22-7.21
(1H, m) ppm. **C NMR (150 MHz, CDC}): 197.91, 142.90, 142.66, 136.72, 132.21,
131.92, 129.56, 128.72, 128.20, 128.14, 127.95, 127.42, 127.08, 126.14, 125.96, 121.67
94.95, 80.23 ppmIR (CHCl,): v(CO) 2094, 2088, 2060, 2031, 2014tm
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34 Results

3.4.1 UV-vis absorbance studies

Listed in table 1 are the absorbance maxima, and extinction coefficient values)(for
all compounds in this study. All UV-vis spectra were recordedpattsophotometric
grade CHCI.. The absorbance data of diphenylacetylenehCCPh) and
diphenylacetylene dicobalt hexacarbonyb-PhCCPh-Co(CO)s) have previously been
reported (Fig. 17)?

1.0

0.8

0.6

Absorbance

0.4

0.2

0.0 L‘

260 360 460 560 660 760

Wavelength (nm)

Figure 17 UV-vis spectra d?PhCCPh (blue line) andPhCCPh-Co,(CO)s (red line)

recorded in CHCI,. Spectra have been normalised at thigis

All compounds NIB-L1 — NB-L8) exhibit strong absorbance bands in the UV-vis region of
the spectrum normally associated with ligand localised transitions. For the dicobalt
hexacarbonyl complexedlB-C1 — NB-C8) weak low energy transitions are also observed
between 580 and 600 nm, extending to 700 nm in some cases. Thesegaszldesiveak
CO (dt) — ligand () charge transfer (MLCT) transitions.
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Ligand A max (NM), € (x 10 Mt em?)

PhCCPh 274, 282 (3.08), 290, 300 (2.62), 318

NB-L1 302 (2.08), 318 (1.61)

NB-L2 282 (2.11), 288 (1.77), 300 (1.79)

NB-L3 318 (2.38), 324 (2.02), 338 (1.61)

NB-L4 300 (1.64), 316 (1.30), 338 (0.18)

NB-L5 310 (2.81), 326 (2.27), 368 (0.12)

NB-L6 276 (0.79), 358 (2.19), 370 (2.14)

NB-L7 276 (1.17), 306 (0.50), 412 (3.72)

NB-L8 250 (3.32), 310 (1.80), 332 (2.20), 360 (3.12), 374 (2.98), 390 (2.14)
Complex A max (M), € (x 10" M cm™)

PhCCPh-Co(CO)s 280 (1.91), 364 (0.43), 440 (0.20), 560 (0.09)

NB-C1 282 (1.83), 322 (1.31), 450 (0.15), 568 (0.08)
NB-C2 282 (4.48), 300 (3.69), 330 (1.26), 444 (0.24), 578 (0.22)
NB-C3 280 (1.89), 322 (1.43), 464 (0.15), 584 (0.09)
NB-C4 274 (1.72), 328 (1.24), 458 (0.14), 576 (0.09)
NB-C5 274 (2.17), 318 (1.67), 458 (0.20), 578 (0.11)
NB-C6 272 (2.18), 350 (1.76), 464 (0.17), 554 (0.11)
NB-C7 274 (1.95), 404 (1.68), 440 (1.68), 546 (0.26)
NB-C8 272 (3.25), 330 (2.21), 366 (1.96), 480 (0.26), 590 (0.21)
Table 1 UV-vis absorbance data of ligands and corresponding complexes are

recorded in CHCls.
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3.4.2 Steady state fluorescence studies

Room temperature emission studies of the compounds and complexesawiee out in
CH.Cl, as were luminescence lifetime measurements using thes gphigiton counting
(SPC) technique. Solutions were prepared such that they were idnsesat a selected
wavelength having an optical density in solution of approximately Q.2 AigandsNB-

L1, NB-L2, NB-L3 andNB-L4 did not fluoresce and in conjunction with this neither did
their metal carbonyl complexes. Ligand8-L5, NB-L6 andNB-L7 were found to be
weakly emissive, and the corresponding cobalt carbonyl complse<€d, NB-C6 and
NB-C7) displayed very weak fluorescenadbeit with lower intensity than that of the
ligands. Attachment of the fluorescent phenanthrenyl moiety, &8i8, caused an
increase in the fluorescence intensity of the molecule. Followaoydination of the
dicobalt carbonyl moiety\B-C8, a reduction in emission intensity was observed, however
there is no significant shift in the position of the emission bandcllgesuggesting that the
emission is ligand based without major MLCT contribution. The atxart spectra of the
emissive compounds had the same profile as the corresponding abseptice further
suggesting that the emissive state was ligand based. Theaniietimes were measured

for all emissive compounds and complexes. The emission lifetirega@sented in table

2 below.
Aer (NM) T (NS) Aer (NM) T (NS)
NB-L5 386,404 2.01 NB-C5 370 1.98
NB-L6 380,396 2.18 NB-C6 404 1.32
NB-L7 467,646 3.52 NB-C7 471
NB-L8 403,425 2.62 NB-C8 405, 427 0.54
Table 2 Luminescence lifetimes (298 K) of compolsiBid.5 — NB-L8 and the
corresponding dicobalt hexacarbonyl compleki#s-C5 — NB-C8 recorded
in CH2C|2.
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3.4.3 Electrochemistry

Cyclic voltammetry studies were carried out on the compounds andecasapn a 0.1 M
TBAPF/CH3CN electrolyte solution. Table 3 presents the electrochematal obtained
at room temperature. In all cases one irreversible anodik gpaaesponding to the
oxidation of the thienyl unit was observed in the range +1.47 to 1\8)R¢/FE which is

in good agreement with the values reported by Hao et al. wheozittagion of the thienyl
moiety was observed in the range +1.53 to 1.A6\Ag/Ag*.>® In some cases oxidation
at potentials higher than +1.4 V lead to gradual loss of all cteaistic oxidation and
reduction potentials and sometimes resulted in deposition of a filmtloeteorking and
counter electrode surfaces which is attributed to “polymemisatof the compound.
Electropolymerisation processes are known for thiophene sy$teamsl so these
compounds require further investigation. Complextion with dicobalt hexagartaumsed
only minor shifts in the thiophene oxidation potential, with an additiemalersible
oxidation and irreversible reduction wave observed for each of the camapleAn
irreversible oxidation process was observed in the range +0.88 to @9%&F¢. This
was ascribed to oxidation of the cobalt metal centre and igreement with previous
studies for cobalt carbonyl systems where oxidation potentiaks elexerved in the range
+0.70 to 0.90 \?°> The irreversible reduction of the cobalt metal centre wasraizbén
the range -0.95 to -1.16 Vs. Fc/F¢ which corresponds to the reduction of the metal
cluster and is in the range reported by Jung & aAgain, in some cases oxidation at
potentials higher than +1.4 V lead to loss of all characterstidation and reduction
potentials. This phenomenon has been previously observed for dicobalt carbonyl
complexes and has been assigned to decomposition of the complexlgcthode surface

and perturbs further electrochemical analysis.
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Table 3

Compound Ep(V) [lrr] Epc (V) [lrr]
PhCCPH? 1.92
PhCCPh-Co,(CO)s 0.95,1.91 -1.06
NB-L1? 1.65

NB-C1 0.89, 1.60 -1.03
NB-L22 1.78

NB-C2 0.88,1.72 -1.05
NB-L3? 1.47

NB-C3 0.91,1.41 -1.33
NB-L42 1.55

NB-C4 0.88, 1.58 -0.97
NB-L5% 1.72

NB-C5 0.96, 1.76 -1.16
NB-L62

NB-C6 0.99, 1.95 -0.89
NB-L7 1.90 -0.98
NB-C7

NB-L8?% 1.39, 1.66, 1.99

NB-C8 0.91, 1.39 -0.95

Electrochemical properties measured at room temperature withnarate
of 0.1 V/s in 0.1 M TBARKCH;CN solution. E,c andEy, correspond to the
cathodic and anodic peak potentials respectively, all quoted in vslts

Fc/Fc'. ®indicates no reduction processes were observed between 0 V and

-2.1V.
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Electrochemical analysis odPhCCPh and PhCCPh-Cg(CO)s was carried out as a
standard to delineate the effect of the thienyl moiety. Thiccyoltammograms of

ligands and complexes are included in appendices B1 — B7.

The cyclic voltammogramoPhCCPh is displayed in figure 18 (a). The CV of the
reference compound shows a single irreversible oxidation procssesiaed with the
generation of the cation radical, with no second oxidation procese tha solvent limit.

No reduction processes were observed. Thedtue of the oxidation wave was +1.92 V
vs Fc/F¢ and was duéo oxidation of the phenyl moiety. The cyclic voltammogram of
PhCCPh-Co(CO)s (Fig. 18, b) displays the oxidation due to the phenyl moiety at +1.91
V vs Fc/F¢ and an additional irreversible oxidation was observed at +0.9§ Wc/F¢
which was assigned to oxidation of the cobalt metal centre aiml agreement with
previous literature observations.An irreversible reduction wave was observed Rt=&

1.06 V vs Fc/Fé. The reduction peak was attributed to a monoelectronic reduction
process at the metal centre. Upon scan reversal in CV, no coupdd peak was
observed, however a new irreversible peak at +0.22 V appeared. Thisohehasembles
other reported 1;-alkyne)Co(CO) derivatives and indicates that a reduction process
followed by fast decomposition of the radical anion into a variefyagfments occurred.

At higher potentials a coating formed on both the working and courdgetrede. The
reduction peak a -0.79 ¥& Fc/F¢ is assigned to the reduction of this chemically adsorbed

cobalt containing produé®.
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Figure 18 Cyclic voltammogram &hCCPh (a) andPhCCPh-Co,(CO)s (b) showing
oxidation and reduction waves.
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The cyclic voltammogram dfiB-L1 is displayed in figure 19 (a). An irreversible anodic
wave was observed at +1.65vd Fc/F¢. By analogy to the previous system this process
corresponds to the initial generation of the cation radical spediesas ascribed to the
oxidation of the thienyl unit by comparison with the oxidation peaknpialeof thiophene

(Ep = 1.73 V)>® No second oxidation process was observed out to the solvent limit, by
which stage deposition onto the electrodes occurred indicating that degrada
(overoxidation) had occurred. No reduction processes were observedoriésponding
complexNB-C1 displayed two irreversible oxidation peaks (Fig. 19, b). The oxidation of
the cobalt metal centre occurred at +0.8%&/ Fc/F¢ while oxidation of the thienyl
moiety occurred at +1.60 Vs. Fc/FE. The irreversible reduction of the metal centre was
observed at -1.03 Vs.Fc/F¢. On following sweeps new oxidations at +0.14 V and +0.26
V were observed as well as a reduction at -0.74 V. Thesettatrited to the redox

chemistry of a variety of cobalt degradation products discussed &bove.
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Figure 19 Cyclic voltammogram &fB-L1 (a) andNB-C1 (b) showing oxidation and
reduction waves.
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3.4.4 Steady state photolysis

Broadband photolysish{ > 520 nM,Aexc > 410 nm andey. > 320 nm) of the dicobalt
hexacarbonyl complexes in the presence of the trapping ligand, RBhlted in the
formation of a pentacarbonyl species. In each case, product banelsassgned by

comparison with carbonyl bands of £BO) type species in the literatuf&?®** |

n
general, irradiation atA > 520 nm resulted in the weak production of the
triphenylphosphine trapped pentacarbonyl species. Following irrad&tion 410 nm an
improved efficiency for production of the pentacarbonyl formation wasreed, while
irradiation atA > 320 nm results in greatly improved efficiency for pentacarbonyl
formation. Furthermore, formation of the tetracarbonyl photoprodastakserved under
high energy irradiatiomy(> 320 nm). The IR bands observed and assigned to formation of
the trapped photoproducts (f8O) species and GECO), species) were in good
agreement with those previously observed by Eh@ordor® and Long** Table 4 gives

the IR data for the parent dicobalt hexacarbonyl complexes anghbmproducts
observed. Three steady state photolysis spectra are included @msbedsin more detail.

The remainder are included in appendices C1 — C5.
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Complex

v(CO) (cm' + 2 cmit)

NB-C1-Co,(CO)g(parend
NB-C1-Co,(CO)s(PPhs)
NB-C1-Co,(CO)4(PPhg),

NB-C2-Coy(CO)g(parend
NB-C2-C0,(CO)s(PPhy)
NB-C2-Ca,(CO)4(PPhg),

NB-C3-Coy(CO)g(parend
NB-C3-C0,(CO)s(PPhy)
NB-C3-C0(CO)4(PPhs);

NB-C4-Co,(CO)g(parend
NB-C4-Co,(CO)s(PPhy)
NB-C4-C0,(CO)4(PPhg)2

NB-C5-Co,(CO)g(parend
NB-C5-C0,(CO)s(PPhy)
NB-C5-C0,(CO)4(PPhg)2

NB-C6-Co,(CO)g(parend
NB-C6-Co,(CO)s(PPh)
NB-C6-C0y(CO)4(PPhs)2

NB-C7-Co,(CO)g(parend
NB-C7-Co,(CO)s(PPhs)
NB-C7-Coy(CO)4(PPhg)2

NB-C8-Co,(CO)g(parend

2091, 2058, 2030
2064, 2018, 2005
1996, 1972, 1960

2090, 2055, 2028
2064, 2018, 2005
1996, 1980, 1971

2091, 2058, 2031
2065, 2020, 2007
1984, 1973, 1951, 1941

2091, 2059, 2032
2065, 2019, 2007
1997, 1972, 1943

2092, 2057, 2030
2065, 2019, 2007
1997, 1972, 1943

2095, 2062, 2035
2068, 2024, 2011
1985, 1977, 1955, 1944

2094, 2061, 2034
2067, 2021, 2009
1974, 1960

2094, 2088, 2060, 2031

NB-C8-Co,(CO)s(PPhy)
NB-C8-C0y(CO)4(PPhy)>

2065, 2053, 2021, 2005, 1975
2023, 2019, 2000, 1995, 1983, 1950

Table 4 IR data for dicobalt hexacarbonyl complexes and the corresponding
photoproducts produced following broadband irradiation in hexane

solution in the presence of PRh

232



Extended broadband photolysis of the dicobalt hexacarbonyl comyBG1, atiexc >

520 nm for 30 minutes resulted in minor bleaching of the parent absotamte at 2091,
2058 and 2030 cthand generation of weak product bands at 2064, 2018 and 2005 cm
(Fig. 20). Subsequent photolysishat: > 410 nm for 12 minutes resulted in an increase in
the intensity of these bands, assigned to formation of the pentadasipecies NB-C1-
C0,(CO)s(PPhs). Concomitant generation of weak bands at 1996, 1972 and 1960 cm
was observed which were tentatively assigned to generation ¢étthearbonyl species,
NB-C1-Coy(CO)4(PPhg),. Continued irradiation atexc > 320 nm for 5 minutes caused
further depletion of parent bands and a notable intensification of thepgpbduct bands.
The assignment of bands to the pentacarbonyl spétie€1-Co(CO)s(PPhs) and
tetracarbonyl specieblB-C1-Co,(CO)4(PPhg),, were based on similarities with those
observed by Coleman et %@l.and Arnanz et & following formation of trapped

pentacarbonyl and tetracarbonyl species respectively.
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Figure 20 Infrared difference spectra following irradiation @B-C1 in hexane with
PPhs at Aexc > 520 nm (black lines, 30 minutes total irradiatiofg,. > 410
nm (red lines, 12 minutes total irradiation) aig:> 320 nm (blue lines, 5
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the pentacarbonyl and

tetracarbonyl species.
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The aldehyde compleXB-C6, was subjected to broadband irradiatidagd> 520 nm for

30 minutesexc > 410 nm for 10 minutes andy. > 320 nm for 3 minutes) (Fig. 21).
Minor depletion of the parent hexacarbonyl bands at 2095, 2062 and 203%vasn
observed upofe: > 520 nm irradiation with the growth of positive bands assigned to the
pentacarbonyl compledB-C6-Co,(CO)s(PPhs) at 2068, 2024 and 2011 &m Irradiation

with Aexc > 410 nm resulted in intensification of the pentacarbonyl product H2068,
2024, 2011 cil) and generation of bands at 1985, 1977, 1955 and 1944utiich were
attributed to the tetracarbonyl produdiB-C6-Co,(CO)4(PPhg),. Photolysis of the
pentacarbonyl specieNB-C6-Co,(CO)s(PPhg), also occurred, as the bands at 2068, 2024
and 2011 cnl decreased in intensity. The bands at 1985, 1977, 1955 and 1944 cm
increased in absorbance indicating increased production of theadtonyl produchB-
C6-Coy(CO)a(PPhy)2.*°
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Figure 21 Infrared difference spectra following irradiation B-C6 in hexane with
PPhs at Jexc > 520 nm (black lines, 30 minutes total irradiatiofy. > 410
nm (red lines, 10 minutes total irradiation) aig:> 320 nm (blue lines, 3
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the pentacarbonyl and
tetracarbonyl species.
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Extended broadband photolysis NB-C8 at Aexc > 520 nm for 30 minutes resulted in
bleaching of the parent bands at 2094, 2088, 2060 and 203%kwththe generation of
weak product bands at 2065, 2053, 2021, 2009 and 1974dum to pentacarbonyl
formation (Fig. 22). These IR bands continued to grow followingli@teon atiex: > 410
nm for a further 10 minutes. Photolysis, > 320 nm for 3 minutes resulted in the
depletion of the photoproduct bands at 2065 and 2053 drhis indicated depletion of the
pentacarbonyl photoproduct and the generation of the tetracarbong@ssp@be bands at
2021 cm* splits into two bands, 2023 and 2019tand continued to increase in intensity.
The band at 2009 cinshifted to lower wavenumber 2004 ¢rand increased in intensity.
Bands indicative of tetracarbonyl formation (2023, 1995, 1983, 1975 and 19%)&tsn
increased in intensity following irradiation at.. > 320 nm (5 minutes). The larger
number of bands, both for the parent hexacarbonyl coniplB2C8 and photochemically
generated pentacarbonyl and tetracarbonyl complexes wdnitaitkito the two dicobalt
hexacarbonyl centres in this molecule. The new absorbance bandscaibed to the

formation of the trapped species at both of the metal centres.
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Figure 22 Infrared difference spectra following irradiation MBC8 in hexane with
PPhs at lexc > 520 nm (black, 30 minutes total irradiatioi)y: > 410 nm
(red, 10 minutes total irradiation) antdy. > 320 nm (blue, 3 minutes total
irradiation). Negative bands indicate bleaching of the parent complex

while positive bands indicate generation of the photoproduct.
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3.4.5 Quantum yield of CO loss

The quantum yield of the photoinduced expulsion of CO from threalkyne)Co(CO)
complexes was measured in a cyclohexane solution at 298 K. Thenexusrwere
undertaken foPhCCPh-C(CO)s, ThCCPh-C0,(CO)s (NB-C1) andFcCCH-Co,(CO)s

(Fig. 23). FcCCH-Co0,(CO)s was synthesised according to literature methods and is
detailed in appendix D. Potassium ferrioxalate actinometry weasl to measure the
incident light intensity. A 200 W Hg-Xe arc lamp was used anddbeired Hg spectral
line selected using interface filters. Measurements vmeaele using four excitation
wavelengths of 313, 365, 405 and 546 nm. Triphenylphosphine was used as a trappin
ligand for the photoproducedufalkyne)Co(CO) species. Prior to the photolysis
experiments, the trappedifalkyne)dicobalt pentacarbonyl species was isolated and
characterised (appendices E1-E3). In all cases a new absoceairasl at approximately
400 nm was observed for the triphenylphosphine trapped pentacarbonyt Spégie24),

and it was at 400 nm that quantum yields were calculated.

C%‘—{} C%‘—{} +co

Co,(CO)g Co,(CO)PPHh

exc = 313, 365, 405, 546 nm
Co,(CO) Co,(COXPPh,

@fTCH @fTCH +CO
@ Co)(CO)s é Co)(COXPPh

Figure 23 Reaction following photolysis of the dicobalt hexacarbonyl complexes and

the trapped pentacarbonyl species produced.
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Figure 24
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Absorbance spectra of dicobalt hexacarbonyl complexes (blue lines),
PhCCPh-Co,(CO)s (a), ThCCPh-Co,(CO)s (b), FCCCH-Co,(CO)s (c) and
corresponding trapped pentacarbonyl complex (red lines) recorded in

cyclohexane. Spectra have been normalised atihgir
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Photosubstitution of the three complexes was monitored by UV-visrgpeapy. In each
experiment the number of photolysed molecules was determined by risonpat UV-vis

spectra taken before and after photolysis. Further experimeradt detd all calculations
are given in appendix F. Conversions were driven to a maximum oftb0¥mimise the

effect of product absorbance at the excitation wavelength

The quantum vyield for CO loss under steady state irradiationg Egbas determined by
application of the Beer-Lambert law. The results show thaeffi@ency of CO loss is

both wavelength and complex dependant.

Irradiation Wavelength

Complex 313 nm 365 nm 405 nm 546 nm
PhCCPh-Co(CO)s  0.078 0.035 0.027 0.045
ThCCPh-Co,(CO)s  0.145 0.080 0.045 0.106

FCCCH-Co,(CO)s 0.269 0.071 0.047 0.233
Table 5 Quantum yields for CO loss recorded in cyclohexane.
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3.4.6 Picosecond time resolved infrared studies

A picosecond time resolved infrared study of the photochemicavation of (.-
alkyne)Cg(CO); complexes was carried out lBhCCPh-Co(CO)g, ThCCPh-Co0,(CO)e
and FcCCH-Co,(CO)g in solution at room temperature (298 K). Photo-excitatigp €
400 nm,tpwnm = 150 fs) of the three complexes (and in the cas&GICH-Co,(CO)s also
at 532 nm) resulted in depletion of the ground sté@O) bands of all three complexes
with the appearance of new bands in ¥(€0O) region. All complexes exhibited similar
spectral changes and the kinetics were largely solvent indepentleatphotoproduct IR
bands undergo vibrational cooling (over ~10 ps) with a shift in wavbauro higher
frequency. These new bands decay with complete product recovbseyioftial spectrum
on a picosecond timescale.

Lifetimes of the excited state transient species observedeimRIR experiments were

calculated and are presented in table 6 below. The kineti¢ee aktovery was largely
solvent independent.

Lifetime 1 (ps)

Complex THF CHCN Pentane
PhCCPh-Co(CO)s 70 69 71
ThCCPh-Co0,(CO)s 63 - -
FcCCH-Co,(CO)s 38 50 -

Table 6 Lifetimes for the excited state transient species produmémivihg

excitation at 400 nm. Lifetimes are +/- 5 ps.
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3.4.6.1 TRIR studies of PhCCPh-Co(CO)e

2150 2100 2050 2000 1950

Wavenumber (cm?)

Figure 25 Transient absorbance difference spectra at 10, 20, 50 100 and 250 ps,
following excitation oPhCCPh-Co,(CO)g in THF at 400 nm.

Photolysis oPhCCPh-Ca(CO)g (Aexc = 400 Nnmzrwum = 150 fs) in THF solution at room
temperature resulted in depletion of the ground s{&@®) peaks at 2089, 2055 and 2028
cm* within 1 ps (first spectrum after 1 ps delay) (Fig. 25). Tmee peaks were formed
at 2070, 2040 and 2009 &m The IR bands underwent vibrational cooling (over ~10 ps),
with a shift in wavenumber to higher frequency, to 2073, 2042 and 2012 The bands
relax to the ground state with a lifetime of 70 ps with concomiigavery of the parent

bleaches.

In acetonitrile the three parent bands (2089, 2055 and 203} ama depleted within the
laser pulse with concomitant formation of three new bands at 2074, 2041 andn2b06
following irradiation fexc = 400 nm). These new bands undergo vibrational cooling and
shift to 2082, 2048 and 2019 émnwhere decay of the excited state is fully complete with a

lifetime of 69 ps. No residual bleaches were observed in the final spectrum (app&ndix G
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In pentane, irradiation at 400 nm depleted the parent peaks (2089, 2055 and 2patctm
produced new peaks at 2069, 2041, 2016 and 2006 (sh)wdthin the instrument
response time of 1 ps (appendix G2). The peaks then shift to 2079, 2045 anan2021 c
over 10 ps due to vibrational cooling. Over the next 250 ps, the prodist geszay back

to the ground state with a lifetime of 71 ps and simultaneous rgcovethe parent

bleaches was observed.
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3.4.6.2 TRIR studies of ThCCPh-C(CO)s
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Figure 26 Transient absorbance difference spectra at 10, 25, 50, 100 and 250 ps,
following excitation oThCCPh-Co,(CO)gs in CH;CN at 400 nm.

Comparable spectroscopic changes in €0O) region were observed farhCCPh-
C0y(CO)s. In CHCN solution, photolysis of the hexacarbonyl complex caused depletion
of the infrared bands at 2091, 2058 and 2030 ¢negative signals in Fig. 26) within the
excitation pulse, with formation of bands initially at 2076, 2048 and 200& cithe
product (positive) peaks undergo vibrational cooling on the picosecond dimesa shift

to 2081, 2048 and 2016 €m The transient bands relax to the ground state with a lifetime
of 63 ps. Importantly compete recovery of the parent bands was also observed.
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3.4.6.3 TRIR studies of FCCCH-Cq(CO)s
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Figure 27 Transient absorbance difference spectra at 10, 20, 50, 75 and 250 ps,
following excitation ofcCCH-Co,(CO)g in THF at 532 nm.

Akin to the previous results, irradiation B6CCH-Co,(CO)g in acetonitrile solution &texc

= 400 nm caused changes in t{€O) bands in the infrared spectrum (appendix G3). The
parent bands oFcCCH-Co,(CO)s observed at 2090, 2052 and 2028 cdepleted and
three new bands at 2071, 2042 and 2005 amppeared within the laser pulse. The IR
bands undergo vibrational cooling (over ~10 ps), with a shift in wavenumbjegher
frequency, to 2080, 2046 and 2009 tmThe bands decay a lifetime of 50 ps with

concomitant recovery of the parent bleaches.

Photolysis was carried out at 532 nm to ascertain if thereawas/elength dependence on
the photochemical processes observed in the complexes. Irradiatiorsadfition of
FcCCH-Co0(CO)s in THF resulted in a bleaching of the parent IR bands with
simultaneous formation of new bands at 2073, 2041, 2008 and 1997 (HFigm27).
These bands undergo vibrational cooling and shift to 2079, 2041, 2007 and 1997 (sh) cm
where they fully decay and the parent bands recover to pre-iroadiavels as observed

previously when using 400 nm excitation.
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Photoexcitation of carbonyl complexes often results in photosubstitafi@ carbonyl
group by the solvent and formation of a solvent trapped pentacarbpegies (-
alkyne)Co(CO)(solvent). To rule out the possibility of a solvent pentacarbonyiepe
which absorbs in a similar region to either the parent complex, @arneath the new
bands observed in this study, a trapping ligand was employed. AosobftFcCCH-
Co,(CO)g in THF was doped with an excess of triphenylphosphine and irradigted. =

532 nm. Spectroscopic changes inw{@0O) region correspond well with those previously
observed (appendix G4). The parent bands are depleted and new leanbseaved at
2073, 2041, 2008 and 1997 ¢mwithin 1 ps. The new bands undergo vibrational cooling
and shift to 2084, 2046 and 2007 ‘tmNo new infrared bands were observed on the
nanosecond timescale that could be assigneg,talkyne)Co(CO)(PPh) indicating that
photosubstitution did not occur for this system within these expermnemditions. This

is in contrast to steady state photolysis where, in the preségne@h the mono- and

subsequently di-substituted complexes formed (appendix H).
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35 Discussion

3.5.1 Synthesis and spectroscopic characterisation

LigandsNB-L1 —NB-L5 have been previously synthesised and spectroscopic data were in
agreement with reported data. All other ligands and all complneesovel compounds.

The NMR spectroscopic datéH and**C) for ligands and complexes were consistent with
their formulation. In théH NMR spectra signals due to the thiophene ring(s) in addition
to complex multiplets due to aromatic protons were observed iratige 7.0 — 8.5 ppm.

In 2C NMR spectra, the signals belonging to the thiophene riagQC C, and G, Fig.

28) and the alkynyl units ¢Gand G, Fig. 28) were observed in the aromatic region of the
spectrum. The signals of the free and coordinated acetylerseweri easily observed in

the region 74-100 ppm. The metal carbonyl resonances in all the cesplppeared as

one signal at ~199 ppm.

S
2 WR R = aryl substituent
3 4

Figure 28 Numbering of thienyl and ethynyl carbons.

The IR spectra in the carbonyl region for the complexes shavalsigorresponding to
terminal carbonyl ligands only. These spectral patternsiarar to those observed for
previously reported alkyne dicobalt carbonyl compleé%e$. The absence of the alkyne
stretchy(C=C), in the region of 2200 chindicated that the alkynyl bond has lost its triple

bond character and was coordinated tg(CO)s.
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3.5.2 UV-vis absorbance studies

All compounds in this chapter exhibit strong absorbance bands in thas¥gion of the
spectrum normally associated with ligand localigedsn* transitions. The absorbance

spectra of some of the ligands and complexes are shown and discussed below.

The G — G, bond in the thiophene ring was reported to have less double bond character
than the G — G bond® and as a consequence the overall conjugation of the 3-
ethynylthiophene derivative®yB-L2 andNB-L4, is expected to be lower than in the 2-
ethynylthiophene derivative\B-L1 and NB-L3. This argument is supported by the
electronic absorbance spectra for the compounds (Fig. 29)Ankhior NB-L1 andNB-

L3 are observed at 302 and 318 nm however Mhg for NB-L2 and NB-L4 are
significantly blue shifted to 282 and 300 nm respectively. Thpsdghromic shift of 20

nm (for NB-L1 — NB-L2) and 18 nm (foNB-L3 — NB-L4) in the absorbanc®max
indicated less overall conjugation within the molecule. A smskift was previously
observed by Arnanz et #l. Sakar and Hanley also observed a hypsochromic shift in
absorbance spectra when thiophenes were conjugated through treQg position in

[18]annulene ring systems.

1.0 /
o 0.8 ~
Q —NB-L1
@

0.6
g S NB-L2
é 0.4 —NB-L3

NB-L4
0.2
N\
0.0
260 310 360
Wavelength (nm)

Figure 29 Overlay of the electronic absorbance spectfd®{. 1, NB-L2, NB-L3 and
NB-L4 in CH,Cl,. Spectra normalised at thedf,ax.
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The absorbance spectra of ligadB-L1, NB-L5, NB-L6 andNB-L7 are presented in
figure 30. The absorbanégax are bathochromically shifted with appropriate substitution.
On replacing the H at the thien-5-yl position NB-L1 with the more electronegative
bromine (NB-L5), aldehyde NIB-L6) and dicyanovinyl unit NB-L7) the absorbance
maxima shifts from 318 nm to 326 nm to 358 nm to 412 nm respectiveig. isTpossibly
due to an increase in electron delocalisation within the moleculédingamore electron
accepting terminal groups. This is in agreement with the rqauitiésshed by Coleman et
al. where terminal group substitution affected the absorbance of organic mafécule
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Figure 30 Overlay of the UV-vis absorbance spectradNBfL1, NB-L5, NB-L6 and
NB-L7 in CH,Cl,. Spectra normalised at thedfax.

Coordination of the dicobalt carbonyl moietNE-C1 — NB-C8§ resulted in broader
absorbance bands with less definition in the electronic spectrunureR3d. depicts the
change in absorbance upon coordination of the metal carbonyl tohtreyleinoiety for
ligand and complex pairdlB-L3/NB-C3 andNB-L5/NB-C5. The high energy transitions
are nowr-t* with metal -7* (M = Co) transitions. Ligand field transitions maybe present
but the contribution will be small in relation ton* transitions. For all the GECO)
complexes, weak low energy bands are observed between 430 and 600 nixtenidHce
approximately 680 nm. These may be assigned to weak f}oHdligand () charge
transfer (MLCT) transitions and weak d-d transitions betweenntbartetal centres. The
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metal upsets the symmetry in the system and that changeghkohigh energyr-n*

transition absorbs. The fine structure of the transitions stitekut they are not resolved

as in the free ligand.
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Figure 31 Absorbance spectra of ligand and complex paiBsL3/NB-C3 (a) and
NB-L5/NB-C5 (b) recorded in CKCl,. Spectra normalised at thedfax.
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3.5.3 Steady state fluorescence studies

Diphenylacetylene has previously been reported to have a wealsi@mist room
temperature in C§Cl, however at low temperature (77 K) an intense well resolved
emission was recordé®® This temperature dependence of emission is attributed to the
close vicinity of the and S excited states. The latter is a non-emissive “dark” stdte

a distorted geometry. The activation energy barrier renderS;the S, decay thermally
activated and operative at room temperature the result of whibk fast depopulation of

S, causing a very weak and short lived emission. The ground state ohylgtetylene
belongs to the g} point group. Hirata et al. carried out picosecond time resolved
absorbance measurements and reported a “bright” state witbradtent lifetime of about

8 ps which is a precursor to the dark sfateThe fluorescing state was assigned to the

higher singlet state.

The excited-state dynamics of most organic molecules is owatevith low-lying excited
states ofn-n* character. More recently computational and experimental stuzhes
aromatic ethynes show that the bound excited statemeé*aconfiguration which rises
from the promotion of an electron from the aromatarbital to thes* orbital, localised on
the —CG=CH, can be low-lying and has pronounced effects on the fluorescertbeseaf
molecule$® TD-DFT was used to probe these low-lying excited stateke rEsults
indicated that the lowest-energy singlet state istthé& state in linear compounds ofyP
symmetry, the non-emissive-c* state is the lowest energy in bent,Gymmetry
compounds. The quantum chemical calculations indicate that due to feengif
geometry of ther-o* state relative to that of the fluorescentt* state, then-o* state
crosses the fluorescentn* state along the nuclear coordinate involving bending of the
—C=CH triple bonds. The crossing between the bright state and the dark (or very
weakly fluorescenty-c* state can account for loss of fluorescence at higher tetupesa

in solution. A threshold temperature for the thermal quenching of tenee was found
to be ~120 K for diphenylacetylene. However the attachment ofeatran withdrawing
group (such as —CN) to diphenylacetylene increases the erfdlgymec* state and moves
the n-n*/n-0* intersection far away from the Franck-Condon region of the liyitia
preparedr-n* state. Ther-n* — n-c* state switch is therefore not expected to occur in

diphenylacetylene with an electron-withdrawing substituent. Extensof the
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computational study to di-2-thienylacetylene indicated that thk gar® state is very
slightly above the lowest energy-n* state at the linear geometry. The state crossing from
the 'n-n* to the *n-0* state is predicted to involve little (if any) energy basie€onsistent
with this prediction, di-2-thienylacetylene does not exhibit fluocgase in solution at room

temperature.

Diphenylacetylene was measured as a model compound. It disEayedk emission
with Amax= 325 nm. The linear organic conjugated molecuNB-(1 — NB-L7) display
very low emission or no emission at all. This is not surprisiNng-L1, NB-L2, NB-L3
and NB-L4 did not fluoresce.NB-L1 was previously reported to be non-fluoreséént.
The other ligandsNB-L2, NB-L3 and NB-L4, also possess,tsymmetry and as such
were not expected to fluoresce. According to Zgierski, croshimgtate from thér-n* to

the'r-c* is facile and results in a quenching of fluorescefice.

The authors also noted that attachment of an electron withdrawing gmup
diphenylacetlyene caused the compound to become weakly fluor&SEentcompounds
NB-L5, NB-L6 andNB-L7 with electron withdrawing groups at the thien-5-yl position
weak fluorescence was observed. A substantial red shift was motd emission
maxima ofNB-L7 (Table 2). This was attributed to improved electron acceptirigyaddi
the dicyanovinyl unit. Following coordination with €80) a reduction in emission
intensity was observed, although no change in the position of the @misand was
observed. This suggested that in complé¥BsC5 - NB-C7, the observed emission bands

were ligand based without much contribution from the metal centre.

By incorporating a luminescent organic chromophore into lineanocgmolecules the
emission of such species can be greatly increased. This waaskndor the ligand and
complex paiNB-L8/NB-C8. They were more luminescent at room temperature (298 K)
and showed the highest emission intensity within the study (Fig. B3gpn complexation
the emission bands were significantly reduced in intensity. Hemewu shift in band
position or generation of new emission bands was observed. This sdghest®r both

NB-L8 andNB-C8 the emission is solely ligand based.
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Figure 32 Room temperature emission spectra of compoNBds8 (blue line) and
NB-C8 (red line) recorded in CkCl, solution following excitation at 332

nm. Solutions were isoabsorbtive 0.2 AU&t= 332 nm.

An increase in fluorescence lifetime was observed with incrgdle electronegativity of
the terminal substituent on the organic ligand (1.94, 2.18 and 3.52 N8{bb, NB-L6
andNB-L7 respectively). One possibility for the increase in lifetiraksg this series is
the increase in electron delocalisation within the molecule onciagléhe terminal moiety
at the thien-5-yl position. The emission intensity and lifetiofethe dicobalt complexes
were less than those of the uncomplexed ligands. This was tgbetex and has been
observed previously/. It is attributed to the heavy atom effect. The lifetim&BEL8 was
measured as 2.62 ns while that of the carbonyl comyEC8 was found to decrease to
0.56 ns at room temperature. Low temperature (77 K) emission ssineed no change

in the emission band &B-C8 however a lifetime of 2.19 ns was obtained.
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3.5.4 Electrochemistry

Again comparing ligandsiB-L1 with NB-L2 andNB-L3 with NB-L4 showed how the
effective conjugation in the ligands affected the electrocremioperties. LigandsiB-

L2 andNB-L4 which possess lesser overall conjugation were oxidisedjla¢hpotentials
thanNB-L1 and NB-L3. It is noteworthy thalNB-L2 and NB-L4 show greater overall
chemical stability than the closely related spedisL1 and NB-L3 derived from 2-
thiophene. Arnanz et al. observed similar redox properties whichuthersa attributed to

steric argument®

CompoundsNB-L1, NB-L5 and NB-L7 are sequentially oxidised at higher potentials.
This is due to the inductive effects of the bromine and dicyanbuimis attached to the
thien-5-yl position. The bromine atom NB-L5 caused a 70 mV shift to higher potential
while the dicyanovinyl moiety caused a shift of 250 mV. This ceffef electron
withdrawing substituents on the oxidation potentials was previouslyvaasby Zhao and
co worker* Thus the addition of an electron withdrawing terminal groups, ireteas
electron delocalisation within the molecule and as a result isebithe molecules. A
similar effect was observed for the corresponding dicobalt hexaoyl complexes.
Replacement of the H with an electron withdrawing group as in cani\iBC5 had a
similar influence on the oxidation potentials of the complex comparddB-C1. A
positive shift of 160 mV in the cathodic direction was observed fothieayl oxidation

when comparing the two complexes.

In all complexes the observed redox behaviour was typical of dicbkeaticarbonyl
complexes. The GECO) entity bound to the alkyne undergoes an irreversible oxidation
and an irreversible reduction followed by the fast decomposition ghtheal anion into a

variety of fragments (EC mechanisfi).

The electrogenerated monoanion is very unstable and undergoekéasige of the Co-
Co bond which produced Co(CQ) This species was observed in the subsequent
oxidation sweep where the Co(GOfragment was oxidised to the radical Co(GO)A
subsequent reduction is ascribed to the reduction of degradation praoldatcteere
chemically adsorbed onto the electrode. This behaviour was reportedugigvn related

hexacarbonyl complexes of the form-alkyne)Ce(C0)%.®° The reduction corresponds to
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the formation of the radical anion in which the extra electron ocsupipredominantly
metal-metal antibonding orbitdl. Subsequently, rapid metal-metal bond cleavage takes

place and disintegration of the anion radical, into variety of fragments, occurs.

The stabilising effect observed for the ligands did not bestowlistaiito the complexes.
IR spectroelectrochemistry carried out by Osella eslabwed that the radical Co(CO)
could recombine with the [Co(C&gthynylestradiol)] radical to regenerate almost
guantatively the parent complex. No such process was observed fosybesas. Rapid
poisoning of the electrodes due to adsorption of the electroactiviespeevented further

analysis.
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3.5.5 Steady state photolysis and quantum yield of CO loss

For all complexes under investigation, steady state photolyde afitobalt complexes in
the presence of a trapping ligand, BPresulted in CO loss and formation of the
triphenylphosphine  trapped pentacarbonyl and tetracarbonyl species,- ([(
alkyne)Co(CO)(PPh)] and ([(2-alkyne)Co(COu(PPh),]).

Photosubstitution occurred following photolysishat 520 nmalbeit in minor amounts.
Irradiation atA > 410 nm caused increased formation of the pentacarbonyl photoproduct.
However irradiation at. > 320 nm resulted in a significant amounts of both the

pentacarbonyl and tetracarbonyl photoproduct.

Subsequently, the quantum vyield of CO loss was calculated at vavewedengths to
investigate the wavelength dependence of the photochemical procesgiafiiem yields
of CO loss were determined at 313, 365, 405 and 546 nnPHQCPh-Co(CO)s,
ThCCPh-Co0,(CO)s andFcCCH-Co,(CO)s.

The UV-vis absorbance spectra for all three hexacarbonyl cgeglshow an intense
absorbance in the UV region up to 370 nm with two broad low intensity absesm the
visible region extending to 600 nm (to 750 nm FaxCCH-Co,(CO)¢). Photolysis of all
three complexes resulted in minor growth of a new absorbance iartpe 880 — 420 nm
which indicated photosubstitution of a carbonyl ligand with a triphdmmgphine moiety

was occurring.

The mean values of all quantum yield experiments are giveable 5 and summarised in
figure 32. The results show that the photochemical quantum yield afisd@ciation was
dependent on the excitation energy. The quantum yield of CQviexs$ighest when the
sample was irradiated at high energyxd = 313 nm andiex: = 365 nm) where the
complexes possess strong* absorbance bands. At 405 nm, the UV-vis spectra of all
three complexes display only small absorbance bands and all quantum yreldewae to

be less than 5 % at this wavelength. However the quantum yiethsed withey. = 546

nm. The CO loss process ranged from 5 — 23 %. This was unexpectedigivehe

absorbance bands at 546 nm are weaker transitions than those at 40Bpurtanitly the
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quantum vyield decreased on going from 546 nm to 405 nm, but increased grfrgoin
405 nm to 365 nm to 313 nm.

At all wavelength?hCCPh-Ca,(CO)s possessed the lowest quantum yield for CO loss (3
— 8 %) which may indicate that this complex is more stable ttsvphotosubstitution
reactions. CO loss quantum yields TdnCCPh-Co,(CO)s were in the range 4 — 15 %
while FCCCH-Co,(CO)s showed the highest quantum yields (5 — 23 %), except at 365 nm
where ThCCPh-Co,(CO)s produced slightlty more of the trapped pentacarbonyl
photoproduct. The high quantum yield and hence facile nature of CO loss in therf@rroce
complex may be due to less steric hindrance within the compglekesie is only one

substituent on the ethynyl bridge.
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Figure 32 Results of quantum vyield experiments for CO lo$zh@CPh-Co,(CO)e
(blue diamond), ThCCPh-Co,(CO)s (red square) and=cCCH-Co,(CO)e
(green triangle).
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3.5.6 Picosecond time resolved infrared studies

Experimental evidence for the accepted mechanism of the PKBekaslimited. Laser
flash photolysis with UV-vis detection and matrix isolation studiéth IR detection
suggested two possible photochemical pathways figralkyne)Co(CO) complexes
following excitation. Irradiation altexc = 355 nm resulted in Co-Co bond homolysis with
Trecomb.= 25 NS’ while irradiation afiexc = 254 nm in an argon matrix resulted in reversible
CO loss. More recently Gibson et al. reported that Co-Co cleas@gpetes with CO loss

and alkene binding in an (alkyne)(binap)tetracarbonyl dicobalt com(pi@ap = 2,2'-
bis(diphenylphoshino)-1,1’-binaphthyl) and that cobalt-cobalt bond cleavage Veasle
proces$”® TRIR spectroscopy has not been used to investigate the photsiciierh (uy-
alkyne)Co(CO) type complexes. Thus, picosecond time resolved infrared spectroscopy

was used to probe the photochemistry of thpgalkyne)Co(CO) complexes.

As discussed previously the UV-vis absorbance spectra of the casplevestigated,
PhCCPh-C(CO)s, ThCCPh-C0y(CO)s, and FcCCH-Co,(CO)s, display a m-n*
transition with ligand field character at < 280 nm, in addition tad at approximately
350 nm and two weak bands in the range 380 — 730 nm which were attributedat to
ligand charge transfer transitions (Fig. 33). Molecular orbaldulations were carried out
by Hoffmann et af® on (u-alkyne)Co(CO) complexes at the Hiickel level and
demonstrated that in the perpendicular isomer, the HOME&val corresponded to alkyne-
to-metal back-bonding, while the HOMO-1 lavel corresponded to a Co-Co bond. The
LUMO b,, and LUMO+1 h levels are antibonding with respect to the alkyne-to-metal
bonds. These results are in agreement &ibhinitio molecular orbital calculations
reported by Van Dam et &. Photoelectron spectroscopy subsequently confirmed the

relative order of the bonding orbitals proposed using molecular orbital calculations.
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Figure 33 Overlay of the absorbance spectra RFfCCPh-Co,(CO)s (blue line),
ThCCPh-Co,(CO)s (green line), and-cCCH-Co,(CO)s (red line) recorded
in pentane. Spectra have been normalised at thgy

Photoexcitation Xexc = 400 nm,tewum = 150 fs) of all three complexes resulted in
depletion of the ground stat€CO) bands of the complex, together with the generation of
three new bands in the carbonyl region within the laser pulse (Tabl&he initial IR
bands corresponded to a vibrationally hot species and the bands shifteigher
wavenumber over 10 ps. Vibrational cooling was observed for all threplexes and has
been observed previously on a ps timescale as reportedcbl ¥ al. for a number of
metal carbonyl system8. These virbationally cooled bands then decay with complete
recovery of the initial bleaches. The lifetimes of thegrant species was calculated to be
in the range 38 - 71 ps. All three complexes in this study gesplaimilar spectral
changes (Table 7, Fig. 25-27) and the kinetics were largely solvent indeperatgatg)l
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Complex

v(CO) bands (¢t

PhCCPh-Co(CO)s
Parent bands
"Hot" species
Triplet diradical

ThCCPh-Co,(CO)s
Parent bands
"Hot" species
Triplet diradical

FcCCH-Coy(CO)s
Parent bands
"Hot" species
Triplet diradical

CH:CN

2092, 2056, 2028
2072, 2044, 2009
2082, 2048, 2019

2093, 2058, 2029
2078, 2049, 2008
2083, 2052, 2018

2090, 2052, 2024
2071, 2042, 2005
2080, 2046, 2009

THF

2084, 2050, 2022
2064, 2036, 2008
2073, 2040, 2012

2089, 2050, 2022
2079, 2041, 2002
2084, 2046, 2007

Pentane

2089, 2055, 2031
2074, 2040, 2016
2079, 2045, 2021

Table 7 Observed IR stretching frequencies following excitation at 40dnnm
CHsCN, THF and pentane.
Complex CHCN THF Pentane
PhCCPh-C(CO)s 69 70 71
ThCCPh-Co,(CO)s 63
FcCCH-Co,(CO)s 50 38
Table 8 Lifetimes, following vibrational cooling, of transient species pxdiuc

following 400 nm excitation of complexBaCCPh-Co,(CO)s, ThCCPh-
Co2(CO)s andFcCCH-Co(CO)s.
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To discount the possibility of the observed bands belonging to a sgieatdcarbonyl
species, z-alkyne)Co(CO)(solvent), triphenylphosphine was added to a solution of
FCCCH-Co,(CO)s. However excitation at 400 nm and also at 532 nm showed no new
bands on the nanosecond time scale in the TRIR experiments thatbeoaksigned to
FcCCH-Coy(CO)5(PPhg). This is in contrast to steady state photolysis, where in the
presence of PRh the monosubstituted complexi-cCCH-Co,(CO)s(PPhg), and
subsequently the disubstituted complegCCH-Co,(CO)4(PPhg), formed with bands
observed at 2062, 2011 and 2004 'cand 1989, 1971 and 1966 ¢nrespectively
(appendix H).

Conventional electron counting in organometallic chemistry implies that cobalt
compounds discussed throughout this chapter should have a Co-Co single bond, howeve
a recent charge density study on the bonding interactions i#GBg§100H)Co(CO)s,
indicates that the Co-Co bonding is weak and a singlet diradieahcter is proposed for

this compound? An earlier theoretical study by Platts et al. also proptisadthe more
appropriate designation fop£C,H,)-Co,(CO)s is that of a singlet diradical, where the
ground state electronic structure has a partial occupation of @miio bonding and

antibonding orbital§®

Quantum chemical calculations (B3LYP/LANL2DZ+p) were aarouf? and provided a
model for transient species following photoexcitation |gfglkyne)Co(CO) complexes
and predicted IR spectra of possible intermediate species (Faid Appendix I). The
IR properties of |{,-alkyne)Co(CO) on both the singlet and triplet ground state surfaces
were calculated. It was apparent that on moving from the sitwgtee triplet surface the
v(CO) bands of the model complexi{C2H2)Co,(CO), move to lower energy. In fact,
the transienty(CO) bands observed in the TRIR experiments were all at lewergy
compared to the parent bands (Fig. 25-27, Table 7). In addition, the aadc@atCo
bond length increases from 2.47 A on the singlet surface (eqtwict cobalt’'s covalent
radius of 1.25 A) to 3.10 A for the triplet species. This suggestshiia&o-Co interaction
is considerably weaker in the triplet state.
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v(CO)  (cnM)
Observed 2097.8 2058.5 2033.7 2028.1 2016.6

Singlet 2097.9 2051.3 2037.6 2035.1 2012.7
Triplet 2087.5 2057.9 2024.1 2021.7 2015.2

Table 9 Observed and calculated singlet and triplet state spectra (dgr (
C,H2)Co(CO). A correlation factor of 1.0222 was used to correct the

calculatedv oy bands of the ground state triplet species.

Thus, combined picosecond TRIR studies and theoretical calculationse@limv the
identification of the radical species generated following exaitaif (u,-alkyne)Co(CO)
complexes. The data indicate the formation of a triplet dirbdecies. Therefore, the
transient species observed in the TRIR experiments was assignetie 3(u,-
alkyne)Co(CO) diradical species, generated by rapid Co-Co bond homolysis with

subsequent recombination to form the parent complex.

The observation of a triplet species in the picosecond TRIR exp@smequires fast
intersystem crossing from the singlet excited state on the order of'f x'10WVhile this is

fast, it is not without precedence in the literat{fré

Other possibilities for the species observed that were consideriede: the isomer in
which the alkyne lies parallel to the Co-Co bond, a species vamer€o-alkyne bond is
cleaved, and a GeCO charge transfer excited state. Hoffmann found that the glarall
isomer lies 2.5 eV higher in energy than that of the perperdicaomer. As the TRIR
experiments carried out at,. = 532 nm produced transient species identical to those
observed following 400 nm excitation, the possibility of the paralteher can be ruled
out based on energetic arguments. However, as these studiesaweye out over 25
years ago, further theoretical studies were preformed to ruletheutpossibility of
involvement of the parallel isomer in the complexes under investigati DFT methods
were used in an attempt to calculate the energy differenaed®ethe two isomeric forms,
though, repeated attempts to locate the parallel isomer ahitiimum on the singlet

potential energy surface failed. It was concluded that thel@aisdmer did not play a
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significant role in the photochemistry of tReCCPh-Cag,(CO)s, ThCCPh-Co,(CO)s and
FcCCH-Co,(CO)s complexes. An intermediate arising from cleavage of the @teghe
bonds was also excluded based on the number of IR bands observed. Althaugi+ a C
CO charge transfer excited state should be considered, the kebgekplanation for the

short lived species is that of the triplet diradical based on the results proposed here

There was no evidence of the CO loss photoproduct in the TRIR exp&sifiodowing
excitation at 400 nm and 532 nm. Addition of a molar excess of hggand to a
sample ofFcCCH-Co,(CO)s produced TRIR spectra practically identical to that without
the trapping ligand. The quantum vyield experiments revealed, COfdosthe three
complexesPhCCPh-Cg,(CO)s, ThCCPh-Co0,(CO)s and FCCCH-Co,(CO)s was low at

405 nm. The quantum yield for CO loss was less than 5 % at thisewgtle which was
close to the excitation wavelength used for TRIR experimd03 itm). It is unlikely that

a photoprocess with such a low quantum yield would be observed in the TRIR

experiments.

The quantum yield for CO loss varied with excitation wavelength548 nm the quantum
yield for CO loss was 5 — 23 %. It is unlikely that the low quemyield photoprocesses
(< 10 %) would be observed, thus the TRIR experiments are in goodragrewith the
guantum yields obtained f&thCCPh-Cg(CO)s andThCCPh-Co,(CO)s. However, the
quantum yield for CO loss IRCCCH-C0,(CO)s was 23 %. No evidence for the CO loss
photoproduct was observed. This is a genuinely puzzling aspect ofstits rend the

experiments will need to be repeated if an opportunity arises.

The diagrammatical representation below (Fig. 34) shows the phsiophgrocesses that
occur following excitation. Following 400 nm pulsed excitation tpeaikyne)Co(CO)
complex absorbs light and is excited to its singlet excitaig stapid intersystem crossing
to the triplet state occurs. Following this Co-Co bond homolysisesaibination occurs
followed by full recovery of the ground state. However, continuous Wweagiation (.exc

= 546 nm) resulted in CO loss as shown below.
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Co-Co bond homolysis and recombination
followed by relaxation to the ground state
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Figure 34 Diagrammatical representation of the photophysical processes that occur
following 400 nm pulsed irradiation and 546 nm continuous wave (C.W.)

irradiation.

Thus, combined picosecond TRIR studies and theoretical calculationsedlimy the
identification of the radical species generated following exartatf (u,-alkyne)Co(CO)
complexes. The data indicate the formation of a triplet dishdipecies that rapidly
recombined to regenerate the parent complex in all casesni8d)e Lifetimes for the

triplet diradical species were in the range 38 — 7% ps.

leRz Ry Ry Ry Ry
N hv =400 nm w <80 ps AN
OC—Co—Co—CO > OC—CdJ *Co—CO » OC—Co—Co—CO
/ | / R /
ocC CO ocC CO ocC CcO
CO CO CO CO CO CO

R; = Phenyl or ferrocene,,R= H, phenyl or thiophene

Scheme 6 Co-Co bond homolysis and recombination following 400 nm excitation.
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3.6 Conclusions

In this chapter experimental work concerning the excited syai@nuics of linear organic
molecules and their organometallic counterparts has been preséngandsNB-L1 and
NB-L5 — NB-L7 were used to investigate the effect of terminal group sulbistiton the
organic moiety, with respect to their absorbance, emission andoeleamtnistry. The
results showed that the attachment of an electron withdrawindgymoithe organic ligand
resulted in bathochromic shifts in the absorbance spectra. The nasfentNB-L1
became weakly fluorescent upon terminal substitution, the intensittheofemission
increased with increasing electronegativity of the terminbkstuent and in conjunction
with this the fluorescent lifetimes of the molecules wereeiased also. Electrochemistry
showed that thienyl molecules become more stable when amoalegthdrawing group

was attached due to increased electron delocalisation within the molecules.

Steady state photolysis carried out in the dicobalt hexacarbomyglexes resulted in CO
loss and quantum yields for the CO loss process indicated that theh@mtoal process
was wavelength dependant. The photochemical activationusalyne)Co(CO)
complexes was studied by ps-TRIR and combined theoretical dadaglallowed for the
identification of the formation of a triplet diradical speciest tregpidly recombined to
regenerate the parent complex. Lifetimes for the tripleidtial species were in the range
38 — 71 ps.

263



3.7

Bibliography

© 00 N O

11

12
13

14
15
16
17
18

19

20

21
22

(a) K. Sonogashira, Y. Tohda, N. Hagihdret. Lett, 1975 50, 4470.

(a) E. Negishi, S. Baba, Org. Chem. Soc., Chem. Comib®76 596. (b) S. Baba,
E. NegishiJ. Am. Chem. Sqd 976 98, 6729.

N. Miyaura, K. Yamada, A. Suzukiet. Lett, 1979 20, 3437. (b) N. Miyaura, A.
Suzuki,J. Chem. Soc., Chem. Com879 866.

R.F. Heck, J.P. Nolley, Org. Chem.1972 37, 2320.

(@) D. Milstein, J.K. StilleJ. Am. Chem. Sqcl978 100, 3636. (b) D. Milstein,
J.K. Stille,J. Am. Chem. Sqd 978 101, 4992.

E. Negishi, L. Anastasi&hem. Rey2003 103, 1979.

N. Miyaura, A. SuzukiChem. Rey1995 95, 2457.

Y.-Q. Fang, M.I.J. Polson, G.S. Hanbmgrg. Chem.2003 42, 5.

S. Schroter, C. Stock, T. Badretrahedron2005 61, 2245.

M.G. Hutchings, I. Ferguson, D.J. McGeein, J.O. Morley, J. Zyss, |. Ledoux
Chem. Soc., Perkin Trans.1995 171.

M. Manuele, M. Raposo, A.M.R.C. Sousa, G. Kirsh, P. Cardoso, M. BElsBg
Matos Gomes, A.M.C. Fonsedarg. Lett, 2006 8, 2681.

B. Muhling, S. Theisinger, H. Meie®ynthesis2006 6, 1009.

(@) J.G. Rodriguez, A. Lafuente. L. Rubiet. Lett, 2004 45, 5685. (b) J.G.
Rodriguez, A. Lafuente, L. Rubio, J. Esquividst. Lett, 2004 45, 7061. (c) J.G.
Rodriguez, J. Esquivias, A. Lafuente, L. Rulliefrahedron200§ 62, 3112.

J. Li, Y. PangMarcomolecules1998 31, 5740.

P. Bauerle, J. Crem&hem. Mater.2008 20, 2696.

K. Toyota, K. Okada, H. Katsuta, N. Morifatrahedron2009 65, 145.

T.M. Pappenfus, K.R. Man@rg. Lett, 2002 4, 3043.

W. Reppe, M. Schlichting, K. Klager, T. Toepklstus Leibigs Ann. Chenil948§
560, 1.

W. HibelOrganic Synthesesa Metal Carbonylsl. Wender, P. Pino Eds.; Wiley:
New York, 1968, Vol. 1, p 273.

H. Greenfield, H.W. Sternberg, R.A. Friedel, J.H. Wotiz, R. Markb¥/einder,J.
Am. Chem. Socl956 78, 120.

R.S. Dickson, D.B.W. Yawnegnal. J. Chem.1968 21, 1077.

W.G. SlyJ. Am. Chem. Sqd 959 81, 18.

264



23

24

25

26

27

28

29
30

31

32

33

34

35

36

37

J.A. Platts, G.J.S. Evans, M.P. Coogan, J. Overgédavd. Chem. 2007, 46,
6291.

G. Li, Q.-S. Li, Y. Xie, R.B. King, H.F. Schaefer Idrganometallics 2009 28,
3390.

T.S. Jung, J.H. Kim, E.K. Jang, D.H. Kim, Y.-B. Shim, B. Park, S.C. Shin,
Organomet. Chem200Q 599, 232.

E. Champeil, S.M. Drapel, Chem. Soc., Dalton Tran2001, 1440.

A. Coleman, M.T. Prycénorg. Chem.2008 47, 10980.

L.S. Chia, W.R. Cullen, M. Franklin, A.R. Mannimgorg. Chem.1975 14, 2521.

J. Marhenke, S.M. Massick, P.C. Fdrabrg. Chim. Acta2007, 360, 825.

(a) H.B. Abrahamson, C.C. Frazier, D.S. Ginley, H.B. Gray, Jehibal, D.R.
Tyler, M.S. Wrighton,Inorg. Chem.1977 16, 1554. (b) T.J. Meyer, J.V. Caspar,
Chem. Rey1985 85, 187. (c) D.R. Tyler, M.A. Schmidt, H.B. Gray,Am. Chem.
Soc, 1983 105, 6018. (d) H.B. Abrahamson, M.C. Palazzotto, C.L. Reichel, M.S.
Wrighton,J. Am. Chem. Sqd 979 101, 4123.

(a) M.F. Desrosiers, D.A. Wink, R. Trautman, A.E. Friedman, P.C. Borm.
Chem. So0¢.1986 108, 1917. (b) J. DiBenedetto, D.W. Ryba, P.C. Fbordrg.
Chem, 1989 28, 3503. (c) T.J. Meyer, J.V. Caspahem. Rey1985 85, 187.

(a) I.U. Khand, G.R. Knox, P.L. Pauson, W.E. Watts, M.I. Foretha@hem. Soc.,
Perkin Trans. 11973 977. (b) P.L. Pausofetrahedron 1985 41, 5855. (c) N.E.
Shore,Chem. Rey1988 88, 1081.

(a) L. Daalman, R.F. Newton, P.L. Pauson, R.G. Taylor, A. Wadswor@hem.
Res (S)1984 344. (b) H.J. Jeffer, P.L. PausdnChem. Res. (M1983 2201.

(a) P. Magnus, C. Exon, P. Albrough-RobertJatrahedron, 1985 41, 5861. (b)
P. Magnus, L. PrincipleTet. Lett, 1985 26, 4851. (c) C. Exon, P. Magnus,Am.
Chem. So¢1983 105, 2477.

V. Rautenshrauch, P. Megard, J. Conesa, W. Kustgew. Chem. Int. Ed. Engl.
199Q 29, 1413.

(a) P. Magnus, L.-M. Principé&gt. Lett.,1985 26, 4851. (b) P. Magnus, C. Exon,
P. Albaugh-RobertsonTetrahedron 1985 41, 5861. (c) P. Magnus, L.-M.
Principe, M.J. Slated. Org. Chem.1987 52, 1483.

B.E. La Belle, M.J. Knudsen, M.M. Olmstead, H. Hope, M.D. Yanuck, N.E.
SchoreJ. Org. Chem.1985 50, 5215.

265



38

39
40

41
42

43
44

45

46
47

48

49

50

51

52

53

54

55

56

S.A. Brusey, E.V. Banide, S. Dorrich, P. O'Donohue, Y. Ortin, H. MullarzB3 C.
Long, P. Evans, M.J. McGlinche@rganometallics2009 28, 6308.

B.L. Pagenkopf, T. Livinghous&, Am. Chem. Sqd 996 118, 2285.

C.M. Gordon, M. Kiszka, I.R. Dunkin, W.J. Kerr, J.S. Scott, J. Gebitki,
Organomet. Chem1998 554, 147.

S.M. Draper, C. Long, B.M. Myer3, Organomet. Chenil999 588, 195.

F. Robert, A. Milet, Y. Gimbert, D. Konya, A.E. GreedeAm. Chem. Sq2001,
123, 5396.

M. Yamanaka, E. Nakamuth,Am. Chem.. Sq2001, 123, 1703.

M.A. Pericas, J. Balsells, J. Castro, |. Marchueta, A. MoyanRjéra, J. Vazquez,
X. VerdaguerPure Appl. Chem2002 74, 167.

S.E. Gibson, K.A.C. Kaufmann, P.R. Haycock, A.J.P. White, D.J. Hardick, M.J.

Tozer,Organometallics2007, 26, 1578

W.R. Browne, C.M. O’'Connor, C. Villani, J.G. Vdsorg. Chem.2001, 40, 5461.
(a) S.B. Park, H. ApleChem. Commun2004 1306. (b) A.R. Katritzky, A.A.A.
Abdel-Fattah, M. Wang]. Org. Chem.2002 67, 7526.

(@) C. Torborg, A. Zapf, M. BellelChem. Sus. Chem2008 1, 91. (b) M.
Feuerstein, H. Doucet, M. Santelli,Molecular Catalysis A: Chen2006 256, 75.
A. Carpita, A. Lessi, R. RosSlynthesis1984 571.

B.T. Holmes, W.T. Pennington, T.W. Hankilecules 2002 7, 447-455.

N.M. Boyle, A.C. Coleman, C. Long, K.L. Ronayne, W.R. Browne, B.kinge,
M.T. Pryce,Inorg. Chem.201Q 49, 10214

(a) M. Wahadoszamen, T. Hamada, T. limori, T. Nakabayashi, N. DHehys.
Chem, 2007, 111, 9544. (b) C. Aurisicchio, B. Ventura, D. Bonifazi, A. Barbigri,
Phys. Chem. (2009 113, 17927.

E. Hao, B. Fabre, F.R. Fronczek, M.G.H. ViceGteem. Mater.2007, 19, 6195.

J. Areephong, T. Kudernac, J.J.D. de Jong, G.T. Carroll, D. Pantorotjajnd, H
W.R. Browne, B.L. Feringal. Am. Chem. Sq&008 130, 12850.

(@) M. Shiotsuka, Y. Inui, Y. Sekioka, Y. Yamamoto, S. Ondkarganomet.
Chem, 2007, 692, 2441. (b) N. Esho, B. Davies, J. Lee, R. DembirGkem.
Comm, 2002 332.

T.S. Jung, J.H. Kim, E.K. Jang, D.H. Kim, Y.-B. Shim, B. Park, S.C. Shin,
Organomet. Chem200Q 599, 232.

266



57

58

59

60

61

62

63

64

65

66
67

68
69

70

71

72

73
74

A. Arnanz, M.-L. Marcos, C. Moreno, D.H. Farrar, A.J. Lough, J.O. Yu, S.
Delgado, J. Gonzalez-Velascb,Organomet. Chen2004 689, 3218.

A.F. Diaz, J. Crowley, J. Bargon, G.P. Gardini, J.B. Torradcélectroanal.
Chem, 1981, 121, 355.

F. Fringuelli, G. Marino, A. Taticchi, G. Grandolidi, Chem. Soc., Perkin Trans.
2: Phys. Org. Chem1974 4, 332.

A. Arnanz, M.-L. Marcos, S. Delgado, J. Gonzalez-Velasco, C. Mor&no,
Organomet. Chem2008 693, 3457.

A. Sakar, M.M. HaleyChem. Comm200Q 1733.

Y. Hirata, T. Okada, N. Mataga, T. NomatoPhys. Chem1992 96, 6559.

M. Z. Zgierski, T. Fujiwara, E.C. LinAccounts of Chemical Reseay@91Q 43,
506.

X. Zhao, H.K. Sharma, F. Cervantes-Lee, K.H. Pannell, G.J. Long, AahirgJ.
Organomet. Chem2003 686, 235.

M.L. Marcos, M.J. Macazaga, R.M. Medina, C. Moreno, J.A. Castro, J.Letzom
S. Delgado, J. Gonzalez-Velastmrg. Chim. Acta2001, 312, 249.

D. Osella, J. FiedleQrganometallics1992 11, 3875.

(@) D.L. Thom, R. Hoffmannnorg. Chem.1978 17, 126. (b) B.M. Peake, P.H.
Reiger, B.H. Robinson, J. SimpsdnAm. Chem. Sqd98Q 102, 156.

D.M. Hoffmann, R. Hoffmann, C.R. Fisél,Am. Chem. Sqd 982 104, 3858.

H. Van Dam, D.J. Stufkens, A. Oskam, M. Doran, I.H. MilleElectron Spetrosc.
Relat. Phenom198(Q 21, 47.

(a) M. Bushy, P. Matousek, M. Towrie, A.¢¥¢k, J. Phys. Chem. ,A2005 109,
3000. (b) M. Busby, P. Matousek, M. Towrie, Ac¥k, Inorg. Chim. Acta.2007,
360, 885.

J. Overgaard, H.F. Clausen, J.A. Platts, B.B. InveseAm. Chem. Soc2008
130, 3834.

Theoretical calculations were carried out by Prof. C. Londuaiblin City
University.

Y. Iwashita, F. Tamura, A. Nakmutaprg. Chem..1969 8, 1179.

A.L. Smeigh, M. Creelman, R.A. Mathies, J.K. McCuskerAm. Chem. Sqc.
2008 130, 14105.

267



75 W. Gawelda, A. Cannizzo, V.-T. Pham, F. Van Mourik, C. Bressler, MgGhé.
Am. Chem. Soc2007, 129, 8199.

268



Chapter 4

The synthesis and photochemistry
of freebase and zinc monopyridyl
porphyrins and the corresponding
metal carbonyl porphyrin

complexes.

Chapter four commences with
literature survey focusing on the
photophysics of pyridyl porphyrins
and related organometallic systems.
The aims and objectives of the
chapter are discussed. The synthesis
of the monopyridyl porphyrin and
metal carbonyl derivatives produced
for this study is then described. The
photochemistry of the complexes was
examined by pump and probe TRIR
spectroscopy on a picosecond

timescale.
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4.1 Literature Survey

4.1.1 Introduction to pyridyl porphyrins

Porphyrin metal complexes have found great use in photosyntheticctes€&aom the first
man made porphyrins to the supramolecular arrays of today, porpramthsrelated
macrocycles have been studied for their electron transfer amgyemansfer potentid.
Systems that undergo electron transfer processes from porphgriestérnally but
covalently linked transition metal complexes have been extensiwelied since the mid
nineties. Among supramolecular systems, those that contain a porpbgrdinated to a
peripheral transition metal are of particular interest asetlagrays can mimic the electron
or energy transfer processes observed in photosynthesis. Pwadyghyrins are
particularly attractive building blocks for the construction of phdteacsupramolecular
systems. The structures shown in figure 1 display a variabléeruoh 4-pyridyl () and
phenyl (4 -n) groups at thenesoposition(s) of the porphyrin macrocycle. As with all
porphyrins, these mixed pyridyl/phenyl porphyrins have attractspectroscopic,
photophysical and redox properties. In addition, rtiessopyridyl groups provide great
synthetic flexibility as the peripheral nitrogen atom(s) dan coordinated to metal
complexes of various coordination numbers and geometries. Complexatitre a
peripheral pyridyl nitrogen provided a simple route to a newsct# porphyrins. The
mesopyridyl group can act as a ligand for metal sites thatheld at a fixed distance and

angle to the porphyrin macrocycle.
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MPyTPP

TrPyMPP TPyP

Figure 1 Five 4-pyridyl (n) and phenyl (4 - mesosubstituted porphyrins.
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4.1.2 Porphyrins coordinated to metal carbonyls.

Coordination of a metal carbonyl to a porphyrin allows the studiieoextent of electron
or energy transfer between the two units using the extensiadatathe excited states of
the individual porphyrin and metal carbonyl fragments. Various parghyrave been
coordinated to transition metal carbonyls including-H)-Os(CO),, Re(CO}Cl,
RuChL(DMSO)CO, Cr(CO} and W(COJ some of which are discussed below. However

only a few of these system have had their photochemistry examined.

Mono and disubstituted pyridyl porphyring { 3 Fig. 2) were treated with an excess of
0s(CO)o(NCMe), to give triosmium cluster complexes { 6, Fig. 2)? In complex4, the
pyridyl ring of the porphyrin was orthometallated and bridged dige ef the Ostriangle.

This afforded a four membered ring containing Os, Os, C and IN avhydride ligand
bridging one Os-Os edge. Compkexvas isostructural with complek The coordinated
clusters of comple¥ can becis or transto one another (relative to the porphyrin plane).
The absorbance spectra®kpt 6 were similar to the uncomplexed pyridyl porphyrins 3
except for a blue shift of the Soret band by 4, 3 and 7 nm respediivélgn increase in
absorbance between 220 and 420 nm where the cluster absorbance bandsdeete e
The fluorescence spectra intensities and excited statenkfetof4 - 6 were somewhat
guenched compared ©3. The fluorescence lifetimes were 0.76, 0.70, 0.76, 0.30, 0.37
and 0.21 ns fod - 6 respectively. Fluorescence quenching was attributed to the heavy
atom effect arising from the metal cluster rather thanggrer electron-transfer processes

between the cluster and the porphyrin.
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Os(CO

Os(CO} ;

\ 4H
(ockoskOS(CO)‘
(CO)3

\ /N Os(CO); 6

(OC)4Os \\

( o C)3 O (OC)303 Os(CO)
1 - 3= uncomplexed pyridyl porphyrins, R = n-hexyl
Figure 2 Pyridyl porphyrins coordinated to triosmium clusters

Sullivan and co-workers synthesisé@Fig. 3) in which a labile triflate group was replaced
by a pyridine ligand. Subsequently osmium exclusively bound to the exterior of a
porphyrin through direct coordination of the pyridyl linkage was tegopy Hyslop et &.

H.8 (Fig. 3) was prepareda a modified version of this method and metallated with zinc
(Zn8, Fig. 3). MPyTPP, ZnTPP and7 were used as model compounds to delineate the
effect of coordination of the Os unit onto the pyridyl porphyrinomparisons of the
electrochemical redox properties &8 to MPYTPP and Zn8 to ZnTPP showed only
minor shifts in both the osmium and porphyrin potentials indicatingttieaground states
were unperturbed in the dyads. With regard to the mgdekorporation of the CO unit
onto the osmium metal centre caused a blue shift of the MLCT kabvsmg band so that it
occurred at the same energy as the Soret bamdRYTPP (Amax = 417 nm). The
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bipyridine n-n* bands ofH,8 andZn8 (~290 nm) were separated from the porphyrin Soret
and Q bands thus permitting preferential excitation of the Osopasfithe molecule. The
emission maximum o/ (Aem = 590 nm) overlapped with the Q band absorbance of
MPyTPP (590 nm) andZnTPP (586 nm) thus creating an ideal system for energy
transfer. UV-vis spectra of the complex#s8 andZn8 were not simple superpositions of
the parent7 and MPyTPP or ZnTPP respectively. Complexation of the porphyrin to
osmium resulted in the addition of a bipyridue* transition in the UV region while the
Soret and Q bands in both the freebase and zinc porphyrins wedertedadecreased in
intensity and red-shifted with respect to the model porphyrinkl€Th), which indicated
electronic coupling. Excitation of the porphyrin dyalds8 andZn8, was carried out at
260 nm (osmium based bipyridimer* transition) and at 420 nm (porphyrin Soret band).
Excitation ofH,8 at 420 nm resulted in emission at 659 nm, a red shift of 8 nm coanpare
to MPyTPP with a decrease in intensity by a factor of 5. Excitatio26Q nm gave
similar results with the emission bathochromically shifted arginalarly decreased in
intensity. The decrease in emission intensity was typical of the la¢awyeffect. The red
shifted absorbance and emission maximaHeg8 and lack of change in electrochemical
potentials suggested that the ground state energies of the ponphyr@emained the same
while the excited state energies were lowered by thehatiaat of the Os group. Emission
occurred only from the porphyrin moiety &f,8 regardless of excitation wavelength,
indicating that energy transfer from the osmium group to the porplogcurred. The
metallated derivativeZn8, produced different results. Model compoundsTPP and
ZnMPyYTPP, possess almost identical emission spectra with two bands at 588&nah,

the latter more intense than the former. ExcitationZoB at 460 nm yielded a
bathochromically shifted (17 nm) and significantly quenched (by #orfacf 11)
fluorescence spectrum in which the higher energy band was theimesse. Some
quenching of the emission was attributed to the heavy atom éffeotver additional
guenching processes were considered as the total quenching wgidhreartimes higher
than that of the freebase derivative. The authors suggested thalntbst complete
quenching and change in profile of the emission when the Os bipymadoiety ofZn8 is

excited supports the occurrence of electron transfer.
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Figure 3 Pyridyl porphyrin / osmium bpy dya&jdand model compound
Compound Amas (NM) Soret FWHM (crit)  Aer (NM)
7 262, 302, 422 589
H.8 260, 302, 423, 518, 57, 592, 649 1340 659
Zn8 251, 261, 302, 425, 552, 596, 1320 614
MPyTPP 417, 514, 548, 590, 645, 690 690 651
ZnTPP 419, 548, 586 570 597
Table 1 Photophysical data for osmium porphyrin assemblies and model
compounds.
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Pyridyl porphyrins functionalised with Re(C4Q) resulted in the formation of porphyrin
dimers @ and 10, Fig. 4)> The dimers featured a rigid co-planar geometry for the donor
and acceptor chromophoresa coordinative assembly. Thus the rigidity of the compounds
provided an efficient geometry for singlet energy transfer and rieede candidates for
both through-bond and through-space energy transfer. The porphyrin diomsist of
homodimers §\10aand9\10b, Fig. 4) and mixed dimer®\10¢ Fig. 4). The porphyrin
Soret band was broadened and reduced in intensity upon incorporation into dimers
indicating slight electronic coupling in this region while the &db region was the sum of
the individual zinc and freebase monomers indicating little or eotreinic coupling.
Consistent with coordination to Re(l), the absorbance and fluoresoemdma were red
shifted by 8 — 10 nm with respect to the monomer porphyrins. Sihigienes and
quantum Yyields were typical of singlet porphyrin emission withfteebase porphyrin
complexes more emissive than their zinc analogues. Despifg@ec@tion with rhenium
the assemblies remained fluorescent. However, a 75 % dedneaggission quantum
yield upon dimer formation was observed and ascribed to heavy atoch eSanilar to
other studies on Zn-Fb porphyrin pairs, dim8csand 10c displayed efficient singlet
energy transfer from the zinc porphyrin to the freebase porphiaxacitation of the Soret
region resulted in significantly reduced emission from the zmmponent of9c and
enhanced emission from the freebase component. Steady statecimoe studies &c

and 10¢ using the respective symmetric dimers as reference compoandsegergy
transfer rate constants of 1.3 x*4@nd 9.7 x 1ds™. This was similar to rate constants
observed for organic Zn-Fb porphyrin dimers in which aromatic spaeere implicated
for EnT mediatioft and faster than closely related assemblies in which thrquagtesEnT
dominated. In these systems the structured rigidity and enforcement of -@sueptor

coplanarity for bott®c and10c could enhance either pathway.
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Figure 4 Pyridyl porphyrin dimers functionalised with Re(g0))

Metal carbonyls have also been used to create porphyrin squetesasll (Fig. 5)°
5,15mesepyridylporphyrins were used as bridging ligands and Re{ClOhoieties were
used as a corners to form molecular squares, while porphyrifiahetaprovided a basis
for single or multipoint guest bindinga axial ligation. Square formation induced a ~6 nm
red shift in the porphyrin Soret band which is consistent with nebvehof electron
density from the porphyrim system upon complextion. Near-UV fluorescence (MLCT
region) indicated that the metal corners have a structuraratiler than a photophysical
role within the framework. Complexes remained luminescent but fhittrescence
generated from porphyrin localised excited states, lifetime$.0 and 2.4 ns were
observed forH;11 and Znll. Addition of pyridine toZnll led to a significant
bathochromic shift in the fluorescence, a response not observedi id; clearly
demonstrating axial ligation of the porphyrin bound zinc by pyridifieus the molecular

square can be used in host-guest complex construction.
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Figure 5 Porphyrin square with Re(C4Q) corners,11.

Compounds containing afac-Re(COX(diimine)]” unit are electron acceptors and in
solution display intense luminescence in the visible region due to alied) Re-
n*(diimine) MLCT excited state. There are two ways tliat-Re(CO)}(diimine)]" can be
connected to a porphyrin: the porphyrin can act as a ligand throughpaepalmeso
pyridyl group and is bound directly to the Re(l) centre adjacetite coordinated diimine
or the diimine is functionalised and then conjugated to a peripheral grotine porphyrin
(in this case the coordination sphere of Re(l) must be completadsbyh ligand, either

neutral or anionic).

Casanova et al. synthesised porphyrin-Re(l) conjugates of théyfies where the pyridyl
porphyrin was directly coordinated to the Re(l) electron-acceptagnfent, fac

Re(CO)(diimine)]".° Assemblies contained either 4-pyridgesoporphyrins which were
mono or tetra substitutedZ and13, Fig. 6) or 3-pyridyl systemsl4 and15, Fig. 6) and
the porphyrins were also metallated with zinc(ll). Apart frommor red shifts in the

absorbance spectra with respect to the corresponding uncomplexed porbi@yspectra
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of 12 - 15were the summation of the molecular components, indicating thahdtitan
between the porphyrin and rhenium was weak. All were domingtéaelporphyrin Soret
band with Q bands ranging from 500-700 nm. The Re(bpy) unit did not absorb
appreciably above 350 nm and the-R&py MLCT transition X = 350 nm) was obscured
by the porphyrin Soret band. The porphyrin-Re(l) conjugates seskégical porphyrin-
based fluorescence with a small shift in relatiorZtdPP. A moderate but significant
decrease of the emission intensity and lifetime is observednd? and the effect was
more pronounced for the pentad13. In general the porphyrin fluorescence was affected
but not strongly quenched by the presence of the peripherally bound rhenit(s).
Possible mechanisms for the quenching observed were (a) eleattsfer quenching and
(b) the heavy atom effect. The emissionZorl2 andZnl15 were further investigated in
the presence of pyridine. A marked shortening in the lifetim&nd® (from 900 ps to
~250 ps) with a proportional decrease in the emission intensitpbsesved. Excitation
in the UV region where the rhenium(l)bpy absorbed did not produce MLOSskem
clearly indicating that its triplet state was efficignjuenched in all compounds. The
authors concluded that the heavy atom effect was the cause oséieioce quenching as it
was more efficient for pentameric than dimeric species. MNa&oosl time resolved
absorbance spectroscopy of the Zn(ll)porphyrin-Re dyads showed afeadyansient for
Znl1l2 with a lifetime of > 20pus that corresponded to the triplet state. Ultrafast
spectroscopy, with 560 nm excitation, was also carried out. nite spectrum foZn12
taken after the laser pulse (1 ps) displayed typical zinc panshgr features and evolved
to a final spectrum practically identical to that of the nanord laser experiment which
corresponded to the triplet state. The singlet excited spatetrum evolved to that of the
triplet over ~1 ns. The ultrafast experiments were then regeat the presence of
pyridine. The temporal spectral changes observed were sulbtatifferent than that
observed in the absence of pyridine, with a biphasic behaviour takingfptaice 80 ps
and t> 80 ps. A time constant of 20 ps was obtained for the first proc&8am and
300 ps for the second process at 585 nm. The final spectrum recorde@D gisl@as
almost identical to the triplet spectrum observed in the nanosecmadireents. This
biphasic behaviour was consistent with a charge separated stiergh - Re(bpy))
which was sufficiently close in energy to the singlet s(& to allow fast equilibrium
between them. In the presence of pyridine the processes thategcwere (a) an electron

transfer process from the singlet of the zinc-porphyrin to thbg®gfragment, with a time
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constant of 20 ps, which led to a charge separated state ahé @guilibrium mixture of

singlet and charge separated states that decayed to the triplet state in 300 ps.
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12 M =H,orZn 13 M =H,orZn
14 = 3-pyridyl, M = H, or Zn 15= 3-pyridyl, M = H, or Zn
Figure 6 Porphyrin-Re(l) conjugates

Complexes of the type [Re(C§py)L]" (n = 0, +1) with a metalloporphyrin covalently
linked to the rhenium unit, have also been synthesid®&d— 20 Fig. 7) and their
photochemistry and electrochemistry were examifiedV-vis spectra were dominated by

the porphyrin absorbance bands. The Re-(bpy) MLCT band anticipatesl iange 350 —

420 nm was masked by the porphyrin Soret band. Time resolved absorbance studies (10 r
laser pulse, 355 nm excitation) were carried out. The absorbancieaspethe parent
porphyrin, 20, and porphyrin complexi7, were characteristic of the porphyrifr-n*)

excited state. There was no evidence of excited state abserloamec to Re—

bipyridylporphyrin MLCT transitions, most likely because thesmds were weak in
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comparison to the porphyrin transient bands observed. Transient spe2i@snd 17
decayed with lifetimes of = 2 x 10° s andt = 3 x 10° and respectively. The emission
spectrum observed for the porphyrin complékwas typical of metalloporphyrins with
peaks at 606 and 656 nm. Emission intensity was 50 % lower than @@t &mission
from the MLCT excited state of Re(C@)bpy)Br is observed at 620 nm and time
resolved emission from tHILCT excited state of Re(C&Br(bpy) was observed (in the
range 580-670 nm) with a lifetime of 63 ns. No emission was detected in this @gidn f
which indicated that emission was quenched by the metalloporphyromaophore.
Quenching of the steady state fluorescenc0dalso indicated an excited state interaction.

/ 16": [M] = [fac-Re(CO)(3-Me-Py)[
17 :[M] = [fac-Re(CO}Br]
Q IM] 18": [M] = [fac-Re(CO}(THF)]"
N~ 19': [M] = [fac-Re(CO}(PrCN)[
20 :[M] = no rhenium moiety

21
7\
_N
NH
/
OC CO
Figure 7 Rheniumtricarbonyl units covalently linked to metalloporphyrins

In a subsequent study, photolysisl@&f with L > 495 nm in the presence of triethylamine
revealed that a new metal carbonyl complex was formed. Comparighe IR spectrum
with [Re(COX(bpy)(THF)] indicated that the axial ligand was displaced by the soteent
yield the THF complex18". Repeating the photoreaction with excess bromide and

triethylamine resulted in the formation of complex Both these reactions produced 18-
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electron products; however photolysis in the presence of a tracatgudniree 3-Me-
pyridine produced IR features indicative of the radit@ (Table 2). Evidence for a
rhenium bipyridine based radical, eith@6- or 19, was obtained by EPR and IR
spectroscopy following photolysis 46" with triethylamine and excess 3-Me-pyridine in
PrCN as well as the cationic solvent compleX. The authors suggested that the
porphyrin acted as a sensitiser upon visible light excitation and prddumation
depended on electron transfer from triethylamine. As a control, ear@filwithout the
porphyrin unit was synthesised. Photolydis>(495 nm) of21" in THF in the presence of
EtsN yielded no product. Spectroelectrochemistry with UV-vis a&ie showed the
reversible oxidation 016" and17 was based on the porphyrin moiety and occurred at the
same potential as that @ and ZnTPP (380 mV vs. Fc/F¢ in THF). IR detection
indicated that the reduction observed in CV occurred on the rhenium bngysde for
both 16" and 17. The reduction waves were different from the simple modds,
[Re(COX(bpy)Br] and from20. Reduction ofl6" resulted in three new IR bands at 2016,
1914, 1892 cil and was assigned 18", whereas reduction at low temperature (223 K) in
butyronitrile gave bands at 2010, 1903 and 1893 consistent with the radical species
16:. Thus reduction 016" occurred at the Re-(bpy) site whereas reductia?Oafccurred

at the porphyrin. As no ligand substitution occurred without reductionatheat16- was
the species that underwent substitution. On reductidi6ofn the presence of bromide
ions, the 3-Me-pyridine was displaced by bromide and the radicah &ii formed, was
then reoxidised to compourd¥ quantitatively. Analogu@0, without Re was effectively
photoreduced by triethylamine to the porphyrin radical anéx, reiterating that
triethylamine can transfer an electron to the excite@ sththe porphyrin. Intramolecular
electron transfer occurred with a driving force of -0.25 eV @md®.06 eV forl6" and17
respectively. Despite this similarity,7 did not undergo photochemical reduction under
the same conditions d@s6’. It was reduced at more negative potential th&hand an
irreversible reduction wave was observed in THF. It was poskbtisplace an axial
ligand in17 by THF during reduction and subsequent reoxidation gave the cationic THF
complex18’. Thus the introduction of the pyridyl porphyrin into the desigh&finduced

substitution at a remote site as a result of photo-induced electron trdnsfer.
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Complex  Solvent  v(CO) (cni))

16 THF 2031, 1927 (br)
16 PrCN 2010, 1903, 1893
16 THF 2011, 1907, 1893
17 THF 2020, 1920, 1897
17 THF 1998, 1888, 1868
18" THF 2016, 1914, 1892
19 PrCN 2038, ~1835
19 PrCN 2010, 1903(br), 1893(br)
21" THF 2031, 1927(br)
21 THF 2010, 1905, 1892
Table 2 CO stretching frequencies of complexes in photolysis study.

Two types of freebase and zinc tetraaryl porphyrins werédnegisied Z2 and23, Fig. 8),
then mono substituted with tungsten pentacarbeiayh pyridine linker 22-W(CO)s and
23-W(CO)s, Fig. 8)** This series of porphyrins, coordinated to a single metal cgrbon
unit via a pyridyl linker, was used to further investigate interactibesveen the two
chromophores. Complexe& and 25 were used as model systems for comparative
purposes. The UV-vis spectra were dominated by porphyrin transwitimsno shift in
band position observed upon peripheral metallation with W{C&lthough a reduction in
extinction coefficients of the Soret bands occurred. No tungstadlebsorbances were
detected for the porphyrin-W(Cgomplexes. The MLCT bands of bdR-W(CO)s and
23-W(CO)s occurred in the range 390 — 400 nm (by comparison 2dtand 25) and so
were overlapped by the porphyrin Soret. Luminescence studies22-W(CO)s and
H,23-W(CO)s revealed fluorescence spectra typical of freebase porphyirsthe
metalloporphyrin&Zn22-W(CO)s andZn23-W(CO)s demonstrated unusual luminescence
behaviour. The emission profiles recorded immediately after @parwvere typical of
zinc porphyrins with two bands at 605 and 655 nm. Following longer exptsuhe
excitation lamp a new band was observed between the two Q banibemeEs628 nm.

In the case oZn23-W(CO)s in THF, the third band was observed rapidly with excitation
at 435 nm but not observed immediately with 556 nm excitation. Duentidesity and
width of the third band the authors postulated that the extra bandabed from a
porphyrin based transition and tentatively suggested that it rsuttsn photoinduced

electron transfer. Time-resolved emissiag & 355 nm) were carried out dh,22 and
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Zn22, H»22-W(CO)s andZn22-W(CO)s. All four porphyrins displayed(z-n*) excited
state emission and no difference was observed between ld@2andH,22-W(CO)s or
Zn22 and Zn22-W(CO)s. The lifetime of the fluorescence was 22 ns for the freebase
porphyrins and less than 10 ns for the zinc derivatives (width of ttieagon pulse).
Time resolved spectra were in agreement with steady estaigsion spectra in which the
freebase porphyrin exhibited two fluorescence bands at 650 and 720The.zinc
analogues emitted at higher energy each displayed two bacastd) and 650 nm. The
time resolved emission spectrafyf22-W(CO)s differed fromZn22 in that it had a third
emission band at 630 nm, similar to that obtained after slighthpmged exposure to the
excitation source in the steady state fluorimetry. Tinselwed absorbance spectroscopy
was used to probe th¥ér-n*) excited states of,22, Zn22, H,22-W(CO)s and Zn22-
W(CO)s. Both the freebase and metalloporphyrins showed strong trangjeatssfrom

440 toca. 480 nm with maxima at 440 nm for freebase porphyrins and at 46@mm f
metalloporphyrins. The transient spectra were typical of pompfrin*) excited states
and the presence of a W(GOnoiety had no effect on the spectra. Reports in literature
indicate transient absorbance features are obsenczd 440-460 nm anda. 600 nm for
[(4’-X-Py)-W(CO)s] (where X = electron withdrawing group). No transient featires.

600 nm was observed for the porphyrin systems possibly due to thédaett 355 nm
excitation, the porphyrin sub-unit will preferentially excitededsly state photolysis of the
models,24 and25, and porphyrin complexes led to the formation of the same product that
was readily assigned to [W(C&)YHF)] as observed by IR spectroscopy. Photolysis of
H,22-W(CO)s and Zn22-W(CO)s with Aex > 395 nm showed evidence for formation of
the THF adduct. Excitation usirigx > 495 nm prevented photosubstitution as light was
absorbed only by the porphyrin Q bands. As almost all the lightisreKtitation range
(Rex > 395 -kex > 495 nm) was absorbed by the porphyrin the authors postulated that
tungsten based excited states were populated by energy transfer framthgip moiety.

The fluorescence spectra 8h22-W(CO)s and Zn23-W(CO)s which exhibited an extra
emission band also suggested a photochemical process occurredijketgselectron

transfert!
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Figure 8 Tetraaryl porphyrin monosubstituted with tungsten pentacarbonyl

Rhenium(bipyridine)(tricarbonyl)(picoline) units were then Ilinked ¢enily to
tetraphenylmetalloporphyringia an amide bond between the pyridine and one phenyl
substituent of the porphyrin to produce [Re(gPic)Bpy-MTPP][OTf] 6, M = Zn or

Mg, Fig. 9)*? In the ground state UV-vis spectrum, the rhenium appended co@@lex
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showed only small changes the when compared to the uncomplexed porp@ykih«Zn

or Mg, Fig. 7). The MLCT and IL transitions expected around 3%D 300 nm were
masked by the porphyrins transition8lg26 showed a bathochromic shift of all bands in
comparison to th&n26. The IR spectra of both porphyrin complexes displayed two bands
at 2031 and 1927 chin THF. Steady state emission spectroscopy indicated thatrite
and magnesium porphyrins emitted strongly from the first sirgpeited state.Zn26
exhibited two sharp bands at 604 and 655 nm like that of the Re free rdodél,
Emission quantum yield was strongly affected by solvent polastyha solvent polarity
increased the emission intensity 0Mm26 was reduced compared #n20, to 15 % in
toluene, further decreasing to 6.6 % in THF and 4.5 % in PrCN. The rivigiz0
displayed two fluorescence bands at 612 and 665 nm in MeCN, the saith@npasVig26
although the latter showed emission intensity only 2.5 % thistg@0. Such dependence
of quenching behaviour on solvent media is characteristic of electnosfér processes.
Energetic calculations support electron transfer from metalloporphy Re(bpy) as the
most likely quenching mechanism. At low temperature a reduction inchung was

observed, which supported an electron transfer mechanism.

IR spectroelectrochemistry @n26" ([Re(CO)s(Pic)-Bpy-ZnTPP]") in PrCN and THF
was carried out. In PrCN, reduction #h26" resulted in a loss of intensity of the
precursonv(CO) bands at 2035 and 1933 tmnd new bands generated at 2012 and 1928
cm’; the latter a very broad stretch like the corresponding bandeoprércursor. New
bands were assigned to the radical spg&le§CO)s(Pic)-Bpy ™~ -ZnTPP] and showed the
characteristic shift to lower frequency. No significambstitution of picoline with PrCN
was observed. Subsequent irreversible reductioffRef(CO)s(Pic)-Bpy~ -ZnTPP]
produced a mixture of two anionic spec[&e(CO)3(PrCN)-Bpy-ZnTPP]" (major) and
[Re(CO)3;Bpy-ZnTPP]" (minor) characterised by high frequency bands at 1983 and 1948
cm’, respectively, with overlapping broad low frequency bands between 190D84Ad
cm®. In THF, the reduction ofRe(CO)s(Pic)-Bpy-ZnTPP]" was irreversible with the
parentv(CO) bands at 2033 and 1928 trshifting to 2011, 1906 and 1982 ¢nfor the
corresponding radical which gradually underwent solvent exchangeawgitcoline moiety
and produced the catidiRe(CO)3(THF)-Bpy-ZnTPP]* with bands at 2019, 1914 and
1897 cni. Time-resolved visible absorbance (TRVIS) spectroscopy detetntime

transient lifetimes of the rhenium-appended porphyrins which vesheced dramatically
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compared to their rhenium-free counterparts, but possessed idspgc#ial profiles. The
picosecond TRVIS spectrum 86 (M = Zn or Mg) in PrCN strongly resembled those of
20 (M = Zn or Mg) in PrCN which in turn were very similar to thasgeZnTPP and
MgTPP with typical porphyrin & features of strong broad absorbance at 460 nm and
stimulated emission at 610 and 660 nm. However, in harsh contrast\Myg 20,
lifetimes of transient species derived frain\Mg 26 were much shorter, in PrCN decays
with © = 23.7 +0.2 ps Zn26) and 16.7_+0.7 ps Mg26) were observed. The signals
decayed with first order kinetics, which were strongly solvent dep#ndecaying faster

in PrCN than THF. The rate of decay of the transient fkg26 is over two orders of
magnitude greater than thatMfj20. Nanosecond time resolved absorbance spectroscopy
probed the first triplet state of the zinc porphyrins. Excitatiadn®0 andZn26 in THF at
470 nm produced a transient due to theXcited state although the transienZaoP6 had
only 6% of the intensity observed fdn20 and a much longer lifetime. Picosecond TRIR
was used to probe charge or energy transfer in the rhenium porphytis dyae TRIR
spectrum ofMg26 in MeCN, following excitation at 600 nm (Q band region) resulted in
two bleaches, one sharp at 2033'cand one broad @ 1931 cnt, due to depletion of
the ground state on a sub picosecond timescale, bands were at aumanrirthe first
spectrum, delay 1.5 ps (Fig. 10). The bleach recovered completblya Wietime of 34 +

4 ps. Also in the initial spectrum after 1.5 ps were product basdgned to a charge
separated state (CS), at their maximum intensity at 2008 and 19b@vitma positive
shoulder overlapping the bleachcat 2028 cnt. The CS bands closely resembled the one
electron reduced species detected by IR spectroelectro¢chyemiBhese TRIR product
bands decayed with a lifetime of 202+ps, revealing, after 6 ps, a pair of bands at 2023
and 1908 cr, assigned to a hot ground state (HS), which in turn decayed wittimd

of 35 + 8 ps, similar to that of the recovery of the bleach. The @& sthowed
considerable shifts to lower frequency compared to the startatgrial, consistent with
charge transfer from porphyrin to Re(bpy). The TRIR spectrumilgi#6 in PrCN and
following excitation at 560 and 600 nm produced decay kinetics and 3$psltiees
identical to those discussed above. Picosecond TRIR spec26fin PrCN showed
bleaches at 2031 and 1932 tfiormed within 1 ps of excitation (first spectrum after tase
pulse, delay 1 ps) which continued to grow to a maximum edtetO ps and then decayed
with a lifetime of 55 48 ps (Fig. 11). A sharp product band (labelted) was observed

at 2006 crit on the low energy side of the parent bleach after 2 ps withsaciated band

contributing to the broad maximum at 1906 tnirhese bands decayed over 10 ps when a
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new band appeared at 2007 tiand the low energy broad maximum shiftecc#o 1896

cm®. These CS bands reached their maximum at 10 ps and then dectyed raie
constant of 40 ¥4 ps. Product CS bands gave way to a hot species after 40 ps with
maxima shifted to 2021 and 1905 tm The decay of this third species was almost
complete within 100 ps. Thus when the assemblies were extitedgawavelengths in

the region where the porphyrin unit absorbed electron transiar the porphyrin to
rhenium bipyridine occurred on an ultrafast timescale. Thenesgm derivativelig26,
displayed charge separated IR bands within 1.5 ps which decay8dps while for the

zinc analogueZn26, the charge separated IR bands rise over 5 ps and then decayed ovel
40 ps. The charge separated state was descrijpe’g€0)3(Pic)-Bpy  -MTPP'] (M =

Zn or Mg). When the transient state decayed a further stat&dermsfied, characterised

by a reduced low frequency shift of th€CO) bands and assigned to a vibrationally
excited ground state. The assemblies return to the inibahgrstate with a time constant

of 35 — 55 ps. Rapid charge separation and back electron transferedravidechanism

for quenching of the porphyrin emission that was solvent dependant.
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Figure 9 [Re(CQJPic)Bpy-MTPP][OTf],26, M = Zn or Mg.
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Figure 10  TRIR spectra oMg26 in MeCN obsered following 600 nm excitatic

Time delays are in ps and arrows indicate rise anday of transien.*
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Figure 11 TRIR spectra ¢Zn26 in PrCN observed followin560 nm excitation. Time
delays are in ps and arrows indicate rise and desfyansients™
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4.2 Abstract

The aim of this chapter is to investigate the efficiencycafnmunication between a
porphyrin and a metal carbonyl moiety acrassubstituents arranged in an orthogonal
manner at thenesoposition of a porphyrin macrocycle. Photophysical measurements have
been carried out on these systems and are discussed'baldith respect to this study, an
increased understanding of the initial photoprocesses that occur inehediter
excitation of the monopyridyltriphenyl porphyrin metal pentacarbooyhplexes (M = W

or Cr) was sought. TRIR spectroscopy with picosecond resolution shadigrsuch
information. Pyridine-W(CO) s was used as a model compound.

M =H, MPyTPP-Cr(CO)s
M = Zn, ZnMPyTPP-Cr(CO) 5

<\_/ N—W(CO);

M =H, MPyTPP-W(CO)s
M = Zn, ZnMPyTPP-W(CO)

Figure 12 Porphyrin metal pentacarbonyl systems under investigation.

290



The porphyrin metal pentacarbonyl complexes were synthesised phg\aodsexamined
by steady state fluorescence techniques and transient absodpa&utescopy on as
timebase. Only minor perturbations in the absorbance and luminegoepeeties of the
porphyrins resulted from the presence of the metal carbonyl sddbhen compared to the

non-coordinated porphyrin.

Steady state photolysis of the complexes showed that sermitiohthe porphyrin Xex: =

550 nm) resulted in efficient cleavage of the metal pentacarbarigkyn In CO saturated
solution, cleavage of the pyridine N — M bond (M = W or Cr) resuih the formation of
M(CO)s as was evidenced by a new absorbance band at ~ 290 nm. Even taréteda
solutions, cleavage of the N-M bond was observed. For the zinc porphgpectral
changes indicated cleavage of the pyridine N — M bond (M = W pow@&s followed by
coordination of zinc from one porphyrin with a pyridine of another anddton of a zinc
porphyrin polymer. Since the pyridine-M(GOnoiety (M = W or Cr) does not itself
absorb above 480 nm, this would suggest that although the porphyrins retain the
spectroscopic identity upon complexation, there is significant comuatiorncbetween the

two molecular components.

Transient absorbance spectroscopy.(= 532 nm) on aus timebase oZnMPyTPP-
M(CO)s showed population of the excited states associated with the apetalhyrin unit

and not the pyridine-M(C@)moiety. The transient absorbance difference spectrum
possessed spectral features similar to that of the triptde sif the uncomplexed
metalloporphyrinZnTPP. The lifetimes of the triplet excited state were somewhatter

for the metal carbonyl metalloporphyrin (~1%) compared to the uncoordinated
metalloporphyrin (2Qis). Also measurements carried out using various concentrations of
CO confirmed that the lifetime of the triplet state was fawa¢d. The sample underwent
loss of M(CO3 during the experiments as formation of M(@®as confirmed by IR
spectroscopy. Changes observed in the Q band region of the porpbymplex were
attributed to cleavage of the N — M bond (M = W or Cr) and subsequemation of the
zinc porphyrin polymer.
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A comprehensive investigation into the primary photoprocesses that fmilmwing
excitation will be carried out using TRIR spectroscopy. Tletahpentacarbonyl moieties
act as excellent reporter groups for infrared vibrational spsmipy. A wealth of
publications on various substituted pyridine-M(G©@)mplexes exists which should aid in
the identification of transient species and subsequent producttionmaNith the ability
of picosecond techniques, time resolved studies of reaction dynamibe time scale of

solvent motion can be probed.
Time resolved infrared studies allowed the direct observation of phiv®atates, formed

following excitation, through shifts in metal carbonyl absorbanceida The TRIR data

enabled identification of key excited states which are populated following psistol
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4.3 Experimental
4.3.1 Materials

All syntheses were carried out under an atmosphere of argon @gemtusing standard
Schlenk techniques unless otherwise stated. All solvents were suppglithe Aldrich
Chemical Company. Dichloromethane, chloroform, diethyl ether, pentahehexane
were dried over MgS©prior to use. Tetrahydrofuran (THF) was distilled from sodium
metal using benzophenone and used immediately. All organic reagerg¢ purchased
from the Aldrich Chemical Company and used without further punénatinless stated
otherwise. Pyrrole was distilled over KOH under reduced pressime to use. The
hexacarbonyls, W(C@)and Cr(COy were used without further purification. All mobile
phases for column chromatography were dried over Mg8@ silica gel (Merck) was
used as received. All solvents used in TRIR experiments wesgeofroscopic grade and
used without further purification. All solvents were deoxygenategurging with pure

argon or nitrogen for ~10 minutes.

4.3.2 Equipment

NMR spectra were recorded on a Bruker model AC 400 MHz specepraetl Bruker
model ANC 600MHz spectrometer using CRGs solvent. All NMR spectra were
calibrated according to the residual solvent peak, i.e. €BIC1.26 ppm for altH spectra
and 77.16 ppm for aft®C spectra . Chemical shift8)(are given in parts per million
(ppm). Proton coupling constanty @re given in Hertz (Hz). All UV-vis spectra were
measured on an Agilent Technologies 8453 photodiode array spectronietea dscni
quartz cell. IR spectra were recorded on a Perkin-Elmer 2008 Bpectrophotometer (2
cm® resolution) in a 0.1 mm sodium chloride liquid solution cell. Picoseciond t

resolved infra-red spectroscopy was carried out as described previously.

4.3.3 Synthesis

All porphyrins were synthesised as descriBeding an adapted method by Adler et°al.

The pentacarbonyl complexes were synthesised using a method described lejeSttom
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4.3.3.1 5-(4-Pyridyl)-10,15,20-triphenyl porphyrin (MPyTPP)

3 1

A \ propionic

acid

+ HoTPP and four other pyridyl porphyrins depictedigufe 1

The monopyridyltriphenyl porphyrin was prepareid a mixed aldehyde condensation
reaction. Freshly distilled pyrrole (100 mmol, 7.0 ml), benzaldelfyemmol, 8.0 ml)
and 4-pyridine carboxaldehyde (25 mmol, 2.35 ml) were added to 99 % propmdic
(250 ml) and brought to reflux temperature. The acidic solution Waseal to reflux for

2 hrs and gradually turned black. The mixture was allowed to cool acédpin the fridge
overnight. The black solution was filtered and the purple crystatsefd were collected
and washed several times with methanol to give a bright parpstalline solid. This
method typically gave a yield of 2 g of crude product.
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Thin layer chromatography using chloroform : ethanol (98 : 2) aslenpbase indicated
the presence of a mixture of six porphyrins formed during thdiseacThe compounds
formed were 5,10,15,20-tetraphenylporphyrinH,TPP), 5-(4-pyridyl)-10,15,20-
triphenylporphyrin - MPyTPP), cis-5,10-(4-dipyridyl)-15,20-diphenylporphyrin cié-
DPyDPP), trans5,15-(4-dipyridyl)-10,20-diphenylporphyrintrans-DPyDPP), 5,10,15-
(4-pyridyl)-20-phenylporphyrin . TPyMPP) and 5,10,15,20-tetra(4-pyridyl)porphyrin
(TPyP).

The crude porphyrin mixture was purified on a silica gel columhe initial eluent was
chloroform : ethanol (98 : 2) and this eluted the first fraction anmg H,TPP.
Subsequent purifications by column chromatography used a mobile phhsecneasing
polarity (chloroform : ethanol (97 : 3) and chloroform : ethanol (96 ielseparate the
remaining porphyrins. OnlMIPyTPP was required for this study.

'H NMR (400 MHz, CDCJ): 9.04 (2H, d, J = 8 Hz), 8.892H, d, J = 4 Hz), 8.86 (4H, s),
8.80 (2H, dJ = 4 Hz) 8.23 — 8.20 (6H, m), 8.18 (2H, Xz 8 Hz) 7.81 — 7.73 (9H, m), -
2.83 (2H, s) ppmUV-vis (CH,Cl,): 418, 514, 548, 588, 644 nm.

295



4.3.3.2 Zinc(ll) 5-(4-pyridyl)-10,15,20-triphenyl porphyrin (ZnMPyTPP)

ZnMPyTPP was synthesiseda Lindsey’s method for the metallation of porphyrins. The
freebase porphyritMPyTPP, (0.32 mmol, 200 mg) was dissolvedca 50 ml chloroform
and the solution was purged with argon for 10 minutes. An excess oAZ3((®.40
mmol, 73 mg) was first dissolved ra. 5 ml MeOH and then added to the porphyrin
solution. The reaction mixture was allowed to stir overnight at nesnperature under a
nitrogen atmosphere. All solvents were removed under reduced priessung a purple
solid. This solid was dissolved in QEl, and washed successively with 5 % aqueous
NaHCQ;, followed by water. The organic layer was dried over Mg3ad the solvent
removed under reduced pressure. The metalloporphyrin were purifiedolbsnnc
chromatography using silica and neat chloroform as mobile phamgd: Y30 mg, 0.19

mmol, 60 %.

Zinc pyridyl porphyrins aggregate in non-coordinating solvents andaadarker blue
colour compared to the purple colour &iTPP.}” The'H NMR showed evidence of
aggregation.

'H NMR (400 MHz, CDC}): 8.87 — 8.82m, pyrrole), 8.23 — 8.15 (m, pyrrole), 8.15 —
8.09 (m, phenyl) 7.77 — 7.64 (m, phenyl), 4.61 — 4.59 (m, 3,5-pyridyl), 23.58 — 3.56 (m,
2,6-pyridyl) ppm. UV-vis (CH.Cly): 418, 562, 604 nm.
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4.3.3.3 Preparation  of  5-(4-pyridyl)-10,15,20-triphenyl  porphyrin  metal

pentacarbonyl complexes (M = Cr or W)

4.3.3.3.1 5-(4-Pyridyl)-10,15,20-triphenyl porphyrin chromium pentacarbonyl
(MPYTPP-Cr(CO)s)

Cr(CO) dryh¥HF >  Cr(CoxTHF + cd
N>
N,| MPYTPP

Initially chromium hexacarbonyl (0.68 mmol, 150 mg) was photolysdteshly distilled
THF (150 ml) that had been degassed for 15 minutes with nitrogen.solligon was
photolysed with a Hg lamp. The solution was continually purged witbgair and after
about 40 minutes the solution had turned a strong orange colour. Completfmtalysis
and the formation of Cr(C@)HF was determined by IR spectroscopy. Depletion of the
hexacarbonyl peak at 1979 ¢nand formation of the new pentacarbonyl peaks (2072,
1936 and 1893 ci) indicated completion of the reaction. Following this, 5-(4-pyJidy
10,15,20-triphenylporphyrin (0.32 mmol, 200 mg) was added to Cg{I{P) under an

atmosphere of nitrogen and allowed to stir overnight in darkness adeinert
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atmosphere. Removal of the THF was carried out under reduessupe on the rotary
evaporator. The complex was then dissolved in chloroform and puoifieal silica gel
column using chloroform : pentane (90 : 10) as mobile phase. Unreaci@chtionyl
was eluted initially from the column with any further hexacarlbanpurities removed by
sublimation under reduced pressure. The complex was recrgstdilam cold pentane
affording purple crystals. Yield: 163 mg, 0.20 mmol, 63 %. Spectrosdapgcwere in
good agreement with reported d&ta.

'H NMR (400 MHz, CDC}): 9.01 — 8.992H, m), 8.94 — 8.92 (2H, m), 8.86 (4H, s), 8.81
- 8.77 (2H, m), 8.21 (6H, d, = 8 Hz), 8.10 (2H, dJ = 4Hz), 7.87-7.74 (9H, m), -2.83
(2H, s) ppm. IR (CH.Cly): v(CO) 2068, 1935, 1898 ¢hn UV-vis (CH,Cly): 420, 5186,
552, 590, 646 nm.
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4.3.3.3.2 zinc(l)5-(4-pyridyl)-10,15,20-triphenyl porphyrin chromium
pentacarbonyl (ZnMPyTPP-Cr(CO)s)

Cr(CO) dryh¥HF >  Cr(CoxTHF + cd

Ny

N,| ZnMPyTPP

Synthesis ofZnMPyTPP-Cr(CO)s was carried out in the same manner. Chromium
hexacarbonyl (0.45 mmol, 100 mg) a@ddMPyTPP (0.074 mmol, 50 mg) were used.
The complex was purified on a silica gel column using chlorofop@ntane (90 : 10) as
mobile phase. Unreacted hexacarbonyl impurities were removeditidynation under
reduced pressure. The complex was recrystallised from coldneenttording purple
crystals. Yield: 34 mg, 0.039 mmol, 53 %. Spectroscopic data weeonh agreement
with reported dat&’

'H NMR (400 MHz, CDC}): 9.03-9.01(1H, m), 8.98 — 8.95 (4H, m), 8.89 — 8.86 (3H,
m), 8.85 — 8.83 (2H, m), 8.24 — 8.21 (4H, m), 8.12 — 8.07 (4H, m), 7.81 — 7.48 (9H, m)
ppm. IR (CH,CL): v(CO)2069, 1934, 1895 ¢t UV-vis (CH,Cl,): 422, 548, 588 nm.
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4.3.3.3.3 5-(4-Pyridyl)-10,15,20-triphenyl porphyrin tungsten pentacarbonyl
(MPYTPP-W(CO)s)

W(CO hv
) Ty TR W(COXTHF + cd
N,

Synthesis of MPyTPP-W(CO)s was carried out in the same manner. Tungsten
hexacarbonyl (0.43 mmol, 150 mg) and freebase porphiryTPP, (0.32 mmol, 200
mg) were used. Purification on a silica gel column using ofdan : pentane (90 : 10)
followed by sublimation under reduced pressure yielded the porphyrin caomflae
product was recrystallised from cold pentane affording brownish-parptals. Yield:
204 mg, 0.22 mmol, 68 %. Spectroscopic data were in good agreementpatted

data'*

'H NMR (400 MHz, CDC4): 8.91(2H, d,J = 8 Hz), 8.86 (2H, d] = 4 Hz), 8.79 (4H, s),
8.71 (2H, dJ = 4 Hz), 8.14 — 8.12 (6H, m), 8.02 (2H, m), 7.76 — 7.66 (9H, m), -2.83 (2H,
s) ppm. IR (CH,Cl,): v(CO) 2070, 1928, 1896 ¢t UV-vis (CH,Cl): 422, 516, 552,
590, 646 nm.
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4.3.3.34 Zinc(ll) 5-(4-pyridyl)-10,15,20-triphenyl porphyrin tungsten
pentacarbonyl (ZnMPyTPP-W(CO)s)

W(CO hv
) Ty TR W(COXTHF + cd

Ny

No| ZnMPyTPP

Synthesis ofZnMPyTPP-W(CO)s was carried out in the same manner. Tungsten
hexacarbonyl (0.28 mmol, 100 mg) and the zinc porphgmhPyTPP, (0.074 mmol, 50
mg) were used. Purification on a silica gel column using a mph#se of chloroform :
pentane (90 : 10) followed by sublimation at reduced pressure gave pignocomplex.
Recrystallised from cold pentane afforded the product as pinkish-purplalery¥ield: 33

mg, 0.033 mmol, 45 %. Spectroscopic data were in good agreement with reportéd data.

'H NMR (400 MHz, CDCY): 9.02 — 8.975H, m), 8.89 — 8.84 (3H, m), 8.85 — 8.83 (2H,
m), 8.20 — 8.17 (4H, m) 8.10 — 8.05 (4H, m), 7.80 — 7.55 (9H, m) PIRN(CH,CL,):
v(CO) 2071, 1929, 1894 ¢l UV-vis (CH,Cl,): 420, 550, 590 nm.
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4.4 Results

44.1 UV-vis absorbance studies

The UV-vis spectrum opyridine-W(CO)s is displayed in figure 13. Similar to other
pyridine-W(CO} complexes it possesses a LF transition at 382 nm and a MLCT band a
ca 430 nm:?
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Figure 13 UV-vis spectra glyridine-W(CO)s recorded in CHCI,.

Figure 14 displays the UV-vis spectra MPyTPP and ZnMPyTPP. The absorbance
spectra have been reported previodsly.The UV-vis spectrum of the uncomplexed
freebase porphyrirMIPyTPP, is similar to that oH,TPP. It displayed a Soré, .« at 418
with four Q bands in the range 514 — 644 nm (Table 3). The UV-visrapeatf
ZnMPyYTPP is akin to that oZnTPP with a Soret\n.x Observed at 418 nm and two Q
bands at 562 and 604 nm (Table 3). Pyridine is known to coordinate to tddecamdre of

a metalloporphyrin. In this case the N atom of the pyridine woitdinates to the Zn atom

of another porphyrin, leading to formation of a polyrier.
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Figure 14 UV-vis spectra diPyTPP (blue line) andZnMPyTPP polymer (red line)

recorded in CHCI,. Spectra have been normalised at thgi.

Following complexation of the monopyridyltriphenyl porphyrins with G&) and
Cr(CO);, the UV-vis spectra were still dominated by porphyrin trams#iwith only a
slight shift in band position observed (Fig. 15). No tungsten or c¢bhronbased
absorbances were detected for the porphyrin-W{@@Y porphyrin-Cr(CQ)complexes.
The electronic absorbance spectral features of the porphynttsesised in this study are

listed in table 3.

The freebase pyridyl porphyrins complexed with metal pentacaidnyyTPP-W(CO)s
andMPyTPP-Cr(CO)s, possessed an intense Soret band and four Q bands, the Soret banc
red shifted by 2 and 4 nm respectively with a 2 nm red shiftrgbd in all Q bands. No
pyridine-M(CO}; transitions are observed in the porphyrin metal pentacarbonyl exespl
However these transitions may be masked by the intensitye gfdrphyrin Soret band €

40,000 — 80,000 M cm™) compared to that of pyridine-M(CQ{e = ~7,000 M' cm%).

The small but consistent bathochromic shift of the Soret and Q bandatesda weak

electronic interaction between the metal centre and the porphyrin mae®cycl
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Complexation of the zinc porphyrin with the metal pentacarbonyl sngedduced
electronic absorbance spectra that were similar to titaeaincomplexed zinc porphyrins.
However substantial blue shifts were observed in the Q band regigh-ofl6 nm (Table
3). The reason for this large shift in the Q bands (comparée t& hm red shift observed
with freebase analogues) is that the environment ofmasopyridyl group was changed
more dramatically. The N-Zn bond is intrinsically weak armbmplexing ligand such as
M(CO)s breaks the bond. The pyridine ligand of the metalloporphyrin wanger
coordinated to the zinc atom of an adjacent macrocycle but coodlitmtthe metal
pentacarbonyl fragment. Again, the UV-vis spectra are domingtpdrphyrin transitions
and no pyridyl tungsten or pyridyl chromium based absorbances detected in the
porphyrin complexes. As the extinction coefficients of the porphgmenhigher than that
of the free pyridine metal pentacarbonyl, it was expectedthieatungsten (or chromium)

based absorbance would be masked.
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Figure 15 UV-vis spectra dfiPyTPP-Cr(CO)s (blue line) andZnMPyTPP-Cr(CO)s
(red line) recorded in CKCl,. Spectra have been normalised at thgiyx
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Porphyrin SoreAma (nM) Q bands (nm)

MPyTPP 418 514, 548, 588, 644
ZnMPyYTPP polymer 418 562, 604
MPyTPP-W(CO)s 422 516, 552, 590, 646
ZnMPyTPP-W(CO)s 420 548, 588
MPyTPP-Cr(CO)s 420 516, 552, 590, 646
ZnMPyYTPP-Cr(CO)5 422 548, 588
Table 3 Absorbance maxima of freebase and zinc(ll) porphyrins and metal

pentacarbonyl complexes.
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4.4.2 IR studies

The ground state IR spectrummfridine-W(CO) s was reported previousiyand displays
three IR active/(CO) vibrations at 2073, 1935 and 1921 7c(Rig. 16). Pyridine-W(CO)s
possesses agsclocal symmetry and as such displays three IR-aot{@O) vibrations
which correspond to 2Aand E stretching vibratiot8. The infrared spectrum was
dominated by the strong E band. The weak and, attributed to in-phase stretching
vibrations of the fourcis CO ligands, occurred at higher frequency. Thé ¥CO)
vibration, involving mainly theérans CO ligand, was displayed on the lower energy side of
the E band.
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Figure 16 IR spectrum gdyridine-W(CO)s recorded in CHCl..

Complexation of tungsten pentacarbonyl and chromium pentacarbonyl wittytickyl
porphyrins resulted in IR spectra with three similar IR vibret. The IR spectra of the
freebase and zinc(ll) pyridyl porphyrin chromium pentacarb@oyhplexes is shown in

figure 17.
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Figure 17 IR spectra oEZnMPyTPP-Cr(CO)s (blue line) andZnMPyTPP-W(CO)s
(red line) recorded in CKCl,. IR bands have been normalised at their

maxima.

The IR spectroscopic data (metal carbonyl region) for thebdse and zinc
monopyridyltriphenyl porphyrin M(CQ@)complexes are presented in Table 4. The ground
state infrared spectra displayed three bands in the range 2072 - h895 This was
consistent with the local £ symmetry of the pentacarbonyl moiély.As observed for
pyridine-W(CO)s, the largest stretching vibration was the E band, a wedkband
attributed to predominantly in-phase stretching vibrations of thediswarbonyl ligands
was at higher frequencies. The*A(CO) vibration, involving mainly th&rans CO ligand,
was manifested on the low-energy side of the E Bankcording to Kolodziej et & the
spectral data in figure 17 confirms that the metal atom is bautigtnitrogen atom in the
porphyrin complex. No evidence of the disubstituted tetracarbonyl eantple to co-
ordination of two porphyrin moieties to the metal was observed. titariaf the solvent
from THF to dichloromethane to acetonitrile had little effect lom ¢arbonyl stretching

frequencies (less than 2 &n
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Complex v(CO) (cn)
Pyridine-W(CO)s 2073, 1935, 1921

MPYTPP-W(CO)s 2070, 1928, 1896
ZnMPyTPP-W(CO)s 2071, 1930, 1894

MPyTPP-Cr(CO)s 2068, 1935, 1898
ZnMPyTPP-Cr(CO)s 2069, 1936, 1895

Table 4 Carbonyl stretching frequencies of pyridine and porphyrin metal

pentacarbonyl complexes.
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4.4.3 Picosecond time resolved infrared studies

A ps-TRIR investigation opyridine-W(CO) s, and monopyridyltriphenyl porphyrin metal
pentacarbonyls (M = W or Cr) was performed. All of the TRi&l®s reported herein
were conducted in THF solution. Excitation was achieved using slpQlses of 400

and 532 nm radiation, and the resulting spectral changes were atkasthr picosecond

time resolution in the 1800 — 2100 ¢megion.

The TRIR spectrum ofpyridine-W(CO)s in THF was obtained following 400 nm
excitation (Fig. 18). Within 1 ps of the excitation pulse #@0O) bands of the parent
complex at 2069, 1937 and 1924 twere depleted (negative bands in the difference
spectra) and new features were formed at 2074, 1960, 1928 and 1887Q@ver the
subsequent 100 ps these IR stretching vibrations decayed with theraapmee of new
bands at 2074, 1937 and 1887 tnwhich remained on the nanosecond timescale.
Reliable decay kinetics could not be obtained as the bleachesaas@nts overlapped

each other.
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Figure 18 TRIR difference spectra in the delay range 3 — 1000 ps followiigtiexc
of pyridine-W(CO)s in THF following 400 nm excitation.
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The TRIR spectra diPyTPP-W(CO)s in THF was obtained following 400 nm excitation
(Fig. 19). The spectral features were quite different to tiposeiously observed for
pyridine-W(CO)s. Depletion of the parent bands at 2070, 1931 and 1989oceurred
within the laser pulse. Simultaneously, three new bands were produtetizaand 1944
with a third band in the region 2075 - 2065 tmAs the latter band overlapped with the
bleach of the parent material (2070 Bnthe position of the band could not be accurately
determined. Over the subsequent 100 ps these bands decayed with caimplgte
regeneration of the parent species. Very weak bands weratpae2070, 1935 and 1894

cm’ in the spectrum recorded at 1 ns.
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Figure 19 TRIR difference spectra in the delay range 3 — 1000 ps followinatiexc
of MPYyTPP-W(CO)s in THF following 400 nm excitation.
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The TRIR spectra aZnMPyTPP-W(CO)s in THF were obtained following excitation at
400 nm (Fig. 20). Metallation of the porphyrin macrocycle with Appeared to have
little effect on the processes observed inwf@@0) spectral range. Depletion of the parent
carbonyl bands at 2071, 1930 and 1898 @ucurred within the laser pulse (1 ps) with
concomitant generation of positive metal carbonyl bands at 1912 and 194itima
third band in the range 2065 — 2075 tmThe third band overlapped with the parent
bleach and was at the edge of the observation window thus a relsien for the band
could not be obtained. These bands decayed over approximately 100 pk.bakda
were observed in the 1 ns spectrum at 2071, 1940 and 1984vbith indicated that a

minor photoproduct was formedlbeitin very small quantities.
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Figure 20 TRIR difference spectra in the delay range 3 — 1000 ps followinatiexc
of ZnMPyTPP-W(CO)s in THF following 400 nm excitation.
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The TRIR spectrum oMPyTPP-Cr(CO)s in THF was obtained following excitation at
400 nm (Fig. 21). The excited state spectral profile acquiredsimatar to that of the
tungsten system. Bleaching of the parent bands at 2069, 1934 and 19@Asmwbserved
within the laser pulse with product bands simultaneously generat®d &t 1952 ci and

a third in the region of the parent bleach 2064 — 2073 cBecay of the transient species
occurred over approximately 100 ps. However, the chromium system was notrsibleve
as the tungsten analogues and product bands were evident at 1968 and 188&hem
final spectrum (1 ns) with a further IR band possibly where thenpdirleach occurs at
2069 cnt. (Note: the negative band at 2012tand corresponding positive band at 2017

cm* were artefacts in the system as they were present in negative ting)delay
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Figure 21 TRIR difference spectra in the delay range 3 — 1000 ps followiigtiexc
of MPYyTPP-Cr(CO)s in THF following 400 nm excitation.
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The TRIR spectrum oZnMPyTPP-Cr(CO)s in THF was obtained by excitation at 400
nm (Fig. 22). As observed previously for the tungsten analogues,latietalof the
porphyrin macrocycle with zinc caused little change inWl@0O) spectroscopic region of
the chromium pentacarbonyl complex. The TRIR spectra was ¢dasad by negative
bleaching of the ground state carbonyl stretches at 2066, 1935 and 180dbserved in
the first delay taken after the laser pulse (1 ps). Poslismeds were generated
concomitantly at 1954 and 1916 ¢rand again the higher frequency band overlapped with
the parent bleach in the region 2066 — 2076 cnThe transient species decayed over
approximately 100 ps with apparent recovery of the parent bleactwgever the system
was not fully reversible and permanent product bands remained imahsgectrum (1 ns)
at 1952, 1915 and 1873 &m (Note: the negative band at 2012 tand corresponding
positive band at 2017 ¢hwere artefacts in the system as they were present iriveega

time delays.)
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Figure 22 TRIR difference spectra in the delay range 3 — 1000 ps followinatiexc
of ZnMPyTPP-Cr(CO)s in THF following 400 nm excitation.
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The TRIR spectrum oMPyTPP-Cr(CO)s in THF was obtained following excitation at
532 nm (Fig. 23). The spectral features were quite diffecetitdse previously observed
following excitation at 400 nm. Depletion of the parent bands at 2064, 1935 and 1890 cm
was observed within the laser pulse (1 ps) with product bands swenlisly generated at
1952, 1917 and 1895 ¢ Over the subsequent 30 ps these IR bands decayed with the
appearance of new IR bands at 1943, 1903 and 189 which remained on the
nanosecond timescale. (Note: The high frequency band at 206wasnexcluded from

the spectrum as it was at the very edge of the observation wentbweliable information

could not be obtained.)
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Figure 23 TRIR difference spectra in the delay range 3 — 1000 ps followiitgtiexc
of MPYyTPP-Cr(CO)s in THF following 532 nm excitation.
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4.5 Discussion

45.1 Picosecond time resolved infrared studies

Transient visible absorbance spectroscopy is very well suited to study fingromoiety

of the complexes due to the strong excited state absorbanceevéfoiie complexes in
this study benefit from the inclusion of metal carbonyls which ple\a spectroscopic
handle in the infrared through CO-stretching frequencies. Acwgdipicosecond time

resolved infrared spectroscopy is an ideal tool for probing excited states.

The photochemistry of M(C@)YM = Cr, W or Mo) has been extensively studied and their
photochemistry is well documented. Transient visible absorbance shagdieshown that
CO loss occurs in less than 300 fs and that a solvent molecule octhgieacant CO
position in less than 2 B8. Transient IR experiments probing the CO-stretching region of
W(CO)s showed a bleach at 1983 ¢nfollowing irradiation which corresponded to the
depletion of the ground state species and generation of new bands at 19%@&modT
assigned to the photoproduct, W(G@hexanef> Previous experiments have shown that
after CO loss from M(CQ)(M = Cr, W or Mo) the stable photoproduct is not the bare
M(CO)s molecule but a hexa-coordinate species of the form M{E&yent), where a
solvent molecule is weakly bound at the sixth ligand and forms raeigig in relatively

inert solvent<®
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4.5.1.1 Pyridine-W(CO)s

Time resolved infrared studies on picosecond timescalgyndine-W(CO)s in THF
revealed very interesting excited state dynamics. Depletioie ground state metal
carbonyl stretches together with the generation of new IR baswisred within the laser
pulse (initial spectrum taken after 1 ps time delay). ThetnegIR bands in figure 18
were attributed to cleavage of the pyridyl nitrogen — tungsten bGteavage of the N —

W bond has been observed previously and reported to occur on a femtosecoraldfes
To provide assignments for the new IR features observed it issaeges consider all
possible outcomes of the initial solvation. THF has two effedtinding arrangements: a

o bond to one of the H atoms onacoordination to oxygen. Previous studies have shown
that a coordinated alkyl group can be best described as a “t@ad’lithat interacts
weakly with the metal centf@. If a stronger interaction is possible, then rearrangement to
the thermodynamically favoured product will occur. In these studesbands observed at
2074, 1960, 1928 and 1887 ¢ntorrespond to an intermediate formed by a H bond
between the tungsten and the THF as shown in scheme 1. Thisgpeai@earranges in
less than 100 ps to form the more stable @@G)'(O)-THF photoproduct, with IR
stretching vibrations at 2074, 1937 and 1887-cm

Migration of solvated metal pentacarbonyl species (Cr{CO) solvent molecules is
detailed in the literature for solvents other than FRiFFor instance, in pentanol, where
both hydroxyl and alkyl groups were available for coordination to iteevacated by the
photoeliminated carbonyl ligand, migration was observed from the &kyl/droxyl end
of the solvent. The most thermodynamically stable complex involeedimation of the
hydroxyl end of the solvent molecule to the metal carbonyl. Ifititeal solvation
produced intermediates where the alkyl group was coordinated tcetag nrearrangement

or exchange with solvent molecules occurred to form the most stable complex.

The rearrangement observed here is analogous to that previousliedefwor group 6
metal carbonyls in 1-hexanol and 1-hexyheln the case of 1-hexanol, rearrangement
occurred until the metal fragment coordinated to the hydroxyl grodpeoélcohol (from
initially the alkyne end). For Cr(C®)n 1l-hexanol the rearrangement from alkyl to
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hydroxyl was 1.2 ns. In the case of 1-hexyne, rearrangefmentthe alkyl end to &?
interaction with the alkyne occurred in less than 70 ps. The dliifes observed for
Cr(CO) in moving from 1-hexanol to 1-hexyne was attributed to viscositgrdifices in
these two solvents. 1-Hexanol exhibits a viscosity of 6.00 cP, wAhiéxyine has a much
lower viscosity of 0.34 ¢ A more viscous solvent will result in a large rearranggme

time since the local solvent motions are smaller.

In the case of the ps-TRIR studies presented here, the gamrant from the alkyl to
oxygen bonded metal centre occurred over a slightly longer titeestd00 ps. This is
not surprising since the viscosity of THF is 0.46°¢PThe applicability of bulk solvent
viscosity in such type of rearrangements is not without precedembes the changes
observed in the TRIR spectramfridine-W(CO) s are assigned to cleavage of the nitrogen
tungsten bond, followed by formation of a wealbond from the metal to a H of THF.
This species then rearranges in less than 100 ps to forrfWGOJO)-THF. Evidence for
the latter species was observed on the nanosecond timeswhlédeabands observed at
2074, 1937 and 1887 chtompare well to those reported for (G®)n*(O)-THF.

W(co)

H H---W(CO) H O H
\
</ N—W(CO) — % <1PS <100ps
— o migration
\ ) H H H H

Scheme 1 Photoreaction following excitation at 400 npyéine-W(CO)s in THF.
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4.5.1.2 Monopyridyltriphenylporphyrin-W(CO) scomplexes

The photochemistry oMPYyTPP-W(CO)s was quite different from that gbyridine-
W(CO)s. Depletion of the parent bands occurred within the laser pulséhargwith the
generation of positive bands (Table 5). The negative bands irRife spectra are due to
a depletion of the ground state while the positive bands are adsmram excited state
species. This excited state species decays in less than 106ttpglimost complete
regeneration of the parent complex. Weak bands were evident at ~207nt03984
cm’ in the spectrum recorded after 1 ns. These bands comparavitrelthose for
W(CO)(THF), and are therefore attributed to minor quantities of this photoproduct.

Photolysis of the zinc porphyridnMPyTPP-W(CO)s, resulted in excited state dynamics
that were similar to that described for the freebase analoBepletion of the parent IR
bands together with the generation of new bands occurred withiraghe pulse (1 ps)
(Table 5). The new bands are assigned to an excited statertasecies that decays in
less than 100 ps. Minor bands were observed at 1940 and 1984renattributed to
W(CO)(THF), albeit, in small quantities.

Complex v(CO) (crit)

MPyTPP-W(CO)s ~2070, 1931, 1898
MPyTPP-W(CO)s* initial ~ 2075, 1944, 1912
MPyTPP-W(CO)s final ~2070, 1935, 1894
ZnMPyTPP-W(CO)s ~2071, 1930, 1898
ZnMPyTPP-W(CO)s* initial ~2075, 1944, 1912
ZnMPyTPP-W(CO)s final ~2073, 1940, 1984
W(CO)s5(THF) 2075, 1930, 1890

Table 5 Frequencies (¢Hh in the w(CO) region of species involved in

photochemistry of porphyrin pyridyl tungsten pentacarbonyl.
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The transient species generated for both the freebase and dohd pgrphyrin tungsten
pentacarbonyl were attributed to a porphyrin excited state whi&h fermed on a
picosecond timescale. Relaxation of the porphyrin excited &si#s in regeneration of
most of the parent complex, as observed by recovery of the fdeanches and decay of
the transient species, indicating that the pyridyl porphynigsten pentacarbonyl system
underwent a process that was almost fully reversible. Howewermr amounts of
cleavage of the nitrogen — tungsten bond occurred as was evidencedshyatheesidual
peaks at ~ 2070, 1935 and 1894 cdue to the formation of W(CETHF).

Cleavage of the N-W bond is not very efficient following exatatat 400 nm, for the
monopyridyltriphenyl porphyrin W(C@)xomplexes studied which contrasts with quantum
yields reported for pyridine-W(C@) Wrighton et al. studied the photosubstitution
reactivity of a series of substituted pyridine tungsten periiangt complexed®
Photosubstitution of both the pyridine and CO were observed, but the awmaaation is
efficient dissociation of the pyridine moiety following irradatiis into its lowest LF
absorbance band Quantum yields in the range 0.62 — 0.82 have been repwdeddsr
pyridine-W(CO) complexes following 436 nm excitatiof.
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4.5.1.3 Monopyridyltriphenylporphyrin-Cr(CO) scomplexes

The CO-stretch frequencies of the pyridyl porphyrin chromium parttanyl complexes
and transient species generated following photolysis (Table & sliightly shifted to
higher energy when compared to those observed for the tungsten spéaeésis
consistent with previously observed systémsBoth the freebase and zinc analogues,
MPyTPP-Cr(CO)s and ZnMPyTPP-Cr(CO)s, underwent a similar process to the
tungsten porphyrins following 400 nm excitation. Excitation of thelfase derivative
MPyTPP-Cr(CO)s resulted in bleaching of the parent bands with generation of @&eaxc
state transient species within the laser pulse. These IR Haodged over approximately
100 ps, to regenerate the parent complex. The chromium system degepemt to be as
photoreversible as the tungsten systems, as it is obvious frdmahspectrum (1 ns) that
the parent bands do not recover. Also the intensity of the bands assig@gCOJTHF

at ~2071, 1938 and 1968 Znpresent in the final spectrum recorded after 1 ns areegreat
than those observed for the tungsten analogues. A higher quantum greld f
photoprocesses involving chromium carbonyl systems is not without premedn the
literature® A comparable sequence of events was observe@rstPyTPP-Cr(CO) s
following 400 nm excitation.

Complex v(CO) (crit)

MPyTPP-Cr(CO)s 2069, 1934, 1901
MPyTPP-Cr(CO)s* initial ~2072, 1952, 1915
MPyTPP-Cr(CO)s final ~2072, 1938, 1968
ZnMPyYTPP-Cr(CO) 5 ~2066, 1935, 1901
ZnMPyTPP-Cr(CO) s* initial ~2074, 1954, 1916
ZnMPyTPP-Cr(CO)s final ~2072, 1949, 1873
Cr(CO)s(THF) 2071, 1938, 1895

Table 6 Frequencies (¢Hh in the w(CO) region of species involved in

photochemistry of porphyrin pyridyl tungsten pentacarbonyl.
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In addition to studies at 400 nm, the freebase pyridyl porphyrin chnormpantacarbonyl
was also studied at 532 nm. The spectral characteristics il @82 nm excitation were
significantly different to those observed following 400 nm exatati They were in fact
similar to the spectral characteristics observedpfgidine-W(CO) s as opposed to the
porphyrin metal pentacarbonyl systems. Following excitatioMBfyTPP-Cr(CO)s at
532 nm, depletion of the ground state metal carbonyl stretch occurreith Wit laser
pulse (1 ps) together with the generation of positive transient bdindse bands decay in
30 ps with the generation of positive bands that remained on a nanoseceschte. In
this study, the parent band does not recover indicating efficient phmtagke of the
pyridyl nitrogen — chromium bond occurred. The initial bands obsewedspond to the
intermediate formed by a H bond between the chromium pentacarbonthesdlvent,
THF. This species rearranges to form the more stables@@@)(O)THF photoproduct,
with new IR stretching bands growing in after 30 ps. Howevetaogerlap of the parent
bleach and stretching vibrations of the photoproduct accurate banibmodibr the
(CO%Crn(O)THF photoproduct is difficult to determine. Excitation at 532 nm, wher
absorbance by the porphyrin moiety occurs preferentially,ecaafficient photocleavage
of the nitrogen — chromium bond and thus photoejection of the chromiuracpemdnyl
species within 1 ps. Therefore communication between the porpmgiety and the

metal centre must be very efficient at 532 nm.

However it is unexpected that photophysical process would be diffiedowing 400 nm
excitation compared to 532 nm excitation. This is because eanitatiie,c = 400 Nm
populates the Sstate of the porphyrin, which would be expected to lead to efficient
population of the Sstatevia rapid internal conversion. Since the Sate is populated
directly by 532 nm excitation similar behaviour would be expecteto#t excitation

wavelengths.
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For the uncomplexed freebase porphykilRyTPP, excitation atex. = 532 nm resulted in

formation of the g$singlet excited state with a lifetime of 10 ns followed by papoih of
the triplet excited stateia intersystem crossing. The triplet lifetime was measuveloet

30us. A representation of the processes is shown below (Fig. 24).

ISC

MPyTPP

Figure 24 Energy level diagram depicting the photoprocessesRyTPP

following 532 nm excitation.
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Excitation of MPYyTPP-M(CO)5s (M = W or Cr) athexc = 400 nm (Soret band) results in
population of the Sstate of the porphyrin (Fig. 25). Rapid internal conversion leads to
population of the Sexcited state. Intersystem crossing then occurs leadirge tiplet
excited state followed by relaxation to the ground state. v&tgaof the pyridyl N — M

bond (M = W or Cr) does not occur.

= A
|g71\
S
ISC
L
S Y |/
MPyTPP-Cr(CO)5
Figure 25 Energy level diagram depicting the photoprocessed RyTPP-

M(CO)s M = (W or Cr) following 400 nm excitation.

323



Excitation of MPYTPP-Cr(CO)s atiexc = 532 nm (Q band region) results in formation of
the first singlet excited state, the lifetime of which wegsorted as 6 ns, shorter than that of
the uncomplexed porphyrirMPyTPP. Efficient cleavage of the pyridyl nitrogen -
chromium bond takes place on a picosecond timescale leading to iformait
Cr(CO)(THF) which rearranges in the solvent to the most thermodynfynstable form
over 30 ps. The uncomplexed porphyrin in its triplet state, wasqgusyi observed

following cleavage and possessed a lifetime ofi2 (Fig. 26).

s, - Cr(CO)

A <1ps
ISC
Ty
S 1 ] \
MPyTPP-Cr(CO)5
Figure 26 Energy level diagram depicting the photoprocesseslRyTPP-

Cr(CO)s following 532 nm excitation.

Clearly another process occurs following 400 nm excitation that cg@hie the
discrepancy observed in the TRIR data and discussed above. Further investiggtion

these systems is therefore required.
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A plausible schematic representation of the observed photochernsisigpicted below.
Excitation athexc = 532 nm, causes population of the singlet statelyTPP-Cr(CO)s.
Loss of the M(CQ) moiety occurs from this excited state in less than 1 pgseduent
intersystem crossing leads to population of the excited tripd¢¢ ®f the uncomplexed
porphyrin where relaxation to the ground state occurs. The M(@Oigty is efficiently
scavenged by the solvent and forms the CrgCi®)F) adduct.

— _ Sy
O e (D Dpmeem

ISC | -Cr(CO} in<1ps

N| < N THF
\ @4@ ' j
Cr(CO}(THF)

@—@N = MPyTPP

Scheme 2 Plausible schematic diagram of photoprocesses occurring following 532 nm
excitation.

325



4.6 Conclusion

Picosecond TRIR studies were carried outpgndine-W(CO)s and a range of pyridyl
porphyrin metal pentacarbonyl complexes in THF, which allowedh®identification of
intermediate species following photolysis. Excitationpgfidine-W(CO)s at 400 nm
resulted in photodissociation of the metal pentacarbonyl moiety withsequent
coordination to a solvent molecule within 1 ps. Over 100 ps, rearrangefrte initially
formed ¢ H bond between the tungsten pentacarbonyl and THF to the more stable
(CO%Crn(O)THF photoproduct occurred.  This is the first report detailing the
rearrangement of metal pentacarbonyl species in THF solution.

Excitation of all porphyrin complexes at 400 nm resulted in formation of a porgigsed
excited state that decayed in less than 100 ps to regenerptaeheporphyrin complexes.
As TRIR only provides information about the carbonyl moiety, littlermation can be
garnered from this. There is a radial redistribution of edecttensity in the porphyrin
macrocycle which results in less electron density on the rfMtalW or Cr). This results

in less backbonding on the carbonyl ligands thus the observed IR barigs todirtsient
species were at higher energy. For both tungsten and chromiungweslevidence for
both (THF)Cr(COJ9 and (THF)W(COy, were present in the final spectra (1 ns), although
the IR bands were weak.

However excitation oMPyTPP-Cr(CO)s at 532 nm resulted in photodissociation of the
metal pentacarbonyl moiety, with subsequent coordination to a solveatutelithin 1
ps, and rearrangement of the initially formed H bond between the chromium
pentacarbonyl and the THF to the more stable {CA)(O)THF photoproduct. This is

the first report detailing the rearrangement of metal pentacarbonyl spedielF solution.
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Chapter 5

The synthesis and photophysical
properties of a series of
dipyrromethanes, a related
borondifluoride dipyrrin and

bis(dipyrrinato)zinc(ll) complex.

Chapter five commences with a short
literature review on the synthesis and
photophysics of dipyrromethanes and
dipyrrin compounds. The synthesis of a
series of substituted thienyl

dipyrromethanes, related dipyrrin

complexes and corresponding dicobalt
complexes is presented. Preliminary
photophysical measurements are also

discussed.
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5.1 Literature Survey

5.1.1 Dipyrromethanes

Polypyrrolic compounds are of wide interest in various fields adfareh from porphyrin
chemistry to medicin€. Dipyrromethanes occupy a central place in these areas as they are
building blocks for many of the architectures involved. Similar tglpgnins, the bi-
pyrrolic molecules can bear substituents atfih@ mesopositions. In the past a great
number of step wise procedures have been published detailing tiesynof bothp
substituted andnesosubstituted dipyrromethanes. The first synthetic dipyrrbarets
were B substituted which were produced during the late 1960’'s under very harsh
conditions® Subsequent procedures focusechmsosubstituted derivatives and involved
the self-condensation of an appropriate pyrrole carbinol cation precunsi@r acidic
conditions using Montmorillonite cldy or p-toluenesulphonic acil.  One-flask
condensations of pyrrole and the desired aldehyde in various acidifjadiorsolvents
were also reportel. Workup generally involved several steps including column
chromatography. Hammel et al. reported purification by fl@dsilomatography followed

by Kiigelrohr distillatior.

Since then, Lindsey et al. developed the synthesisesbaryl substituted dipyrromethanes
via a more accessible route. Their one flask synthetic method involved the room
temperature reaction of an aldehyde with excess pyrrole. gpremiate aldehyde was
dissolved in a 40 fold excess of pyrrole in the absence of solverthangaction was
catalysed by an acid, e.g. trifluoroacetic acid os.BEL. This method afforded nine

mesosubstituted dipyrromethanes bearing different functional groups (Fig. 1).
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Ar
N | .1 equiv. TFA: Ar=1-9
\\ // ) or BF;.OEt, \_NH  HN—/

Ar
40 : 1
1 2 3 4
CH,
5 6 !
CH;
OCH,Ph OCH,CgFs
CgFsH,C
8 OCH,Ph 9  OCH,C4Fs
Figure 1 Synthesis ofmesesubstituted dipyrromethanewvia Lindsey’s
procedure.

However purification of the product by column chromatography restriapplication of
the synthetic method to small scale production (< 1 g batchegmikation of the crude
reaction mixture revealed three principal reaction produt#:dipyrromethane, 1) o,p-
linked “N-confused” dipyrromethane antlqf tripyrrane (Fig. 2f. An extensive GC-MS
investigation into the reaction parameters was undertaken usiego phenyl
dipyrromethane 1@ to establish what factors affected product composition. Initiall
was noted that the rate of the reaction was rapid. Total consimgdtihe aldehyde was
observed 5 minutes after addition of the acid catalyst. The ewatien of acid catalyst

was examined: increased concentration (0.316 equiv.) resulted gadedrproduction of
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1c, reduced concentration (0.031 equiv.) caused a small incredabeaimd 1c production.
Thus a 0.1 equivalent was selected as an optimal acid concentratem. TRA catalysis
gave significantly lower amounts dib and 1c compared to BFOE%. The pyrrole :
aldehyde ratio was examined from 5 : 1 to 80 : 1 and indicated lhaging the ratio
resulted in a change in product distribution: the higher the ratidigter the yield of
dipyrromethane, consistent with the hypothesis that a high pyrrole : aldettipderevents
polymerisation. Purification by bulb-to-bulb distillation followed Ibgcrystallisation

resulted in analytically pure dipyrromethanes.

- — — \
C%} \_-NH | N
H

la 1b 1c

Figure 2 Products following acid catalysed condensation of benzaldehyde in excess

pyrrole.

However, dipyrromethanes derived from aldehydes bearing sensitiaege substituents
could not be distilled and in such cases column chromatography waseagployed for
purification. Thus further refinement of the solventless synthesis (fig. 1) was
reported'® Altering the pyrrole : aldehyde ratio (25 : 1 to 400 : 1) changedproduct
composition and reaction rate. Increasing excess pyrrole dedreaaction rate as the
acid concentration was reduced. Although increasing the cono@mto acid caused no
significant change in product distribution. Darkening of the reaamixture had been
observed previously and the darkening was attributed to formation anwigc by-
products that could not be identified. A series of Brgnsted and lamidscatalysts were
investigated. The ideal acid should give negligible unreacted adgelayhigh yield of
dipyrromethane and no darkening of reaction medium. Brgnsted acids guoduc
substantial amount of tripyrrane and darkened reaction mixturesis beids gave good
yield of the desired product with little darkening. Ip@hd MgBp produced the best
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results of both product distribution and relative absence of darkeninigeofeaction
mixture. Comparison of Inglwith TFA, revealed TFA catalysed condensations were
faster and gave complete consumption of the aldehyde within 30 mindtésough
another distinction was observed, TFA catalysis gave a dark browa praduct which
required further treatment with charcoal in hot ethanol in additidhe designed workup.
The four step workup devised included: (1) quenching — using excess powadédet] (2)
filtering — recovered acid catalyst and base, (3) removal océssxpyrrole — repeated
distillation enabled recovery of excess pyrrole, and (4) redhgation — afforded

dipyrromethand. (Fig. 1) as white crystals with yields greater than 50 %.

An efficient one — step synthesis of dipyrromethanes in waterlatar reported® The
dropwise addition of pyrrole to an aqueous solution (90 °C) of aldehytle présence of
HCI, followed by 30-45 minutes stirring under an inert atmosphere, gave the corregpondi
dipyrromethane in high yields. The dipyrromethane was releagedthe aqueous layer

as the reaction proceeded thus forcing the reaction to completiompratetting the
product from further reactions. GC-MS indicated that exclusivendton of the
dipyrromethane in the first 30 minutes at 90 °C for all reactio®sly after 3 hours
refluxing were the N-confused dipyrromethane and tripyrraniecteel. This low
production of secondary products along with high vyields and the non-toxic

environmentally friendly solvent make this method quite advantageous.

Cation exchange resirtsave been used to produneesosubstituted dipyrromethanés.
The resins acted as heterogeneous solid acid catalystscahatst of a styrene
divinylbenzene co-polymer matrix with sulphonic acid groups and essth particle can
be viewed as a mini reactor. Cation exchange resin was addeddiut@n of the
substituted aromatic aldehyde and neat excess pyrrole whichqeebtlg afforded the
corresponding dipyrromethanes that were readily crystallisédghn yields (70 — 80 %).
The mechanism of ion exchanger catalysed reactions in a non aquabassrsmilar to
that operating for usual heterogeneous catalysts — adsorptiagesveaction, desorption.
The use of the macroporous cation exchange resin resulted irekeghisty and purity of

product due to trace side reactions.
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A photochemical synthesis of dipyrromethanes was reported by tral® In this
procedure, a mixture of pyrrole and aldehyde (694 : 1) was photolytiea@ 125 W high
pressure Hg arc lamp surrounded by a Pyrex water jacket for 8. hBeported yields for
phenyldipyrromethanel( Fig. 1) and thien-2-yldipyrromethan&0( Scheme 1) were 50
and 59 % respectively. However Lindsey et al. questioned the tyalddi the
photochemical reaction on a number of conditibndllumination by a high pressure
mercury lamp produces a significant amount of heat and the expalnméatmation give
by D’Auria et al. was deemed insufficient to assess thetradiabsorbed by the reaction
mixture as well as the reaction temperature. Lindsey andockevs carried out thermal
condensations of pyrrole and benzaldehyde. Stirring the mixture in the dark at 22 °C for 24
hours in the absence of acid catalyst produced phenyldipyrromethari yield. At 40
°C, yields akin to the deliberately acid catalysed reaction wbtained (56 % after
distillation). Reaction at 90 °C was complete within 90 minutels %206 isolated yield.
Since the formation of dipyrromethane has been shown to occurathgrformation of

the dipyrromethanes by purely photochemical processes has yet to be proven.

Meso thien-2-yl and thien-3-yl dipyrromethane were produsga a modification of
Lindsey’s TFA catalysed condensation from the respective thioph&oseitehyde and
excess pyrrole (Scheme ). Incorporation of a heterocycle (thiophene) in place of the
usual arene group at thmesoposition retains th€Cs symmetry of the molecule and
imparts a third donor atom for metal binding. The geometry of the tmepfeup in
thien-2-yl dipyrromethane was suitable to participate in tripotiNg] type metal
chelation, whereas the geometry of the thien-3-yl analogue doedlowtsuch binding.
Crystal structures of both dipyrromethanes were obtained. Tlag Xtructures confirm

methane angles @h. 111 — 112 ° defining pyramidalisation of thesocarbon.
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Scheme 1 Synthesis of thienyl dipyrromethanes.
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5.1.2 Dipyrrins
Dipyrrins are formally composed of a pyrrole ring and anwdvahe attached to each other
through theo position.*® The acid catalysed condensation of 2-formyl pyrrole with a

pyrrole unsubstituted at the 2’ position produsesounsubstituted dipyrrin (Rxn. 1).

R R

R R R R
IS
HB s

/ \ O + m\ r > R \ R

R / R N\ NH N
N N
R R
R = alkyl substituent 12

Rxn. 1 Synthesis ofmeso unsubstituted dipyrrin, 12, by acid catalysed

condensation.

Mesosubstituted dipyrromethanes can be oxidised to yield dipyrringatbaiften stable in

their freebase form. Oxidation of dipyrromethanes can be aca&maglwith a number of
reagents, the most popular of which are 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) andp-chloranil. Limitations occur when threesosubstituent is an alkyl group or

the dipyrromethane isnesounsubstituted. In these cases consumption of the starting
material without yielding the appropriate product is observed. NKHR spectra of
freebasamesosubstituted dipyrrins demonstrate rapid tautomerisation. Thalsagsing

from the proton bonded to the nitrogen is not always apparent gedesally attributed to

hydrogen bonding with the solvent.

Although freebasenesoaryl dipyrrins can be isolated, by column chromatography and/or
recrystallisation, in most cases they are reaictesitu with a metal salt to form homoleptic
mesoaryl(dipyrrinato)metal complexes or with boron trifluoride diddlyerate to form

borondifluoride dipyrrins.
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5.1.3 Dipyrrinato metal(ll) complexes

In general, following deprotonation, the monoanionic dipyrrinato ligands foentral
homoleptic complexes. Dipyrrins have the propensity to form stetneplexes with
variety of metal ions resulting in bis (dipyrrinato) meta) @i tris (dipyrrinato) metal (111)
complexes, which are ideal for utilisation in supramolecular coordination cingmigtere
have been numerous reports on dipyrrinato complexes with a wideyvafighetals
including, but not limited to Ni(ll}? Cu(ll),*” and zn(I)*®® Historically, dipyrrins
typically contained a full complement afandf substituents around the chromophores.
Though in recent years there has been an increase in publicatiang-umsubstituted

dipyrrinato complexe¥

Dehydrogenation of eso phenyl dipyrromethanel( Fig. 1) with DDQ and subsequent
reaction with copper(ll), nickel(ll) and zinc(ll) yielded the esponding highly coloured
metal chelates (Scheme 3). The UV-vis properties of the metal chelates were styong|
dependent on the central metal. Nickel cheldwsl8 andNi-14, Scheme 2) possessed
very similar absorbance spectra. The phenyl moiety was dapmtety perpendicular to
the plane of the dipyrrin, consequently it was not in full conjugatidh tie pyrrolic
system and substituents on the phenyl group had minimal influence orsyséeem. The
UV-vis spectrum of the zinc chelat&n-14, Scheme 2) was similar to that of the
protonated ligand, with aq.x at 486 nm and less intense transitions in the region 320 —
350 nm, which indicated the absence of any metal-metal interactidresin.x band was
assigned to intraligang-7* transitions and the bands at higher energy were attributed to
charge transfer transitions. The nickel and copper chelalie$3@ndCu-14, Scheme 2),
possessed the same spectral pattern Ayithat 474 nm and 484 nm respectively. These
absorbance properties were similar to relatealkyl substituted metal chelates but
hypsochromically shifted. The stereochemistry of the liganuisnal the central metal was
strongly dependant on the metal type. Crystal structure analfy$is13 revealed the
molecule had Psymmetry, with two equivalent dipyrrin ligands. This endowegd-ax®
passing through the-hydrogens of themesosubstituent, the methine carbons and the
central metal. The N-Ni-N bond angle was 152.5 °© and all folN Nistances were equal
(1.879 A). Both the nickel and copper bis(dipyrrinato)complek&sl 3, Ni-14, Cu-14)
were assigned distorted square planar geometry while thecamplex Zn-14) was

assigned a tetrahedral geometry.
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R
DDQ M(I)acetate N\M/N\
NaBH, MeOH /base ,/~\~ \
\ -
\ NH N
133:R=H,M=Ni
14: R = NG,, M = Ni, Cu, Zn
R
Scheme 2 Synthesis of dipyrrins and bis(dipyrrinato)complexes from dipyrromethanes.

Several methods were examined for the preparation of the dipyhange precursors
fused with a variety of phenylacetylene building blotksSubsequent metallation of the
freebase dipyrromethanes resulted in formation of the tamjpyr(inato)copper(ll)
complexes Qul5 - Cul8, Fig. 3). The complexCul5 was examined by X-ray
crystallography. It displayed a four coordinate distorted squaeaplcoordination
geometry. The four Cu-N bond lengths were in the range 1.942 — 1.951 A. The
phenylacetylene arms lay out of the plane of the dipyrrinatihg groups and were
essentially linear for both ligands attached to the copperecentihe combination of
dipyrrin chelators with phenylacetylene groups provided rich absog chemistry.
Precursor dipyrromethanes D and16 displayed amax at 298 and 302 nm respectively,
attributed tor-n* transitions of the phenylacetylene. A new absorbance band cextred
435 nm was observed for all dipyrrins following oxidation with DDQ, cehiwas
attributed to ther-n* transition of the dipyrrin aromatic system. Additional absorbaates
higher energy (330 — 345 nm) were observed for the uncoordimpaiedsubstituted
phenylacetylene dipyrrins (R £5 and 17) that were not seen for uncoordinatetbta
substituted systems (R #6 and 18), indicating thatmeta substitution on the central
benzene ring disrupted the extended conjugation oft thgstem. In complexeSul5 —
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Cul8the high energy transition became more defined and shifted bathochllgr{850 —
355 nm), and the authors tentatively assigned the absorbance bantldbarge transfer
processes between the system of the dipyrrin groups and the system of the
phenylacetylene moiety. In the absorbance specttaid® — Cul8, the feature associated
solely with the dipyrrint-* transitions Emax = 435 nm) was lost in favour of two new
transitions centred at 468 and 500 nm, the intensities of which difgyedicantly ¢ =
61,700 vs 32,600 M' cm?), that were consistent with similar compounds reported
previously'®?* The fluorescence spectra were obtained and notably onlypate
substituted dipyrromethane$5and17) exhibited significant fluorescence with emission
maxima at 352, 368 and ~460 nm. The two higher energy emission bandseviredato
fluorescence from the extended phenylacetylene moiety. All moadproducts, dipyrrins
and bis(dipyrrinato)copper(ll) complexes were found to be virtually non-fluaresce
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R=15-18

@

»3

Figure 3 Bis(dipyrrinato)copper(ll)complex&s - 18.

En route to producing self assembling triads composed of two porphgndsan
intervening bis(dipyrrinato)metal complex, the synthesis and gpecipic properties of
bis(dipyrrinato)metal(ll) complexes was describ&§, Fig. 5)*> The facile formation of

the complexewia a one flask synthesis involved oxidation of freebase dipyrromethane
with DDQ in the presence of metal acetates, resulted inmbésdphenyl-
dipyrrinato)metal(ll) complexed®, M = Cu, Pd, and Zn). There was a striking difference
in the absorbance spectra of freebase dipyrrins and their bis{dgiyg) metal(ll)
complexes, a change in the broad-band absorbance of the formemortheatense sharp
features of the metallo complexes was observed. The absorbanaaiasidre spectra of

bis(mes@henyldipyrrinato)zinc(ll),Zn19 are shown in figure 4. The absorbance band
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centred at 485 nm arose from ap—5, excited state transitiolf. The fluorescence
spectrum possessed approximate mirror symmetry to the absorbpecteum, with a
Stokes shift of ~660 cth although the vibronic overtone feature was less prominent in the
emission. The fluorescence quantum yield was 0.007 in toluene and 0.002aonibde.
Time resolved absorbance spectroscopy was carried out. In tafimr®e displayed
multicomponent excited-state profiles. A fast phased ps) was attributed to vibrational
cooling in the excited state manifold while a slower componeat 43 ps) reflected
population decay fror@nl19*. The latter phase was accompanied by substantial ground
state recovery, indicative of little formation of longer livednsients such as a triplet
excited state. In benzonitrile, the dynamics were diffeathbugh the authors did state
some uncertainty in the assignments. A fast phaseé (5 ps) associated wiEn19* was
followed by a slower decay phase (~1 ns) that may have develapedhother excited
state (e.g. charge transfer), followed by a substantial contnib(da. 30 %) to a longer

lived state (> 5 ns).
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Figure 4 Absorbance spectrum—€) and fluorescence spectrum (-----) @h19

recorded in toluene at room temperatdfe.

An ensuing study revealed that minor modifications of theso substituents in
bis(dipyrrinato)zinc(ll) complexes transformed the moleculesfrvery weak emitters that
deactivated within 100 ps of photoexcitation to highly fluorescent chromephaith
multi-nanosecond singlet excited state lifetifiesReplacement of phenyl with-tert
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butylphenyl or mesityl groupZ(19, Zn20, Zn21 respectively, Fig. 5), constrained aryl
ring rotation. Only minor changes were observed in the absorbancectehiatics of
Zn19, Zn20 andZn21, with intense absorbance bands=(115,000 M' cm?) in the range
482 — 487 nm. Fluorescence spectrami9, Zn20 andZn21 were approximately mirror
images of the absorbance spectra with a Stokes shift of 660, 580 and 94éspectively.
Notably the Stokes shift aZn20 was reduced compared #n19 (and Zn21), which
reflected less conformational freedom in the ground and/or exdigessdue to steric
hindrance. Complexegn19 andZn21 displayed similar low fluorescence quantum yields
(®s = 0.006 and 0.007 respectively), but compta0 emitted strongly with a ~50 fold
increase ¢; = 0.36). Analogous differences were found for the excited sfatanie as
determined by transient absorbance spectroscopy. A lifetime ©f190ps was obtained
for Zn19 whereas a lifetime of 3 + ns was observed f@n20. The transient absorbance
data revealed significant differences betwgah9 andZn20. At very short times (0.5 ps)
following the laser puls&n19 andZn20 displayed similar transient absorbance difference
spectra that contained bleaching of the ground state bands and etateedtimulated
emission. The initial spectrum of each complex was assigned to that oatiekf&ondon
form of the S excited state that underwent vibrational cooling over®ps and 25 b ps
respectively and formed a relaxed excited state. Theeel& excited state o¥Znl19
subsequently decayed with a 90 ps time constant and the lifetimelomaisated by
internal conversion to the ground state. In contrast, the relaxegcied state oZn20
decayed inca. 3 ns. The decay included repopulation of the ground state but also
formation (~ 30 % yield) of a longer-lived transient state. Thbkaastascribed the long-
lived transient to the lowest triplet excited state. Thus, hiddex&@tion of themesoaryl
rings with respect to the dipyrrin framework (by the nygsnoiety in Zn20 compared to
the phenyl group iZn19 substantially slowed non-radiative relaxation to the ground state.
Consequently the bis(dipyrrinato)zinc(ll) complex was transéarnfrom a weakly
emissive and rapidly deactivating system to a strongly emitomplex with a multi-
nanosecond excited state lifetime.

342



19
M = Zn, Cu, Pd

20
M=7Zn

21
M=2Zn

Figure 5 Bis(dipyrrinato)metal(ll) complexel, 20, 21.
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5.1.4 Borondifluoride dipyrrins

Borondifluoride dipyrrin complexes, boradiazaindacene dygs -difluoroboryl dipyrrins
or 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes are comprised of only myreirdiigand
complexed to a borondifluoride moiety and shall be abbreviated heraaftBODIPY.
This type of dipyrrin complex is the most popular of the dipyramplexes owing to their
applications as biological fluorescent labels, probes and in lagpigations** The basic
spectroscopic characteristics of BODIPY complexes were @weed in chapter 1 and
substantial reviews of these dyes also €XistBriefly, their characteristics include
moderately stronge(= 40,000 — 100,000 Mcm™) and sharp (FWHMa 25 nm) blue-
green absorbance centred around 500 nm, Stokes shifts in the range 500m=" 30 ¢
fluorescence lifetimes afa.5 ns®® The fluorescent properties of BODIPYs can be tuned
preparatively by introduction of functional substituents on the dipyiramework,
replacing themeseCH position with a nitrogen bridge to create azadipyrromethearey

substitution of the fluorine atomi& %’

A series of meso substituted BODIPY dyes were synthesised for inclusion in light
harvesting arrays, however they were found to be only weakly fleemesvhen compared

to a commercially available BODIPY compl&.Commercially available BODIPY dyes
are generally substituted at tieposition of the pyrrole ring2@, Fig. 6). ComplexX23
displayed an absorbangga.x at 516 nm and emission maximum at 535 nm. The quantum
yield for fluorescence was 0.058 in toluene and the singlet exc¢étllgetime consisted

of a fast component (154 ps) attributed to excited state relaxation dynamics foliiduye

a short lifetime of 520 60 ps. This was in contrast to the intense fluorescence of the
commerciap-substituted BODIPY dy&2 (®5 = 0.51,r = 5000_+30 ps).
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22 23

Figure 6 Commercially available BODIPY23) and weakly fluorescent
BODIPY complex23.

Consequently the BODIPY24 — 27 (Fig. 7) were prepared to investigate if modification
of the meso substituent would increase fluorescence yields as was observatefor
bis(dipyrrinato)zinc(ll) complexe€. In all compounds the boron-dipyrrin framework,
which includes both pyrrole rings and the central six memberectantining the boron
atom were essentially planar. One of the most pronounced effaébismesoaryl moiety
was observed in the dihedral angle betweenntlesoaryl ring and the planes defining
various dipyrrin elements. The angle increased from ~60 © anfl fe6@4 and25 where

no steric hindrance for aryl rotation was present, to ~85 © and ~7326 f&nrd27 when
motion was restricted. Regardless of the presence or natthre mesosubstituent all of
the UV-vis ground state absorbance spectra containeg—&s,Stransition with akmax
between 490 — 500 nm and vibronic components spamairgb nm to higher energy. A
parallel transition (§—~Sy) existed in the fluorescence spectra with standard Stokes shift
observed (500 — 900 ¢th Although the substituents on the aryl ring of the BODIPYs had
only modest impact on the absorbance and fluorescence profilesatiime of the aryl

moiety had a profound effect on the fluorescence quantum vyield atichéifef the $

excited state. The fluorescence quantum yield and lifetimeasedein ordeR4 (dy
0.062,7t = 0.45 ns)25 (dy = 0.069,7r = 0.55 ns)26 (P5 = 0.93,7 = 5.8 ns) an@7 (dy

0.93,7 = 6.6 ns). Low emission yield and short excited state lifetiofeained for aryl

substituted complexes without steric hindran2é &nd 25) indicated a facile Sexcited
state non radiative decay that was restricted when stangtraints were impose@g and
27). Transient absorbance data and theoretical calculations shiogvetort excited state
lifetimes resulted from excited state conformational chartbes drove fast internal

conversion to the ground state.
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Figure 7 Borondifluoride dipyrrin complexed - 27.

Compounds containing both a chromophore and a redox group incorporated ingle a sin
molecule have been extensively studied.Four different types of covalently linked
BODIPY-ferrocene conjugate®2§ — 31 Fig. 8) were synthesised following several
different routes’ The compound®8 — 31 exhibit characteristic UV-vis absorbance
spectra with a characteristic strong band in the region 520 — 56@&tmoh corresponded

to the $—S; transition, with a vibronic overtone at higher energy. An ill-definadd a

ca. 400 nm was attributed to thg-SS; transition. For conjugate®8 — 30an additional
broad band was observed in the region 660 — 680 nm. The low energy barssigrasdc

to the intramolecular charge transfer transition, which was wveense for compoung9

that possessed two ferrocenyl moieties. The charge travesfiel was not observed for
compound31 where the conjugation between the BODIPY and ferrocene grasgdess
effective. All compounds showed negligible fluorescence suppoinig photoinduced
electron transfer from the donor ferrocenyl group(s) to the amcéptron-dipyrrin unit.
However fluorescence was restored through preclusion of elecimosfdar from the
ferrocene to the BODIPY moiety. Oxidation of the ferroceng torthe ferricenium ion in
conjugates28 and 29 was achieved by chemical oxidation and changes in both the
absorbance and emission spectra were monitored. \Bemas oxidised, the charge
transfer band at 682 nm in the UV-vis spectrum decreased in igtensitit disappeared
while the $—S; band increased in intensity, broadened and shifted to higher wavelength
with an isobestic point at 640 nm. Concomitantly emission was rdstme a strong
fluorescence band at 612 nm with a shoulder at longer wavelength was observegletA sin
state lifetime of 5.2 ns with a quantum vyield of 0.31 was observe@9%0 Thus by
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oxidation of the ferrocenyl moiety and elimination of the etactiransfer pathway, the
fluorescence of the BODIPY dyes can be “switched on” and blpgynaeduction will

“switch off” fluorescence.

28 29 30 31

Figure 8 BODIPY-ferrocene conjugates, where Fc = ferrocene.

BODIPYs bearing ethynylpyrene units were constructed te@lsy step procedure based
on Pd(0) catalysed coupling reactions resulting in dual dye sys@fn- 34 Fig. 9)>*
Molecular modelling studies and X-ray crystallography indtdbat the pyrene unit was
orthogonal to the borondifluoride dipyrrin unit in compould@s 33 and34. The lowest
energy conformation o33 showed the phenylene and pyrene units were coplanar to each
other but orthogonal to the BODIPY moiety. All compounds exhibitedairabsorbance
spectral characteristics. The absorbance spectrum of modg@oooth35, without a
pyrene moiety, showed a strong-55; (n-*) transition with a\max at 527 nm¢ = 60,000
M™* cm?) attributed to the BODIPY chromophore. The less intense antivedyabroad
absorbance band locatediat 357 nm was ascribed to thg-$S, (z-n*) transition also
located on the BODIPY unit. The higher energy transition,283 nm, was assigned to
the @-n*) transition localised on the phenyl-ethynyl subunit. The inclusioa p¥rene
unit onto the BODIPY framework produced an absorbance spectraleptbfit was
essentially the superposition of the spectra of the individual componEatscompound
32, three bands are clearly observed at 230, 270cand40 nm, in addition to the BF
dipyrrin $—S; (r-n*) and $—S, (r-n*) transitions ath = 528 andca. 370 nm. The
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former bands are assigned #onf) transitions localised on the pyrene unit. The profile of
33 was similar to that 082 except for a broadening of the-£*) transitions associated
with the pyrene chromophores, while the profile3df with two pyrene units, possessed a
set of intense transitions in the rarige 340 — 480 nm. No charge transfer absorbance
bands were evident at long wavelengths. Fluorescence from tBéPBCragment was
apparent in all compounds and the emission profile showed good mirror symmettiyenit
corresponding absorbance band, with small Stokes shiftsaof00 cni observed.
Fluorescence lifetimes of the BODIPY are generally inrttmge 4 — 7 ns. However both
the quantum vyield and fluorescence lifetime38fand 34 were reduced compared 3@.

For the directly linked dual dye32, the fluorescence excitation spectrum matched the
absorbance spectrum exactly. In particular, photons absorbed byréme-fike moiety
subunit were channelled to the Bdfipyrrin unit with high efficiency. No fluorescence
was detected from the pyrene unit in the range 350 — 500 nm. Tlet siilegime and
quantum vyield were calculated to be 140 ns and 0.76 respectively, thugehe pased
excited state irB2 was quenched by at least 100 fold and suggested a rate constant for
energy transfer 082 of > 10°° s*. Both 33 and 34, following direct excitation into the
pyrene based absorbance bands, resulted in very weak fluoresteacd@ — 500 nm
where characteristic emission from ethynylated pyrenwateres is observed. Excitation
spectra recorded for emission from the BODIPY unit were camistith fast energy
transfer from the pyrene fragment. This showed that intraulale energy transfer
occurred with an efficiency of ~95 and 90 % 8®%and34 and energy transfer rates of 3.0

x 10'° s* and 7 x 18 s for the respective compounds were calculated. The authors also
found that the two pyrene subunits34 acted as a single giant chromophores rather than

two separate species.
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33 R = pyrene
35 R =p-tolyl

34

Figure 9 BODIPY-pyrene molecular dyads.

Intense absorbance and emission from singlet states in the visible regifteamdesirable
features for components in larger arrays. The ability to fime texcited state
characteristicsvia minor structural modifications of bis(dipyrrinato)metal(ll)
complexes and BODIPYs increases the number of applications focléisis of

compounds.

349



5.2 Abstract

This chapter serves as a preliminary investigation into thehagis and photophysics of
thienyl dipyrromethanes and dipyrrin complexes. By examinationthef basic
photophysical processes that occur in dipyrromethanes and dipyiting mesothienyl
moiety a greater understanding can be gained as to how these compeyruks included

in larger supramolecular arrays.

The studies available in the literature clearly show that délectronic properties of a
porphyrin macrocycle are greatly altered when six membemnedo aryl groups are
replaced with five membered aromatic heterocytdeDipyrromethanes / dipyrrins are
porphyrinogenic molecules — precursors and side products. A peruda tfetature
revealed that dipyrrin chemistry with five membene@so substituents has remained
largely unexplored® There is however a wealth of information about dipyrrin complexes

mesosubstituted with six membered phenyl ring.

Halper and Cohen investigated the effect of phenylacetylerts rmttached to
dipyrromethanes/dipyrrins at tineesoposition” The combination of the phenylacetylene
groups with the dipyrrin moieties resulted in rich absorbance regeopy for the
compounds. Lindsey et al. reported that restricted rotation ofm#smaryl groups in
BODIPYs and bis(dipyrrinato)metal complexes transformed vemakly emitting
molecules into highly fluorescent chromopha®®. BODIPY-ferrocene conjugates
which contain a redox group incorporated into the molecular frameworkhef
chromophore have been synthesi¥edlhese complexes showed that when the ferrocene
was attached to the molecular framewwoik a mesophenylethynyl moiety there was little

or no communication between the two components. BODIPYs bearing pyngésevere
also investigated: The compounds contained pyrene groups attached to different
positions of the dipyrrin framework. Crystal structures of tledecule that possessed a
mesophenylethynylpyrene group showed that thesophenylethynylpyrene substituents
were coplanar to each other but orthogonal to the dipyrrin framewarlll these cases
the meso phenyl ring is expected to lie in a low energy conformation,idaalised

orthogonal arrangement.
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Studies on porphyrins have showed thagso thienyl substituents lie in a co-planar
arrangement with respect to the porphyrin macrocycle. The cor@eraamgement allows

for overlapping of the twa systems. The changes observed in the spectra of porphyrins
(bathochromically shifted absorbance and emission spectra) atmitattrto both the

conformation which the thienyl groups adopt and the effect of the thiophene itself.

Thus a series of dipyrromethanes were produced. The dipyrramsthare meso
substituted with a thien-2-yl moiety which is substituted at thentbiyl position with
other aryl moieties. A preliminary study of the photophysicthefdipyrromethanes and
dipyrrins will be carried out.
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5.3 Experimental
5.3.1 Materials

All manipulations were carried out under an atmosphere of argontragen using
standard Schlenk techniques. All solvents were supplied by the Rl@iemical
Company. Dichloromethane, chloroform, petroleum ether 40:60, pentatexate were
dried over MgS@ prior to use. Diisopropylamine was distilled over potassiumdxyde
before use. Methanol was distilled over magnesium turnings and ibdfoee use. 5-
Bromo-2-thiophenecarboxaldehyde was purified by distillation usiBgiehi Kugelrohr
apparatus. Pyrrole was distilled over sodium hydroxide using a shbrtdstillation
apparatus prior to use. All other chemicals were obtained conaiferand were used
without further purification. Silica gel (Merck) was used a=ieed. All mobile phases
for column chromatography were dried over MgS§@fore use. The prefac&B-" is
applied to compound codes indicating that these are novel compounds synthesise

throughout this work.

5.3.2 Equipment

'H NMR and™*C NMR were recorded on a Bruker AC 400 spectrometer and Bruk€r A
600 spectrometer in CDEand were calibrated according to the residual solvent peak i.e.
CHCl; at 7.26 ppm for altH spectra and 77.16 ppm for &fC spectra. Chemical shifts
(6) are given in parts per million (ppm). Proton coupling constaitaré given in Hertz
(Hz). Melting points were measured on a Stuart Scientifi® $khelting point apparatus.
IR spectra were recorded on a Perkin-Elmer 2000 FT-IR spectmpbtar (2 crit
resolution) in a 0.1 mm sodium chloride liquid solution cell. All U$-gpectra were
measured on an Agilent Technologies 8453 photodiode array spectronietea uscni
quartz cell. Emission spectra (accurach fim) were recorded at 298 K using a LS50B
luminescence spectrophotometer, equipped with a red sensitive HamR@28 PMT
detector, interfaced with Elonex PC466 employing Perkin-EImewkilLab custom built

software.
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5.3.3 Synthesis

General procedure for synthesis of compoundga the Sonogashira reactiori-

To a flame dried round bottom flask anhydrous triethylamine (~BOwas added and
purged with nitrogen for 10 minutes. The halogenated aryl reactanteded and the
solution was further purged for 5 minutes. A catalytic quantity dfriphenylphosphine)
palladium(ll)chloride, triphenylphosphine and cuprous iodide were added tflagke
followed by an excess of aryl alkyne in quick succession. Taetio;m mixture was
refluxed overnight under an inert atmosphere then allowed to cool. Salvérgxcess
aryl alkyne was removed under reduced pressure. The crude produekinacted from
the oil by adding CbCl, (ca 5 ml) followed by the addition of petroleum ether (or
hexane) ¢a. 25 ml). The solvent was then decanted off. This extraction process
repeated several times until the organic layer remained colourless. The tagars were
combined and dried over magnesium sulphate. The solvent was then renzokadry
evaporation affording a dark residue. The crude product was purifiedoloynn
chromatography as described for each individual compound.

General procedure for the preparation ofmeso substituted dipyrromethanes.

Mesosubstituted dipyrromethanes were prepanada one-step synthetic route similar to
that described by Lindsey et’alPyrrole (25 equivalents) and the appropriate aldehyde (1
equivalent) were added to a dry round bottom flask and degassed tratipeni for 10
minutes. Trifluoroacetic acid (0.1 equivalents) was then added asdlthen stirred for

5 minutes under an inert atmosphere at room temperature and then queiticled M
NaOH. Ethyl acetate was added and the organic phase was washedter and dried
over magnesium sulphate. The solvent was removed under reducedeptesaitord an

oil. The crude product was purified using a Kigelrohr or by columontitography to

give the pure dipyrromethane as a solid.
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5.3.3.1 5-(Naphthalenylethynyl)thiophene-2-carboxaldehyde (NB-A8)

WA

O 6 % Pd(PPY,Cl, \ EtN,A, N>

6 % Cul
— - s /|-|
E\ /i =W\

12 % PPh
5-(Naphthalenylethynyl)thiophene-2-carboxaldehyde was prepaedhe Sonogashira

reaction. 5-Bromo-2-thiophenecarboxaldehyde (2.0 mmol, 0.12 ml),
bis(triphenylphosphine)palladium(il)chloride  (0.06 mmol, 42 mg, 6 %),
triphenylphosphine (0.12 mmol, 31 mg, 12 %), cuprous iodide (0.06 mmol, 11 mg, 6 %)
and 1-ethynylnaphthalene (1.25 mmol, 0.18 ml) were used. The crude tpreasic
purified by column chromatography using silica gel and a mobile pbhseH.Cl, :
petroleum ether 40:60 (50 : 50) which afforded a yellow solid. Yield:ni®20.73 mmol,

73 %.

'H NMR (400 MHz, CDC}): 9.91 (1H, s), 8.33 (1H, d,= 8.4 Hz), 7.90 (2H, t) = 7.6

Hz), 7.80-7.78 (1H, m), 7.73 (1H, d,= 4 Hz), 7.66-7.61 (1H, m), 7.59-7.54 (1H, m),
7.51-7.47 (1H, m), 7.43 (1H, d,= 4 Hz) ppm. °C NMR (100 MHz, CDC}): 182.45,
143.99, 136.17, 133.16, 132.97, 132.93, 132.56, 131.05, 130.01, 128.51, 127.27, 126.7¢
125.86, 125.29, 119.48, 96.28, 86.67 pgR.(CH.Cl,): (C=C) 2204 crif. m.p.: 85-86 °C
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5.3.3.2 5-(Phenanthren-9-ylethynyl)thiophene-2-carboxaldehyde (NB-A9)

EtsN, A, IN

6 % Pd(PPH,Cl,

6 % Cul

12 % PPR Q H

5-(Phenanthren-9-ylethynyl)thiophene-2-carboxaldehyde was pregarée Sonogashira
method. 5-Bromo-2-thiophenecarboxaldehyde (2.0 mmol, 0.12 ml),
bis(triphenylphosphine)palladium(il)chloride  (0.06 mmol, 42 mg, 6 %),
triphenylphosphine (0.12 mmol, 31 mg, 12 %), cuprous iodide (0.06 mmol, 11 mg, 6 %)
and 9-ethynylphenanthrene (1.25 mmol, 253 mg) were used. The crude preduct w
purified by column chromatography using silica gel and@H: hexane (45 : 55) which
afforded a yellow solid. Yield: 256 mg, 0.82 mmol, 82 %.

'H NMR (400 MHz, CDC}): 9.90 (1H, s), 8.72-8.69 (1H, m), 8.67 (1HJ& 8 Hz), 8.43-

8.40 (1H, m), 8.12 (1H, s), 7.89 (1H,H= 8 Hz), 7.74-7.68 (4H, m), 7.62 (1HJt= 7.4

Hz), 7.44 (1H, dJ = 3.6 Hz) ppm.**C NMR (100 MHz, CDC}): 182.46, 144.04, 136.17,
132.92, 132.66, 130.97, 128.88, 128.15, 127.42, 127.36, 127.21, 126.65, 122.96, 122.77
118.32, 96.49, 86.30 ppniR (CH,Cl,): 2198 (GC) cmi*. m.p.: 173-174 °C
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5.3.3.3 1-Trimethylsilylethynylpyrene

% 12 % Pd(PP§),Cl, ‘
12 % Cul
24 % PPh = TMS
Br + H———TMS — -
(i-Pry))NH

Ar, 60°C
24 hrs

\

1-Trimethylsilylethynylpyrene was preparei the Sonogashira reaction. 1-Bromopyrene
(1.06 mmol, 300 mg), bis(triphenylphosphine) palladium(ll)chloride (0.13 mmom@1

12 %), triphenylphosphine (0.25 mmol, 65 mg, 24 %), cuprous iodide (0.13 mmol, 24 mg,
12 %) and trimethylsilylacetylene (2.10 mmol, 0.29 ml) were used. sbhdion was
heated to 60 °C and stirred overnight under an inert atmosphere. [Meté Ehe volatile
nature of the TMSacetylene the flow of nitrogen should be suttigidowered for the
course of the reaction.] The crude product was purified by coluneametiography using
silica gel and petroleum ether 40:60 (100 %) as mobile phase whictieaffa pale yellow
solid. Yield: 177 mg, 0.59 mmol, 56 %. Spectroscopic data were in goodregrewith

reported dat&rror! Bookmark not defined.

'H NMR (400 MHz, CDC})): 8.56 (d, 1H,J = 8.8 Hz), 8.23-7.99 (m, 8H), 0.39 (s, 9H)
ppm. m.p.:102 - 103 °C
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5.3.3.4 1-Ethynylpyrene

1-Ethynylpyrene was prepared by deprotection reaction as legdoy Austin et at’
Trimethylsilylethynylpyrene (2.01 mmol, 600 mg) was dissolved inndeyhanol (~15 ml)
and a small amount of dry GEl, (~3 ml) to aid dissolution. £CO); (0.20 mmol, 28 mg)
was added and the solution was stirred for 3 hours during which teneaen coloured
precipitate formed. The solvent was removed under reduced presslithe resulting
cream solid was dissolved in @, (~60 ml) and washed with aliquots of 5 % NaHCO
(4 x 25 ml). The organic phase was extracted, dried over gB8@solvent removeda
rotary evaporation affording a beige solid. Yield: 403 mg, 1.78 mmol, 88 %
Spectroscopic data were in good agreement with reportecEdatd. Bookmark not
defined.

'H NMR (400 MHz, CDCJ): 8.72 (d, 1H,] = 8.8 Hz), 8.29-8.23 (m, 4H), 8.17-8.14 (m,
2H), 8.10-8.05 (m, 2H), 3.65 (s, 1H) ppm.p.; 100 - 101 °C
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5.3.3.5 5-(Pyrenylethynyl)thiophene-2-carboxaldehyde (NB-A10)

"\ /7 Q
(i- PrZ)NH

Pd(PPB)zCIZ Q
<

_/— \J <\O

5-(Pyrenylethynyl)thiophene-2-carboxaldehyde was prepaeetthe Sonogashira reaction.
Diisopropyamine (20 ml), 1-ethynylpyrene (1.0 mmol, 226 mg), bis(tnplp@osphine)
palladium(ll)chloride (0.06 mmol, 42 mg, 6 %), triphenylphosphine (0.12 mmol, &1 m

12 %), cuprous iodide (0.06 mmol, 11 mg, 6 %) and 5-bromo-2-thiophenecarboxaldehyde
(2.0 mmol, 0.12 ml) were used. The reaction mixture was stirresigh€runder an inert
atmosphere. The crude product was purified by column chromatograpbyicangel

using CHCI, : pentane (70 : 30) as mobile phase which afforded a yellow-osaiige

Yield: 282 mg, 0.84 mmol, 84 %.

'H NMR (400 MHz, CDC}): 9.92 (1H, s), 8.54 (1H, d = 8.8 Hz), 8.26-8.03 (8H, m),

7.74 (1H, dJ = 4 Hz), 7.47 (1H, d) = 4 Hz) ppm.**C NMR (100 MHz, CDC}): 183.04,
133.13, 132.51, 132.10, 132.06, 131.18, 130.96, 129.67, 128.93, 128.85, 127.22, 126.4¢
126.09, 126.04, 125.09, 124.61, 124.41 96.45, 81.77 pRn{CH,Cl,): (C=C) 2197 cni.

m.p.: 122-123 °C.
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5.3.3.6 5-(Ferrocenylethynyl)thiophene-2-carboxaldehyde (NB-A11)

@ >
S0
Fe \ / @)
6 % Pd(PPE,Cl,™\_Et3N, A, N,
6 % Cul
H

12 % PPh s
=
N

5-(Ferrocenylethynyl)-2-thiophenecarboxaldehyde was preparadthe Sonogashira
reaction. 5-Bromo-2-thiophenecarboxaldehyde (1 mmol, 0.12 ml),
bis(triphenylphosphine)palladium(ll)chloride  (0.06 mmol, 42 mg, 6 %),
triphenylphosphine (0.12 mmol, 31 mg, 12 %), cuprous iodide (0.06 mmol, 11 mg, 6 %)
and ethynylferrocene (1.25 mmol, 263 mg) were used. The crude pveakigurified by
column chromatography using silica gel and,CH : petroleum ether 40:60 (50 : 50)
which afforded a red solid. Yield: 273 mg, 0.73 mmol, 73 %.

'H NMR (400 MHz, CDCJ): 9.85 (1H, s), 7.64 (1H, d,= 4 Hz), 7.22 (1H, d) = 4 Hz),
4.62-4.58 (2H, m), 4.38-4.34 (2H, m), 4.31 (5H, s) ppliC NMR (100 MHz, CDCY):
182.38, 142.92, 136.35, 134.02, 131.64, 98.67, 78.54, 71.73, 70.22, 69.69 |Rom.
(CH,Cl,): (C=C) 2209 cnit. m.p.; 157-158 °C.
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5.3.3.7Meso (phenyl)dipyrromethane (Ph-DPM)

H H)_Q 0.1 equiv. TFA
+ >
(S

Meso (phenyl)dipyrromethane was prepargd a procedure described by Lindsey et al.
Pyrrole (125 mmol, 8.67 mmol), benzaldehyde (5 mmol, 0.51 ml) and trifluetroaxid

(0.5 mmol, 0.04 ml) were used. The crude product was purified by column
chromatography using silica gel and neat,Cklas mobile phase which afforded an off-

white solid. Yield: 0.37 g, 1.66 mmol, 33 %. Spectroscopic data wer@oith @greement
with reported data.

'H NMR (400 MHz, CDC}): 7.90 (2H, br s), 7.35-7.18 (5H, m), 6.71-6.67 (2H, m), 6.19-
6.16 (2H, m), 5.93-5.91 (2H, m), 5.47 (1H, s) ppm.p.: 98 — 99 °C.
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5.3.3.8 Meso (mesityl)dipyrromethane (Ms-DPM)

H
N N 0.1 equiv. TFA
\ / 4 g

Meso (mesityl)dipyrromethane was prepareid a procedure described by Lindsey et al.
Pyrrole (125 mmol, 8.67 ml), mesitylaldehyde (5 mmol, 0.74 ml) afiddroacetic acid
(0.5 mmol, 38ul) were used. The crude product was purified by using a Kilge(d70
°C, 0.04 mm Hg) which afforded a yellow solid. Yield: 0.35 g, 1.32 m@6l%.

Spectroscopic data were in good agreement with reported data.

'H NMR (400 MHz, CDCJ): 7.94 (2H, br s), 6.86 (2H, s), 6.67-6.65 (2H, m), 6.18-6.16
(2H, m), 6.01-5.99 (2H, m), 5.92 (1H, s), 2.27 (3H, s), 2.05 (6H, s) ppm.: 174 - 175
°C
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5.3.3.9Meso (thien-2-yl)dipyrromethane (NB-DPM-1)

H 0.1 equiv. TFA

Meso(thien-2-yl)dipyrromethane was prepared according to the methoded gy Maiti

et al’* Pyrrole (64.9 mmol, 4.5 ml) and 2-thiophenecarboxaldehyde (10.7 mmd), 1 m
were added to a round bottom flask and purged with argon for 10 minuiésordacetic
acid (1.1 mmol, 84ul) was added and the solution was stirred for 30 minutes. Théoreact
was quenched with a molar excess of triethylamine (~1 mi)aeed into ethyl acetate,
washed with water and dried over MgS{EXxcess pyrrole and solvent was removed under
reduced pressure resulting in red oil. The crude product was epufdy column
chromatography on silica gel using &, : Pet. Ether 40:60 (40 : 60) as mobile phase
affording a pale yellow solid. Yield: 0.94 g, 4.11 mmol, 38 %. Spedpsdata were in
good agreement with reported datd?

'H NMR (400 MHz, CDC}): 7.99 (1H, br s), 7.23-7.22 (1H, m), 6.97-6.95 (1H, m), 6.90-
6.89 (1H, m), 6.70-6.68 (2H, m), 6.19-6.17 (2H, m), 6.06-6.04 (2H, m), 5.57 (1H, s) ppm.
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5.3.3.10 Meso (5-bromothien-2-yl)dipyrromethane (NB-DPM-2)

H+\S\Br
DAVaw

Meso (5-bromothien-2-yl)dipyrromethane was prepared according to thieocheeported

by Maiti et al** Pyrrole (6 mmol, 0.41 ml), 5-bromothiophene-2-carboxaldehyde (1 mmol,
12 ml) and trifluoroacetic acid (0.2 mmol, 1% were used. The crude product was
purified by column chromatography on silica gel usingClHl: Pet. Ether 40:60 (50 : 50)
as mobile phase which afforded a pale yellow solid. Yield: 204 mg, 0.34 mmol, 34 %

'H NMR (400 MHz, CDCY): 7.98 (2H, br s), 6.89 (1H, d,= 3.6 Hz), 6.72-6.69 (2H, m),
6.63 (1H, d,J = 3.6 Hz), 6.18-6.16 (2H, m), 6.06-6.05 (2H, m), 5.65 (1H, s) ppm.
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5.3.3.11 Meso (5-(trimethylsilylethynyl)thien-2-yl)dipyrromethane

(NB-DPM-3)
N
7
) ]
_ HN
4 0.1 equiv. TFA S

,HN \\—//:TMS

H\ S
—TMS
/W,

Meso (5-(trimethylsilylethynyl)thien-2-yl)dipyrromethane wasepared via Lindsey’s
synthetic method. Pyrrole (12 mmol, 0.83 ml), 5-trimethylsilyleyy

thiophenecarboxaldehyde (0.48 mmol, 100 mg) and trifluoroacetic acid (0.@5 #hpt)

were used. The crude product was purified by column chromatography usiagsilend
CH.Cl; : E&N (99 : 1) as mobile phase which afforded a brownish yellow soligldY42
mg, 0.13 mmol, 27 %.

'H NMR (400 MHz, CDCJ): 7.89 (2H, br s), 7.11 (1H, d,= 3.6 Hz), 6.74 (1H, dd] =

2.8, 1.2 Hz), 6.69-6.67 (2H, m), 6.30-6.28 (2H, m), 6.08-6.05 (2H, m), 5.64 (1H, s) 0.26
(9H, s) ppm.

364



5.3.3.12 Meso (5-ethynylthien-2-yl)dipyrromethane (NB-DPM-4)

9

HN S

Meso (5-ethynylthien-2-yl)dipyrromethane was prepared by a deprotectaction as
described in literatur&. Meso (5-(trimethylsilylethynyl)thien-2-yl)dipyrromethane (0.23
mmol, 75 mg) was added to dry methanol (~15 ml) along with anhy#gi@O); (0.05
mmol, 6 mg) and the reaction mixture allowed to stir overnight underest atmosphere.
The solvent was removed under reduced pressure. The crude product waediss
CH.Cl, and washed with aliquots of 5 % NaHE@ x 50 ml). The organic phase was
extracted and dried over Mg®O Removal of solvent under reduced pressure which

afforded a light brown solid. Yield: 41 mg, 0.16 mmol, 71 %

'H NMR (400 MHz, CDCJ): 8.02 (2H, br s), 7.11 (1H, d,= 3.6 Hz), 6.74-6.73 (1H, m),
6.71-6.69 (2H, m), 6.16 (2H, m), 6.06-6.03 (2H, m), 5.68 (1H, s) 3.32 (1H, s) ppm.
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5.3.3.13 Meso (5-(phenylethynyl)-thien-2-yl)dipyrromethane (NB-DPM-5)

Meso (5-(phenylethynyl)thien-2-yl)dipyrromethane was prepaved Lindsey’s method.
Pyrrole (26.5 mmol, 1.9 ml), 5-(phenylethynyl)-2-thiophenecarboxaldehyde nodl,
225 mg) and trifluoroacetic acid (0.11 mmopl)8were used. The crude product was
purified by column chromatography on silica gel usingClyi: EN (99 : 1) as mobile
phase which afforded a yellowish brown solid. Yield: 149 mg, 0.45 mmol, 43 %.

'H NMR (400 MHz, CDC)): 8.03 (2H, br s), 7.50-7.47 (2H, m), 7.35-7.33 (3H, m), 7.13
(1H, d,J = 3.6 Hz), 6.78 (1H, dJ = 3.6 Hz), 6.71-6.70 (2H, m), 6.19-6.15 (2H, m), 6.08
(2H, m), 5.69 (1H, s) ppm™>C NMR (100 MHz, CDC}): 146.85, 130.71, 130.58, 130.33,
130.30, 127.34, 124.58, 121.82, 121.35, 116.67, 107.48, 107.03, 106.24, 92.10, 81.67 ppn
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5.3.3.14 Meso 5-(naphthalenylethynyl)thien-2yl)dipyrromethane
(NB-DPM-6)

Meso 5-(naphthalenylethynyl)thien-2-yl)dipyrromethane was prepavéal Lindsey’s
method. Pyrrole (19 mmol, 1.32 ml), 5-(naphthaleneylethynyl)-2-
thiophenecarboxaldehyde (0.76 mmol, 200 mg) and trifluoroacetic acid (0.0@5 6l

were used. The crude product was purified by column chromatography usiagsilend
CH.Cl; : EtN (99 : 1) as mobile phase which afforded a dark solid. Yield: 89 mg, 0.24

mmol, 31 %.

'H NMR (400 MHz, CDCY): 8.32 (1H, d,J = 8.4 Hz), 8.11 (2H, br s), 7.83 (2H,Jt= 8.6
Hz), 7.69 (1H, m), 7.59-7.51 (2H, m), 7.43 (1HJt 8.4 Hz), 7.22 (1H, d] = 4 Hz),
6.85-6.83 (1H, m), 6.74-6.72 (2H, m), 6.19-6.17 (2H, m), 6.10-6.09 (2H, m), 5.73 (1H, s)

ppm.
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5.3.3.15 Meso (5-(phenanthren-9-ylethynyl)-thien-2-yl)dipyrromethane
(NB-DPM-7)

0.1 equiv. TFA

2
w— T\
8 -

Meso (5-(phenanthren-9-ylethynyl)thien-2-yl)dipyrromethane was prepaigedindsey’s
method. Pyrrole (8.80 mmol, 0.61 ml), 5-(phenanthren-9-ylethynyl)thiophene-2-
carboxaldehyde (0.35 mmol, 110 mg) and trifluoroacetic acid (0.035 mmal))2nere
used. The crude product was purified by column chromatography ubgaggel and
CH.CI, : EGN (99 : 1) as mobile phase which afforded a dark yellowish soli@ldY86

mg, 0.08 mmol, 24 %.

'H NMR (400 MHz, CDC}): 8.73-8.66 (2H, m), 8.43-8.40 (1H, m), 8.12 (1H, s), 7.90-
7.88 (1H, m), 7.73-7.67 (5H, m), 7.44 (1HJd& 4 Hz), 6.75-6.73 (2H, m), 6.21-6.18 (2H,
m), 6.12-6.09 (2H, m), 5.76 (1H, s) ppm.
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5.3.3.16 Meso (5-(pyrenylethynylthien-2-yl)dipyrromethane (NB-DPM-8)

S

H\ o —
I

& O

0.1equm\ HN// _

ZT +

Meso (5-(pyrenylethynyl)-thien-2-yl)dipyrromethane was prepgareaccording via
Lindsey’s method. Pyrrole (37 mmol, 2.58 ml), 5-(pyrenylethyhidjihene-2-
carboxaldehyde (1.5 mmol, 500 mg) and trifluoroacetic acid (0.15 mmal) ¥&re used.
The crude product was purified by column chromatography on silicasgeg CHCI, :
EtN (99 : 1) as mobile phase which afforded a brownish yellow soligldY142 mg,

0.31 mmol, 21 %

'H NMR (400 MHz, CDC}): 8.55 (1H, d,J = 8.8 Hz), 8.24-8.01 (10H, m), 7.29 (1H,X,
= 3.6 Hz), 6.87 (1H, m), 6.76-6.74 (2H, m), 6.22-6.19 (2H, m), 6.13-6.11 (2H, m), 5.78

(1H, m) ppm.
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5.3.3.17 Meso (5-(ferrocenylethynyl)thien-2-yl)dipyrromethane
(NB-DPM-9)

H
N
\/
H < N 0.1 equiv. TFA  HN
o; \:/ Fe H

<=

Meso (5-(ferrocenylethynyl)thien-2-yl)dipyrromethane was preparvia Lindsey’'s
method. Pyrrole (30 mmol, 2.08 ml), 5-(ferrocenylethynyl)thiophened2ozaldehyde
(2.2 mmol, 387 mg) and trifluoroacetic acid (0.12 mmollPwere used. The crude
product was purified by column chromatography on silica gel usigCGHE®BN (99 : 1)
as mobile phase which afforded a reddish solid. Yield: 148 mg, 0.41 mmol, 34 %.

'H NMR (400 MHz, CDC}): 8.00 (1H, br s), 7.05 (1H, d,= 3.6 Hz), 6.76-6.74 (1H, m),
6.72-6.70 (2H, m), 6.19-6.17 (2H, m), 6.08-6.06 (2H, m), 5.69 (1H, s), 4.47-4.46 (2H, m),
4.25-4.24 (2H, m), 4.23 (5H, s) ppm.

370



5.3.3.18 Meso (5-(phenylethynyl)thien-2-yl)dipyrromethane dicobalt
hexacarbonyl (NB-DPM-5-C02(CO}))

Molar equivalents ofmeso(5-(phenylethynyl)thien-2-yl)dipyrromethane (0.21 mmol, 68
mg) and dicobalt octacarbonyl (0.21 mmol, 70 mg) were added to nitroggedpuexane

(25 ml) with CHCI, (~1 ml) added subsequently to aid dissolution of the dipyrromethane.
The reaction mixture was allowed to stir overnight under a nitrogen atmospheredcove
tinfoil. The solvent was removed under reduced pressure resultiagpiown residue.
The crude product was purified by column chromatography on sillazsgg neat hexane
followed by CHCI, : hexane (75 : 25) affording a brown solid. Yield 138 mg, 0.23 mmol,
75 %.

'H NMR (400 MHz, CDC4): 8.08 (2H, br s), 7.66-7.64 (2H, m), 7.39-7.34 (3H, m), 7.19

(1H, d,J = 4 Hz), 6.78 (1H, d] = 4 Hz), 6.74-6.73 (2H, m), 6.19-6.17 (2H, m), 6.09-6.08
(2H, m), 5.69 (1H, s) ppmIR (CH,Cl,): v(CO) 2091, 2057, 2030 ¢hn

371



5.3.3.19 Meso (5-(naphthalenylethynyl)thien-2-yl)dipyrromethane dicobalt
hexacarbonyl (NB-DPM-6-Cg(CO)e)

a .
T\ o™
\\

Meso(5-(naphthalenylethynyl)thien-2-yl)dipyrromethane (0.13 mmol, 50 angd)dicobalt
octacarbonyl (0.18 mmol, 62 mg) were added to nitrogen purged hexane )(2&tml
CHXCIl, (=1 ml). The reaction mixture was allowed to stir overnight urate inert
atmosphere in the dark. The solvent was removed by rotary evapoestitimg in a dark
brown residue. The crude product was purified by column chromatogien silica gel
using CHCI, : petroleum ether 40:60 (30 : 70) as mobile phase which afforded a brown
solid. Yield: 75 mg, 0.11 mmol, 86 %.

'H NMR (400 MHz, CDCY): 8.02-7.99 (5H, m), 7.54-7.48 (2H, m), 7.44-7.39 (1H, m),

7.08 (1H, dJ = 4 Hz), 6.76 (1H, d] = 4 Hz), 6.73-6.70 (2H, m), 6.18-6.16 (2H, m), 6.09-
6.07 (2H, m), 5.68 (1H, s) ppmMR (CH.Cl,): v(CO) 2090, 2058, 2028 ¢
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5.3.3.20 Meso (5-(pyrenylethynyl)thien-2-yl)dipyrromethane dicobalt
hexacarbonyl (NB-DPM-8-C@(CO)e)

Hexane\ Co,(CO) Q

9

HN

Meso (5-(pyrenylethynyl)thien-2-yl)dipyrromethane (0.89 mmol, 300 mg) dmbalt
octacarbonyl (0.89 mmol, 304 mg) were added to nitrogen purged hexane (25 ml)
containing CHCI, (~1 ml). The reaction mixture was allowed to stir overnigider an

inert atmosphere in the dark. The solvent was removed under reducenleresslting in

a brown residue. The crude product was purified by column chromatgguajiy silica

gel and neat hexane followed by neat,CH as mobile phase. The solvent was removed
immediately affording a light brown solid. Yield: 452 mg, 0.61 mmol, 92 %.

'H NMR (400 MHz, CDC}): 8.36-8.01 (11H, m), 7.15 (1H, d= 3.6 Hz), 6.81 (1H, dJ

= 3.6 Hz), 6.75-6.70 (2H, m), 6.17-6.15 (2H, m), 6.11-6.09 (1H, m), 5.71 (1H, s) [Fpm.
(CH,Cl,): v(CO) 2091, 2058, 2031 ¢
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5.3.3.21 Borondifluoride-(thien-2-yl)-dipyrrin (NB-BODIPY-1)

H 1. TFA

§ )’_@ 2. DDO
+ >
3. TEA
@ o) \/ BF,.OEt,

Borondifluoride-(thien-2-yl)-dipyrrin was synthesisei an adapted literature methd.

A solution of CHCI, (50 ml) was purged with argon for 10 minutes charged with 2-
thiophenecarboxaldehyde (1.0 mmol, 0.09 ml) and pyrrole (2.3 mmol, 0.16 ml) #mef fur
purged for 5 minutes. Trifluoroacetic acid (0.2 mmol,ulswas added and the reaction
mixture was allowed stir overnight under nitrogen. Subsequently acohitiDDQ (1.0
mmol, 227 mg) in ChCl, (10 ml) was added. The mixture was stirred at room
temperature for an additional 30 minutes. Triethylamine (17.0 m&aF ml) and
BFs;.OE% (18.6 mmol, 2.36 ml) were added, followed by stirring for 6 hourse réaction
mixture was washed with water and dried over MgS®he solvent was removed under
reduced pressure resulting in a dark brownish orange residbe. cride product was
purified by column chromatography on silica with &£ : hexane (50 : 50) as mobile

phase which afforded an orange solid. Yield: 24 mg, 0.09 mmol, 9 %.

'H NMR (400 MHz, CDCY): 7.-7.67 (2H, m), 7.58-7.56 (1H, m), 7.40-7.38 (1H, m), 7.18-
7.16 (1H, m), 6.97-6.96 (2H, m), 6.45-6.44 (2H, m) ppm.
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5.3.3.22 Bis(thien-2-yl-dipyrrinato)zinc(ll) complex.
(NB-bis(dipyrrinato-1-)zinc(ll)

=
LN/
1 equiv.p-chloranil N\ N S
2 equiv. Zn(OAg) N / \ / Zn/ / \ /
S N/ \N
. /

Bis(thien-2-yl-dipyrrinato)zinc(ll) complex was prepared acamydo Lindsey’s methot.
Freshly distilled THF (15 ml) was charged witheso(thien-2-yl)dipyrromethane (0.87
mmol, 200 mg), an equimolar amountpa€hloranil (0.87 mmol, 215 mg) and an excess of
Zn(OAc) (2.19 mmol, 402 mg). The reaction mixture was stirred overnighban
temperature. TLC analysis indicated that no dipyrromethane methai that time. The
solvent was removed under reduced pressure and the residue wagdiss@HC}. The
organic phase was washed with aqueous NaH&@ water and dried (MgQ©0 The
crude product was purified by column chromatography on silica gel usij;C MeOH

(98 : 2) affording an orange solid with a greenish surface lusliedd: 85 mg, 0.16 mmol,
38 %.

'H NMR (400 MHz, CDCJ): 7.54-7.53 (2H, m), 7.52-7.51 (4H, m), 7.42-7.40 (2H, m),
7.17-7.15 (2H, m), 7.04-7.03 (4H, m), 6.44-6.42 (4H, m) ppm.
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5.4 Results

5.4.1 UV-vis absorbance studies

A UV-vis spectrum typical of a dipyrromethane and bis(dipyrriymba(ll) complex is
displayed in figure 10. The electronic absorbance spectral feaug) of the
dipyrromethanes synthesised in this study are listed in tableh&.absorbance spectrum

of Ph-DPM has been previously reported in the literafdre.

12

=]

ex 10° (M'em™)

0 | . 1 A I T
300 400 500 600

Wavelength (nm)

Figure 10 Electronic absorbance spectra tdrt-butylphenyl-DPM  (------ ) and
bis(tert-butylphenyl-dipyrrinato)zinc(l1) (—) recorded in CHCI,.?

Compound Amas (NM)

Ph-DPM 304, 422

Ms-DPM 316, 400
NB-DPM-1 314, 384, 428
NB-DPM-5 314, 330, 368, 466
NB-DPM-8 288, 310, 380, 402
NB-DPM-9 312, 364, 444
NB-BODIPY-1 286, 386, 484, 510

Bis(dipyrrinato-1)zinc(ll) 344, 470, 492

Tablel  UV-vis absorbance data of dipyrromethanes and dipyrrins recorded,@l.CH
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A relatively small change was observed in the absorbanceapédhe dipyrromethanes
when themesosubstituent was a thiophene (Fig. 1INB-DPM-1 showed absorbance
features that stretched further in to the red region of thérspecompared to the phenyl
derivatives. However when the conjugation of thesosubstituent was extended as in
NB-DPM-5, NB-DPM-8 and NB-DPM-9 a significant increase in the high energy
transitions was observed. BdiB-DPM-5 andNB-DPM-9 displayed increased intensity

in the transition centred at 314 and 312 nm respectively, attribataert transitions
localised on the thienylethynyl unit. NB-DPM-8 showed a dramatic increase in
absorbance with transitions observed at 288, 310, 380 and 402 nm. By analogy with
transitions observed by Ziessel et‘athese transitions were assignedrig* transitions

localised on thenesathienylethynylpyrene component.

———Ph-DPM

o
o))

Absorbance
=
N

o
N

o
o

280 380 480 580 680 780
Wavelength (nm)

Figure 11 Electronic absorbance spectra of dipyrromethanes recorded@IgH
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Following coordination to GQCO), the UV-vis spectrum oNB-DPM-8-Coy(CO)s,
displayed broader less well-defined bands that stretched out as #00 nm (Fig. 12).
The low intensity absorbance bands in the range 490 — 620 nm weiteséyntassigned to

d-d transitions.

1.0
0.8
8 0.6
c
o]
o 04
(%2]
Q0
< 0.2 M
0.0
270 370 470 570 670 770
Wavelength (nm)

Figure 12 Electronic absorbance spectradB-DPM-8 (red line) andNB-DPM-8-
C0,(CO)s (blue line) recorded in CHTl,.
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There is a dramatic change in the absorbance spectrum upon idorntdt the
borondifluoride analoguelNB-BODIPY-1 (Fig. 13). An intense absorbance band was
observed ak = 510 nm attributed to theySS; (z-n*) transition on the dipyrrin with a
virbonic overtone ata. 484 nm. The &S, (n-n*) transition appeared at= 386 nm. A
third band at higher energy € 286 nm) was previously ascribed ta-a* transition on
the mesosubunit®® 3! These transitions observed in the UV-vis spectrum agree kIl w

those observed in other borondifluoride dipyrrin compodhds.

1.0

0.8

0.6

0.4

Absorbance

0.2

0.0
270 370 470 570 670 770

Wavelength (nm)

Figure 13 Electronic absorbance spectraNB-DPM-1 (blue line) andNB-BODIPY-
1 (red line) recorded in CkCly.,
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The bis(dipyrrinato-1)zinc(ll) complex displayed a,S>S; transition with aimax at 494
nm with a vibronic overtone at 470 nm (Fig. 14). This was attributedttn* transition

on the dipyrrin framework. TheyS S, n-* transition was observed at = 354 nm.

1.0

0.8

0.6

Absorbance

0.4

0.2

280 380 480 580 680 780
Wavelength (nm)

Figure 14 Electronic absorbance spectra NB-DPM-1 (blue line) andbis(NB-
dipyrrinato-1)zinc(l1) (red line) in CHCI,,
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5.4.2 Steady state fluorescence studies

Room temperature emission studies of some of the compounds weee cartrin CHCI,
(Fig. 15) Solutions were prepared such that they were isoabsorbtive elected
wavelength having an optical density in solution of approximately OL2 A°h-DPM,
Ms-DPM, NB-DPM-1 and NB-DPM-9 were found to be only weakly emissive. The
bromothiophene analogu&lB-DPM-2, showed increased fluorescence intensity as did
NB-DPM-5. Table 2 below lists the emission maxima for the compounds studied.

Compound Aerr Aexc
Ph-DPM 356, 418 300
Ms-DPM 360, 516 315
NB-DPM-1 359 315
NB-DPM-5 380 315
NB-DPM-8 410, 430 400
NB-DPM-9 357 315
NB-DPM-8-C0,(CO)s 410, 430 400
Table 2 Fluorescence maxima of dipyrromethanes and dicobalt hexacarbonyl

complex recorded in Ci€l, at room temperature. Absorbance = 0.2 at

excitation wavelength.
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Figure 15 Steady-state emission spectrum of dipyrromethanes recordddCl, at

room temperatureifyx. = 315 nm, abs. = 0.2 at 315 nm).
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Attachment of the fluorescent pyrenyl chromophore adlBiDPM-8 had a profound
effect on the fluorescence of the dipyrromethane (Fig. 16). Aamiiatincrease in the
fluorescence intensity of the molecule was observed such thantission silts were
reduced by 75 % compared to all other dipyrromethanes. Two emisamas were

observed at 408 and 430 nm typical of pyrene fluorescence.

900
750
600
450

300

150 /

0 -/
330 380

Emission Intensity

480 530

430
Wavelength (nm)

Figure 16 Steady-state emission spectruNBfDPM-1 and NB-DPM-8 recorded in
CH.ClI;, at room temperatureifyc = 315 nm, abs. = 0.2 at 315 nm). Slits
reduced by 75 % fdkB-DPM-8 in comparison tiNB-DPM-1.
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Following coordination of the dicobalt carbonyl moiety a reduction irssiom intensity
was observed (Fig. 17), however, there is no significant shift in thégmosi the band
suggesting that the emission is ligand based without major ML@ifribution. The
excitation spectra of the emissive compounds have the same psofite aorresponding

absorbance spectra further suggesting that the emissive state is ligahd base

1000
> 800
»
3
= 600
c
o
‘w400
B
5
P~
0 —
380 430 480 530
Wavelength (nm)

Figure 17 Steady-state emission spectraN8-DPM-8 (blue line) andNB-DPM-8-
Cox(CO)s (red line) recorded in CpCl, at room temperaturelfyc = 400
nm, abs. = 0.2 at 400 nm).
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5.4.3 Steady state photolysis

Broadband photolysis of the dicobalt hexacarbonyl compi8sDPM-1-Co,(CO)e, at

Aexc > 520 nm for 10 minutes resulted in bleaching of the parent bands at 2091 n8057 a
2030 cnt and generation of weak product bands at 2062, 2023, 2006 and 197Eigm
18). Subsequent photolysisiai. > 410 nm for 10 minutes resulted in an obvious increase
in the intensity of these bands indicative of increased formatiomeofpentacarbonyl
speciesNB-DPM-1-Co,(CO)s(PPhg). Irradiation atieyxc > 320 nm for 5 minutes caused
further depletion of the parent bands. The product band at 2062lsm underwent
depletion which indicated that the pentacarbonyl photoproduct was also undeggoi
photoreaction to produce the tetracarbonyl specidB-DPM-1-Co,(CO)4(PPhg),.
Product bands in the final IR difference spectrum were observeai7dt 1962 and 1937
(br) cm?*, which are indicative ofug-alkyne)Ce(CO(L), type species?®

0.3 -
0.2 -
0.1 -

'05 T T T 1

2075 2025 1975 1925
Wavenumber (cnm?)

Figure 18 Infrared difference spectra following broadband irradiatiolNBtDPM-1-
Co2(CO)s In hexane atexc > 520 nm for 10 minutes (black lines, 10 minutes
total irradiation), lexc > 410 nm for 10 minutes (red lines, 10 minutes total
irradiation) and Aexc > 320 nm for 5 minutes (blue lines, 5 minutes total
irradiation). Negative bands indicate beaching of the parent complex while
positive bands indicate formation of the pentacarbonyl and tetracarbonyl

species.
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Extended broadband photolysis of the dicobalt hexacarbonyl compIBxDPM-8-
C0y(CO)s, atrexc > 520 nm for 30 minutedex: > 410 nm for 60 minutes and,. > 320
nm for 60 minutes showed only minor depletion of the parent hexaghrbands (Fig.
19). New bands were generated at 1970 and 1926 bowever these bands were not
indicative of pentacarbonyl or tetracarbonyl photoproducts. Asishsuch a highly
fluorescent complex it is possible that it does not undergo photosubstitution reaCtigns.
possible cause for the generation of these bands is photodecompositien mfrenyl

dipyrromethane complex.
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-0.01 -
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2150 2100 2050 2000 1950 1900
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Figure 19 IR difference spectra following broadband irradiation NB-DPM-8-
C0oy(CO)s in hexane atlexc > 520 nm (black line, 30 minutes irradiation),
Jexc > 410 nm (red lines, 60 minutes total irradiation) ahg. > 320 nm

(blue line, 60 minutes total irradiation).
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55 Discussion

The reaction at room temperature of an aldehyde in an exceggsrole, catalysed with
TFA, afforded themesosubstituted dipyrromethanes. The dipyrromethanes were purified
by column chromatography. The dipyrromethanes were prepared in yidl@is-af3 %.

The freebase dipyrromethanes were assessed for purity byafitl@haracterised b
NMR. The'H NMR spectra of all dipyrromethanes display complex couplinte et
derived from the protons on the dipyrromethane unit in addition to those ametuaryl
substituent. For the freebase dipyrromethanes a broad singletba@yed in the region
7.90 — 8.66 ppm that corresponds to the N-H pyrrolic protons. This sigftatsslightly
further downfield formesathien-2-yl substituted dipyrromethanes as the conjugation of the
mesosubstituent increased following the orddB-DPM-1 (7.99 ppm)NB-DPM-5 (8.03
ppm), NB-DPM-6 (8.32 ppm). The peak related to CH on the methine bridge appeared at
ca.5.55 ppm It is worthy of note that dipyrromethanes are highly uestatal should be
subsequently reacted with due haste to form the more stable BORIPY
bis(dipyrrinato)metal complexes.

Dipyrromethanes are known to have a low intensity broad band imdhesnergy region
of the UV-vis spectrumi®> The UV-vis spectra of the dipyrromethanes in this study
showed similar absorbance bands. Absorbance bands with increasedyintensi
observed when theneso substituents was highly conjugated. These transitions were

attributed tar-* transitions on thenesomoiety rather than the dipyrromethane itself.

However the UV-vis spectra of the dipyrrin compound&-BODIPY-1 and NB-
bis(dipyrrinato-1)Zn(ll) , revealed new transitions that were characteristicn-af
transitions on the dipyrrin framework. TRgaxin each spectra (484 nm and 494 nm
respectively) is bathochromically shifted with respect to boramatitie phenyldipyrrin
and bis(phenyldiyprrinato)Zn(ll). Comparison of the homoleptic corgsleshowed a
bathochromic shifted by 7 nm. This is comparable to the shift obséetagkenmeso
tetra phenyl and thienyl porphyrinBnTPP (Amax = 419 nm) andZnTThP (Anax = 429
nm). The conformation of the thienyl ring relative to the dipyframework should be
considered.
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5.6 Conclusion

In this chapter experimental work was based on the synthesisiesb thien-2-yl
dipyrromethane compounds and some related dipyrrin and metal cadmnplexes.
Some initial photophysical measurements were taken. This workawaieliminary

investigation into thienyl based dipyrrin systems.

The phenyl group lies approximately perpendicular to the planehef dipyrrin.
Consequently, the phenyl group in not in full conjugation with the pgreystem and

substituents on the phenyl ring will have minimal influence omtéystem of the dipyrrin.

The red shifted spectrum of tetra thienyl porphyrins has b#ebuted to the co-planar
arrangement of the thienyl groups and porphyrins macrocycle. hielisfore likely this is

the cause of the bathochromically shifted spectra of the dipyrrin complexes.

As observed in chapter 2 thienyl substitution of porphyrin systeneredltthe
photophysical and electrochemical properties of the macrocyclegtbaspromise lies in
the potential of thienyl based dipyrrin complexes. Further wddte to these systems is

discussed in chapter six.
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Chapter 6

Conclusions and future work

Chapter six provides a condensed review
of the experimental findings from this
study. A number of experiments that could
be completed in order to advance our
understanding of some of the
photochemical processes that occurred in
various chapters throughout this thesis are
suggested.
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6.1.1 Future work for chapter 2

Porphyrins NB-ZnP1 — NB-ZnP3 were synthesised with substituents at the thien-5-yl
position. This induced bathochromic shifts in the UV-vis and fluorescepeetra. The
absorbance spectra and FWHM values of the Soret band indicateletteatvias increased
coupling of the thienyl and porphyrinsystems. A reduction in singlet and triplet lifetimes

was observed which was in agreement with lifetime data published previously.

The thien-2-yl porphyrins substituted at the thien-4-yl positB;ZnP4 and NB-ZnP5
were very interesting. There was little of no change i ti@sorbance spectra with respect
to ZnTThP. This indicated that the conjugation between the substituents omi¢mgl t
moiety and the porphyrin macrocycle was not as effective asobs@rved ilNB-ZnP1 —
NB-ZnP3. However, there was a significant increased in the triigginhes of both these
porphyrins when compared EnTThP. This would suggest that the conformation of the
thien-2-yl substituents with respect to the porphyrin macrodgctdhanged when theeso
thienyl rings are substituted at the thien-4-yl position and tiadex the increase in lifetime
as opposed to conjugation within tmeeso substituents. Future work should include

obtaining a crystal structure of the porphyrins to check the conformation.

The phenyl porphyrinsNB-ZnP6 and NB-ZnP7, should adopt an idealised orthogonal
arrangement with respect to the porphyrin plane and in doing sa #ystems of the
porphyrin andmeso substituents will no longer overlap. The absorbance spectra of the
phenyl porphyrins was bathochromically shifted with respecnt®PP and there was a
significant change in the fluorescence profile although théinfits were only slightly
altered. The most perceptible change was the triplet liéetifiNB-ZnP7 which was double

that of ZnTPP. Clearly there is a contribution from thaeso substituents even though the
conformation prevents coupling of tleesystems. A crystal structure BiB-ZnP7 would

allow further analysis of the conformation of timeso substituents and therefore the degree

of m overlap.
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These results show that varying the structure in thienyl parghgioes induce changes in the
general types of spectra as well as the lifetimes adsdcwith the excited states. The
changes observed in the spectra\&-ZnP4 — NB-ZnP7 are not a result of the increased
coupling of them systems. The crystal structures of these porphyrins wiVige

information about the conformation of th&so thienyl and phenyl rings with respect to the
porphyrin macrocycle. This may prove that the increased liéstiobbserved were due to the

conformation of the porphyrin systems.

In this porphyrin study, the effect of conjugatiem conformation was investigated for the
porphyrins in serieg (Fig. 1). The majority of the porphyrins depicted in figure 1 Hzaen
synthesised and their photophysical properties reported in chapteiThe remaining
porphyrins from seried and 3 (Fig. 1) should be synthesised and have their ground and
excited states examined. The results obtained could then be edntpahose reported for
series2. This would provide further experimental evidence to support the argsment

discussed in this chapter.
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Figurel Three series of porphyrins with various (aryl)ethynyl) spacers.

In PDT of cancer, a photosensitiser, visible light and oxygen arbinethto produce lethal
agents which destroy or inactivate tumour cells. In is widalgeafjthat singlet oxygen is the
primary cytotoxic agent responsible for the photobiological actiithiotosensitisers should
exhibit the following properties: high extinction coefficients in thgectral region of
excitation, a triplet state with appropriate energy to alldwieht energy transfer to ground
state oxygen and long lived triplet state lifetimesX 1 us) with high quantum yieldspdg >
0.4). The quantum yield of singlet oxygen formatidn, is dependent on the quantum yield
of the triplet state of the sensitis@y. PorphyrinsNB-ZnP7, NB-ZnP6 and to a lesser
extentNB-ZnP4 all possess triplet lifetimes that are sufficiently laagnteract with ground
state oxygen and generate singlet excited state oxygen. eRutuk on these porphyrins

should include a quantum yield investigation of singlet oxygen generation.
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6.1.2 Future work for chapter 3

Steady state photolysis, carried out in the dicobalt hexacarbomplexes, resulted in CO
loss and quantum yields for the CO loss process indicated that theh@votcal process is
wavelength dependant. The quantum yield of CO loss was highesttidhesample was
irradiated at high energydyc = 313 and 365 nm). At 405 nm all quantum yields were found
to be less than 5 %. However the quantum yield increasedwith 546 nm. The CO loss
process ranged from 5 — 23 %. This was unexpected given thaltgbebance bands at 546
nm are weaker transitions than those at 405 nm. This is a puasiiegt to the quantum
yields of CO loss and repeat experiments will need to beedavut to verify the validity of

this result.

The photochemical activation ofifalkyne)Co(CO) complexes was studied by ps-TRIR
and combined theoretical calculations allowed for the identiinatif the formation of a
triplet diradical species, following excitation at 400 nm and 532 nrhe radical species
rapidly recombined to regenerate the parent complex, with no evifl@n€® loss arising
from this species. Lifetimes for the triplet diradical spsaoivere in the range 38 — 71 ps.
The quantum yield of CO loss was low with 400 nm irradiation. Futoré& v improve the
competitiveness of the CO loss pathway may consist of the incladi@ luminescent
chromophore in the pg-alkyne)Co(CO) complex. Coleman et al. reported that
complexation of luminescent pyrene-thiophene dyads wit{Ga)s significantly quenched
ligand based emission, possibly as a result of energy trainsfe the luminescent pyrene
moiety to the cobalt metal centre A ps-TRIR investigation into such complexes would

reveal whether this resulted in increased CO loss on the ps timescale.

The observation of competing pathways to CO loss allows for a letterstanding of the
photochemical properties of ufalkyne)Co(CO) complexes in developing a

photochemically driven catalytic approach in the Pauson Khand reaction.
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6.1.3 Future work for chapter 4

Picosecond TRIR studies were carried outpynidine-W(CO)s in THF. Excitation of
pyridine-W(CO) 5 at 400 nm resulted in photodissociation of the metal pentacarbonytymoie
with subsequent coordination to a solvent molecule within 1 ps. Over 1068apsangement

of the initially formeds H bond between the tungsten pentacarbonyl and THF to the more
stable (COXCrn(O)THF photoproduct occurred. This is the first report detailing th
rearrangement of metal pentacarbonyl species in THF solutianhefF studies could include
temperature dependant kinetics at 400 nm excitation and investigatitime afeaction
dynamics in other coordinating solventByridine-Cr(CO) s should also be investigated to

delineate the effect of the Cr atom on the reaction kinetics.

Excitation of MPyTPP-Cr(CO)s at 532 nm resulted in photodissociation of the metal
pentacarbonyl moiety, with subsequent coordination to a solvent moleithle ¥ ps, and
rearrangement of the initially formedH bond between the chromium pentacarbonyl and the
THF to the more stable (CED)r-'(O)THF photoproduct. This is surprising since at 532 nm
it is the porphyrin $excited state that is populated. The result would indicate ltbed is
good communication between the porphyrin macrocycle and the negticarbonyl even
though they are connected through the pyridyl moiety which liég®gonal to the porphyrin
plane, thus preventing overlap of thesystems. Further ps-TRIR studies should be carried

out on the remaining porphyrin complexes at 532 nm in various solvents.

Irradiation of all porphyrin complexes at 400 nm resulted in formadfom porphyrin based
excited state that decayed in less than 100 ps to regenergiarémé porphyrin complexes.
Excitation at 400 nm of the porphyrin complexes would populate itstag, rapid internal
conversion to the;Sexcited state should occur. Thus the photochemistry was expetted to
similar to that observed following 532 nm excitation. As TRIR onlyjoles information
about the carbonyl moiety, little information about the porphyrinitecdcstate can be
garnered from these results. There is a radial redistributioeleztron density in the

porphyrin macrocycle which results in less electron densityhenmntetal (M = W or Cr).
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This resulted in less backbonding on the carbonyl ligands thus the ab#ierbands of the
transient species were at higher energy. For both tungstem@mdiem analogues evidence
for both (THF)Cr(COy and (THF)W(COy, were present in the final spectra (1 et the
IR bands were weak. Spectroelectrochemistry with IR detechould be carried out in
order to aid the identification of the porphyrin excited statenémk and the relaxation

pathway it follows.
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6.1.4 Future work for chapter 5

In view of the preliminary synthesis undertaken faso thien-2-yl dipyrromethanes, the
synthesis of the borondifluoride dipyrrin complexes and bis(dipyrrinat{)¥) complexes is
an attractive prospect. It is anticipated that the former amapl may possess unique
photophysical properties typical of BODIPYs that is intenseordlagice and fluorescence
spectroscopy. The dipyrromethane analogueyeso (5-pyrenylethynylthien-2-
yhdipyrromethane, should form a BODIPY complex similar to tkabrted by Ziessel et al.,
with the meso phenyl moiety replaced by a thienyl group. Inefficient enérggsfer from
pyrene fragment to the BODIPY framework was observed bys@leattributed to the
arrangement of the dipyrrin framework and theso phenyl substituents. Similarly, the
meso (5-ferrocenylethynylthien-2-yl)dipyrromethane, should form a BEDIcomplex
similar to that reported by Rao and co-workérshere the ferrocenyl moiety quenched the
fluorescence of the complex but oxidation of the complex “switchedttwm’fluorescence.
Of the dipyrrins produced by Rao et al. no fluorescence switolay observed for the
complex that linked the ferrocene and dipyrrin througheso phenylethynyl moiety. The
authors ascribed this to lack of communication between the two compoteatdo
conformation. The combined studies of Rochford €t ahd Briickner et al.of thienyl
porphyrins showed considerable electronic communication between the thienyl pingrinor
n systems in both the ground and excited states. The relativahg stoupling of the twa
systems was attributed in part to co-planar arrangemehe dghienyl ring with respect to the
porphyrin macrocycle. Assuming that the thienyl moiety would adopbraparable co-
planar arrangement with respect to the BODIPY framework lairenhancements of both

the ground and excited states should occur.
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A Sample preparation for laser flash photolysis.

All samples were prepared for laser flash photolysis in a zjdlairescence cell which
was attached to a glass degassing bulb. The appropriate porphgritissalved in the
appropriate spectrophotometric grade solvent and the solution wasdfitie avoid the
presence of light scattering particles. The concentration of ponpin each sample was
adjusted so that the absorbance at the excitation waveléngtkr 632 or 355 nm) was
0.08 +0.02 absorbance units. The sample was then degassed by threeotycfeceze-
pump-thaw procedure to E0rorr, followed by a substantial liquid pump phase in order to
remove trace quantities of water and carbon dioxide not removed imet@ssing
procedure. One atmosphere of argon was then placed over the samplinemgiedance

of a pressure gauge.

Laser flash photolysis was carried out and monitored in the rang@0of 300 nm, with

the aid of filters fork > 500, 400 and 320 nm to reduce excessive photodegradation of the
sample. The UV-vis absorbance spectrum was recorded before anceath flash
photolysis experiment and also after every 5 — 15 strikes of the(tkepending on sample

sensitivity) to observed any possible spectral changes and to ensure sahilite’s
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Bl Electrochemistry of NB-L 2 and NB-C2

For NB-L 2, the irreversible oxidation of the thienyl group was observetllat8 V vs.
Fc/F¢ (Fig. B1, a)? No further oxidations were observed at higher potentials. Paitenti
cycling over the peak potential produced deposition on the electrodes amddthe
response became progressively distorted. The cyclic voltanamogiNB-C2 (Fig. B1,

b) contains the previously mentioned irreversible oxidation of the yhianit at
approximately +1.72 Ws. Fc/FE. A second irreversible oxidation wave is also observed
at +0.88 Vvs. Fc/F¢, and is assigned to the oxidation of the cobalt centre. The
irreversible reduction of the metal centre is observed at -1.08 ¥c/F¢. The radical
anion then undergoes fast decomposition into several fragments incCo{@g), as is
evidenced by the oxidation at -0.13 V. This is in good agreement hathresults
published by Arnanz et al.Another new oxidation peak at -0.12 V and reduction peak at -
0.77 Vvs. Fc/F¢ were also observed and these are ascribed to decomposition products
followed by reduction of the chemically adsorbed cobalt contaipraguct on the

electrode$.
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Figure B1 Cyclic voltammogram of NB-L2 (a) and NB-C2 (b) showing oxidation and
reduction waves.
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B2 Electrochemistry of NB-L 3 and NB-C3

The dithien-2-ylacetylene ligant\B-L 3, proved easier to oxidise thB-L1 and NB-

L2. The single irreversible oxidation wave was observeg.at E1.47 Vvs. Fc/F¢ (Fig.

B2, a). Zotti et al. reported the oxidation of dithien-2-ylacetylat B, = +1.07 &
However the authors used a different supporting electrolyte (0.1,NCED,) which may
account for the difference in oxidation potential. Potential cgabwer the peak potential
caused rapid deposition onto the electrode indicating that matdegtadation
(overoxidation) or electropolymerisation occurred. Cyclic voltamynefr the related
complexNB-C3 produced two irreversible oxidation waves due to the metal cemire a
thienyl moiety at +0.91 and +1.41\é. Fc/F¢ respectively (Fig. B2, b). The irreversible
reduction of the cobalt occurred at -1.3338/Fc/F¢. Continued sweeps indicated that the
reduction process was followed by decomposition as the oxidatidhXi ¥V is indicative

of the oxidation of the Co(C®)fragment. Further sweeps lead to loss of all characteristi

oxidation and reduction potentials.
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Figure B2 Cyclic voltammogram of NB-L 3 (a) and NB-C3 (b) showing oxidation and
reduction waves. The CV of NB-C3 shows loss of all wave definition due to

electropolymerisation and/or overoxidation.
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B3 Electrochemistry of NB-L4 and NB-C4

Cyclic voltammetry onNB-L4 provided a comparable oxidation wave at +1.5%sV
Fc/F¢ (Fig. B3, a). Successive redox cycles resulted in deposition onaitkéng and
counter electrode and caused loss of all wave definition. The QB&t4 (Fig. B3, b)
shows an irreversible oxidation due to the thienyl group at +1.58. ¥c/F¢ and the
irreversible oxidation of the cobalt unit at +0.88/% Fc/F¢. The reduction of the metal
centre was observed at -0.9A% Fc/F¢. In subsequent sweeps an oxidation at +0.17 V
was observed along with a new small anodic peak at +0.58 ¥c/F¢ and two new
cathodic waves at -0.22 V and -0.75 V. These smaller peaks, prodteetha initial
oxidation and reduction cycles, are a result of decomposition and depositio the
working and counter electrodes.
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Figure B3 Cyclic voltammogram of NB-L4 (a) and NB-C4 (b) showing oxidation and
reduction waves.
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B4 Electrochemistry of NB-L5 and NB-C5

The cyclic voltammogram of the bromothiophene analogi®;L5, also exhibits an
irreversible oxidation process at +1.72% Fc/F¢ attributed to the oxidation of the thienyl
moiety (Fig. B4, a). This is higher than the oxidation potentiahefthiophene observed

in NB-L1 (+1.65 Vvs. Fc/F¢) where the 5’ position is occupied by a H atom rather than a
Br. Displayed in figure B4 (b) is the cyclic voltammogramNB-C5. As expected an
irreversible oxidation is observed at +0.96v¥ Fc/F¢ of the coordinated Co carbonyl
unit. This assignment is based on comparison with the peak position ,(C@o
coordinated complexes observed by Esho &t atreversible oxidation of the thienyl
moiety was observed at +1.76v8. Fc/FE. The irreversible reduction of the cobalt centre
is displayed at -1.16 Vs. Fc/FE. In the subsequent sweep an oxidation wave attributed to
Co(CO) at +0.15 V was observed along with the reduction at -0.74v&/ Fc/F¢

attributed to reduction of cobalt decomposition products on the electrode.
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Figure B4 Cyclic voltammogram of NB-L5 (a) and NB-C5 (b) showing oxidation and
reduction waves.
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B5 Electrochemistry of NB-C6

The cyclic voltammogram of the aldehydic compl®&B-C6 (Fig. B5), possesses a
positive potential at +0.99 Vs. Fc/F¢ due to the irreversible oxidation of the cobalt
moiety, along with a second positive potential wave at +1.9%.\Fc/FC due to the
oxidation of the thienyl group. The irreversible reduction of the metal centregs/etisat
-0.89 Vvs. Fc/FE¢. Subsequent cycles indicate that decomposition of the complex occurs,
with new peaks at +0.13 V in the anodic direction and +0.55 V, -0.12 V and -Ov84 V
Fc/F¢ in the cathodic direction being produced. A reduction in the inten§ityeo
reductive peak at -0.74 V relative to the reduction of the cobalt unit (-0.89 V) was abserve
compared for this system. This would suggest that while decongpositthe complex is
occurring, deposition onto the electrodes is not.
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Figure BS Cyclic voltammogram of NB-C6 showing oxidation and reduction waves.
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B6 Electrochemistry of NB-L 7

In NB-L7, the CV displays one irreversible oxidation and one irreversidiect®n (Fig.
B6). The oxidation due to the thienyl group occurs @t=£+1.90 Vvs. Fc/FC. This is
higher than that of the previous thiophene based oxidations and is due dledtten
withdrawing nature of the dicyanovinyl moiety attached at the 5Stiponsof the thiophene
group. The dicyanovinyl unit itself is reduced irreversibly g £-0.98 Vvs. Fc/Fc.

This value corresponds well with published results where the igibleereduction of a

dicyanovinyl moiety attached to an aryl group is reduced at approximately 1 V.
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Figure B6 Cyclic voltammogram of NB-L7 showing oxidation and reduction waves.
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B7 Electrochemistry of NB-L 8 and NB-C8

For NB-L 8, the irreversible oxidation of the thienyl group was observetll&9 V vs.
Fc/F¢ (Fig. B7, a). Two further oxidations were observed at higher poentih.66 and
+1.99 Vvs. Fc/FE. These are tentatively assigned to the oxidation of the phenanthrene
moiety. Potential cycling over the peak potential produced a depositidmeelectrodes
and the redox response became progressively distorted. Also a new reductivie-@d2k a
V vs. Fc/F¢ was observed which may indicate that decomposition was occurring. T
disubstituted dicobalt complelB-C8 gave results analogous to the other dicobalt
carbonyl complexes discussed above. Two anodic waves were absg¢mpetentials of
+0.91 V and +1.39 Ws. Fc/F¢ which are attributed to irreversible oxidations on the metal
centre and thiophene unit (Fig. B7, b). No other oxidation processe®hbsr/ed out to
the solvent limit. Reductive cycling produced an irreversibleathc wave at -0.95 Vs.
Fc/FS¢ which is due to the formation of the radical anion. Successiglex cycles
produced a new anodic wave at +0.16 followed by a cathodic wave at -Gs6B%/FC.

The former oxidation is ascribed to the degradation of the radicah produced by the
initial reductive process while the latter reductive wave cpareds well to the reduction

of chemically adsorbed cobalt containing products on the electrode.
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Figure B7 Cyclic voltammogram of NB-L8 (a) and NB-C8 (b) showing oxidation and
reduction waves.
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C1 Steady state photolysis of NB-C2

Photolysis ofNB-C2 at Aexc > 520 nm for 30 minutes resulted in bleaching of the parent
absorbance bands at 2090, 2055 and 2028 amd generation of weak product bands at
2064, 2018 and 2005 c¢hassigned to formation of the pentacarbonyl speliBsC2-
Co(CO)s(PPhg) (Fig. C1). Subsequent photolysis Jak. > 410 nm for 12 minutes
resulted in a substantial increase in the intensity of these bémus with the appearance
of new bands at 1996, 1980 and 1971*cmhich were tentatively assigned to the
disubstituted specie$yB-C2-Co,(CO)4(PPhs),. Continued irradiation of the sample at
Lexc > 320 nm (5 minutes) resulted in minimal growth of the pentacarlprogluct bands
and substantial growth of the tetracarbonyl species. The prodads beompared

favourably with those observed by Coleman étaaid Arnanz et at?
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Figure C1 Infrared difference spectra following irradiation of NB-C2 in hexane with
PPh3 at Jec > 520 nm (black lines, 30 minutes total irradiation), Ae > 410
nm (red lines, 12 minutes total irradiation) and Aec > 320 nm (blue lines, 5
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the PPhs trapped

photoproducts.
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C2 Steady state photolysis of NB-C3

Irradiation ofNB-C3 in hexane solution in the presence of triphenylphosphihgat 520

nm for 30 minutes resulted in the depletion of the parent bands at 2091, 2058 anth2031
! with concomitant generation of positive bands at 2065, 2020 and 20D an C2) that
correspond to the trapped monosubstituted triphenylphosphine spediRs;3-
Co0(CO)5(PPh3). Irradiation afiexc > 410 nm for 10 minutes resulted in intensification of
the product bands and the appearance bands due to the tetracarbonyl photapd®&B4ct
and 1973 cnl. Irradiation athexc > 320 nm (5 minutes) resulted predominantly in the
growth of the tetracarbonyl bands. Two additional weak bands weeeveldsat 1951 and
1941 cm which were also attributed to the tetracarbonyl speci&8-C3-
Co0,(CO)4(PPh3),. Product assignment was based on matching of IR bands with those i

literature™®
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Figure C2 Infrared difference spectra following irradiation of NB-C3 in hexane with
PPhz at Je > 520 nm (black lines, 30 minutes total irradiation), Aec > 410
nm (red lines, 10 minutes total irradiation) and Aec > 320 nm (blue lines, 5
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the pentacarbonyl and

tetracarbonyl species.
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C3 Steady state photolysis of NB-C4

Under similar conditionsi{ye > 520 nm for 30 minutedex. > 410 nm for 22 minutes and
hexc > 320 nm for 5 minute)IB-C4 resulted in bleaching of the parent absorbance bands
at 2091, 2082, 2059 and 2032 tmnd generation of bands at 2065, 2019 and 2007 cm
which were assigned to the pentacarbonyl spebiBsC4-Co,(CO)s(PPh3) and bands at
1997, 1972 and 1943 ¢hmthat were assigned thNB-C4-Cox(CO)4(PPhs), (Fig. C3).
These product bands are similar to those observed by Lonf@t@lArnanz et 4.
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Figure C3 Infrared difference spectra following irradiation of NB-C4 in hexane with
PPh; at Aec > 520 nm (black lines, 30 minutes total irradiation), Aec > 410
nm (red lines, 22 minutes total irradiation) and Aec > 320 nm (blue lines, 5
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the pentacarbonyl and

tetracarbonyl species.
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Cc4 Steady state photolysis of NB-C5

Irradiation of the dicobalt hexacarbonyl compl&g-C5, in hexane solution with trapping
ligand (PPB) atAexc > 520 nm for 30 minutes resulted in the depletion of parent bands at
2092, 2057, 2030 cihand the generation of weak product bands at 2065, 2019 and 2007
cm’ that were assigned to the pentacarbonyl photoprddBeE5-Co,(CO)s(PPhs) (Fig.

C4). Further photolysis atsxc > 410 nm for 20 minutes caused intensification of the
pentacarbonyl bands and generated bands at 1997 and 1972wkife 5 minutes
photolysis athexc > 320 nm produced a weak band at 1943 cBy comparison with the
results obtained by Long et®these new absorbance bands are indicative of formation of
the triphenylphosphine trapped pentacarbonyl species, and by comparteoresuilts

obtained by Arnanz et al subsequent formation of the tetracarbonyl species.
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Figure41 Infrared difference spectra following irradiation of NB-C5 in hexane with
PPh3 at Jec > 520 nm (black lines, 30 minutes total irradiation), Aex > 410
nm (red lines, 20 minutes total irradiation) and Aec > 320 nm (blue lines, 5
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the pentacarbonyl and

tetracarbonyl species.
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C5 Steady state photolysis of NB-C7

When the dicobalt hexacarbonyl compl®8-C7, was photolysed under the analogous
conditions Kexc > 520 nmM,dexc > 410 nm andhexc > 320 nm) similar processes were
observed. Depletion of parent bands at 2094, 2061 and 2034 arurred together with
the generation of weak new pentacarbonyl product bands at 2067, 2021 and 2009 cm
assigned tdNB-C7-Co,(CO)s(PPhs) following irradiation atiex. > 520 nm for 30 minutes
(Fig. C5). Higher energy broadband irradiatiag{> 410 nm for 10 minutes) increased
the rate of pentacarbonyl product formation signified by growthebands at 2067, 2021
and 2009 ci with the concomitant generation of a new band at 1974 chme new band
increased in intensity following irradiation &t > 320 nm (5 minutes) with growth of a
further weak band at 1960 &nconfirming the formation of the tetracarbonyl sped¥B;
C7-Coy(CO)4(PPh3s),. All bands observed agree well with those reported for other dicoba

pentacarbonyl and tetracarbonyl complek®3.
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Figure C5 Infrared difference spectra following irradiation of NB-C7 in hexane with
PPh3 at Je > 520 nm (black lines, 30 minutes total irradiation), Aec > 410
nm (red lines, 10 minutes total irradiation) and Aec > 320 nm (blue lines, 5
minutes total irradiation). Negative bands indicate bleaching of the parent
complex while positive bands indicate generation of the pentacarbonyl and

tetracarbonyl species.
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D Synthesis of Ethynylferrocene dicobalt hexacarbonyl
(n2-FCCCH-Co0,(CO)e)

\

\
|

‘/—\ — Co,(CO)g N
i hexane '|—' —|— H
Fe N, \ R.T. Fe Co,(CO)s

= =

Ethynylferrocene was synthesised according to the method outlined by Coleahdn e

HLPC grade, nitrogen purged hexane was charged with etagmogene (0.95 mmol / 200
mg) and Cg(CO) (0.95 mmol / 320 mg). The solution was allowed to stir for 18 hours
under an inert atmosphere in the dark. The solvent was remvedtary evaporation
resulting in a dark residue. The crude product was purified by cabinematography on
silica gel using hexane : GBI, 70 : 30 as mobile phase affording a dark green solid.
Yield: 210 mg, 0.42 mmol, 44 %.

'H NMR (400 MHz, CDCJ): 6.28 (1H, s), 4.35 (2H, s), 4.33 (2H, s), 4.16 (5H, s) ppm.
IR (CH,Cl,): v(CO) 2093, 2054, 2032, 2022, 2210°tm
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El Synthesis of diphenylacetylene dicobalt pentacar bonyl
triphenylphosphine, PhCCPh-Co,(CO)s(PPhs)

| . |

Co,(CO) Co(CO)(PPhy)

\

Diphenylacetylene dicobalt pentacarbonyl triphenylphosphine wasnge by a thermal
substitution reaction. Diphenylacetylene dicobalt hexacarbonyldigaslved in hexane
(25 ml) and purged with nitrogen for 5 minutes. A molar excessigfenylphosphine
was added and the solution was heated to 50 °C. The progress ohdtienrevas

monitored by TLC. The diphenylacetylene dicobalt hexacarbonyl, gebtanyl and
tetracarbonyl complexes possessvRlues on silca [petroleum ether : &Hb (3 : 1)] of

0.73, 0.50 and 0.17 respectively. The reaction mixture was cooled argblttemt

removed when the tetracarbonyl species was first observed Gy Tlhe crude reaction
mixture was purified by column chromatography on silica gel upetoleum ether :
CH.CI, (3 : 1) as mobile phase which afforded the pure pentacarbonyl pesiadbrown

solid.

'H NMR (400 MHz, CDCJ): 7.60-7.56 (10H, m), 7.47-7.43 (15H, m) ppiR (hexane):
v(CO) 2062, 2016, 2005 ¢
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E2 Synthesis of 2-(phenylethynyl)thiophene dicobalt pentacarbonyl
triphenylphosphine, ThCCPh-Co,(CO)s(PPhs3)

S PPy S

Co,(CO)g Co,y(CO)(PPh)

2-(Phenylethynyl)thiophene dicobalt pentacarbonyl triphenylphosphingnepared by a
thermal substitution reaction. 2-(Phenylethynyl)thiophene dicobaladagzonyl was
dissolved in hexane (25 ml) and purged with nitrogen for 5 minutes. Ar xdass of
triphenylphosphine was added and the solution was heated to 75 °C. The prbgness
reaction was monitored by TLC. The ¥alues of the hexacarbonyl, pentacarbonyl and
tetracarbonyl complexes possessvRlues on silca [petroleum ether : &Hp (3 : 1)] of
0.77, 0.42 and 0.13 respectively. The reaction mixture was cooled argblttent
removed when the tetracarbonyl species was first observed @Gy Tlhe crude reaction
mixture was purified by column chromatography on silica gel ugpeoleum ether :
CH.CI, (3 : 1) as mobile phase which afforded the pure pentacaebonyl pesdadirown

solid.

'H NMR (400 MHz, CDCY): 7.57-7.52 (8H, m), 7.50-7.34 (10H, m) 7.32-7.25 (5H, m)
ppm. IR (hexane)v(CO) 2063, 2021, 2005 ¢
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E3 Synthesis of Ethynylferrocene dicobalt pentacar bonyl
triphenylphosphine FCCCH-Co,(CO)s(PPhs3)

Yy

@—__l_—H PPhy @—_T_—H

Fe Co,(CO)s A Fe Co,(CO)(PPh)

=

Ethynylferrocene dicobalt pentacarbonyl triphenylphosphine was neicbpey a thermal
substitution reaction. Ethynylferrocene dicobalt hexacarbonyldrgaslved in hexane (25

ml) and purged with nitrogen for 5 minutes. A molar excess of tnydphbosphine was
added and the solution was heated to 50 °C. The progress of the reaction was monitored
TLC. The R values of the respective ethynyl dicobalt hexacarbonyl, pentaghréod
tetracarbonyl complexes possessvRlues on silca [petroleum ether : &Hb (3 : 1)] of

0.75, 0.43 and 0.18 respectively.. The reaction mixture was cooled anadlvkats
removed when the tetracarbonyl species was first observed Gy Tlhe crude reaction
mixture was purified by column chromatography on silica gel upetoleum ether :
CH.CI; (3 : 1) as mobile phase which afforded the pure pentacarbonyl prasiactiark

green solid.

'H NMR (400 MHz, CDC}): 7.52-7.40 (9H, m), 7.11-7.04 (6H, m), 6.06 -6.04 (1H, m),
4.38 (2H, s), 4.22 (2H, s), 4.03 (5H, s) ppR (hexane)y(CO) 2063, 2012, 2004 ¢
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F1 Quantum yield method

All quantum vyields were carried out using a liquid-phase potassiumoxaate
actinometer. The actinometer was prepared by mixing three velomg.5 M KC,0,4
solution with one volume of 1.5 M Fefbkolution with agitation. The precipitated
KsFe(GOy4)3.3HO was then recrystallised three times from warm waterdaiedl in a
current of warm air. To prepare 1 L of 0.006 MFE(GO4)3.3H,0 solution, 2.947 g of the
precipitate was dissolved in 800 ml water, 100 ml 1.0 N sulphuric aagdadded and
filled to the mark with water. While the 0.15 M actinometric Solurequired 73.68 g of
precipitate to be added to the same volumes of liquid. For all catargtitwork the
preparation and manipulation of the ferrioxalate solutions must beedasut in a
darkroom, using a red photographic safelight. The light intensitg photochemical
reaction is determined by irradiating ferrioxalate solution awoditoring the subsequent
change in absorbance at 510 nm. A carousel was used to house botmtimeedet and
sample cells so that they were equally exposed to a uniform amburddiation during
each experiment. The carousel operated inside a black box tafpeewe stray light
reaching the sample or actinometer solutions. An autopipettéonassure all volumes

were accurately measured.

For each actinometeric measurement a quartz cuvette was chaithe3 ml (\Vy) of
ferrioxalate solution. The cell was placed in the carsoul aradiated. After the
determined irratidation time (t), the solution was well mixed amé@liquot volume (2 ml,
V,) was pipette into a volumetric flask (10 ml3)V Buffer solution of volume equal to
half the volume of photolyte placed in the flask was added (1 ml}psovas 2 mi
phenanthroline solution (0.1 g per cent by weight solution). The solutismivied with
distilled water to the ¥Yvolume mark and mixed well. The flask was wrapped in tinfoil
and the solution allowed to develop. After one hour, the absorbance of uhersalas
measured in a 1cm cell at 510 nm in spectrophotometer using a blarfle@@olution as

a reference.

422



The number of F** ions (") formed during photolysis can be calculated fi

6.023 x 1020V, V; log,, (I,/1)

2+ —

N

V,le

where \{ = Volume of actinometer solution irradiated (
V, = Volume of aliquot taken for analysis (I
V3 = Final volume to which the aliquot; is diluted (ml
Lo (Io/l) = measured optical density of the solu
| = path length of the sptrophotometer cell used (c

¢ = experimental value of the molar extinction cimééht of F¢* complex,
determined from the slope of the calibration pkpgrox. equal to 1.11

10" I mol™ cm™).

The number of quanta absorbed by the actinomn,) per second is obtained frc
— 2+
na - nFe /q))L t

where t is the time in secon

For each sample under investigation, a solutioknaiwn concentration was prepared
that the optical density of each was + 0.1 AU at 400 nm. A 10 % excess of triphe
phosphine was used as a trapping ligand througiheumeasurements and added to ¢
solution immediately prior to irradiation. Eachnmgale cuvette was accurately chart
with 3 ml of the alkynyl dicobalthexacarbonyl /pinienylphosphine solution. Tlsample
cell was placed in the carousel with the actinoimedplutions and were irradiated
parallel. The change in absorbance of the sangilgien was measured at 400 nm

calculate the yield of CO loss that occur
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Hexacarbonyl Complex e (M™* cmt) at 400 nm

PhCCPh-Co,(CO)s 1440
ThCCPh-Co,(CO)s 2211
FCCCH-Cox(CO)s 1500

Photolytic/thermal substitution products € (M'l Cm'l) at 400 nm

PhCCPh-Co,(CO)sPPh3 8179
ThCCPh-Co,(CO)sPPh3 4680
FCCCH-COz(CO)E,PPhg 2717

Extincition coefficients of dicobalt hexacarbonyl complexes and corresponding

pentacarbonyl complexes recorded in cyclohexane.
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F2 Quantum yield calculations

(@) Quantum yield determinations of CO lossfor [(u2- PhCCPh)-Co,(CO)¢] (1)

Molar excitation coefficients at 400 nm
(uz- PhCCPh)-CgCO) (1) 1,140 M* cm*
(uz- PhCCPh)-CgCO)(PPh) 8,179 M* cm*

Irradiation of 1 at 313 nm (21 mins)

Increase in intensity of band at 400 nm = 0.16
Molar increase = 2.34 x Tamolar

Moles converted per second = 1.9 X1foles/s

For a 3 cri sample, number of molecules photolysed per second = 3.3% mafcules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 0.823

Number of F&" ions = 6.70 x 15 ions

Using a quantum vyield for Eeproduction of 1.24 at 313 nm

Number of photons emitted by the source at 313 nm = 5.46'x 10

Number of photons emitted per second by the source at 313 nm = 4.%9kd@ns/s
Number of photons absorbed by the sample = 4.29%qpth®tons/s

Quantum yield of photochemical reaction is (3.35 L0(4.29 x 16% = 0.078

Irradiation of 1 at 365 nm (20 mins)

Increase in intensity of band at 400 nm = 0.15
Molar increase = 2.19 x Tamolar

Moles converted per second = 1.8 X1oles/s

For a 3 ci sample, number of molecules photolysed per second = 3.36 macules/s

Change in absorbance of actinometer solution at 510 nm
Absorbance at 510 nm = 1.70
Number of F&" ions = 1.39 x 1t¥ ions
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Using a quantum yield for Beproduction of 1.21 at 365 nm

Number of photons emitted by the source at 365 nm = 5.46'x 10

Number of photons emitted per second by the source at 313 nm = 9.5%kd®ns/s
Number of photons absorbed by the sample = 9.56 %ph®tons/s

Quantum yield of photochemical reaction is (3.30 ¥0(9.56 x 16% = 0.035

Irradiation of 1 at 405 nm (15 mins)

Increase in intensity of band at 400 nm = 0.074

Molar increase = 1.09 x Tomolar

Moles converted per second = 1.2 X1fioles/s

For a 3 cri sample, number of molecules photolysed per second = 2.1 macules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 1.02

Number of F& ions = 8.31 x 1Y ions

Using a quantum yield for Beproduction of 1.14 at 405 nm

Number of photons emitted by the source at 405 nm = 7.29'x 10

Number of photons emitted per second by the source at 405 nm = 8.10pkd®ns/s
Number of photons absorbed by the sample = 8.13*%ph®tons/s

Quantum yield of photochemical reaction is (2.19 ¥0(8.10 x 16% = 0.027

Irradiation of 1 at 546 nm (60 mins)

Increase in intensity of band at 400 nm =0.114
Molar increase = 1.69 x Tomolar

Moles converted per second = 5.0 X’Ifioles/s

For a 3 cm3 sample, number of molecules photolysed per second = 8 #molEtules/s

Change in absorbance of actinometer solution at 510 nm
Absorbance at 510 nm = 0.123

Number of F& ions = 1.00 x 1Y ions

Using a quantum yield for Beproduction of 0.15 at 546 nm
Number of photons emitted by the source at 546 nm = 6.68'x 10
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Number of photons emitted per second by the source at 5 46nm = 1.87pkd@ns/s
Number of photons absorbed by the sample = 1.87%qph®tons/s
Quantum vyield of photochemical reaction is (8.47 ¥10(1.87 x 16% = 0.045

(b) Quantum yield deter minations of [(u2- ThCCPh)-Co,(CO)¢] (2)

Molar excitation coefficients at 400 nm
[(uz- PhCCPh)-CgCO)] (2) 2,314 M* cm*
[(12- PhCCPh)-CgCO)(PPhy) 4,829 M* cm*

Irradiation of 2 at 313 nm (10 mins)

Increase in intensity of band at 400 nm = 0.077
Molar increase = 3.07 x Tomolar

Moles converted per second = 5.1 X¥1foles/s

For a 3 cri sample, number of molecules photolysed per second = 9.2 mafcules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 0.5862

Number of F&" ions = 4.77 x 15 ions

Using a quantum yield for Beproduction of 1.24 at 313 nm

Number of photons emitted by the source at 313 nm = 3.8%'x 10

Number of photons emitted per second by the source at 313 nm = 6.#1pkd®ns/s
Number of photons absorbed by the sample = 6.4%4qph®tons/s

Quantum vyield of photochemical reaction is (9.21 ¥10(6.41 x 16% = 0.145

Irradiation of 2 at 365 nm (15 min)

Increase in intensity of band at 400 nm = 0.099
Molar increase = 3.94 x Tomolar

Moles converted per second = 4.4 ¥1foles/s

For a 3 cri sample, number of molecules photolysed per second = 7.9¢ mafcules/s
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Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm =1.3191

Number of F& ions = 1.07 x 1 ions

Using a quantum vyield for Eeproduction of 1.21 at 365 nm

Number of photons emitted by the source at 365 nm = 8.87'x 10

Number of photons emitted per second by the source at 313 nm = 9.85kd@ns/s
Number of photons absorbed by the sample = 9.85%ph®tons/s

Quantum yield of photochemical reaction is (7.91 ¥10(9.85 x 16% = 0.0803

Irradiation of 2 at 405 nm (15 mins)

Increase in intensity of band at 400 nm = 0.046
Molar increase = 1.83 x Tomolar

Moles converted per second = 2.0 X1oles/s

For a 3 cri sample, number of molecules photolysed per second = 3.67 mil&cules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 1.02

Number of F& ions = 8.31 x 1Y ions

Using a quantum vyield for Eeproduction of 1.14 at 405 nm

Number of photons emitted by the source at 405 nm = 7.29'x 10

Number of photons emitted per second by the source at 405 nm = 8.1(pkdtbns/s
Number of photons absorbed by the sample = 8.13*%ph®tons/s

Quantum vyield of photochemical reaction is (3.67 3L0(8.10 x 16% = 0.045

Irradiation of 2 at 546 nm (40 mins)

Increase in intensity of band at 400 nm = 0.073
Molar increase = 2.91 x Tomolar

Moles converted per second = 1.2 X’1foles/s

For a 3 cri sample, number of molecules photolysed per second = 2.1 macules/s

Change in absorbance of actinometer solution at 510 nm
Absorbance at 510 nm = 0.0907
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Number of Fe2+ ions = 7.38 x fdons

Using a quantum yield for Beproduction of 0.15 at 546 nm

Number of photons emitted by the source at 546 nm = 4.92'x 10

Number of photons emitted per second by the source at 546nm = 2.65khd®ns/s
Number of photons absorbed by the sample = 2.05%qh®tons/s

Quantum vyield of photochemical reaction is (2.19 ¥0(2.05 x 16% = 0.106

(c) Quantum yield deter minations of [(u-FCCCH)-Co2(CO)g] (3)

Molar excitation coefficients at 400 nm
(n2-FCCCH)-Ca(COX (3) 1,497 M* cm*
(u2-FCCCH)-Co(CO)s (PPh) 2,717 L mol-1 cm-1

Irradiation of 3 at 313 nm (20mins)

Increase in intensity of band at 400 nm = 0.072

Molar increase = 1.21 x Tomolar

Moles converted per second = 1.0 X’ ¥fioles/s

For a 3 cri sample, number of molecules photolysed per second = 1.84 m&cules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 1.2258

Number of F&" ions = 9.98 x 15 ions

Using a quantum yield for Beproduction of 1.24 at 313 nm

Number of photons emitted by the source at 313 nm = 8.04'x 10

Number of photons emitted per second by the source at 313 nm = 6.71pkd®ns/s
Number of photons absorbed by the sample = 6.71%ph®tons/s

Quantum vyield of photochemical reaction is (1.81 ¥0(6.71 x 16% = 0.269

Irradiation of 3 at 365 nm (25 mins)
Increase in intensity of band at 400 nm = 0.084

Molar increase = 6.68 x Tamolar
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Moles converted per second = 4.6 X1oles/s

For a 3 cri sample, number of molecules photolysed per second = 8.26 mafcules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 1.993

Number of F&" ions = 1.62 x 1 ions

Using a quantum vyield for Eeproduction of 1.21 at 365 nm

Number of photons emitted by the source at 365 nm = 1.34*x 10

Number of photons emitted per second by the source at 365 nm = 1.16pkd@ns/s
Number of photons absorbed by the sample = 1.163%ph®tons/s

Quantum vyield of photochemical reaction is (8.26 ¥y0(1.16 x 16° = 0.071

Irradiation of 3 at 405 nm (25 mins)

Increase in intensity of band at 400 nm = 0.044
Molar increase = 3.61 x Tomolar

Moles converted per second = 2.4 X¥1foles/s

For a 3 cri sample, number of molecules photolysed per second = 4.3% mafcules/s

Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 1.952

Number of F&"ions = 1.59 x 18 ions

Using a quantum vyield for Eeproduction of 1.14 at 405 nm

Number of photons emitted by the source at 405 nm = 1.3%x 10

Number of photons emitted per second by the source at 405 nm = 9.5(pkd@ns/s
Number of photons absorbed by the sample = 9.30*%qh®tons/s

Quantum vyield of photochemical reaction is (4.35 310(9.30 x 16% = 0.047

Irradiation of 3 at 546 nm (35 mins)

Increase in intensity of band at 400 nm = 0.133
Molar increase = 5.27 x Tamolar

Moles converted per second = 2.5 X1foles/s

For a 3 cri sample, number of molecules photolysed per second = 4.54 mafcules/s
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Change in absorbance of actinometer solution at 510 nm

Absorbance at 510 nm = 0.075

Number of F& ions = 6.14 x 18 ions

Using a quantum vyield for Eeproduction of 0.15 at 546 nm

Number of photons emitted by the source at 546 nm = 4.09'x 10

Number of photons emitted per second by the source at 546nm = 1.850kha@ns/s
Number of photons absorbed by the sample = 4.09%ph6tons/s

Quantum vyield of photochemical reaction is (4.54 ¥0(1.95 x 16% = 0.233
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Gl TRIR of PhCCPh-Co,(CO)s in CH3CN
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TRIR difference spectra at 7, 20, 50, 100 and 200 ps following excitation of PhCCPh-

Co2(CO)g in CH3CN at 400 nm.
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G2 TRIR of PhCCPh-Co,(CO)g in pentane
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TRIR difference spectra at 10, 25, 50, 100 250 and 500 ps following excitation of
PhCCPh-Co,(CO)e in pentane at 400 nm.
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G3 TRIR of FCCCH-Co0,(CO)s in CH3CN
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TRIR difference spectra at 10, 25, 50, 100 and 250 ps following excitation of FcCCH-
C0,(CO)g in CH3CN at 400 nm.
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G4 TRIR of FCCCH-Co0,(CO)s in THF
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TRIR difference spectra at 10, 25, 50, 100, 250 and 1000 ps following excitation of
FcCCH-Co,(CO)g in THF at 532 nmwith PPhs as trapping ligand .
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H Steady state photolysis of FCCCH-Co,(CO)g

Extended monochromatic photolysis of the dicobalt hexacarbonyl compt&CH-
Co,(CO)s, in hexane solution in the presence of triphenylphosphihgat 546 nm for 30
minutes caused minor changes in the IR spectrum. Bleaching phthat IR bands at
2093, 2054, 2032 and 2022 ¢rwith concomitant generation of weak product bands at
2063, 2012, and 2004 émwas observed and assigned to the generation of the
pentacarbonyl photoproducEcCCH-Co,(CO)s(PPh3). These IR bands continued to
grow following irradiation akeyx. = 436 nm for 20 minutes with the generation of a further
bands at 1992, 1974 and 1941 tmvhich were attributed to the tetracarbonyl species,
FCCCH-Co0y(CO)4(PPhs),.  Subsequent photolysis aty. = 313 nm for 20 minutes
resulted in a notable increase in the intensity of the pentacdrbonytetracarbonyl
photoproducts. The assignment of bands to the pentacarbonyl specieSH-
Co0,(CO)5(PPh3), was based on IR bands of isolateeCCH-Co,(CO)s(PPh3) complex
while the assignment of the tetracarbonyl species were basadtibarities with isolated

tetracarbonyl complexé$.
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Infrared difference spectra following monochromatic irradiation of FCCCH-Co,(CO)g in
hexane with PPh; at Aec = 546 nm (black lines, 20 minutes total irradiation), e = 436
nm (red lines, 30 minutes total irradiation time) and Aec = 313 nm (blue lines, 30 minutes
total irradiation time). Negative bands indicate bleaching of the parent complex while

positive bands indicate generation of the pentacarbonyl species.
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I Theoretical calculations

All theoretical calculations were carried out by Prof. C. Long, at DubtinWhiversity.

Initial coordinates for the structural optimization @i-C;H2)C0o(CO) were obtained
from

Platts et al' The B3LYP/LANL2DZp model chemistry was used for all tiaécalations
as

implemented in Gaussian®3.

The Hessian matrix was calculated to predict the infrarectrspe of (1,-C2H2)Cox(CO)s.

The predictedv(CO) bands of this complex were corrected by comparison with the
published IR spectrurf. This yielded a correction factor of 1.0222 which was then used
to correct the

calculated/(CO) bands of the equivalent ground state triplet species.

v(CO)  (cn)
Observed 2097.8 2058.5 2033.7 2028.1 2016.6

Singlet 20979 2051.3 2037.6 20351 2012.7
Triplet 2087.5 20579 2024.1 2021.7 2015.2

Av 10.3 0.6 9.6 6.3 1.4
Table 1 Observed spectrum and calculated singlet and triplet state spectra for (u.-
Csz)COz(CO)G
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Mulliken atomic spin densities:

1Co
2Co
3C
4C
5H
6 H
7C
80
9C
100
11C
120
13C
14 0
15C
16 O
17 C
180

Sum of Mulliken spin densities= 2.00000

Table 2

1.092758

1.092758

-0.052279
-0.052279
-0.009581
-0.009581
-0.007863
-0.017921
-0.007863
-0.017921
-0.007863
-0.017921
-0.007863
-0.017921
0.044255

-0.023586
0.044255

-0.023586

Mulliken atomic spin densities: for *(up-CH2)Co,(CO)s at
B3LYP/LANL2DZp
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TD DFT Resultsfor Singlet to Singlet transitionsin (uz—C;H2)Cox(CO)

Excitation energies and oscillator strengths:

Excited State 1:

59 -> 67
66 -> 67

Singlet-B1
-0.12921
0.64946

2.1748 eV

570.09 nm f=0.0013

This state for optimization and/or second-order correction.

Copying the excited state density for this state as the 1-particle Rbons§ityd

Excited State 2:

57 -> 67
64 -> 67
65 -> 67

Excited State 3:

58 -> 67
62 -> 67

Excited State 4:

60 -> 67
63 ->67

Excited State 5:

60 -> 67
63 ->67

Excited State 6:

59 -> 68
61 -> 67
64 -> 67
65 -> 67
66 -> 72
66 -> 76
66 -> 78

Singlet-B2
-0.10783
0.66633
0.10100

Singlet-A2
0.10349
0.66856

Singlet-Al
0.52324
0.41758

Singlet-Al
-0.44065
0.50257

Singlet-B2
-0.10106
-0.22033
-0.10484
0.53699
0.11054
-0.23921
0.16302

2.9485 eV

3.0145 eV

3.0321 eV

3.0944 eV

3.2176 eV

420.50 nm f=0.0006

411.29 nm f=0.0000

408.90 nm f=0.0002

400.67 nm f=0.0012

385.33 nm f=0.1090
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Energy calculations on parallel and perpendicular structuresas per Hoffmann et al.**

Repeated attempts to locate a parallel isomer on the singiettipbenergy surface using
both B3LYP/Lanl2dzp and B3LYP/Tzvp model chemistries failed. Howetree
semiempirical approach used by Hoffmann was used to estimadaehgy of this species
and this was compared to the energy of the optimized perpendituatuse at the

B3LYP/Tzvp level. The results are outlined in the following table.

Based on semi empirical Calculations as per Hoffmann
AE
a.u. Joules kd mol  (kJ mol") eV nm

Parallel  -3523.19  -1.54E-14 -9251468.5 490.12 5.07975 244.106
Perpindic  -3523.37 -1.54E-14  -9251958.6
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Coordinates used in calculation of energy

Perpendicular

Center

Number

© 00 N oo 0o A W N P

[ T et ~ T = S = S S T
N~ o o0 W N P O

18

Atomic

Number

Atomic

Type

0.000000
0.000000
0.664790
-0.664790
1.519242
-1.519242
-1.466459
-2.392424
1.466459
2.392424
-1.466459
-2.392424
1.466459
2.392424
0.000000
0.000000
0.000000
0.000000

1.245131
-1.245131
0.000000
0.000000
0.000000
0.000000
1.550542
1.753069
-1.550542
-1.753069
-1.550542
-1.753069
1.550542
1.753069
-2.749518
-3.690341
2.749518
3.690341

Coordinates (Angstroms)

0.135724
0.135724
1.509350
1.509350
2.164530
2.164530
-0.909410
-1.541215
-0.909410
-1.541215
-0.909410
-1.541215
-0.909410
-1.541215
1.110337
1.753145
1.110337
1.753145
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Parallel (using semi empirical approach of Hoffmidnn

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 27 0 -1.487486 -0.000006 -0.492449
2 27 0 1.264463 0.000003 0.177477
3 6 0 -0.097841 -0.000007 -1.908892
4 6 0 1.225453 0.000014 -1.778237
5 1 0 -0.667274 -0.000023 -2.852391
6 1 0 2.002389 0.000025 -2.538454
7 6 0 -2.913345 -0.000002 0.600978
8 8 0 -3.852387 0.000001 1.300668
9 6 0 2.068659 -1.590428 0.087772
10 8 0 2.740401 -2.552648 0.003461
11 6 0 0.803169 -0.000010 1.914838
12 8 0 0.483037 -0.000017 3.044055
13 6 0 -1.218637 -1.775736 -0.511149
14 8 0 -1.031831 -2.929402 -0.550616
15 6 0 2.068627 1.590449 0.087789
16 8 0 2.740351 2.552683 0.003490
17 6 0 -1.218640 1.775725 -0.511155
18 8 0 -1.031841 2.929392 -0.550628
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