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Abstract

Several series of BODIPYs bearing mesogenic substituents were synthesised and their
fluorescence and liquid crystal properties were characterized. Each compound prepared
consisted of one BODIPY fluorophore and one, two or three mesogenic units based
primarily on a cyanobiphenyl core. Initially, the mesogens were attached to the pyrrolic
positions of the fluorophore, but it was found that mesogen attachment at the BODIPY 8-
phenyl ring gave an increased preference for mesophase formation due to the molecules
having a more ‘rod-like’ (calamitic) shape. For several of the compounds, a monotropic
nematic phase was exhibited, however, no layered phase (e.g. smectic) was observed.
Several linker groups between the mesogenic unit and the fluorophore were investigated
and it was found that linear linker groups (e.g. ethynyl) had a greater preference for liquid

crystal phase formation when compared to non-linear linker groups (e.g. triazole).

Two series of di-mesogenic compounds were prepared and a significant stabilisation of
the nematic phase was observed when compared to the mono-mesogenic analogues. The
compounds bearing the mesogenic units on the 8-phenyl ring were prepared by metal-
catalyzed couplings and each series consisted of three compounds with increasing alkyl
substitution on the bipyrrolic core of the BODIPY. This resulted in a progressive increase
in fluorescence quantum yield of the compounds in each series due to increased rotational
restriction of the 8-phenyl ring along with a concurrent decrease in nematic phase
stability. This permitted the observation of a structure-property relationship between
nematic phase stability and fluorescence intensity. A BODIPY with significantly red-
shifted fluorescence was also prepared and three mesogenic units were attached to this
compound. Temperature dependant fluorescence measurements were taken in order to
observe any relationship between fluorescence and degree of molecular ordering (e.g.
nematic phase fluorescence compared to isotropic liquid fluorescence) and several of the
compounds were dissolved in a commercial nematic liquid crystal and incorporated into a
twisted nematic cell in order to observe the affect that molecular alignment (induced by

an electric field) had on the fluorescence.
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Chapter 1: BODIPYs as components in novel light active materials
1. Dipyrrins

Research into dipyrrins has traditionally been carried out by groups with the intention to
synthesise porphyrins. This is due, in large part, to the advances made by Hans Fischer
during the first half of the 20" century.! The majority of dipyrrin research currently being
undertaken focuses on the synthesis of charge-neutral complexes of dipyrrins with
various metals. Initially, the synthesis of dipyrrins was seen as a messy and inefficient
avenue of chemical synthesis.”> However, since the discovery and popularisation of
simpler methods of dipyrromethane and dipyrrin synthesis, dipyrrin chemistry has seen
some great advances. Various dipyrrinato-metal complexes have been synthesised and
their geometries analyzed; and various potential applications of dipyrrins in energy

transfer cassettes and photonic systems have begun to be explored.
1.1 Structure

Dipyrromethanes consist of two pyrroles attached to each other through the 2,2’-positions
with a saturated methylene bridging unit. Dipyrrins are formally oxidation products of
dipyrromethanes, and are structurally similar to them, but the two pyrrolic units in

dipyrrins are fully conjugated.

R3 R4 RS

///

——N HN /

R? R’

Dipyrromethane Dipyrromethene (dipyrrin)

Figure 1. 1: Dipyrromethane and dipyrromethene
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The fully conjugated nature of dipyrrins means that, when symmetrically substituted, the
two pyrrole units are equivalent. Some examples have been reported of 2,3’- and 3,3’-

dipyrrins® but the majority of dipyrrin research is focused on 2,2’-dipyrrins.

2 //\\

— HN / —
N N NH

2,3'-Dipyrromethene 3,3-Dipyrromethene
Figure 1. 2: 2,3'Dipyrromethene and 3,3'-dipyrromethene

1.2 Properties of dipyrrin complexes
1.2.1 Fluorescence properties of dipyrrin complexes

Due to the extensive conjugation present in dipyrrins and their complexes, some
photoactivity would be expected. However, it was not until 2004 that dipyrrin complexes
were discovered to be fluorescent. The first fluorescent dipyrrinato complex synthesised
was 5-mesityldipyrrinato-zinc (11) complex. This was observed to have a fluorescence
quantum vyield () of 0.36.* By replacing the mesityl group with a phenyl or 4-tert-
butylphenyl group, the fluorescence quantum yield was reduced. This was attributed to
the ability of the phenyl ring to rotate, quenching fluorescence through internal
conversion. The 2,6-methyl groups on the mesityl substituent prevent this rotation,
limiting excited state decay processes to fluorescence. Another example of increased
fluorescence by restricted rotation of the aryl substituent is shown in compound 1.1. This
heteroleptic complex has the aryl group rotation restricted not only by the 3,7-methyl
groups but also by coordination of the pyridyl nitrogen to the zinc centre on the adjacent

dipyrrin. This results in a fluorescence quantum yield of 0.057.°
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Figure 1. 3: Bis(dipyrrinato-zinc) complex

1.2.2 Electrochemical properties of dipyrrin complexes

The electrochemical properties of some dipyrrin complexes have been studied and have
shown behaviour consistent with ligand-centred oxidations and reductions.®® It has been
shown that the redox behaviour of free-base dipyrrins is similar to that of their protonated
forms. However, the protonated forms have shown lower oxidation potentials, which has
been attributed to reduced electron availability. The electrochemical properties of
dipyrrin complexes do exhibit differences depending on the metal to which they are

coordinated.®*°

1.3 Synthesis

Due to the electron-rich nature of dipyrrins, fully unsubstituted dipyrrin is unstable in
solutions above -40°C as it is highly susceptible to electrophilic attack.** By blocking the
sites of attack, the dipyrrin can be stabilised. This is achieved by constructing appropriate
pyrrolic precursors. 1,2,3,7,8,9-Unsubstituted dipyrrins can be isolated by incorporating
an aryl group at the 5-position. The greater delocalisation of the electrons caused by the

presence of an aryl group at the 5-position also means that any radical cations formed on
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the dipyrrin are also stabilised making them more suitable for optoelectrochemical

applications.*

1.3.1 Condensation of pyrroles

The most commonly used method for the synthesis of asymmetrical dipyrrins is by the
condensation of pyrroles. This method proceeds via the acid-catalyzed condensation of a
2-formyl pyrrole with a 2-unsubstituted pyrrole to yield a 5-unsubstituted dipyrrin HX
salt.®® This method is commonly known as the MacDonald coupling in reference to the
analogous reaction in the synthesis of porphyrins.** This procedure is usually carried out
using a strong mineral acid (either hydrochloric or hydrobromic) but phosphorus (V)
oxychloride has also been used with similar results.™® 5-Unsubstituted dipyrrins are
isolated as their salts due to the instability of their free-base forms, unlike the 5-phenyl

dipyrrins that can be isolated as their free-bases.
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R4: R3, R5: R2, R6: Rl

0
R’ = H, alkyl, aryl
Y = OH, CI
Y R’
HX
R2 R3
R1 H

Iz

Scheme 1. 1: Synthesis of dipyrrins via acid-catalyzed condensation reactions

The isolation of the product dipyrrin is usually achieved courtesy of filtration, since the
low solubility of the dipyrrin salt in organic solvents which renders precipitation. Yields
for this reaction are reduced when 2-unsubstituted pyrroles with electron withdrawing
groups are used as this leads to a lower reactivity towards the 2-unsubstituted pyrrole and
an increasing preference for self-condensation of the 2-formyl pyrrole.** Symmetrical
dipyrrins can be synthesised by a similar process (Sch. 1.1) from a 2-unsubstituted
pyrrole and a carboxylic acid or acid halide. This leads to 5-substituted dipyrrins.

While there has been a great deal of chemistry carried out on dipyrrin salts as
intermediates in porphyrin synthesis, there has been much less research on the chemistry
of dipyrrin salts for other applications. The usual procedure is to leave the formation of

the dipyrrin (or tripyrrin or tetrapyrrin) salt until it is required for the porphyrin synthesis
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due to the relative instability of the dipyrrin even in its salt form. A recent report,
however, showed that dipyrrin salts can be converted to vinylic dipyrroles by reaction
with nBuLi (Sch. 1.2).*® Ordinarily, dipyrrins are reacted with a comparatively mild base
when they are being used for the synthesis of porphyrins, BODIPYs (borondifluoro-
dipyrrins) or dipyrrin-metal complexes. This mild base deprotonates the dipyrrin to yield
the monoanionic dipyrrin which is then reacted further, but in this case it has been shown
that the monoanionic dipyrrin is not formed but that the nBuLi removes a proton on the
methyl group at the 5-position causing tautomerization to yield the dipyrrole.

J 7 NF nBulLi
I/ THF

.HCI

Scheme 1. 2: Deprotonation of meso-methyl dipyrrin
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1.3.2 Oxidation of dipyrromethanes

R? R3 t
B s

R*=R3% R°=R? R°=R!

1
R N H R’ = H, alkyl, aryl
H
A A
H+
e.g. Montmorillonite clay R? R®
R*=R% R°=R% R®=R! / \
R'=H
X = OAc, Br, Cl H N R®
H
R’ =H
R2 R3
/ \ X =0Ac, Br, Cl
Rl
N
H

Scheme 1. 3: Synthesis of dipyrromethanes

A significantly simpler method for the synthesis of dipyrrins has become popular in
recent years due to the mild conditions, ease of purification and lack of necessity for the
synthesis of pyrrolic precursors. This method involves the synthesis of a dipyrromethane
from the acid-catalyzed condensation of a pyrrole with an aldehyde®’ (most commonly a
benzaldehyde) followed by subsequent oxidation with either DDQ or p-chloranil (Sch.
1.3).822 The resulting 5-aryl dipyrromethanes and dipyrrins are easily purified using
column chromatography (or crystallisation in some cases), and are stable in their free-

base form, unlike their 5-unsubstituted counterparts. These reactions are generally carried

28



out using a large excess (~100 eq.) of pyrrole, but for substituted pyrroles, the number of

oligomeric side-products is lower so only 2 eq. of pyrrole is generally used.?*?

R3 R’ R4
DDQ or p-chloranil
R5 — 2 / / / 5
R
—N HN /
R! RS

Scheme 1. 4: Oxidation of dipyrromethane

Oxidation is achieved by reacting the dipyrromethane with DDQ (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone) or p-chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone) if a
milder oxidizing agent is desired.”® Although the use of DDQ or p-chloranil as an
oxidizing agent is successful for 5-aryl dipyrromethanes, oxidation of 5-alkyl and 5-
unsubstituted dipyrromethanes has been shown to consume the starting material without
yielding the desired product.”® The NMR spectra of free-base 5-substitituted dipyrrins
shows rapid tautomerization, and because of this, the NH signal in the *H-NMR spectrum

is not always apparent.
2. Borondifluorodipyrrins (BODIPYSs)

An important group of dipyrrin complexes which has garnered a large amount of interest
in recent years is the borondifluorodipyrrins (hereafter referred to as BODIPYs).*® The
primary reason for this interest is that BODIPYs are extremely fluorescent when
compared to other dipyrrin-metal complexes with fluorescence quantum yields
sometimes approaching unity.®! Also, their relative stability allows a wide range of
reactions to be performed on them, which has enabled a general set of guidelines about
how to alter their fluorescence profiles to be generated. This stability is partially caused
by the boron, nitrogen and fluorine atoms all being first row elements which allows
efficient orbital overlap, promoting delocalisation of the m-system. These properties give
BODIPYs the potential to be used in a range of applications such as luminescent labelling

35, 36 24, 37-40

agents,*** fluorescent switches,* *® chemosensors and laser dyes.*!
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2.1 Structure
1 8 7

5 g s

F F
Figure 1. 4: BODIPY showing alternate numbering system

W

Similar to other dipyrrins, the BODIPY core is a fully delocalised system where the BF;
unit causes an increase in the planarity of the dipyrrin, and thus an increase in
fluorescence. It was thought that the core fully unsubstituted BODIPY structure (Figure
1.4) was just as unstable as the dipyrrin counterpart, until recent papers published the
synthesis and characterisation of this compound.**** The BF, unit serves to increase the
stability of the dipyrrin which makes it possible to isolate this compound as long as
purification is relatively swift, so as to avoid degradation of the compound by reaction
with the side-products. This core BODIPY compound was found to have a fluorescence
quantum yield of 0.90 and sharp absorption and emission peaks at 503 nm and 512 nm
respectively.** Now that this core compound has been isolated, new BODIPY dyes have
an internal core compound to be measured against, and a more complete picture of the

factors affecting the optical properties of BODIPYs can be developed.

2.2 Properties of BODIPY's

Quantum vyield = 0.81 Quantum vyield = 0.80 Quantum yield = 0.70
Abs.=507 nm Abs.= 505 nm Abs.= 517 nm
Em.=520 nm Em.= 516 nm Em.= 546 nm

Figure 1. 5: Analogues of the core BODIPY compound
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Several simple derivatives of the core BODIPY have been synthesised. Each analogue
displays strong fluorescence (®¢ = 0.70 — 0.81) and sharp absorption and emission
peaks.** ** It is taken as a general rule that by increasing the degree of substitution on the
pyrrolic positions of the BODIPY, the absorption and emission wavelengths undergo a
bathochromic shift. Substitution at the 8-position (meso-position) with either an alkyl or
aryl group does not have a large effect on the fluorescence profile. However, a similar
reduction in fluorescence is observed in BODIPYSs, as in other dipyrrin-metal complexes,
when a freely rotating aryl unit is attached at the 8-position. This effect can be perturbed
in a similar fashion to other dipyrrin-metal complexes by restricting the rotation of the
aryl unit by either attaching bulky groups to the 2,6-positions of the ring or on the 1,7-
positions on the pyrrolic units (Figure 1.6).

/ = =

N N

~N

’
FF
Quantum yield = 0.19 Quantum yield = 0.65

Abs.= 508 nm Abs.=498 nm
Em.=521 nm Em.= 508 nm

Figure 1. 6: 8-Aryl-BODIPYs showing effect of bulky alkyl substituents at the 1,7-positions

This effect has been exploited to synthesise a BODIPY viscosity probe as seen in
compound 1.2 (Fig. 1.7).® By attaching two BODIPY units through long alkyl chains
linked together with a phenyl-1,4-dicarboxylate unit, the amount of rotation of the
BODIPY 8-aryl substituent was gradually restricted with increasing solvent viscosity. A
similar probe was developed which had a dodecyl chain attached via an ether linker to the
BODIPY 8-aryl unit.*’ This restriction of rotation caused an increase in fluorescence

quantum yield with increasing solvent viscosity.
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Figure 1. 7: BODIPY viscosity sensor

Various BODIPYs with fused rings attached to the pyrrolic units have been synthesised
to investigate the effect of substitution on the photophysical properties of BODIPYs.
These substituted BODIPYs were synthesised from preformed pyrrolic precursors
specific for the desired BODIPY.

Figure 1. 8: Furanyl-BODIPY

When R = Me and R’ = H, the absorption and emission maxima were red-shifted
approximately 70nm, while when R = 4-methoxyphenyl and R’ = CF3, the absorption and
emission maxima were shifted to 723 nm and 738 nm respectively which is in the near-IR
region (Fig. 1.8).*® These results showed that the properties of BODIPYs are highly
tuneable to a variety of applications.

Various BODIPY's have been prefunctionalized from their pyrrolic precursors in order to

investigate the effect of different functional groups on the photophysical properties of the
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BODIPY chromophore. The general effect of extending the conjugation of the BODIPY
core in this way is that the absorption and emission maxima are red-shifted.* *° By
attaching electron donating or withdrawing groups to different positions of these aryl
groups, the photophysical properties can be greatly affected (Sch. 1.5). These pyrrolic
aryl units can cause a reduction in the fluorescence quantum yield of the BODIPY by
molecular motions in the same way as an 8-position aryl group.®* This effect can be

perturbed by steric interactions reducing the rotation of these aryl groups.

(i) ArB(OH),, Na,COg, cat. Pd(PPh3)s / \ .
@\ 5:1 toluene:MeOH BODIPY
> N Ar

Br .
'Tl (i) NaOMe, MeOH, THF, r.t. N

Scheme 1. 5: Prefunctionalisation of pyrrole units

Another factor that affects BODIPY fluorescence in solution is intermolecular z-stacking.
BODIPYs can stack in two different ways (Fig. 1.9). The type of stacking that
predominates is the almost parallel stacking known as the H-dimer. This consists of
almost parallel Sp—S; transition dipoles and antiparallel electric dipole moments. The
other type of stacking is where the Sp—S; transition dipoles are oriented in planes at 55°.
This is known as the J-dimer. The H-dimer is very weakly fluorescent and exhibits blue-
shifted fluorescence, absorption, and emission maxima relative to the monomer, while the
J-dimer shows a red-shifted absorption and emission. The J-dimer is fluorescent but in
highly concentrated solutions the H-dimer will predominate, thus making the solution
less fluorescent. This effect was measured by attaching two BODIPY units to a flexible
linker forcing them into close proximity, thus increasing the probability of the formation
of these dimers.>>>* A BODIPY was designed to prevent the formation of these dimers,
resulting in a concentrated solution maintaining its fluorescence. This was achieved by

attaching mesityl groups to the 3-, 5- and 8-positions of the BODIPY.>
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H-dimer J-dimer
Non-fluorescent Fluorescent

Figure 1. 9: H- and J-dimers of BODIPYs

2.3 Synthesis of BODIPYs

BODIPYs are synthesised using the same initial steps used to synthesise dipyrrins
followed by treatment with an organic base (triethylamine, DIEA, DBU etc.) and boron
trifluoride diethyl etherate. When seeking to synthesise a BODIPY the relatively unstable
dipyrrin salts are generally not isolated. In the search for new BODIPY derivatives some

specific synthetic routes have been developed.

0 (i) BF3.Et,0 (neat),

reflux, 5hrs
/N

(@] (i) BF3.Et,0, Et3N,
r.t., 12hrs

Scheme 1. 6: BODIPY from glutaric anhydride

The synthesis of a BODIPY from glutaric anhydride (Sch. 1.6) proceeds using boron
trifluoride diethyl etherate as a Lewis acid to initiate the reaction to form the dipyrrin,
which is then converted to the BODIPY.* The benefit of this reaction is that the free

34



carboxylic acid is produced which allows for the BODIPY to be attached to other

molecules.

The synthesis of BODIPYs from 5-aryl dipyrrins is a well known and much used
reaction. However, the synthesis of BODIPYs from other aldehydes has received little
attention. The route presented in Scheme 1.7 shows a BODIPY synthesis from an allyl
aldehyde with ytterbium(lll) trifluoromethane sulphonamide as the catalyst for the
condensation. This reaction, however, was found to give the product in very poor yield
(2%). When compared to the thioether analogue of the same BODIPY, it was found that
the allyl thioether compound (Sch. 1.7) had a fluorescence emission red-shifted by 26 nm
indicating the effect of electron withdrawing groups at the 8-position.>” Electron
withdrawing groups have the effect of lowering the energy of the LUMO into which an
electron is excited, thus lowering the energy required to excite the electron which causes
the red-shift in the fluorescence. The fluorescence absorption and emission were also

found to be red-shifted when compared to the 8-phenyl derivatives.

SPh

() YB(NTf,)5 5 mol%
/@ * N\ (i) DDQ

(iii) EtaN, BF3.E6,0,
CH2C|2, r.t.

Scheme 1. 7: BODIPY synthesis from allyl aldehyde using ytterbium (111) trifluoromethane
sulphonamide as the catalyst

Both of these methods can be used to prepare symmetrical BODIPYs but to prepare
asymmetrical BODIPYs a different approach is required. The most commonly used
method to achieve this is via the same route used to synthesise asymmetrical dipyrrins.
An alternate approach has been developed, which involves the preparation of a-
ketopyrrole intermediates with subsequent condensation with a second pyrrole unit

(Lewis acid-catalyzed), followed by coordination to the boron difluoride unit.> >
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2.4 Fluorescence control of BODIPYs by modification of the 8-aryl group

Due to the increased stability, when compared to other dipyrrinato-metal complexes, a
large number of modifications to the BODIPY core have been achieved. The group that
has received the most attention has been the aromatic group at the 8-position, which is an
easily modified unit that can have a large effect on the fluorescent properties of the
BODIPY. BODIPYs can also be synthesised with groups that allow in vitro chemical
modifications to occur (e.g. metal ion complexation) promoting their use as fluorescent
probes for biological systems. They can be used as sensors for redox active molecules,*”

60-62 6371 and probes for conjugation to biologically active

pH probes,® metal ions
substrates.”>"* In the examples presented in Figure 1.10, fluorescence is turned ‘ON’ or
‘OFF’ by photoinduced electron transfer (PeT) which is controlled by changes in the

oxidation potentials of the 8-aryl groups when they interact with certain chemical species.

., N

O\B /O
NH, N
NH> : : : :
[VaVaVaVal [VaVaVava) [VaVaVaVal
Nitric oxide probe pH probe Ph2 probe Monosaccaride probe

Figure 1. 10: Meso-modified BODIPY probes

2.4.1 Photoinduced electron transfer (PeT)

The primary factor exploited in BODIPY's to modify their fluorescence is photoinduced
electron transfer. This involves the transfer of excited electrons between non-planar parts
of a fluorescent molecule.” This transfer of excited electrons has a significant effect on
the fluorescence intensity of photoactive molecules. By calculating the orbital energy
levels of the two non-planar parts of a molecule, it can be predicted whether a certain

change will alter the fluorescence characteristics.”® "
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Figure 1. 11: BODIPY where no PeT can occur

For BODIPYs, the majority of substituents attached to the 8-position are aromatic groups.
When this electron transfer occurs it prevents the loss of energy by fluorescence
processes. It is worth noting that, during the design of new BODIPY probes that exploit
this effect, that the fluorescence intensity of the BODIPY is still reduced by the effects of
molecular motion. This means that the rotation would still have to be taken into account
before synthesis is carried out to ensure that the target molecule’s change in fluorescence

intensity by PeT is large enough for it to be a suitable probe.
PeT can occur by either a reductive or oxidative process. If the substituent attached to the

BODIPY core is donating electrons to the BODIPY core in the excited state, i.e. reducing
it, then this is reductive PeT or a-PeT (“a” for acceptor). (Fig. 1.12)
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Figure 1. 12: Reductive PeT (a-PeT)

Alternatively, if the excited BODIPY core can donate electrons to the substituents
LUMO then oxidative PeT, or d-PeT (“d” for donor), is occurring (Fig. 1.13).

d-P&T
LUMO

BODIPY core —H— HOMO

meso-subst.

A X \ Fluorescence

reduced

N\B/N
VAN
F F

Figure 1. 13: Oxidative PeT (d-PeT)

The likelihood of electron transfer can be predicted by calculating the change in free

energy (AGper). This can be calculated from the Rehm-Weller equation:”

AG,,. =E,,(D"ID)=E,,,(A/A")—AE, -C

38



Where Ey»(D*/D) is the ground state oxidation potential of the electron donor, E1(A/A)
is the ground state reduction potential of the electron acceptor, AEq is the excitation
energy, and C is an electrostatic interaction term. The primary problem with using the
approach of orbital energy level calculations is that the energy levels are calculated for
the isolated meso-substituents. By attaching them to the BODIPY core, it is reasonable to
assume that their energy levels are altered somewhat, giving this method a reasonably
large margin for error. However, this approach is useful to give a reasonable prediction of
the effect that certain substituents or structural changes will have on the fluorescence of

this molecule.

A prime example of the use of this equation to predict PeT in BODIPY systems has been
used for the development of a nitric oxide probe. For this probe, a diamine was converted

in vitro to a benzotriazole by reaction with nitric oxide.*

NH,

NaNO,/HCI

Fluorescence quantum yield = 0.012 Fluorescence quantum yield = 0.496

Scheme 1. 8: Mechanism of BODIPY nitric oxide probe

The HOMO energy levels of various potential meso-substituents were calculated
including the diamine and the benzotriazole. The low fluorescence of the diamine was
attributed to reductive PeT. This effect is quenched upon conversion to the benzotriazole
which causes a large increase in fluorescence. This reductive PeT effect has also been
exploited for zinc(Il) and NO,* sensors.®® 8 In these cases, coordination to the metal or
nitration makes the reduction potential of the meso-substituent more negative, which

guenches PeT and causes the BODIPY's to become fluorescent.

39



This ON/OFF switching has also been investigated with regard to oxidative PeT. It has
been discovered that placing strongly electron withdrawing groups on the meso-
substituent tends to lower the LUMO of the aromatic unit. If lowered to an appropriate
level, this allows the meso-substituent to accept electrons from the excited state of the
BODIPY core. This effect was investigated by attaching nitro groups to the meso-
substituent and by attaching acetyl groups to the 2,6-positions of the BODIPY core.
While the nitro groups lower the LUMO of the aromatic substituent, the acetyl groups
lower the energy level of the BODIPY orbital containing the excited electron. This brings
both orbitals to a similar energy level, promoting oxidative PeT.®* ON/OFF switching of
PeT has also been observed for the phosphorylated forms of 8-(4-hydroxyphenyl)
BODIPY. Phosphorylation caused PeT to switch off by lowering the HOMO energy level
of the aryl substituents.®?

2.5 Metal-catalyzed reactions of BODIPY's

Metal-catalyzed reactions can be carried out on BODIPYs either with or without the
requirement for halogenation (e.g. Suzuki, Stille etc.).®® Both methods allow the
conjugation of the BODIPY to be extended producing highly fluorescent dyes and

pigments with bathchromically shifted fluorescence profiles.

Metal-catalyzed reaction can take place at the 2- and 6-positions or 3- and 5-positions of
the BODIPY when these positions are unsubstituted. Reaction at the 2- and 6-positions
can occur by reacting a terminal alkene adjacent to an electron withdrawing group with
the BODIPY in the presence of palladium(ll) acetate (20 mol%) and either an oxidant,

heat or in a microwave.®
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Scheme 1. 9: Oxidative functionalisation of BODIPY

The problem with this reaction is that a mixture of products is formed. The mono-
substituted product predominates, but the reaction was far from selective. All the
compounds synthesised had their absorption and emission maxima red-shifted by various
degrees. The majority of them also had reduced fluorescence quantum vyields (®r values
ranging 0.25-0.73) relative to the starting BODIPY (®r = 0.80), presumably due to the
electron withdrawing R groups.®* The lowest value of fluorescence quantum yield was
found when a sulphonate group was used as the electron withdrawing R group (®f =
0.25).

Rhodium and iridium catalysts have also been used for the synthesis of new BODIPY
dyes. The iridium catalyst was used to synthesise a dipyrromethane- or BODIPY-
boronpinacolato species. By wusing 2 eg. of bis(pinacolato)diboron with the
dipyrromethane, the reaction was selective towards the a-positions. By using 1 eq. of
bis(pinacolato)diboron with the BODIPY, the reaction was selective towards the 2- and
6-positions. The boronpinacolato species was then reacted with a terminal alkene
adjacent to an electron withdrawing group in the presence of a rhodium catalyst. The
boronation reaction formed the disubstituted product primarily, but also some of the
monosubstituted product. The rhodium catalyzed reaction, however, was completely
selective towards the boronpinacolato groups.®®> All of the BODIPYs produced by this
method were highly fluorescent (®r values ranging 0.48-0.98) with absorption and
emission maxima red-shifted by up to 140 nm. The fluorescence quantum yields were
found to be surprisingly high for 8-aryl BODIPYs with no alkyl groups present on the

fluorophore to reduce rotation of the phenyl ring. The 8-aryl group did not appear to have
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a significant effect on the absorption and emission maxima of the compounds

synthesised.
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Scheme 1. 10: Iridium- and rhodium-catalyzed reactions of BODIPY's

Metal-catalyzed couplings can be carried out at C-X groups on BODIPYs, and an
example is shown in Scheme 1.11. Suzuki, Stille, Heck and Sonogashira couplings have
all been carried out on halogenated BODIPYs under standard conditions for these

reactions.®

Pd(0) . /
—N N / - —N N
\B/ R-B(OH), \B/

Cl F/ \F Cl R |:/ \F R

Scheme 1. 11: Palladium-catalyzed couplings of BODIPYs

The Stille (Pd(PPhs)s, Sn(Ph)s), Heck (Pd"/PPhs, styrene) and Sonogashira
(Pd(OAC),/PPh3/Cul, phenylacetylene) reactions all proceeded with heating. The Suzuki
(Pd(PPhg)4, 4-chlorobenzeneboronic acid) reaction however, required microwave
promoted conditions. The degree of substitution could be controlled by altering the
stoichiometry of the coupling reagent. For the Sonogashira, Suzuki and Stille reactions,
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when 1 eq. of the coupling reagent was used, the mono-substituted product was isolated,
and when <2 eq. of coupling reagent were used the di-substituted product was isolated.
The Heck reaction required 1.5 eq. to synthesise the mono-substituted product and 2.2 eq.

to synthesise the di-substituted product.®

A recent advance in metal-catalyzed reactions of BODIPYs is their functionalisation via
the Liebeskind-Srogl reaction. This involved the conversion of a 3,5-dichloro-BODIPY
into 3,5-dithiobutyl-BODIPY via a nucleophilic substitution reaction. This product was
then reacted with aryl-tributyltin in the presence of a palladium(0) catalyst and copper(l)
3-methylsalicylate iodide to give mono- or di-arylated BODIPY's (Sch. 1.12).%

X

BuSH, Et3N ArSnBusg
7 CHsCN, reflux Z NN car Pd(PPhy), 2
R — . _—
=N N / —N N / 4eq. CuMeSal Y~—N N /
~ ~_ Q- ~_
/B\ /B\ THF, reflux /B\
Cl E E Cl BuS E = SBu Ar = F Ar

Scheme 1. 12: Liebeskind-Srogl reaction of BODIPYs

By using aryl groups that contains an electron donating group (Ar = Ph or 4-OMePh), the
only product that was isolated was the di-substituted one. When an aryl unit containing
an electron withdrawing group (Ar = 4-CO,MePh) was used then a mixture of mono- and
di-substituted products was obtained with the di-substituted product being the major
product. The reaction was also successful when using a boronic acid instead of the tin

complex.®

This reaction was used in the synthesis of an energy transfer cassette. By using a
BODIPY where X = NO, and Ar = 4-methoxycarbonylbenzeneboronic acid, the di-
substituted BODIPY was synthesised. The methyl ester was then hydrolyzed with
subsequent reduction of the nitro group to the amine, which was then converted to the

azide by reaction with sodium nitrite and sodium azide (X = Nz and Ar = 4-
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carboxybenzene). Finally, this was coupled to a BODIPY acetylene unit containing two

sulphonate units via a ‘click’ reaction to produce a water soluble energy transfer cassette

(1.3).%°

Figure 1. 14: Water-soluble energy transfer cassette

2.6 Condensation reactions of 3,5-dimethyl-BODIPY's

It has been found that the protons attached to the methyl groups of a 3,5-dimethyl-
BODIPY are acidic enough to undergo some condensation reactions. In particular the
Knoevenagal reaction, which allows the synthesis of styryl-BODIPYs to be carried out
under relatively mild conditions. This has been achieved by reacting a 3,5-dimethyl-
BODIPY with an aromatic aldehyde.®" #

ArCHO, toluene, AcOH

piperidine, mol. sieves, reflux

Ar
Scheme 1. 13: Knoevenagel reaction of BODIPY's

44



The product obtained depends on the aldehyde used and the reaction time. 4-
Alkoxybenzaldehydes tend to give mixtures of products,® while 4-
dialkylaminobenzaldehydes can give either the mono-substituted or di-substituted
product. The di-substituted product was favoured by longer reaction times.*® This
reaction is a simple way to synthesise highly fluorescent BODIPYs with red-shifted
absorption and emission wavelengths and a variety of functional groups. 4-
Dialkylaminobenzaldehydes, for example, convey the ability for the BODIPY to behave
as a pH sensor. The combination of an amino group and a phenolic group allowed the
BODIPY to act as a sensor for both high and low pH (1.4).” When the phenolic group
was deprotonated, the fluorescence was quenched, but the absorption and emission
wavelengths remained the same, while if the amino group was protonated then the
fluorescence was greatly enhanced but blue-shifted. This type of BODIPY has therefore

been referred to as a ‘logic gate’.

\ 1.4

Figure 1. 15: BODIPY-based pH sensor

The reaction has obvious applications in the synthesis of BODIPY -containing energy
transfer cassettes and other optoelectronic applications (e.g. solar cells). By choosing
appropriate aldehydes, a series of BODIPY units can be attached together or conjugation

to a porphyrin analogue can be achieved.**®
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2.7 Aza-BODIPYs

Aza-BODIPYs are analogues of BODIPYs in which the 8-position carbon atom has been
replaced with a nitrogen atom (Fig. 1.16).

Ar, Ar
N

/ = =

—_— /
N\ /N
Ar /B\ Ar
F F
Figure 1. 16: Aza-BODIPY

The aza-dipyrromethenes can be synthesised via two different methods. Firstly, by
converting 2,4-diarylpyrroles into their 5-nitroso derivatives followed by acid-catalyzed
condensation with a second molecule of pyrrole. The second method involves the
Michael addition products of chalcones reacting with an ammonia source.”®® Subsequent
coordination to the boron centre produces the aza-BODIPY.” Due to the nature of the
synthetic procedure (Fig. 1.17), and the instability of certain pyrrolic intermediates, aza-
BODIPYs always have aryl groups at the 1-, 3-, 5- and 7-positions. Thus far, fully
unsubstituted aza-BODIPY has not been synthesised.
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Figure 1. 17: Aza-BODIPY synthesis

The photophysical properties of aza-BODIPYs are greatly affected by the attached aryl
units. Electron donating groups at the para-positions cause an increase in extinction
coefficients and significant red-shifts in absorption maxima.'® Electron donating groups
on the 3- and 5-aryl groups have a greater effect on the absorption and emission
wavelengths than the same substituents on the 1- and 7-aryl groups.*™ The extinction
coefficients for simple aza-BODIPY's range between 75000-85000 M™ cm™ which allows
them to efficiently generate singlet oxygen, the primary reactive species in photodynamic
therapy, when substituted with “heavy atoms” to promote intersystem crossing to the
excited triplet state.'®'® Aza-BODIPYs have a wide range of fluorescence quantum
yields just as the analogous BODIPYs do. Their photophysical properties still coincide
with what would be expected of a fluorescent compound. For example, a para-bromo
substituent on the 1- and 7-aryl groups causes no significant changes in the fluorescence
properties. However, by attaching bromine atoms onto the 2- and 6-positions of the aza-
BODIPY core, a reduction in fluorescence and an increase in singlet oxygen production

101

was observed. This was attributed to the heavy atom effect.”~ While the majority of

interest in aza-BODIPY's has been focused on photodynamic therapy, they have also

found uses as chemosensors and pH sensors. ' 16107
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2.8 Energy transfer cassettes

2.8.1 Through-space energy transfer cassettes

An energy transfer cassette consists of two or more fluorescent units attached to the same
molecule. One unit acts as a donor and the other as an acceptor. The donor absorbs light
and this energy is then passed to the acceptor, which emits the light at a longer
wavelength. The energy can be transferred to the acceptor via either through-space or

through-bond energy transfer.

The efficiency of through-space energy transfer depends on the spectral overlap of the
donor emission with the acceptor absorbance, the distance between the donor and the
acceptor, the relative orientation of donor and acceptor, and the effectiveness of other de-
excitation modes (e.g. emission from donor, non-radiative processes). The energy-
transfer efficiency is calculated by comparing the amount of emission from the donor
with the emission from the acceptor. If no, or very little, emission is observed from the
donor, it is implied that the majority of the energy is transferred from the donor to the
acceptor i.e. 99+%. Through-space energy transfer has the effect of artificially enhancing
the Stokes’ shift of the molecule by causing emission from the acceptor in place of the
absorbing (donor) fluorophore. Due to their intense fluorescence, BODIPYs have found

uses in the synthesis of new energy transfer cassettes.

Due to the similarity of their structures, energy transfer cassettes containing BODIPY and
porphyrin units have received a lot of attention for their through-bond energy transfer
processes and subsequent applications as molecular wires. Through-space energy transfer
involving porphyrinic units has been less thoroughly investigated. A simple 8-(4-
hydroxyphenyl)-BODIPY has been coordinated to an antimony tetraphenylporphyrin
(Sb(TPP)) via an alkyl chain to form a through-space energy transfer cassette. The
efficiency of the energy transfer varied between 13-40%. By increasing the length of the
alkyl chain spacer unit, the efficiency was found to decrease. It was found that the

BODIPY acted as the donor, and therefore, no quenching of the excited state of the
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porphyrin by donation of energy to the BODIPY was found. It was found that quenching
did occur when a phenoxy group was coordinated to the other side of the antimony in
conjunction with the BODIPY (5).'%

Figure 1. 18: Antimony-porphyrin-BODIPY array

A similar compound based on a silicon phthalocyanine was synthesised and found to
exhibit competitive energy- and electron-transfer. Analogous to the antimony-porphyrin-
BODIPY array (1.5), when excited at the BODIPY absorption maximum, emission was
observed from the phthalocyanine core (1.6). The phthalocyanine emission was also
observed when the compound was excited at the phthalocyanine core wavelength.
However, when a styryl-BODIPY was attached to the silicon centre in the same way
(1.7), different energy-transfer behaviour was observed. When excited at the styryl-
BODIPY wavelength, very weak emission from the BODIPY and the phthalocyanine was
observed. This shows that energy transfer from the BODIPY excited state to the
phthalocyanine does occur, but the subsequent emission is largely quenched, presumably
by an electron-transfer process. Phthalocyanine fluorescence is also very weak when the
molecule is excited at the phthalocyanine excitation wavelength (613 nm). This weak
fluorescence would also be due to the same electron-transfer process, as energy-transfer

from the phthalocyanine to the styryl-BODIPY core is energetically unfavourable. This
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showed that an electron-transfer process is switched-off for the non-styryl-BODIPY
analogue upon phthalocyanine excitation, but switched-on in the styryl-BODIPY

analogue.*®

(1.6): R=CHj3
L7:R=
OMe

OMe
Figure 1. 19: Di-BODIPY-phthalocyanine array

Energy transfer to the BODIPY can be achieved through careful selection of both the
BODIPY used and the attached fluorophore. Energy transfer from the silicon
phthalocyanine to the BODIPY is energetically unfavourable due to the lower energy
light that is absorbed by the silicon phthalocyanine being unable to promote an electron
onto the higher energy LUMO of the BODIPY; but by using a subphthalocyanine and a
di-styryl-BODIPY energy-transfer to the BODIPY was found to occur.
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Figure 1. 20: BODIPY-sub-phthalocyanine array

For compound 1.8, where only methyl groups are attached to the BODIPY, when excited
at 470 nm (partial BODIPY excitation avoiding excitation of the boron-
subphthalocyanine) energy-transfer occured onto the boron-subphthalocyanine and
emission was observed at 570 nm. However, when the di-styryl-BODIPY (1.9) was used,
excitation of the sub-phthalocyanine at 515 nm caused energy-transfer to the BODIPY
and subsequent emission at 653 nm. The energy transfer quantum yield for both

processes was calculated to be 98%.%

Through-space energy-transfer has also been shown to occur between a BODIPY-zinc
porphyrin-phenanthroline and an N-unsubstituted imidazole-H,-porphyrin-phenanthroline
system. The imidazole appended porphyrin was tethered to the zinc-porphyrin-
phenanthroline unit by hydrogen bonding between the imidazole NH and two of the
phenanthroline nitrogens, as well as a coordinative bond between the zinc (I1) centre and
the imidazole free nitrogen.**>** Despite the lack of any covalent bond between the two
units, energy-transfer still occured from the BODIPY fluorophore to the Hj-porphyrin
with a net efficiency of 80%. Energy transfer from the zinc-porphyrin-imidazole complex

to the Hp-porphyrin occurred with an efficiency of 85%.
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Both energy- and electron-transfer have been shown to occur sequentially in a BODIPY -
zinc-porphyrin-crown ether triad bound to a fulleropyrrolidine.**? In this triad (1.10)
energy-transfer occurred from the BODIPY to the zinc porphyrin followed by electron-
transfer from the zinc porphyrin to the fullerene unit. When excited at 495 nm (BODIPY
excitation) both emission from the BODIPY and the zinc porphyrin was observed. The
emission from the BODIPY core was partially quenched by the energy transfer to the
zinc porphyrin with an efficiency of ~97%. A small anodic shift of the zinc porphyrin in
the cyclic voltammogram of the triad coordinated to the fullerene, compared to the free

triad, indicated interactions between the zinc porphyrin and the fullerene unit.

Figure 1. 21: BODIPY-porphyrin-fullerene array

An energy diagram was constructed showing the various processes involved in this triad
system (Fig. 1.22). As can be seen, the initial step is either the excitation of the BODIPY
followed by energy-transfer to the zinc porphyrin, or this step can be bypassed by directly

exciting the zinc porphyrin. This is followed by charge separation to give the mono-

52



cationic zinc porphyrin and the mono-anionic fullerene, which then undergoes charge
recombination to give the ground state compound again. A small amount of the singlet
excited state zinc porphyrin undergoes intersystem crossing to produce the triplet excited
zinc porphyrin, which can either phosphoresce or still undergo charge separation to give

the charge separated species before charge recombination.

Ceo-ZnP-'BDP”

\ENT
Ceo-1ZnP"-BDP
k|sc/

* k
Ceo-3ZnP"-BDP cs

eV
Ceo-ZnP*-BDP

hv ‘
0 hv'

kcr

Cg0-ZnP-BDP in benzonitrile

Figure 1. 22: Energy level diagram showing the different photochemical processes of the BODIPY -
zinc-porphyrin-crown ether triad (10) when coordinated to the fullerene unit (major processes are
bold arrows)

A similar series of compounds has been prepared which consists of one-, two- and four-
BODIPYs (one attached to each phenyl ring of the zinc-porphyrin) attached by amide
linkers.*® In the case of the two-BODIPY array, the two donor units were attached in a
trans-configuration. A fullerene terminating in an imidazole unit was then coordinated to
the zinc centre (effectively forming a square-pyramidal zinc centre) to allow electron
transfer to occur. The larger number of BODIPY units increased the absorption peak
corresponding to the BODIPY, effectively increasing the antenna effect of this array. A

similar energy diagram to the one shown in Fig. 1.22 was produced for this compound.
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A simple BODIPY-fullerene dyad has also been shown to assume the triplet state by
charge recombination.’* In this array, singlet-singlet energy transfer occurred very
rapidly from the BODIPY to the fullerene unit. The fullerene triplet state is then occupied
by inter-system crossing. Due to the fullerene having a long triplet lifetime, triplet-triplet
energy transfer occurs from the fullerene to the BODIPY despite the higher
thermodynamic position. This caused an enhanced triplet yield for the BODIPY, which is
usually less than a few percent, to approximately 25%. The rate of energy transfer in this
dyad was found to be highly sensitive to the solvent system used, with electron transfer
from the BODIPY onto the fullerene being quicker and the charge-transfer state being
longer lived in a polar solvent (benzonitrile in this case when compared to toluene,

dichlomethane and methyl-tetrahydrofuran).

Attachment of BODIPYs to a perylenediimide core has become increasingly common
and has recently been achieved using click chemistry. This copper (0) catalyzed reaction
has been utilized to attach four and six BODIPY ‘arms’ onto a perylenediimide core with
both compounds showing energy transfer from the BODIPYs to the perylenediimide
(1.11).15 118 While the absorption spectrum of the tetra-BODIPY-perylenediimide array
showed absorption from the BODIPY and the perylenediimide, the emission spectrum
only showed emission from the perylenediimide core, indicating efficient energy transfer
(99%). The emission from the perylenediimide core was actually enhanced when excited
at the BODIPY wavelength (compared to direct excitation at the perylenediimide core
(588 nm)), indicating an ‘antenna’ effect. A similar effect was seen for the hexakis-
BODIPY -perylenediimide. Due to the presence of additional BODIPY units, the
absorption peak of these units was found to be more intense. That there was only a
negligible increase in energy transfer when two additional BODIPY units are added;

supports the theory that BODIPY's are very efficient energy transfer materials.
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1.11

Figure 1. 23: Tetra-BODIPY-perylenediimide array

Click chemistry has also been used to connect three different BODIPY's together in an
energy-transfer array (1.12).%*® In this array, both BODIPY ‘arms’ acted as donors for the
central BODIPY acceptor. The styryl units on the central BODIPY had the effect of red-
shifting the absorption and emission wavelengths of this unit, hence making it the
acceptor. When excited at 501 nm (tetra-methyl BODIPY ‘arm’) and 572 nm (mono-
styryl BODIPY ‘arm’) emission was observed at 662 nm (central di-styryl BODIPY).
This emission was also observed when the central BODIPY was excited directly. The
efficiency of energy transfer from both BODIPY ‘arms’ was calculated to be 99% in each

case.
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Figure 1. 24: Tri-BODIPY array
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2.8.2 Through-bond energy-transfer cassettes

Forster energy transfer is the primary mechanism by which through-space energy-transfer
occurs. This is mainly governed by the spectral overlap of the donor fluorescence and the
acceptor absorbance. However, if the donor and acceptor are joined by a conjugated
system of multiple bonds, then through-bond energy-transfer can occur. The conjugated
system must be twisted or the whole molecule will act as one fluorophore. This mode of
energy transfer does not follow the same rules as through-space energy-transfer. Good
spectral overlap is not required, meaning that an array with a large “apparent Stokes

shift” can be produced.

Lindsey made the initial studies into the efficiency of through-bond energy-transfer
involving BODIPYs as donor units.**” The main factors affecting through-bond energy-
transfer were proposed as being steric interaction, characteristics of the HOMO and
LUMO and the site of attachment and type of linker between the donor and acceptor.
Increased rotational restriction was found to reduce both the rate and the efficiency of
energy transfer. Due to the energy transfer occurring along the conjugate system,
through-bond energy-transfer arrays have been described as molecular wires. Various
BODIPY -porphyrin through-bond energy-transfer cassettes have been synthesised to
investigate the energy transfer properties of such systems.

The multi-porphyrin array depicted in 1.13 shows an example of a linear molecular
wire.” As in the previous examples, the BODIPY was the donor component while the
free-base porphyrin was the acceptor component. Despite the distance between the donor
and acceptor (90A in this case) efficient energy transfer still occured (76%). This is an
example of a through-bond energy-transfer array in which the terminal porphyrin is the
acceptor component; however, there are BODIPY -porphyrin arrays in which the terminal
unit is not the acceptor.
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Figure 1. 25: BODIPY-tetraporphyrin array

Molecular optoelectronic linear- and T-gates have been synthesised showing fluorescence
ON/OFF switching by oxidising or reducing an ancillary magnesium porphyrin (1.14 and
1.15).28 When the magnesium centre was in its 2* state, fluorescence occured at the free-
base porphyrin by through-bond energy-transfer from the BODIPY donor. When
oxidized or reduced, fluorescence was quenched by intra-molecular charge transfer.
Energy transfer in these compounds was also very efficient with values exceeding 80%

for each array.
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Figure 1. 26: BODIPY-porphyrin arrays
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Multi-BODIPY-porphyrin arrays have also been synthesised in order to increase the
antenna effect of the BODIPY units.**® One, two (1.16 and 1.17), four and eight BODIPY
arrays have been prepared; each using the same BODIPY fluorophore. As seen for the
multi-BODIPY -perylenediimide arrays, increasing the number of BODIPY units had
little effect on the energy transfer efficiency, but increased the amount of light absorbed
by the compound at the BODIPY excitation wavelength. While the energy transfer
efficiency of the mono- and di-BODIPY arrays was almost quantitative, the eight-
BODIPY array displayed an efficiency of between 80-90%. In each case, the BODIPY
was attached to the porphyrin via a phenyl-ethynyl linker. In this series of compounds,
the eight-BODIPY array consisted of a free-base porphyrin with two BODIPY units
attached to each of the four phenyl rings in the same fashion as the array depicted in 1.17.
The four-BODIPY array was similar to the eight-BODIPY array in that a BODIPY is
linked to each of the four phenyl rings of the porphyrin. Interestingly, a dithiaporphyrin
analogue of the four-BODIPY system showed poor electron transfer (~11%) when

excited at 485 nm.'?°
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Figure 1. 27: Di-BODIPY-porphyrin array
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Figure 1. 28: Di-BODIPY-porphyrin array with BODIPY attachment at the same phenyl ring

Through-bond energy-transfer arrays consisting of BODIPY donors and 21-thia- or 21-
oxoporphyrins have been prepared in a similar fashion to the methods used for the

preparation of previous examples (1.18 and 1.19)."" 1%

For both of these porphyrin
analogues, efficient energy transfer was observed as the porphyrin emission was
enhanced when the array was excited at 485 nm. These reported energy transfer arrays
are interesting, but a direct comparison is difficult as the orientations of the BODIPY

units were different for each compound.
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Figure 1. 29: Di-BODIPY-thiophyrin array
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Figure 1. 30: Di-BODIPY-oxophyrin array

This highly efficient energy transfer from BODIPYSs to porphyrins has been exploited for
photocurrent generation.'? In this system, a BODIPY was the terminal donor unit and
was attached to a zinc-porphyrin acceptor unit, which also acted as the electron donor in a
similar way to previous examples. This donor-acceptor system was then coordinated to a
tri-osmium-fullerene unit, which could act as both an electron acceptor and donor.
Diazabicyclooctane (DABCO) was then used to tether these arrays together by
coordinating to two of the zinc-porphyrins via their axial positions. This ensured a high
surface coverage when bound to the electrode. The supramolecular array was then
exposed to indium-tin oxide (ITO) which acted as one of the electrodes, the other being

platinum. Photocurrent generation was initiated by excitation of the terminal BODIPY,
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which transfered its energy (through-bond) to the zinc-porphyrin. Electron transfer then
occured from the zinc-porphyrin to the fullerene, and subsequently from the fullerene to
the ITO electrode. A sacrificial electron donor (ascorbic acid) was also used. The
photocurrent generation efficiency was calculated as being 29%. This array was also

found to be highly thermally and electrochemically stable.

While it has been shown that porphyrins are useful in constructing energy transfer
cassettes, this also provides a limitation on the types of arrays that can be formed.
BODIPYs with metal complexes attached to them also provide an interesting class of
compound that can be used as energy- and electron-transfer arrays. Several polypyridine
complexes of BODIPYs have been prepared and their energy- and electron-transfer
properties have been investigated. Analogues of compound 1.20 have been prepared
consisting of one or two BODIPY fluorophores, bis- or ter-pyridine ligands, and various
linker groups.??" 12 Metal (11) polypyridine complexes were chosen because of their

intense and long-lived triplet metal-to-ligand change transfer (MLCT) emission.

Figure 1. 31: BODIPY-bipyridyl-ruthenium complex
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Figure 1. 32: Energy level diagram showing the various photochemical processes involved in the
transfer of energy from the metal complex to the BODIPY

For the ruthenium complexes at 77K in a rigid matrix, the energy transfer mechanism
appears to proceed via initial excitation of the ruthenium-polypyridine complex to the
MLCT state, followed by transfer of this energy to the ‘BDP (BODIPY singlet state)
state (Fig. 1.32). This process can only proceed if the "MLCT and the ‘BDP energy levels
are similar. The *BDP (BODIPY triplet state) state can be reached via a charge-separated
state. Phosphorescence can occur in some of the compounds and is attributed to the
presence of the ruthenium, which promotes inter-system crossing from the *BDP state to
the ®BDP state by the “heavy atom effect”. The *BDP state can also be reached via
energy transfer from the *MLCT state if the energy levels are close enough as this
process would be spin-allowed.’® 2 Some BODIPY-ruthenium complexes have been
prepared that have the effect of quenching fluorescence via energy transfer.?” In the case
of compounds 1.21 and 1.22, the 'BDP state was quenched by energy transfer to the
ruthenium centre with 93% and 73% efficiency respectively. This transferred energy was

then lost via electron transfer and singlet to triplet inter-system crossing.
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(1.21): X=Cl
(1.22): X = NCS

Figure 1. 33: BODIPY -oligopyridine-ruthenium complex

Zinc-polypyridine complexes have been incorporated into energy transfer arrays in a
similar fashion to the ruthenium complexes.'?® In these complexes, the fluorescence of
the BODIPY was quenched by intramolecular electron transfer (1.23 and 1.24).
Extension of the distance between the terminal BODIPYs and the zinc centre, by
incorporation of ethynyl groups, decreased the electronic coupling but electron transfer
still occured to a large extent resulting in fluorescence quenching. Analogous to the
ruthenium complexes, the *BDP state was at a lower energy than the charge-separated
state but in this case charge-recombination occured preferentially over triplet state
formation. It was proposed that charge-recombination could be enhanced by preferential
localisation of the positive charge at the meso-carbon in the BODIPY =-radical level or
by quantum mechanical effects.
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Figure 1. 34: BODIPY-terpyridine-zinc dimer

Platinum complexes analogous to 1.25 have been prepared and the corresponding energy
transfer behaviour has been observed.’”® ¥ Compound 1.25 did not exhibit any
fluorescence quenching of the BODIPY compared to the zinc complex. However,
luminescence from the *MLCT of the platinum centre was quenched by energy transfer to
the *BDP state both at 77K and at room temperature. The heavy metal centre also

promoted inter-system crossing in the BODIPY and allowed phosphorescence to occur.

1.25

Figure 1. 35: BODIPY-terpyridine-platinum complex

Mono- and di-styryl (1.26 and 1.27) analogues of 1.25 have also been prepared as well as
an array involving an ethynyl pyrene unit which replaced the fluorine substituents on the
boron centre (1.28).° In each of these arrays, excitation to the *MLCT state lead to
decay to the *MLCT state instead of the 'BDP state. In the analogues 1.27 and 1.28,
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triplet-triplet energy transfer via a charge-separated state was found to be almost
quantitative. While still efficient in 1.26 (>90%), the triplet-triplet energy transfer was
less efficient due to a shorter MLCT lifetime. In 1.28, through-space energy-transfer
occured quantitatively from the pyrenyl moieties to the BODIPY. This means that the
*BDP is occupied by an electron from the charge-separated state (generated from the
$MLCT), while the ‘BDP state is acting as an acceptor for energy from the pyrene units.
When these compounds are held in a rigid matrix at 77K, this charge-separated state did
not appear to be the intermediate by which the energy from the *MLCT was transferred to
the ®BDP state. The most likely energy transfer mechanism in this case would be
through-bond energy transfer. Being held at 77K also allowed phosphorescence of 1.28 to
be observed. It was assumed that phosphorescence would occur from 1.26 and 1.27, but
was more difficult to detect as it would emit in the infra-red region.

L26: X =FR=CHg R = H:R =\
127:X=F,R'=H;R=R'= \
_\_®7NMe2

1.28:R=R'=CH3; R"=Et; X=—" =——=__Pyrene

Figure 1. 36: BODIPY-terpyridine-platinum complexes with differeing acceptor moieties
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Due to the high stability and versatility of ferrocene derivatives, they have also been
incorporated into electron transfer systems involving BODIPYSs. In the case of the styryl-
ferrocenyl-BODIPY (1.29), it was found that the molecule underwent remarkable

electrochromism.*®*

A clearly visible colour change occurred when the molecule went
from its neutral to oxidised state (purple) and back again (blue). Compound 1.30 did not
exhibit any fluorescence due to electron transfer from the ferrocene to the BODIPY. %
Electrochemical studies showed that the ferrocene unit was difficult to oxidise, but the
BODIPY unit was relatively easily reduced. A ferrocene moiety has also been used in the
preparation of a ferrocene-BODIPY-fullerene triad.*** This triad caused charge
stabilisation, allowing electron transfer to occur readily. Excitation of the BODIPY
causes abstraction of an electron from the ferrocene moiety, producing a BODIPY anion
radical. A second electron transfer then occurs from the BODIPY onto the fullerene unit.
Due to the distance between the cation and anion radicals, charge stabilisation was

achieved.

Figure 1. 37: BODIPY-ferrocene arrays

While energy transfer arrays based on porphyrins and metal complexes display
remarkable potential as molecular wires and fluorescent switches, the size and synthetic
routes employed to prepare these molecules precludes much of their practical use for
optoelectronic applications. It seems necessary, therefore, to prepare smaller cassettes via
simpler synthetic routes. To this end, several BODIPY's bearing anthracene moieties have

been prepared and their energy transfer effects studied. Compound 1.31 had the
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anthracene unit attached directly to the 5-position of the BODIPY.*** Despite the lack of
methyl groups on the BODIPY core, the anthracene unit adopted a near orthogonal
geometry with respect to the BODIPY plane. This near orthogonal geometry was also
observed in the 1,3,5,7-tetramethyl analogue of the same BODIPY.” This BODIPY
appeared to undergo similar photochemical processes as those depicted in Fig. 1.22. The
'BDP state can undergo charge-separation with subsequent formation of the ANT state.
This *ANT state can then decay to the *BDP state. This energy transfer (which was
susceptible to changes in temperature) did not occur to any great extent, and thus made

this particular compound unsuitable as an energy transfer array.

Figure 1. 38: BODIPY -anthracene arrays

A series of anthracenyl-BODIPY's were synthesised to investigate the effects of differing
donor-acceptor separation and attachment position on their energy transfer properties.’” It

was shown that arrays analogous to compound 1.34 displayed energy transfer, but despite
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several acceptor BODIPY units being investigated, no correlation between the structure
of the acceptor and the efficiency of energy transfer was observed. In arrays such as 1.32
and 1.33, much faster energy transfer was observed. Greater steric effects around the site
of attachment to the BODIPY force the anthracenyl moiety out of the plane of the
BODIPY. This, however, proved to be problematic as the energy transfer was too fast to
allow measurements of the exact rate to be determined, meaning that a relationship
between energy transfer and donor-acceptor separation may exist, but cannot be
measured. This may, however, imply that the orientation of the BODIPY has a greater

effect on the energy transfer than the BODIPY substitution.

Replacement of the fluorine substituents on the boron atom provides another route
towards the preparation of energy transfer cassettes. Pyrene and perylene donors have
been attached to the boron atom (1.35-1.38) and efficient energy transfer occured to the
BODIPY acceptor; only emission from the BODIPY was observed.™® A competing
energy transfer process takes place in compound 1.36 as energy absorbed by the pyrene
unit can be transferred to the perylene unit with a similar efficiency as it is transferred to
the BODIPY. In particular, compound 1.36 showed potential as a light harvester due to
strong absorptions in the UV region from the pyrene and perylene units. The energy
transfer properties of this type of array have been used to develop an orthogonal
sensor.*® Compound 1.38 displayed efficient energy transfer from the pyrene units to the
BODIPY as expected. Exposure of compound 1.38 to protons switched on an intra-
molecular charge transfer process, thus decreasing the fluorescence of the BODIPY. This
also caused the absorption band of the BODIPY to undergo a red-shift. As the absorption
of the pyrene moieties is insensitive to cation coordination, the red-shift in BODIPY
absorption caused a decrease in the rate of through-space energy transfer, thus restoring

some of the pyrene fluorescence.
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(1.37): R= R =Perylene; R" = CHs
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Figure 1. 39: BODIPY arrays prepared by F-substitution

As an extension of this work, a BODIPY which absorbs and emits in the red region was
prepared and pyrene moieties attached to the boron atom in a similar fashion.”’ In each
compound of the series 1.39-1.43 efficient energy transfer occured from the aromatic
moiety tethered to the boron atom and only emission from the BODIPY core was
observed. The BODIPY itself emitted at 750 nm so there was a very large apparent
Stokes’ shift. Even in compound 1.43, where two different donor groups were used, only
emission from the BODIPY core was observed, indicating that even if energy transfer
occurred from one donor to the other, it is still then transferred to the BODIPY core.
While it would appear that energy transfer in these compounds (F-substituted BODIPY
arrays) would proceed via a Forster type mechanism, poor alignment of the transition
dipoles of the donors in relation to the acceptor (steric effects causing twisting of the
donor units) minimizes this mechanism and through-bond energy transfer is promoted by
effective electronic coupling. It is, however, important to note that through-space energy

transfer in these compounds is not eliminated, merely minimized in certain cases.
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Figure 1. 40: BODIPY-oligopyridine arrays prepared by F-substitution

In an attempt to increase the potential for these types of molecules to be used as light
harvesters in optoelectronic devices, analogues bearing three donor moieties attached to a
terminal BODIPY acceptor have been synthesised (1.44 and 1.45),***° the aim being to
maximise absorption in the UV region. This feature would allow these molecules to be
used as light harvesters in dye-sensitized solar cells. It was proposed, based on the studies
of these compounds, that the boron centre is the main bottleneck for through-bond
electron exchange. This factor could prove invaluable in the design of new arrays,
BODIPY or otherwise.
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1.44 1.45

Figure 1. 41: BODIPY arrays bearing UV-absorbing donor groups

While it has been shown that different chromophores can be used to maximise absorption
in a particular region of the electromagnetic spectrum, no relationship between spacer
length (between donor and acceptor) and energy transfer has been determined. Using the
same F-substitution reaction as for the previous arrays, two BODIPY's have been attached
to a terminal acceptor BODIPY via different length aromatic linkers (1.46-1.49).**" It was
calculated that the lengths between the BODIPY acceptor and the donor was 18, 24, 31,
and 38 A forn =0, 1, 2 and 3, respectively. Due to the polyaromatic nature of the spacer
groups, these compounds absorbed at increasingly red-shifted wavelengths as the length

of the spacers increases. This absorbed energy was shown to be almost quantitatively
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transferred to the terminal BODIPY acceptor. Energy transfer was shown to occur from
the two BODIPY units to the terminal BODIPY acceptor but with a decreasing rate as
spacer length increased. Similar to compounds 1.44 and 1.45, which contain three
different donor units to maximise absorption in the UV region, compound 1.46 featured
the remaining BODIPY (donor) fluorine substituents replaced with pyrene units to
achieve the same effect. Again, absorption in this region showed efficient energy transfer
from the pyrene unit to the terminal BODIPY acceptor. In each of these compounds,
emission from the donor BODIPY could still be observed, to varying extents.

Figure 1. 42: BODIPY array exhibiting energy transfer efficiencies dependant on spacer length

The original investigations into multi-BODIPY arrays was carried out by Burgess’

group.'* This involved the preparation of a series of bis-BODIPY arrays connected by
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different aromatic linker groups. In each case, efficient energy transfer was observed
from the donor BODIPY to different acceptor via a through-bond mechanism. A small
amount of donor fluorescence could still be observed for these arrays. This work was
extended to prepare arrays consisting of two, three and four BODIPY's connected by a
phenylethynyl linker.**® The three- and four-BODIPY arrays were connected to the same
single phenyl hub as in 1.50. Efficient energy transfer occured in each of the arrays from
the BODIPY donor to the styryl-BODIPY acceptor. Emission from the donor was still
observed but was weaker than the emission from the acceptor (O = <0.1 for donor
emission compared to @ = 0.27-0.42 for the acceptor from the various arrays). For these
arrays, direct excitation of the acceptor moiety produced fluorescence quantum yields
greater than those produced by energy transfer. The energy transfer efficiency was
calculated as being 99.5% and the increase in the number of BODIPY units provided the
array with an increase in the antenna effect of the donor groups. It is interesting to note
that despite the proximity of the BODIPY units in the four-BODIPY analogue, the donor
units behaved as individual entities and there was no change in their individual
photophysical characteristics.
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Figure 1. 43: Di-BODIPY array

Fluorene and truxene have also been used as bridging groups between different BODIPY
units due to their absorption in the UV region.'** *** In both the fluorene and truxene
array efficient energy transfer occurs from one BODIPY to the other. The fluorene was
calculated to display almost quantitative energy transfer to the BODIPY, and energy
transfer from the donor BODIPY to the acceptor BODIPY was calculated to have an
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efficiency of more than 90%. Efficient energy transfer from the truxene core to a donor
group on one of the arms occurred, but there was little control over which acceptor it
transfers to. As the donor would have an absorption furthest into the blue region, and
acceptor furthest into the red region, with the donor/acceptor between the two, energy
transfer could occur from the donor to both the donor/acceptor and the terminal acceptor
as well as from the donor/acceptor to the terminal acceptor. As energy transfer was
calculated to be very efficient (>90% for each process) but not quantitative, emission
from the donor (weakest emission), donor/acceptor (intermediate emission) and terminal
acceptor (most intense emission) was observed. For this array, through-bond energy
transfer occured from the truxene core to the BODIPY units and through-space energy

transfer occured from one BODIPY to another.
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Figure 1. 44: Fluorene- and truxene-bridged arrays

A simple energy transfer system has been developed which consists of one or two
BODIPY acceptor units connected by a terphenyl donor unit.**® This system has potential
applications in photovoltaic solar cells due to the terphenyl absorption in the UV region.
A mono-BODIPY -terphenyl which terminated in a hydroxyl group was also synthesised
and was found to act as a pH sensor, with fluorescence quenching occurring at high pH
values via a PeT mechanism. BODIPY's connected in other simple ways have also shown

efficient energy transfer properties. Simple multi-BODIPY arrays like 1.51 showed
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efficient through-bond energy transfer from the three antenna donor BODIPYs onto the
styryl-BODIPY, which acted as an acceptor due to the styryl groups causing a significant
red-shift in the central BODIPY's absorption and emission spectrum.* A series of one-,
two- and three-BODIPY arrays were synthesised with compound 1.51 being the latter. In
compound 1.51, emission from the three donor BODIPYs was quenched completely
while the acceptor BODIPYs emission intensity was increased with increasing number of
antenna BODIPY donors.

=—N._ _~N 1.51

\ /

OO

/
/) Y |
N\ - /N
F2B—N 7z _N—BF,

Figure 1. 45: Tetra-BODIPY array
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2.9 BODIPY-based energy-transfer arrays as light harvesting materials in

electrooptic devices

The versatility of BODIPYs as components of energy-transfer cassettes is quite clear, but
investigations into their practical use in electrooptic devices, particularly solar cells, is
now also receiving attention. Photocurrent generation for practical use in solar cells can
be achieved by employing the array as a sensitizer for titanium dioxide (dye-sensitized
solar cells) or by the formation of bulk heterojunction solar cells consisting of a
donor/acceptor system bound between conducting surfaces (usually ITO — indium tin

oxide, and another metallic electrode).

2.9.1 Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs)**" 148

consist of a layer of dye trapped between a layer
of titanium dioxide and an electrode. Such cells are held between transparent electrodes
(fluorinated tin oxide — FTO glass) to allow light absorption and to receive the
photogenerated current. When the dye absorbs a photon, electron transfer from the dye to
the titanium dioxide conduction band occurs. This electron then moves by diffusion to the
anode. Due to the dye having lost an electron, an electrolyte solution is placed below the

titanium dioxide layer allowing the regeneration of the dye ground state.

The binding of organic molecules to titanium dioxide is relatively straightforward (the
carboxyl group binds readily) and thus BODIPYs have been the focus of some recent
research into new dye-sensitized solar cells. For these devices to be efficient, the dye
must absorb in a wide range throughout the electromagnetic spectrum, which would
appear to be a problem for BODIPY dyes given their relatively sharp absorption bands.
However, as has been seen for some of the energy transfer cassettes, various groups can
be attached to the BODIPY to maximise absorption by the dye and thus photocurrent
generation. One of the earlier examples of BODIPY's as sensitizers involved a BODIPY
with two triphenylamine groups attached via a styryl linker (1.52).2*° The styryl groups

caused the BODIPY unit to absorb in the red region, while the triphenylamine unit
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absorbed in the blue and green regions. Given that the electron density of a BODIPY
moves from the BODIPY core (HOMO) to the 5-phenyl group (LUMO) upon excitation,
this allows a relatively simple site for charge injection. Cyclic voltammetry of 1.52
revealed that it possesses a LUMO of 3.517eV, which allows thermodynamically
favourable electron transfer into the titanium dioxide conduction band at 3.9eV.

Compound 1.52 was shown to have a photon-to-current efficiency of 22%.

1.52

Figure 1. 46: Triphenylamine-BODIPY array for DSSCs

The use of triarylamines as donor units for DSSCs has been extended by the same group
to include different substituents on the unsubstituted aryl groups, different positions for
binding to titanium dioxide, and different substituents on the BODIPY core.*®® The
different functional groups were used to shift the absorption maxima, as well as alter the

oxidative and reductive potentials. It was observed that compound 1.53 gave the highest
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photon-to-current conversion efficiency of the three compounds synthesised. A higher
conversion was observed in the blue region, rather than at the BODIPY absorption in the
red region. Conversion efficiencies were lower for compounds 1.54 and 1.55 indicating
that position of binding to titanium dioxide as well as substituents on the BODIPY core
are important factors in the preparation of DSSCs. Compound 1.53 had the highest

conversion efficiency of this series of compounds at 0.68%.
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Figure 1. 47: Triphenylamine-BODIPY arrays for DSSCs bearing differing titanium dioxide binding
and UV-absorbing groups
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Because the synthetic route towards core BODIPYSs is relatively straightforward, simple
analogues of the same BODIPY core can be easily prepared and studied. This particular
aspect of BODIPYs was exploited to prepare three analogues of a BODIPY containing
polyethyleneglycol (PEG) arms for use in DSSCs.™®! The different BODIPY analogues
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absorbed at different wavelengths in the visible region (compounds 1.56-1.58). The
addition of one then two styryl groups caused a progressive red-shift in the BODIPY
absorption, while the increased number of aromatic groups caused an increase in the UV
absorption. The PEG chains provided the molecules with enhanced film-forming
properties. Photocurrent generation was measured for these compounds with excitation
from 400-725 nm. As expected, compound 1.56 displayed photocurrent generation over
the shortest region, due to the absorption of the BODIPY in the UV and visible regions
being closer together than for 1.57 and 1.58. Compound 1.58 displayed photocurrent
generation over the entire region of the measured spectrum due to its wider absorption

profile. No photon-to-current efficiencies were reported for these compounds.
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Figure 1. 48: BODIPYs for DSSCs with PEG arms to enhance film formation

Energy transfer in through-bond BODIPY porphyrin arrays has been shown to be very
efficient and this effect has already been exploited in a photocurrent generation system.'?
This work has been extended to produce a BODIPY -porphyrin array bound to titanium
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dioxide for use in DSSCs (1.59).% A through-bond energy transfer mechanism takes
place to transfer energy from the BODIPY to the porphyrin and subsequent electron
transfer occured onto the titanium dioxide. While the zinc porphyrin absorbed strongly at
~440 nm and more weakly at ~640 nm, the BODIPY absorbed at ~520 nm providing the
array with three distinct absorption regions, which promoted photocurrent generation
across a wide wavelength range. An analogue without the BODIPY donor was also
synthesised, which showed a drop-off in photocurrent generation around 500 nm, while
the array containing the BODIPY (1.59) maintained photocurrent generation throughout
the measured wavelengths (400-700 nm). Peak photocurrent generation was centred on
the strong zinc-porphyrin absorption around 440 nm with two smaller peaks at the
absorptions of the BODIPY (~520 nm) and the weaker porphyrin absorption (~660 nm).
This array exhibited a photon-to-current efficiency of 1.55%.

1.59
Figure 1. 49: BODIPY-porphyrin array for DSSCs

While BODIPYs display efficient energy transfer, dipyrrinato-metal complexes also
exhibit strong absorptions in the UV and blue-green bends of the visible region. Although
dipyrrinato-metal complexes have not yet been incorporated into DSSCs, their binding to
titanium dioxide has recently been studied.’® Rhodium, palladium and ruthenium

complexes of 5-(4-carboxy)phenyl-dipyrromethene were synthesised and were shown to
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bind to titanium dioxide and their absorption profiles were measured. However, no

photocurrent generation experiments were reported for these compounds.

2.9.2 Bulk heterojunction solar cells

Bulk heterojunction solar cells (BHJs) consist of a charge donor and acceptor dispersed
throughout a polymer matrix. Initially, the donor and acceptor are separated in a bilayer

(bilayer heterojunction solar cells™* *°

) but charge transfer was found to be inefficient.
By dispersing them throughout a polymer matrix, more interfacial contact between the
donor and acceptor occurs and charge transfer is more efficient.*® Besides the increased
efficiency of BHJs, their other major advantage is that, because they are a dispersed
mixture of donor and acceptor, they can be fabricated by relatively simple solution-based
processes, thus decreasing their production costs. Fullerene analogues have been the
focus of interest in the development of BHJs due to their low LUMO energy level
promoting efficient photoinduced charge transfer, highly delocalized n-system conferring
stability on any charge-separated state and spherical geometry leading to isotropic
electron transport through the 3D system.*® * However, aromatic polymers have been
the main avenue of research in the development of BHJs due to their ability to act as
molecular wires, low band gap, and high electron hole mobility. Oligothiophenes in
particular have attracted interest, but their synthesis, purification and electronic properties

have caused some degree of difficulty in the preparation of BHJ devices.'***%

The initial investigation of the potential for BODIPYSs as dyes for BHJs was carried out
using three commercially available BODIPY dyes to dope an acrylate polymer and their
effects as solar concentrators was measured.'®® Figure 1.50 shows the three different
BODIPY dyes (shown as triangles, squares and circles) dispersed throughout the acrylate
polymer. The first dye (A — BODIPY 494/505) absorbs the incident sunlight and then
transfers the energy by FRET to the next dye (B — BODIPY 535/558) which subsequently
transfers it to the final dye (C — BODIPY 564-591). 75% of the light emitted from dye C
is trapped within the plate and guided to the photovoltaic cell by internal reflection. The

white scattering surface reflected unabsorbed light from the first pass through back into
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the plate. While efficient energy transfer was observed for this system, no photocurrent

generation results were reported.
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Figure 1. 50: Light collection in a multi-dye luminescent solar concentrator
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Analogues of compounds 1.57 and 1.58 were prepared for use in BHJs that comprised of
identical molecules other than the carboxyl group had been replaced with an iodo group
(compounds 1.60 and 1.61).2** Compound 1.60 was found to have an excitation of 572
nm, while 1.61 had an excitation of 646 nm. When cast as thin-films on ITO-glass and
bound in PEDOT-PSS (polymer support) a slight red-shift in the absorption maxima was
observed. BHJs of these compounds were produced by spin-coating a mixture of
BODIPY with [6,6]-phenyl-Cg1-butyric acid methyl ester (PCBM) in a 1:2 weight ratio
onto ITO-glass treated with a 40 nm thick layer of PEDOT-PSS. These cells showed
distinct photocurrent generation around the major absorption peaks. An impressive power

conversion efficiency'®*1%°

of 1.34% was calculated for these cells. The power
conversion efficiency of these compounds was increased by using mixtures of both 1.60
and 1.61 with PCBM in PEDOT-PSS, and coating ITO-glass with the mixture.’® The

combination of the two different BODIPY dyes allows photons to be absorbed over a
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broader spectral range. The power conversion efficiency for these mixtures was

calculated to be 1.70%.

(1.60): R=CHg R' = A
(1.61): R=R'= A

wux/

Figure 1. 51: BODIPY for BHJs with PEG arms to enhance film formation

Due to the interest in oligothiophenes as donors in BHJs, a bis(thiophene) analogue of
compound 1.61 has recently been prepared that combines the light-harvesting properties
of the di-styryl-BODIPY with the electron hole transport properties of an oligothiophene
(1.62).%*" Compound 1.62 displayed strong absorption between 300-700 nm with major
peaks for the BODIPY chromophore and strong absorption for the aromatic groups in the
UV region. As predicted, the photocurrent generation profile matched the absorption
profile and the power conversion efficiency was calculated as being 2.20% when mixed
with PCBM in a PEDOT-PSS matrix.
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Figure 1. 52: BODIPY-thiophene array for BHJs

2.10 BODIPYs as laser dyes

Several BODIPY derivatives have been shown to exhibit laser activity. Some of the
BODIPY derivatives studied exhibit relative efficiencies above that of rhodamine 6G
(against which the laser activity of this series of BODIPY dyes was compared, with
rhodamine 6G having a relative efficiency (RE) of 100).1%% % Drexhage described a
simple rule governing the laser activity of fluorescent dyes which relies on n-electron
distribution.’® The rule states that “in a dye where the m-electrons of the chromophore
can make a loop when oscillating between the end groups, the triplet yield will be higher
than in a related compound where this loop is blocked. It may be said that the circulating
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electrons create an orbital magnetic moment which couples with the spin of the electron.
This increased spin-orbit coupling then enhances the rate of intersystem crossing, thus
giving rise to a higher triplet yield.” BODIPYs are, therefore, ideal candidates for laser
dyes due to their sharp emission profiles and low rate of intersystem crossing which is

kept low by the lack of conjugation through the boron atom.

In one of the initial studies of BODIPYs as laser dyes, Boyer et al. synthesised 28
different BODIPY derivatives and their photophysical behaviour, including relative laser
efficiency, was observed.!™ "2 The range of BODIPYs they synthesised was designed to
cover a wide range of relatively simple functional groups to observe their effects on the
lasing properties. Different types and numbers of alkyl substituents as well as rigid cyclic
motifs, aromatic units and polar groups were attached to the BODIPY core and a wide
range of laser efficiencies was observed (Fig. 1.53). Several of the BODIPYs studied

have since been commercialised.
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Figure 1. 53: Core BODIPY structure for investigation into laser activity of different BODIPY
derivatives

The initial sub-series (seven compounds) involved the investigation into the effect that
different short alkyl groups had on laser activity. A gradual red-shift was observed with
increasing alkyl substitution, with tertiary butyl groups providing the largest shift
(commercial BODIPY PM 597). A red-shift of ~30 nm was observed for all the
BODIPYs studied in going from their emission wavelength to their lasing wavelength.
This sub-series showed an odd/even effect based on the number of alkyl groups present
on the BODIPY core with regard to their relative laser efficiency. BODIPY's containing
an odd number of carbon atoms possessed lower relative efficiencies than those with

even numbers of carbon atoms. The even derivatives had relative efficiencies of at least
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100, with PM 597 having a relative efficiency of 110. Over the whole series of 28
compounds, no clear relationship between absorption wavelengths, extinction coefficient
and fluorescence quantum yield and laser activity was established. Replacing the meso-
alkyl group with a hydrogen atom caused a marked decrease in laser activity. Distortion
of the planarity of the BODIPY core caused by strong steric interactions between alkyl
units caused a total loss of laser activity. Phenyl groups attached to the pyrrolic positions

of the BODIPY also caused low lasing activity.

This initial research has, naturally, led to various groups preparing other BODIPY
derivatives in order to investigate the laser properties of the resulting dyes. Mono-amino
and acetamido (1.63 and 1.64) derivatives of a BODIPY dye were synthesised and
remarkably different laser properties were observed.'’”® The acetamido derivative
displayed slightly red-shifted absorption and emission compared to the amino derivative,
but similar fluorescence quantum yields were observed. However, 1.64 displayed a laser
efficiency of 48%, while 1.63 did not exhibit any laser emission. This lack of laser
emission was not attributed to aggregation in solution but could be due to the delocalized

lone pair of the amino group attached directly to the BODIPY core.

J T~ N J 7 N
/N\B/N % /N\B/N %
F/ \F NH, F/ \F NHAG
1.63 1.64

Figure 1. 54: BODIPY laser dyes

In order to produce laser dyes with red-shifted emissions, BODIPYs with extended
conjugated m-systems have been prepared (1.65-1.67)."* The two phenyl groups caused a
red-shift in the absorption (~50 nm) and emission (~80-90 nm) of the dyes with respect to
the unsubstituted dye, as well as causing much wider Stokes’ shifts than is normally
expected for BODIPY dyes. Despite the lack of alkyl groups restricting the rotation of the
meso-phenyl ring, the fluorescence quantum yields were moderate (®F = 0.41-0.62). This
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was attributed to the efficient coupling between the electron clouds of the BODIPY core
and the phenyl rings causing a restriction in their rotation. Compound 1.65 was found to
possess the highest laser efficiency in several solvents, with acetone and ethyl acetate
being the most suitable. Excitation at 532 nm caused a laser efficiency (in EtOAc and
acetone) of 14%, while excitation at 568 nm increased this to 20%. This is likely due to
the 568 nm excitation being closer to the three BODIPY dyes absorption maxima.
Compound 1.66 displayed moderate laser efficiency in methanol with efficiencies of 11%
and 17% for excitation at 532 nm and 568 nm respectively. Compound 1.67 displayed the
weakest laser efficiency of 5% and 11% in ethanol with excitation at 532 nm and 568 nm

respectively. Each of the BODIPY dyes studied appears to be photostable under laser
pumping.

(1.66): X = CO,Me
(1.67): X=CN

Figure 1. 55: BODIPY laser dyes with red-shifted absorption and emission

This method of red-shifting BODIPY emissions for use as laser dyes has been extended
to include styryl groups and polyphenylene derivatives.!”> Compound 1.68 had the
highest laser efficiency of this series (30% in THF) with compound 1.70 being similar
(29% in THF). Despite having a similar core structure to 1.68, compound 1.69 had a
lower efficiency of 23% in THF. Compound 1.71 had the lowest efficiency of the series
at 19% in THF, indicating that the trifluoromethyl units have the effect of increasing the
laser efficiency of BODIPY's when attached to the styryl units.
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Figure 1. 56: BODIPY laser dyes with extended m-conjugation

(1.69):R = %

(1.70):R = CF3
(1.71):R=H

2.10.1 Laser activity of dye-doped polymeric matrices based on commercial BODIPY

derivatives

Commercial BODIPY dyes PM 567 and PM 597 have been used to dope linear and
cross-linked fluorinated polymers.t”® 7 An initial investigation into the effect that
increasing cross-linking in dye-doped fluorinated co-polymers has on the lasing
behaviour of the dye revealed a clear relationship between laser efficiency and stability of
PM 567 and degree of cross-linking. The co-polymer host was a 2,2,2-trifluoromethyl
methacrylate (TFMA)/ethyleneglycol dimethacrylate (EGDMA) mixture with increasing
proportions of EGDMA promoting increased cross-linking. A 99:1 TFMA:EGDMA
mixture exhibited a laser efficiency of 4% and a stability of 15% after only 10000 pulses
(each stability of this series of TFMA:EGDMA co-polymers was measured after 5000
and 10000 pulses; less than the usual 50000 and 100000 pulses). By increasing the
amount of EGDMA to 2%, the laser efficiency was increased to 7% and the stability to
40%. The co-polymer containing 10% EGDMA was found to promote the highest

efficiency and stability (18% and 55% respectively) with further increases in the amount
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of EGDMA used causing a gradual decrease in both efficiency and stability (80:20
TFMA:EGDMA having an efficiency of 14% and a stability of only 12%).

In an investigation into the effect that increasing the fluorine content of the co-polymer
host has on the lasing behaviour of the dye dopant, each of the polymers prepared was a
methyl methacrylate (MMA) co-polymer using TFMA, 2,2,3,3,3-pentafluoropropyl
methacrylate (PFMA) or 2,2,3,3,4,4,4-heptafluorobutyl methacrylate (HFMA) as the
fluorinated monomers for linear polymers. The cross-linked co-polymers were prepared
using MMA and EGDMA, pentaerythritol triacrylate (PETA) or pentaerythritol
tetraacrylate (PETRA). Each co-polymer was prepared using two or three different
proportions of monomers other than the EGDMA co-polymer which was only prepared
using MMA:EGDMA 80:20. PM 597 was only bound into linear co-polymers while PM

567 was bound into both linear and cross-linked co-polymers.

/ Z N\F / Z NF
/N\B/N / /N\B/N /
/\ /\
F F F F
PM 567 PM 597

Figure 1. 57: Commercial BODIPY dyes PM 567 and PM 597

In the series of linear co-polymers, PM 567 was shown as having the highest laser
efficiency when bound in MMA:TFMA 70:30. This dye-doped polymer displayed a laser
efficiency of 35%, however a poor laser stability. The laser output intensity of this dye-
doped polymer decreased to 26% after 100000 pump pulses at the same position of the
sample at 10 Hz. This decreased to 0% when pumped at 30 Hz. When PM 567 was bound
in MMA:TFMA 50:50, the laser stability was reduced to 0% when pulsed at 10Hz, with a
very rapid drop in laser output by 92% after only 40000 pulses. By switching to a
monomer containing a higher weight% of fluorine atoms, the laser efficiency was slightly
reduced but laser stability was dramatically increased. A mixture of MMA:PFMA 70:30
was found to give the best stability of 181% when pulsed at 10 Hz and 56% when pulsed
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at 30 Hz. The laser efficiency of this mixture was 22% which, although lower than the
MMA:TFMA mixtures, is still moderate. By reducing the weight ratio of PFMA to 10%,
a marginal increase in laser efficiency was observed (22% to 23%) but a decrease in laser
stability was also seen (105% at 10 Hz, 0% at 30 Hz). This shows that the amount of
fluorine attached to the co-monomer has a pronounced effect on the laser efficiency and
stability. Contrary to the increase in laser stability caused by changing from TFMA to
PFMA, the transition from PFMA to HFMA actually caused a reduction in laser stability
along with a slight increase in laser efficiency. An MMA:HFMA 70:30 mixture showed a
laser efficiency of 24% and a laser stability of 115% (10 Hz) and 31% (30 Hz). The
reported efficiencies of over 100% are due to an actual increase in laser output with
increased number of pulses. No definitive explanation of this effect in BODIPYSs has thus
far been reported but it is assumed that it is due to multiple factors.

PFMA was chosen as one of the co-monomers for the cross-linked polymers due to its
moderate laser efficiency and high laser stability. The series of co-monomer mixtures for
the cross-linked polymers was designed to investigate the effect that increased cross-
linking had on the laser properties of PM 567. Similar laser efficiencies and emission
wavelengths were observed for the cross-linked polymers, although the polymer mixtures
containing PETA had slightly higher laser efficiencies. Laser stabilities were increased
when going from mixtures containing 10% PETA to 20%, as well as from 10% PETRA
to 20%, indicating a positive relationship between degree of cross-linking and laser

stability up to a certain point. Further increases were shown to be detrimental.

The investigations of the laser properties of PM 597 were carried out using linear co-
polymer mixtures of increasing fluorine weight% and cross-linking co-polymers with an
increasing degree of cross-linking. The linear co-polymers were prepared from 70:30
mixtures of MMA with TFMA, PFMA and HFMA and a dramatic increase in laser
stability was observed compared to PM 567. When bound in a mixture of MMA:HFMA
(70:30), PM 597 showed the highest laser stability of all the series studied of 159% (10
Hz) and 105% (30 Hz) even after 500000 pulses. This mixture also displayed a laser
efficiency of 36%, equal to or higher than all the PM 567 doped co-polymers. The
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highest laser efficiency was observed for PM 597 in the cross-linked co-polymer
PFMA:PETA 80:20 of 42% which also displayed an impressive laser stability; 94.8% (10
Hz) and 59% (30 Hz) after 250000 pulses. While PM 567 displayed higher laser stability
in the cross-linked co-polymers, PM 597 displayed much higher stability in the linear co-
polymers. The loss of laser activity seen upon repeated pump pulsing was attributed to a

build-up of heat in the polymer which is more marked when pumped at a faster rate.

The impressive laser properties of PM 567 were also observed in silica aerogels with
fluorinated co-polymers.'”® The co-polymers were 70:30 mixtures of MMA with TFMA,
PFMA or HFMA with PM 567 dissolved in the co-monomer mixture which was then
incorporated into a silica aerogel by adding a silica gel monolith to the solution in order
for polymerization to occur within the aerogel. The MMA:TFMA mixture aerogel
produced a laser efficiency of 27% (lower than PM 567 in the co-polymer alone — 35%)
and a laser stability of 104% (10 Hz) and 38% (30 Hz) which is a significant increase
over the stability of PM 567 dissolved in the co-polymer mixture alone (26% (10 Hz) and
0% (30 Hz)). The MMA:PFMA mixture aerogel caused an increase in the laser efficiency
when compared to the free co-polymer mixture (from 22% to 32%) as well as a decrease
in the laser stability at 10 Hz (from 181% to 109%) but an increase in the stability at 30
Hz (from 56% to 105%). A similar effect was observed for the MMA:HFMA mixture
aerogel. While the effect that incorporating these dye-doped co-polymers into silica
aerogels has on PM 567 laser efficiency appears to be unpredictable without further

study, it is clear that it causes a significant increase in laser stability when pulsed at 30Hz.

PM 567 has also been incorporated into a non-fluorinated co-polymer (1:1
MMA:HEMA) including a tetraethoxysilane (TEOS) inorganic component to investigate
if BODIPY laser dyes could be used in organic-inorganic hybrid materials.}” TEOS was
added to the co-monomer/BODIPY mixture before polymerization at 5, 10 and 15%
proportions and a significant change in the laser stability was observed. The laser
efficiency remained relatively unaffected (22, 20 and 24% for 5, 10 and 15% TEOS
respectively). When only 5% TEOS was used, thermal dissipation through the polymer

matrix was increased, causing an increase in laser stability of the dye (69% after 60000
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pulses at 10 Hz). However, further increase in the amount of TEOS used caused a
dramatic reduction in laser stability. 10% TEOS reduced the stability to 69% after only
7000 pulses and 15% TEOS reduced it even further to 69% after only 1800 pulses. While
the addition of increasing amounts of TEOS caused a dramatic reduction in laser stability,
it remained higher than the 1:1 MMA:HEMA mixture without any TEOS, 80183

An analogue of PM 567 has been prepared that possesses a styryl group (1.68) in order to
produce a bathochromic shift in the absorption, emission and lasing wavelength.'®* The
laser efficiency was determined to be as high as 18%, but varied depending on the solvent
used. This styryl-BODIPY (1.72) was also bound in a polymer matrix and laser activity
was still observed. Ethyl acetate was found to produce the highest laser efficiencies, so
polymethylmethacrylate (PMMA) polymers were chosen as methyl MMA mimics the
ethyl acetate solvent. Both linear and cross-linked polymers were studied, with linear
polymers of two different molar proportions being prepared. Linear co-polymers
MMA:TFMA 9:1 and 5:5 produced the highest laser efficiencies (18% and 16%
respectively), with cross-linked MMA:EGDMA 3:2 showing the lowest (6%). PMMA
showed a laser efficiency of 10% indicating that linear polymers allow the dyes to lase
more efficiently than cross-linked polymers. By suspending the dyes in a solid polymer

matrix, a slight red-shift (~5 nm) was observed for the emission spectrum.

Figure 1. 58: Mono-styryl BODIPY dye
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Compounds 1.73-1.76 were designed to act as dopants for polymers (1.73 and 1.75) and
as co-monomers for polymers (1.74 and 1.76).*®® The laser efficiency of compounds 1.73
and 1.75 were determined in several solvents and was found to be most intense in ethanol
(58% and 54% respectively). They were then made up into solid solutions in PMMA and
their laser efficiency and stability was determined. Compound 1.73 exhibited a laser
efficiency of 27% while the di-acetyl analogue (1.75) had a laser efficiency of 33%.
Compound 1.75 was determined to have higher laser stability than 1.73 of 53% compared
to 35% respectively. When used as co-monomers (1.74 and 1.76), the laser efficiency
remained at a similar level (28% and 37% respectively) but the laser stability increased
significantly; from 35% to 52% (1.73 to 1.74) and 53% to 100% (1.75 to 1.76). The laser
stability of 1.75:PMMA was only reduced to 67% even after 400000 pulses at 30 Hz.
This indicates that covalent binding of the dye molecules to the polymer strands is an

efficient way of increasing the stability of solid-state polymeric dye lasers.

R /N\B/N R /N\B/N R
/\ /\
F F F F
(1.73): R = CH,OAc (1.75): R = CH,OAC
(1.74): R = CH,0COC(Me)=CH, (1.76): R = CH,0COC(Me)=CH,

Figure 1. 59: BODIPYs bearing polymerisable substituents

Polyphenylene derivatives of PM 567 were prepared containing the same functional
groups as 1.73-1.76 in order to subject them to the same experiments of polymer doping
and use as co-monomers (1.77-1.82).1%¢ 8" Each of the derivatives had a lower
fluorescence quantum yield than the parent dye PM 567, likely due to partial rotation of
the phenyl ring. Compounds 1.77, 1.79 and 1.81 showed remarkably high laser
efficiencies of 42%, 66% and 80% respectively in ethyl acetate showing a significant
increase in lasing efficiency with increasing number of phenyl rings. Each of the acetyl
derivatives was bound in a PMMA polymer at two different concentrations (1.5 and

0.8mM) and the laser properties were observed. Each of the acetyl derivatives was found
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to have a higher laser efficiency and stability than PM 567 in PMMA polymer. No
significant difference in laser efficiency was observed upon increasing concentration, but
the 1.5 mM mixtures displayed increased laser stability with 1.79 being the most stable
(76% after 100000 pulses). The laser efficiency of compounds 1.77, 1.79 and 1.81 in
PMMA polymer was found to be 18%, 31% and 24% respectively at 1.5 mM
concentration. While a moderate increase in laser efficiency was observed in increasing
the number of phenyl rings from one to two, the addition of another phenyl ring caused a
reduction in laser efficiency. When used as a co-monomer with MMA, a reduction in
laser efficiency and stability was observed for compounds 1.80 and 1.82, while
compound 1.78/MMA exhibited a similar efficiency but increased stability. While the
reduction in laser efficiency is only slight, the decreased stability is more marked (from
82% to 67% for 1.80 and 81% to 66% for 1.82). Compound 1.77 dissolved in PMMA
was found to have the lowest stability of the series, but when used as a co-monomer with
MMA was found to have the highest stability of the series (96% for 1.5 mM 1.78 in
MMA). Each of these derivatives showed increased laser efficiency over PM 567 when in

liquid solution, solid polymer solution and when used as a component in a co-polymer.
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2.77:n=1;R=Ac
(1.78): n=1; R = COC(Me)=CH,
(1.79):n=2;R=Ac
(1.80): n =2; R = COC(Me)=CH,
(1.81xn=3;R=Ac
(1.82): n = 3; R =COC(Me)=CH,

Figure 1. 60: 8-Phenyl analogues of PM 567
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Similar phenyl analogues of PM 597 have been prepared which incorporate an acetyl
(1.83) or an acrylate group (1.84).2® The laser efficiency of 1.83 was calculated to be
52% in ethyl acetate, but this was reduced when dissolved in a solid polymer matrix. The
highest laser efficiency for 1.83 was found for a PMMA solution (48%) with an
impressive stability (98% at 10 Hz) with the stability being increased to 100% (10 Hz) in
co-polymers 9:1 and 7:3 MMA:TMSPMA at the cost of further reduction in efficiency.
Compound 1.86 exhibited similar behaviour in PMMA solution (efficiency of 48%) with
a slightly reduced stability (85%) which was increased to 100% in 1:1 MMA:HEMA
along with a decrease in efficiency to 39%. Compounds 1.84 and 1.85 were dissolved in
solid PMMA and were found to have moderate laser efficiency (46% and 38%
respectively) and stability (63% and 61% respectively). PM 597 dissolved in solid
PMMA displays higher efficiency than all the analogues in this series (52%) and higher
stability than most (88% at 10 Hz). While the laser properties were reasonable (the laser
stabilities being most impressive), the interesting aspect of this study was the colour
tuning of the dyes which were incorporated into the polymer matrices. Compound 1.84
emitted in the green region, PM 597 emitted in the yellow region and compound 1.83

emitted in the orange/red region.
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(1.84):n=1;R=Ac
(1.85): R =COC(Me)=CH,

Figure 1. 61: Analogues of PM 597

99



BODIPY emission has been shown to be promoted by electrochemical means, providing
an alternative method of emission despite lacking the sharp emission band of laser
emission.'®® In this study, several commercial BODIPY dyes were investigated and were
found to fluoresce via electrochemical excitation, albeit at a much weaker intensity.
Commercial BODIPYs PM 546, 567, 580 and 597 were studied and found to have
fluorescence quantum yields of 0.95, 0.87. 0.85 and 0.41 respectively, when excited
under conventional conditions. When excited via electrochemical means, a moderate red-
shift in the emission was observed (19-29 nm) at a very weak intensity (®gc. = 0.009,
0.007 and 0.003 for PM 567, 580 and 597 respectively. Electrochemical-promoted

emission was not observed for PM 546).
2.10.2 Laser activity of BODIPYs in dye-doped liquid crystals

Commercially available BODIPY dyes have been used to dope nematic liquid crystals
and have been shown to display laser behaviour similar to being dissolved in a solid
polymer matrix. PM 597 has been used to dope BL 001 (commercially available nematic
liquid crystal mixture — Merck) which has then been inserted into a wedge cell (two

glass-1TO plates separated by Mylar spacers (100 um) with the inner side of the plates

being covered in rubbed polyimide alignment layers in order to induce homogeneous
190

alignment of the nematic liquid crystal molecules).

Figure 1. 62: Representation of random lasing of dye molecules in a nematic liquid crystal host
material (blue = nematic host molecules; red = dye molecules)
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Figure 1. 63: Photograph showing clearly visible lasing of dye molecules dissolved in a liquid crystal
host incorporated into a wedge cell (cell angled relative to the incident pump beam in order to view
laser light)™°

As seen in Figure 1.62, photons absorbed by the dye ‘guest’ molecules are spontaneously
re-emitted in random directions. Due to the random nature of this spontaneous emission,
a significant amount of backscattering occurs from the sample. However, due to the
thickness of the sample, these backscattered photons cause the spontaneous emission
from other dye molecules before they leave the sample, resulting in a coherent chain
reaction. When a population inversion is achieved then the sample begins to lase. In
ordinary lasers, the gain medium is suspended in an optical cavity and the pump beam is
reflected back and forth through the cavity, but in this case the nematic host causes the
system to act as a randomly distributed feedback laser due to backscattering of the
emitted photons. Due to the partially ordered nature of the nematic host, the dye
molecules adopt some of the same ordering allowing the emission to be controlled by
varying the polarization of the pump beam.™®* Laser emission being most intense when
the pump beam is aligned parallel to the nematic director, and least intense when
perpendicular to the director. The dye-doped BL 001 was also suspended in a glass
capillary tube and was shown to lase with the same intensity as the sample in the wedge
cell, but at red-shifted wavelengths and with additional intense lasing modes.*®* The laser
intensity also showed a decreased dependence on the polarisation of the pump beam than
the aligned wedge cell sample due to the less aligned nature of the nematic host in the
capillary. The laser energy output was also measured as a function of temperature and
was found to require increased pump pulse energy with increasing temperature due to the
decreased ordering of the nematic phase with increasing temperature. Both PM 597 and
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PM 650 in BL 001 have been freely suspended in a square-comb PVC net in order to
produce thin films with laser activity.*® Efficient laser emission was observed for both

BODIPYs when freely suspended.

This random lasing in dye-doped liquid crystals has been exploited to produce lasing in a
chiral nematic liquid crystal in a POLICRYPS-like grating.'**
597 and ‘host’ BL 088 and NOA-61 was incorporated into a POLICRYPS system in

which the dye-doped chiral nematic liquid crystal is placed into narrow parallel channels

A mixture of ‘guest” PM

long enough for several helical periods to be passed through. This is not possible with the
wedge-type cells as their thickness is too short to allow any full helical periods to occur.
By using a POLICRYPS system, each channel acts as a micro-cavity laser due to the
channels behaving as optical resonators. Stimulated emission occurs along the channels,
emerging from the end of the channels, when the incident pump beam is above a certain
power. In this system the wavelength was tuneable by varying the temperature and the

laser intensity by applying an electric field perpendicular to the helical axis.

2.11 Polymers incorporating BODIPY fluorophores

2.11.1 Polymerisation through the BODIPY core

BODIPYs have been incorporated into polymers through various linker groups and at
various positions on the BODIPY to produce novel new fluorescent materials. The first
co-polymers containing BODIPY fluorophores were prepared by Sonogashira coupling

of a di-iodo-BODIPY to either a di-ethynyl-BODIPY or phenylene co-monomer (1.87-
1.90).'%
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Figure 1. 64: BODIPY polymers with ethynyl or ethynyl-phenyl linker groups

The polydispersity (PDI) of compound 1.87 was the lowest of the series (1.27) while
compound 1.88 was the highest (1.65). Compound 1.87 also possessed the lowest thermal
decomposition temperature (200°C) and compound 1.88 the highest (240°C). The
absorption and emission of this series of polymers was red-shifted relative to the
BODIPY monomer, presumably due to the extended conjugation through the BODIPY
core. Due to the presence of two iodo-substituents on the BODIPY monomer core, the
fluorescence quantum yield for this unit was very low (0.02) but the resulting polymers
all possess higher quantum vyields. Of this series of polymers, compound 1.88 had the
lowest quantum yield (0.08) while the other co-polymers were all very similar (0.24, 0.25
and 0.25 for 1.87, 1.89 and 1.90 respectively). The extension of the conjugate system also

had the effect of reducing the oxidation potential.
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The effect that the linker group, or lack thereof, has on the photophysical properties of a
BODIPY-containing polymer have been investigated by employing various metal-
catalyzed cross-couplings.'®® Yamamoto, Suzuki and Sonogashira couplings were all
used to prepare a series of BODIPY-containing polymers from the same starting
BODIPY monomer (1.91-1.93). The PDI of these polymers were calculated to be 3.48,
3.15 and 3.02 for compounds 1.91, 1.92 and 1.93, respectively, and their decomposition
temperatures all exceeded 310°C. Compound 1.91 displayed a remarkably high
extinction coefficient of 475000 M™ cm™ and a relatively intense fluorescence (®f =
0.57). However, as the excitation and emission maxima were approximately the same as
the monomer, it was assumed that there was little interaction between adjacent
fluorophores along the polymer chain. This effect is consistent with a perpendicular
arrangement of the fluorophores caused by the methyl groups on the BODIPY cores
forcing each adjacent fluorophore out of co-planarity. Compound 1.92 displayed an
unusually hypsochromically shifted absorption and emission spectrum (Aex = 325 Nm, Agm
= 385 nm) and a much lower fluorescence quantum vyield of 0.03. Compound 1.93
displayed a moderate fluorescence intensity (O = 0.24) but a very low extinction
coefficient (20000 M™* cm™). It also showed broad absorption and emission bands due to

aggregation of the polymer strands even in dilute solutions.
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Figure 1. 65: BODIPY polymers with short or no linker groups

The effect that different groups have on the photophysical properties of a BODIPY -
containing polymer have been explored by altering groups on the BODIPY phenyl ring as
well as by altering the linker group between the fluorophores.’®” By separating the
fluorophores with ethynyl groups (1.94 and 1.95), interactions between adjacent
fluorophores could occur, and this caused a significant red-shift for the polymers relative
to the monomers. The quantum yields were reduced upon polymerisation (0.21 and 0.23
for 1.94 and 1.95 respectively); however, compound 1.95 had a slightly higher quantum

yield as well as being slightly more red-shifted than compound 1.94.

105



EBu = Ethyl butanoate

Figure 1. 66: BODIPY polymers with differing groups on the 8-phenyl ring

Interestingly, the absorption and emission spectra of compounds 1.96-1.98 were not as
red-shifted as 1.94 and 1.95 despite having an extended conjugate system. The
differences in their emission wavelengths are consistent with the band gap energy
differences for the aromatic linker units. Compounds 1.96 and 1.97 were calculated to
have similar quantum yields (0.25 and 0.24 respectively) but compound 1.98 had a much
lower quantum yield (0.06) and fluorescence lifetime (0.23 ns). This was presumably

caused by the heavy atom effect of the sulphur atom of the thiophene ring.
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Figure 1. 67: BODIPY polymers with different types of linker group

The number of alkyloxy substituents on the BODIPY phenyl ring can have a significant
effect on the photophysical properties of a BODIPY -containing polymer, particularly
when cast as a thin film.*® As would be expected, the excitation and emission spectra of
polymers 1.99-1.101 were significantly red-shifted relative to the monomers due to
extended m-conjugation, and the fluorescence quantum yields were all similar (0.13-0.15).
With increasing number of alkyloxy substituents, the excitation and emission of each
polymer was further red-shifted and the Stokes’ shift is shortened. However, when cast as
a thin film, the initial increase in the number of alkyloxy substituents caused a marked
red-shift in the excitation, but only slightly for the emission. While a thin film of
compound 1.99 absorbed at 680 nm and emitted at 723 nm, a thin film of compound
1.100 absorbed at 728 nm and emitted at 741 nm. However, compounds 1.100 and 1.101
had very similar excitation and emission profiles. Each of these polymers was relatively
thermostable, starting to decompose only above 300°C. Polymer 1.98 and a similar
analogue lacking the thiophene unit have been incorporated into a dye-sensitized solar
cell device with PCBM and remarkable power conversion efficiencies (PCE) have been
observed.™ Polymer 1.98:PCBM 1:3 was found to have the highest PCE of the series
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investigated at 2.0% with a broad absorption profile due to the extended delocalized n-
system along with the UV absorption of the PCBM moiety. This broad absorption

spectrum resulted in a broad photocurrent generation profile.

(1.99): A=0O(CH2)11CH3;B=C=H
(1. 100): A=B= O(CH2)11CH3; C=H
(1.101): A=B=C= O(CH,)11CH3

Figure 1. 68: BODIPY polymers with increasing numbers of long alkyl chains

The effect that different substituents on the BODIPY phenyl ring have on the
photophysical properties of BODIPY -containing polymers has been further investigated
through the preparation of polyfluorene-BODIPY polymers (1.102-1.104).°® As seen in
previous examples, the extension of the =n-system delocalisation resulted in a
bathochromic shift in the polymer absorption relative to the monomer. Electron donating
methoxy groups had a slight effect on the absorption but there was an even lesser effect
on the emission (1.102 and 1.103), while the methyl groups caused an increase in
fluorescence quantum vyield (1.104). Interestingly, polymers 1.102 and 1.104 were found
to be sensitive to both fluoride and cyanide anions. Both polymers displayed a decreased
BODIPY absorption and emission intensity with increasing concentration of fluoride and
cyanide anions, they also displayed a concurrent hypsochromic shift in the absorption
wavelength. This may be due to decomposition of the BODIPY core caused by fluoride
anions.® 2! Cyanide anions were shown to decrease the absorption peak of the BODIPY,
but a new absorption band was not observed indicating that cyanide anions are not as

damaging to the BODIPY core as fluoride anions. Anion size seems to play an important
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role in the function of these polymers as sensors as no response was observed for

chloride, bromide or iodide anions.

CgHiz CgHis on

(1.102): A=B = OCHg; C =H
(1.103): A= OCH3; B=C =H
(1.104): A=B =H;C = CHs

Figure 1. 69: Fluorene-linked BODIPY polymers

BODIPYs that display absorption and emission in the red region have also been
incorporated into polymers and have been shown to undergo a further red-shift when
polymerized(1.105-1.107).2% While each of the polymers 1.105-1.107 absorbed and
emitted in the red region, the presence and position of the methoxy group had a moderate
effect on the absorption, emission and quantum yield. Polymer 1.106 was slightly
hypsochromically shifted (15 nm) but displayed a more intense fluorescence relative to
1.105 (0.49 compared to 0.33), while 1.107 was bathochromically shifted (17 nm) with
only a slightly increased quantum yield (0.38 compared to 0.33). Each of the polymers
was red-shifted compared to their respective monomers due to extension of the n-system

delocalisation. All the polymers started to decompose above 275°C.
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(1.105): R; =R, = H
(1.106): R; = OCHg; Ry = H
(1107) Rl = H, R2 = OCH3

Figure 1. 70: BODIPY polymer with red-shifted absorption and emission

2.11.2 Polymerisation through F-substitution

Polymerisation of BODIPY's through palladium catalyzed cross-coupling on the BODIPY
core itself causes a red-shift in the fluorescence, but this effect can be tempered by
polymer formation through fluorine substitution. These systems were initially
investigated using relatively linear aryl groups (1.108-1.110).*® The fluorescence
quantum yields of these polymers were all relatively intense (0.80, 0.71 and 0.85 for
1.108, 1.109 and 1.110 respectively) while the absorption and emission for each polymer
was very similar to the monomer. The emission was found to red-shift and the peak
broadens when the polymers were cast as thin films. The most interesting property of
these polymers, however, was found to be their self-assembly behaviour. Polymer 1.108
was found to form nm-sized particles and pm-sized fibres by aggregation of the polymer
strands. Polymer 1.109 was found to display a preference for particles over fibres, while
polymer 1.110 displayed almost no fibre-like structures. This suggests that the fibre-like

structures are a result of steric interactions of the aryl linker groups.
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Figure 1. 71: BODIPY polymers prepared via F-substitution

This type of BODIPY polymerisation has been used to prepare a chiral BODIPY polymer
with S- and R-6,6’-diethynyl-2,2’-dioctyloxy-1,1’-binaphthyl as the chiral linker
(1.111).%* The absorption and emission of each diastereomer was found to be identical,
as well as to that of the monomer. Both the R- and S-polymers displayed a tendency to
form fibre-like structures through aggregation of particles, but fibre formation was found
to be disrupted by the addition of the other diastereomer; with 3:7 S-:R- showing
complete disruption of fibre formation, and consequently only particles were observed.
This was attributed to the disruption of particle aggregation caused by the presence of the

opposite diastereomer.
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Figure 1. 72: Chiral BODIPY polymer

2.11.3 Polymerisation through the BODIPY meso-position

While polymerisation of BODIPYSs through the BODIPY core itself can induce a red-
shift in the absorption and emission of the resulting polymer and polymerisation via F-
substitution can lead to interesting molecular architectures, attaching a monomer to a
BODIPY through a simple linker can provide a polymer containing ancillary BODIPY
fluorophores. HEMA monomer analogues have been attached to BODIPY fluorophores
(1.112) and a hybrid polymer has been prepared by reaction with MeTMOS.?%
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Figure 1. 73: BODIPY:HEMA analogue

Polymers of this type were prepared through both microwave and conventional heating as
well as with differing molar ratios of BODIPY-HEMA:HEMA and interesting results
were observed. By increasing the ratio of the BODIPY-HEMA conjugate, it was
observed that the fluorescence quantum vyield of the resulting polymer was lower than a
less concentrated mixture. This fluorescence quenching was attributed to aggregation of
the fluorophores and the formation of H-dimers. It was also observed that, on the whole,
the microwave-assisted polymerisation reactions produced polymers with slightly higher
quantum vyields than via conventional heating. This led to a different mechanism of
polymer assembly being proposed for each heating method (Fig. 1.74). It was observed
that microwave heating discouraged aggregation of the polymer strands, and thus
disrupted aggregation of the fluorophores causing a higher quantum yield. Similar to the
F-substitution polymers, these hybrid polymers displayed very similar fluorescence to

their respective monomer.
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Figure 1. 74: Proposed mechanisms of polymer assembly for microwave-assisted and conventional
heating of BODIPY-containing hybrid polymers®®

Similar co-polymers have been prepared by reaction of a BODIPY:HEMA analogue with

2-(dimethylamine)ethyl methacrylate (DMAEMA\) intercalated between terminal units of

cumyl dithiobenzoate (CDB) (1.113).% The most useful aspect of this polymer was its

solubility in water. The fluorescence intensity of these polymers was observed to increase

with increasing temperature making them useful as water soluble thermometers. This

fluorescence increase was thought to be due to decreasing fluorophore aggregation with

increasing temperature. Polymers 1.113 as well as an analogue containing ethynyl-phenyl

groups on the boron atom were found to adopt particular structures.?”’
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1.113
Figure 1. 75: BODIPY:HEMA polymer

The same effect was observed for a BODIPY -containing polymer formed by a quaternary
pyridinium-BODIPY (1.114).°®® Below 23°C the fluorescence of the polymer was very
weak, but a 5-fold increase in fluorescence intensity was observed upon increasing the
temperature to 35°C, at which no further increase was observed (®r = 0.262). This
fluorescence increase was promoted by heat-induced polymer aggregation, which caused
the formation of viscous microdomains, suppressing the rotation of the BODIPY
pyridinium ring. This polymer was found to be stable enough to be used as a fluorescent

thermometer at least ten times.
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Figure 1. 76: BODIPY polymer bearing a quaternary pyridinium moiety

2.11.4 Polymerisation through metal-complexation and conducting polymers

A novel BODIPY -containing polymer was prepared by using zinc-terpyridine as a linker
group (1.115).2%° A gradual fluorescence increase was observed upon titration of the
uncomplexed form with zinc (I1) triflate indicating the formation of the polymer. Two
absorption peaks in the UV region also became more intense with increasing coordination
polymer formation. Zinc coordination could be monitered via peaks in the *H-NMR
spectrum becoming sharper with increasing amounts of zinc. This particular type of

polymer could find use in electrochromic devices.
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Figure 1. 77: BODIPY-terpyridine-zinc coordination polymer

As seen previously, BODIPYs can be used as components in novel photovoltaic devices.
This work has been extended into the preparation of conducting BODIPY polymers. The
initial investigations into conducting BODIPY polymers were carried out using a
polythiophene/pyrrole-BODIPY system (1.116).%° It was found that this polymer
adopted ‘cauliflower-like’ structures in solution, indicating that polymer growth takes
place after initial nucleation. Significant changes in transmittance were observed when
the polymer was switched between -0.2 V and 1.2 V electric fields. A clearly visible
colour change was also seen upon switching between -1.3 V and 1.1 V (red, pink, blue
and green at-1.3V, 0.0 V, 0.8 V and 1.1 V respectively).
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Figure 1. 78: Conducting BODIPY polymer
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A donor-acceptor polymer has been prepared incorporating a BODIPY acceptor and 3,4-
ethylenedioxythiophene (EDOT) donor (1.117).2' As seen for the previous conducting
polymer (1.116), a colour change was observed upon oxidation from violet (neutral) to
indigo (oxidised). A clear increase in the absorption in the IR region (two-photon
absorption) was seen with increasing applied voltage. A red-shift in the absorption was
also observed upon conjugation of the EDOT units due to extension of the delocalized -

system.

Figure 1. 79: Conducting BODIPY polymer with extended m-conjugation

An analogue of 1.117 containing thiophene units between the EDOT groups has been
prepared and a slight red-shift in the absorption was observed with increasing applied
potential.*** A clear colour change from pink to blue was also observed upon oxidation.
A more straightforward relationship between applied potential and absorption was
observed for this analogue. A gradual decrease in BODIPY absorption with a concurrent
increase in absorption in the IR region (two photon absorption) was observed with
increasingly positive applied potential. Similar structures to those of 1.117 were observed

under scanning electron microscopy.

118



3. Supramolecular assemblies

There is a large worldwide demand for self-assembling materials. One class of self-
assembling material are liquid crystals. The behaviour of these, and other self-assembling
materials, is altered by manipulating the intermolecular interactions that can occur in the
material. This is achieved by synthetic manipulation of a molecule until it displays the

desirable interactions.
3.1 Principles of self-assembly

Supramolecular assemblies are concerned with intermolecular interactions, as opposed to
covalent bonds between atoms. This has led to the area as being referred to as the
chemistry of molecular assemblies using non-covalent bonds.?* The homolytic bond
dissociation energy of a covalent bond is usually between 100-400kJ mol™. Non-covalent
interactions are generally much weaker. Van der Waals interactions can be less than 5kJ
mol™ while metal-ligand interactions can have dissociation energies comparable to those
of covalent bonds. Hydrogen bonding and =m-m interactions are important factors to
consider in the design of self-assembling materials.?* This is because they can be
manipulated to induce a limited degree of order to a material, so that it can form
mesophases between being a solid and a liquid.

T-T interactions are prevalent in w-conjugated materials. The cause as well as the strength
of these interactions can vary however. For example, the stacking interactions of aromatic
molecules in water is mainly due to their hydrophobicity. The water molecules that are
solvating the surface of the aromatic molecules have a higher energy than the rest of the
water molecules. This causes the aromatic molecules to stack so that they have as little
surface in contact with the water as possible. However, in solvents other than water the
aromatic molecules have much less interaction with each other, so the stacking of the

molecules varies depending on any solvophobic forces that occur.
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Hydrogen bonds are also important in the construction of self-assembling materials. The
benefit of these interactions is that they are highly selective and directional. One example
of hydrogen bonds in action is between bases of DNA. Hydrogen bonds form between a
donor with an available acidic proton interacting with an acceptor with a free non-
bonding lone pair of electrons. The strength of these bonds depends on the solvent and

the number and sequence of hydrogen bonds.**

3.2 Self-assembly of liquid crystalline materials

Liquid crystals have both the fluidity of a liquid and the orientational order of a crystal.
The organisation of these materials is displayed in the mesophases they adopt and the
temperatures at which they change phase. The number and type of phase they adopt are
affected by the rigid part of the molecules, as well as their size and any peripheral side-
chains that are attached. The liquid crystalline phases are not necessarily affected by
temperature. Lyotropic liquid crystals occur when an appropriate molecule is in solution
at a certain concentration. In this case, the solvent usually solvates part of the molecule
while the rest of the molecule helps to promote aggregation, which leads to the formation

of mesoscopic assemblies.

3.2.1 Thermotropic liquid crystals

Thermotropic liquid crystals form mesophases when heated to a certain temperature.
When these mesophases are ordered in two dimensions they are known as smectic phases
and when they are organized but have no two dimensional order they are known as

nematic phases.

Smectic phases are arranged in layers that are roughly as thick as the molecules are long
(Fig. 1.80). This leaves only very small interactions between layers causing the phase to
display fluidity. The high degree of order in smectic phases is indicated by their greater

viscosity when compared to nematic phases.?'®
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Figure 1. 80: Molecular organisation in a smectic A phase®"’

There are several different types of smectic phase, which are characterised based on the

molecular ordering within each layer.?*® There are some compounds that display several

smectic phases when warmed.

Nematic phases have no layers, unlike smectic phases. In these phases the molecules are
ordered so that they all point in the general direction of a director (n) (Fig. 1.81). The
molecules in these phases are parallel to each other and are free to move in all directions,
but only to rotate about their longitudinal axis. Because of the increased mobility of the

molecules in a nematic phase, they are much less viscous than smectic phases.
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Figure 1. 81: Molecular organisation in a nematic phase®

There is a second type of nematic phase known as a chiral nematic (formerly referred to
as cholesteric) phase. In this phase, the molecules are still arranged so that they have no
two dimensional order but point in the direction of a director. However, if slices were

taken of this phase while travelling down the film of liquid crystal, it would be found that

the director rotates (Fig. 1.82).
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Figure 1. 82: Rotation of the director in a chiral nematic phase®®

These phases display high optical rotation, which makes them ideal for use in liquid
crystal display devices. This chiral phase can be induced by the liquid crystal molecules
containing a chiral substituent or by doping the nematic phase with a chiral (but not
necessarily liquid crystalline) compound.

All these examples are phases of calamitic (rod-like) molecules. However, disc-like
molecules can also form liquid crystal mesophases. These are called discotic (disc-like)
liquid crystals. While calamitic molecules can form smectic phases, discotic molecules
form columnar phases (Fig. 1.83).

= Disk-Shaped Molecule

.

Mematic Discotic Hexagonal Columnar (D 4} Oblique (D 4,

Figure 1. 83: Molecular organisation of discotic phases®**

The first discotic molecule was discovered in 1977.2%2 The columnar phase is similar to
the smectic phase, in that they both have some ordering in the layers and that the layers

have much weaker interactions between them than the molecules within the layers.
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Discotic molecules tend to consist of an aromatic core with alkyl chains radiating out

from it like spokes.

CeH130, OCgH13

CeH130 OCgH13

CeH130 OCgHis

Figure 1. 84: Discotic liquid crystal

By increasing the interactions of the aromatic cores the columnar mesophases can be
stabilised. This is generally achieved by increasing the size of the aromatic core to allow
more 7-7 interactions to occur. An increased number of n-7 interactions also allows for
an increase in the ability of the molecules to transfer charge between them. This is also
the case for calamitic liquid crystals, causing some mesophases to exhibit semi-

conductive properties.

3.2.2 Lyotropic liquid crystals

Lyotropic liquid crystals display liquid crystallinity when dissolved in a solvent. They
consist of a polar section and a non-polar section. Depending on the solvent being used,
one part of the molecule promotes solvation, while the other part promotes aggregation.
At an appropriate temperature and concentration, this causes the molecules to adopt
micellar or laminar formations. One factor that can be manipulated in the design of
lyotropic liquid crystals is the solvophobicity of the molecule. An increase in
solvophobicity will promote aggregation of the molecules in solution. One prime
example of a lyotropic liquid crystal is the phospholipid bilayer present in cells Fig.
1.85).
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Figure 1. 85: Phospholipid bilayer?

In this case the molecules contain a hydrophilic phosphate ‘head’ and a hydrophobic lipid
‘tail’. In water, the hydrophilic ‘heads’ line up to face the solvent, while the hydrophobic
‘tails’ line up to reduce their interactions with the solvent. This bilayer is fluid but clearly
retains some intermolecular ordering, like all liquid crystals, hence it being known as a

‘fluid mosaic’.
3.2.3 Mesogenic BODIPYs and their self-assembling properties

Because of their remarkable fluorescent properties, BODIPYs have been attracting
increasing interest as self-assembling materials; particularly liquid crystals due to their
increasingly common usage in display devices. BODIPYs were initially found to adopt
columnar phases when appended with multiple alkyl chains.?** ?* In this study, two
discotic liquid crystals were prepared, one of which had the mesogenic unit further away
from the BODIPY core (1.118 and 1.119). Four analogues of 1.118 were prepared where
n=1,8, 12 and 16, while only the n = 8, 12 and 16 analogues of 1.119 were synthesised.
Each of the 1.118 analogues (other than n = 1) exhibited a hexagonal columnar phase
(Coly) with gradually decreasing melting points and phase transitions, but widening
columnar range with increasing chain length. The same effects were observed for the n =
12 and 16 analogues of 1.119 (the n = 8 analogue did not display a mesophase). Several
of the compounds also displayed crystal-crystal transitions, and decomposition occurred
when the n = 8 analogue of 1.118 was heated above 250°C.
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Figure 1. 86: Discotic BODIPYs

A fan-like texture was observed in the hexagonal columnar phase when viewed under
crossed polarisers and this texture could still be seen when irradiated at 300-350 nm and
not viewed under crossed polarisers (Fig. 1.87). Both these images were superimposed
onto one another and it appeared that emission of the BODIPY in the liquid crystalline
state was related to the different molecular orientations when in the mesophase (Fig.
1.88). A red-shift was also observed in the transition from the mesophase to the
crystalline phase due to the formation of aggregates. These compounds were shown to
undergo efficient gelation in nonane to form highly luminescent gels. An n = 17 analogue
of compound 1.118 was found to exhibited electrogenerated chemiluminescence when

excited with an applied electric field or with a coreactant (benzoyl peroxide).?*®
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Figure 1. 87: n = 16 analogue of 1.119 when viewed under crossed polarisers in the hexagonal
columnar phase (left) and the same sample under irradiation and under aligned polarisers (right)

Figure 1. 88: Superimposed images of n = 16 analogue of 1.119 when viewed under crossed polarisers
and under irradiation

A series of BODIPY's with similar structures to compound 1.118 have also been prepared
and, while lacking mesophase formation, have been shown to readily form thin films
(1.120).%" As seen for several of the BODIPY-containing polymers, it was the alkyl
chains that promotes this thin film formation. Electrogenerated chemiluminescence was

observed for these compounds making them potentially useful in organic LEDs (OLEDS).
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Figure 1. 89: Discotic BODIPY which forms thin films

An analogous monomesogenic BODIPY was also prepared which, despite displaying
birefringence, did not exhibit any mesophase formation (1.121).2%® As with the analogues
of compound 1.120, analogues of 1.121 were found to form thin films and undergo
electrogenerated chemiluminescence. It was observed that by using a higher voltage to

generate chemiluminescence, the resulting luminescence intensity increased.
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Figure 1. 90: Chemiluminescent BODIPYs
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The first example of a BODIPY exhibiting the nematic phase was observed for a
relatively small molecule, consisting of a BODIPY conjugated to a cyanobiphenyl by an
alkyl chain (1.122).*® This compound displayed a remarkably stable (90°C)
enantiotropic nematic phase between 47-137°C. Interestingly, both the BODIPY and the
uncomplexed mesogenic dipyrrin displayed nematic behaviour, with the BODIPY having
slightly higher crystal-to-nematic and nematic-to-isotropic transition temperatures (41°C
and 132°C for the uncomplexed dipyrrin and 47°C and 137°C for the BODIPY). A
mesogenic bis(dipyrrinato)-nickel complex also displayed nematic behaviour, but as a

monotropic phase between 134°C and 119°C.
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Figure 1. 91: Mesogenic BODIPY exhibiting nematic phase behaviour

Since this initial discovery, nematic behaviour has been conferred on BODIPYs by
attaching them to liquid crystalline dendrimers.*® A series of first, second and third
generation liquid crystalline dendrimers were prepared and attached to a highly
fluorescent BODIPY core; both nematic and smectic A behaviour was observed for the
resulting mesogenic BODIPYs. The first generation BODIPY-dendrimer exhibited a
nematic phase, as well as a mesophase that could not be identified. This transition from
the crystal to the unknown mesophase occurred at 86°C, followed by transition into a
short-lived nematic phase at 119°C before melting into the isotropic liquid at 123°C.
Nematic behaviour was not observed for either the second or third generation BODIPY -
dendrimers with only smectic A phases being exhibited for these compounds. The
transition from the second to the third generation dendrimer caused a reduction in the
crystal-to-smectic A transition temperature (100°C to 83°C) and an increase in the
smectic A-to-isotropic transition temperature (155°C to 211°C), resulting in an increase

in the smectic A stability. Each increase in the number of mesogens caused an increase in
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the crystal-to-mesophase transition enthalpies and a concurrent increase in the enthalpy
contribution per mesogenic unit. For this series of compounds, it was proposed that the
BODIPY fluorophores aggregated into sublayers with the dendritic units forming layers
above and below the layer of BODIPYs, with interdigitation occurring between the
denritic units of adjacent layers. Like BODIPY polymer 1.114, temperature dependant
fluorescence studies were carried out on the molecules in the crystal, nematic, smectic A
and isotropic liquid phases, but no significant change in fluorescence intensity was

observed when going from one mesophase to the next.
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Figure 1. 92: Liquid crystalline dendrimers for attachment to BODIPY's

130



lonic liquid crystals have been prepared based on BODIPYs bearing sulphonate units
ionically bound to gallate-based mesogens (1.123) (gallic acid — 3,4,5-trihydroxybenzoic
acid).”®" Three different alkyl chain lengths were employed to investigate the self-
assembly behaviour of these compounds (n = 12, 14 and 16). Each analogue was found to
decompose above 180°C and displayed a slightly shorter hexagonal columnar range with
increasing chain length. The columnar range was still found to be very wide, being over
160°C for each compound. It was suggested that each disc in the hexagonal columnar
phase consisted of centrally aggregated BODIPY units surrounded by the mesogenic
units. This was the first example of a BODIPY-based ionic liquid crystal as well as the
first example of a BODIPY-based liquid crystal in which the mesogenic units were not

attached to the central position of the BODIPY fluorophore.
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Figure 1. 93: lonic BODIPY liquid crystal formed by interactions between quaternary ammonium
and sulphonate groups

This work was extended to prepare BODIPY-based ionic liquid crystals with the same
gallate-based mesogen, but coordinated to the sulphonate groups by imidazole groups
(1.124).%* Three analogues of compound 1.124 were prepared (n = 8, 12 and 16) and
each exhibited a hexagonal columnar phase. Similar transition temperatures were
determined for each of the analogues with a fan-like texture being observed when viewed
under crossed polarisers. As for compound 1.123, it was proposed that the BODIPY units
aggregate together and the mesogenic units form a disc-like shape around them. An n =
12 analogue was prepared which terminated in a methacrylate group and was
polymerized via a photoinduced mechanism. The resulting polymer was found to form

thin films and to be highly chemically stable.
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Figure 1. 94: lonic BODIPY liquid crystal formed by interactions between imidazole and sulphonte
groups

A polymer dispersed nematic liquid crystal host has been doped with a simple BODIPY
dye to study the alignment of the dye molecules relative to the host material.?®®
Reorientation of the dye molecules was proposed to occur by interactions with both the
host material and directly with the electric field. The two reorientation mechanisms cause
a rotation of the dye alignment axis, thus causing a change in the fluorescence intensity
due to rotation of the dye transition dipole moment. This rotation of the dye transition
dipole moment caused a reduction in the fluorescence intensity when the electric field
was switched on. The drop in fluorescence intensity was not a clear ON/OFF switching,
but rather a reduction by approximately 60 counts when the electric field was on. Due to
the dye molecules being a very dissimilar shape to the nematic host material, they only
align with the host weakly; so while this initial study lays the groundwork for further
research, BODIPYs that align more strongly with the host material may display very

different properties.

4. Conclusions

The remarkable fluorescence properties of BODIPYs give them great potential as
photoactive materials. Increasing interest in the chemistry of BODIPYSs is helping to fuel

the number of applications they can be used for, including non-materials based

234238 and as imaging agents.>%?** BODIPYs have

245-247

applications, such as chemosensors
even started to find applications as photodynamic therapy agents, usually

considered to be the primary application of porphyrins and phthalocyanines.
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The high efficiency of energy transfer from and to BODIPY dyes has allowed them to
find applications in energy transfer arrays and hence solar cells. They exhibited
surprisingly high power conversion efficiencies in both bulk heterojunction solar cells as
well as dye-sensitized solar cells. While BODIPYs for BHJs display efficient
photocurrent generation, they tend to require groups that promote film formation (e.g.
PEG) in order for them to be dispersed throughout the heterojunction, BODIPY's for
titatium dioxide sensitisation, however, just require a group that enables binding to the
inorganic material (e.g. carboxyl). While this would seem to make dye-sensitizing agents
a more attractive prospect for photocurrent generation, the increasing use of organic

materials like BHJs promotes further research into BODIPY's as BHJ components.

Due to their intense fluorescence and high photostability, BODIPYs can also be used as
laser dyes with remarkably high efficiencies in some cases. This laser activity has
prompted several groups to dissolve the dyes in a solid polymer matrix, in which the dyes
lase with a lower efficiency than in liquid solution but with a higher stability. The
BODIPYs remain laser active even when dissolved in a semi-ordered material like a
nematic liquid crystal. The dye molecules have been shown to align weakly with the host
material and lasing has been observed when the dye-doped material is incorporated into
an optical cell, capillary tube, and when freely suspended. Due to the prevalence of the
polymer and liquid crystal host materials, and the commercial availability of a range of
BODIPY dyes, laser activity studies of this type are the most easily accessed area of

materials research for BODIPYSs.

While commercial BODIPY dyes can be readily dissolved in a polymer matrix, the
incorporation of BODIPY fluorophores into the polymer backbone itself requires greater
synthetic consideration. It has been shown by several groups that BODIPYs can be
incorporated into a polymer chain by attachment through the BODIPY core, by fluorine
substitution, or through the BODIPY meso-position. This leads to a wide variety of
polymers with a range of self-assembling and photophysical properties. These polymers
can also be cast as thin films which possess different photophysical properties to the

BODIPY polymer in solution, allowing colour tuning to take place even after the
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synthesis of the molecule is complete. Polymerisation has even been shown to occur
through metal complexation when the appropriate ancillary ligands are attached. Due to
the delocalised m-system and efficient energy transfer processes that can occur in
BODIPYs, conducting polymers can be prepared which show high sensitivity to an
applied electric field (electrochromism), making them potentially useful as molecular

switches.

More recently, attempts have been made to incorporate the BODIPY fluorophore into a
liquid crystalline molecule. Initially, discotic type molecules were prepared, some of
which exhibited hexagonal columnar phases, while others could be cast as thin films but
did not display any mesophase behaviour. The first example of a BODIPY-containing
nematic liquid crystal was reported by Boyle et al. and consisted of a BODIPY
fluorophore conjugated to a cyanobiphenyl mesogen. Despite being a relatively simple
mesogen, the resulting mesogenic BODIPY exhibited a wide range nematic phase at
moderate temperatures. Liquid crystal dendrimers terminating in cyanobiphenyl units
have also been employed to induce liquid crystallinity onto a BODIPY quite effectively
but require additional synthetic steps for dendrimer synthesis. lonic liquid crystals have
also been prepared which exhibited hexagonal columnar phases with each disc being
formed from aggregated BODIPYs surrounded by mesogenic units. These results
illustrate that BODIPYs have promise as fluorescent liquid crystals; however, this
particular area of research is still in its infancy and further work is required before

BODIPY-based liquid crystals find their way into optoelectronic devices.

There are a growing number of reactions that can be carried out on BODIPY dyes, with
each one affecting the photophysical properties of the dye in reasonably specific ways,
and these reactions are being exploited in the preparation of new BODIPY-based
materials. The recent synthesis of the core BODIPY dye (fully unsubstituted) finally
allows each new BODIPY and BODIPY-based material to be compared to a relevant
standard. These factors, plus the increasing interest in organic materials, are fuelling the
preparation of new, novel photoactive materials based on BODIPY dyes, primarily for

the production of highly sensitive optoelectronic devices and more efficient solar cells.
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Chapter 2: Aims

The self-assembly properties of BODIPY's are still relatively unexplored, with BODIPY's
exhibiting a nematic phase being the most recent development.?”® ?® In each of these
examples, the nematic phase was found to be moderately stable due to the BODIPYs
tendancy for aggregation being overcome by the attached mesogenic unit. The mesogenic
BODIPY prepared by Boyle et al. is of a relatively small molecular size compared to the
mesogenic BODIPYs prepared by Ziessel et al. which incorporated a liquid crystal
dendrimer. In each of these BODIPYs, the mesogenic unit was attached at the 8-aryl

substituent in order to give the molecule a ‘rod-like’ structure.

Our first objective was to move the position of mesogen attachment onto one of the
pyrrolic positions in order to observe the effect this had on the self-assembly behaviour.
Attachment of the mesogenic units to the pyrrolic positions using ionic bonding has been
previously reported.”®" *2 Our approach however, was to attach the mesogens via a
covalent linker. The BODIPY's prepared would incorporate a moderately flexible linker
group between the mesogen and the fluorophore. As the BODIPY would be 8-
unsubstituted, the fluorescence quantum vyield would be very large compared to
unsubstituted 8-aryl BODIPYs. Our aim was to prepare a BODIPY that exhibited a
nematic phase as this mesophase is required when designing a liquid crystal display
device. Due to cyanobiphenyl mesogens having a greater preference for nematic phase
behaviour, they would be expected to be better at conferring the desired liquid
crystallinity onto the BODIPY due to the polar nature of the nitrile group; however, a
mesogen with the alkyl chain in the terminal position can also be attached to investigate
this effect. In order to increase the preference for mesophase formation, one approach to
attach two mesogenic units to a similar fluorophore. The mesogens chosen for this would
be those that provided the mono-mesogenic BODIPY with the greatest preference for

mesophase formation.
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In an attempt to fine-tune the self-assembly properties of previously reported 8-aryl
BODIPYs,??* 2° several series of mesogenic 8-aryl BODIPYs can be prepared with
varying linker groups between the mesogen and the fluorophore. Each series would
consist of three BODIPYs with increasing alkyl substitution on the BODIPY core in
order to produce a gradual increase in fluorescence quantum yield through the series.
These alkyl groups can also have an effect on the preference of the mesogenic BODIPY's
for mesophase formation. This would provide some information about whether a
structure-property relationship exists between fluorescence intensity and liquid crystal
phase stability. In order to investigate the effect of increasing the molecular length on the
self-assembly properties of the molecules, mesogenic BODIPY's incorporating an ethynyl
group can be prepared. The effect that a non-linear molecular shape has on the self-
assembly properties of BODIPYs is currently unknown. Thus far, no nematic BODIPY's
incorporating a bent-core structure have been reported. In order to investigate this, a
BODIPY incorporating a triazole linker group between the mesogen and the fluorophore
is required. It was anticipated that a triazole linker group between the mesogen and the

fluorophore would cause the molecule to have a ‘kink’ in its shape.

It was expected that any mesophases exhibited by the mono-mesogenic BODIPY's would
be stabilised by the attachment of a second mesogenic unit. In order to investigate this, a
series of di-mesogenic BODIPYs is required. This can be achieved by preparing
BODIPYs with two reactive sites for mesogen attachment at the 8-aryl group. This series
would allow investigate any structure-property relationship between fluorescence
quantum yield and liquid crystal phase stability by increasing alkyl substitution on the
BODIPY core through the series to be identified. Similar mesogens can be used for this
series as for the previous mono-mesogenic BODIPY's in order to effectively compare the

two classes of compound.

Due to recent attempts to prepare BODIPY's with significantly red-shifted fluorescence,®”
28 the synthesis of a mesogenic BODIPY with red-shifted fluorescence is of major
interest. This is due to all the previously reported mesogenic BODIPYs having very

similar fluorescence profiles. It was anticipated that this could be achieved by extending
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the conjugation of the BODIPY core by attached aryl or styryl groups. An aza-BODIPY
bearing four aryl units and a BODIPY with attached styryl groups may provide the
desired properties. Due to the increased size of the aza- and styryl-BODIPY's compared to
their non-extended analogues, it was expected that multiple mesogenic units would be
required to induce liquid crystallinity. This can be investigated by attaching increasing
numbers of mesogens onto various positions on the fluorophore. Due to increased interest
in the potential uses of BODIPYs in optoeletronic devices, the temperature- and
alignment-dependant fluorescence of several of the prepared BODIPY's by measuring the
fluorescence at various temperatures and when dissolved in a commercial liquid crystal
and incorporated into a twisted nematic cell was identified as one of the major aims of
this work. Alignment-dependant fluorescence measurements are of particular interest in

the field of liquid crystal display devices.
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Chapter 3: BODIPY's bearing mesogenic units attached at the pyrrolic positions
3.1. Introduction

4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives are attracting increasing
attention, primarily due to their remarkable photophysical properties, high fluorescence
quantum vyields, sharp absorption spectra, large molar extinction coefficients and
excellent photostability®* have prompted several research groups to search for
applications in both biological and materials fields.?***** Fluorescent chemosensors,**

253 254

fluorescent labels, photodynamic therapy®® and electro-

189, 256, 257

laser dyes, '
chemiluminescent materials are some of the areas in which BODIPY's have been

found to have potential use.

One class of materials of particular interest are liquid crystals, as they are able to exhibit
various mesophases with differing degrees of molecular ordering. It is these mesophases
that allow this extraordinary class of molecule to find applications in the expanding field
of nanotechnology.”®® The use of BODIPYs as liquid crystalline materials, however,
remains relatively unexplored.?®* 22> 22822 pue to liquid crystal mesophases being
intermediates between crystals and isotropic liquids, the structure of any potential liquid
crystalline molecule must be carefully designed in order to control the strength of the
intermolecular interactions. The effect that the attachment of the fluorescent BODIPY
core has on the liquid crystalline behaviour of a mesogen has not, to the best of our

knowledge, been systematically investigated.

The initial research into liquid crystalline/self-assembling BODIPYs involved the
synthesis of discotic (‘disc-like’) liquid crystals using a branched structure, formed by the
attachment of long alkyl chains to an aromatic unit attached to the 8-phenyl group by
amide linkages.??* * 2! This allowed the molecules to stack on top of each other,
forming columnar phases. Additionally, the branched structure allowed the molecules to

form gels in some cases (Fig. 3.1).
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Figure 3. 1: Discotic BODIPY

The initial breakthrough in the incorporation of the BODIPY fluorophore in calamitic

(‘rod-like’) mesogens was made by Boyle et al.?®

in which a cyanobiphenyl unit was
attached to the 8-phenyl ring of a dipyrrin, and a nickel and boron-difluoro complex (Fig.
3.2) was subsequently synthesised, producing two calamitic nematic liquid crystals. This
was also the first example of a BODIPY and dipyrrin complex that could adopt a nematic
mesophase, indicating that this new class of molecule could find use in display devices or
other areas of nanotechnology. A zinc complex of the same mesogenic dipyrrin was also
synthesised, but it was found that this complex did not display a mesophase. This was
attributed to the increased distortion from planarity of the dipyrrin ligands around the

zinc centre.
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Figure 3. 2: Calamitic nematic mesogenic BODIPY

First, second and third generation liquid crystalline dendrimers have also been attached to
the BODIPY core, also on the 8-phenyl ring, to induce liquid crystalline behaviour.”®
Despite the branched structure of these liquid crystalline dendrimers, the BODIPY -
dendrimer conjugates adopt calamitic nematic phases (Fig. 3.3). Thus far, however, there
has been no investigation into the effects of moving the position to which the mesogenic

units are attached to a BODIPY fluorophore.
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Figure 3. 3: First generation BODIPY LC-dendrimer

Thus far, all mesogenic BODIPYs have consisted of a dipyrrin core containing a phenyl
substituent at the 8-position. This provides a convenient reactive site for mesogen

attachment and a simple synthetic route to the core fluorophore. In the case of the
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calamitic liquid crystals, the mesogen (including the long alkyl chain spacer) provides a
long and relatively thin shape to the molecule, while the fluorophore appears to disfavour
this rod-like shape due to its larger width. The size of the fluorophore would appear to
disrupt the packing of the long molecules, while in the case of the discotic BODIPYSs it
would appear to enhance columnar packing due to its tendency towards aggregation.
With this in mind we attempted to utilize the width of the BODIPY core to extend the
linear length of the molecule as a whole (Fig. 3.4). This would potentially cause a
reduction in the width-to-length ratio, presumably reducing the disruption of the

molecular packing in any potential liquid crystalline mesophase.

Mesogen

Adlaog

BODIPY Mesogen

Figure 3. 4: 8-Phenyl-attached mesogenic BODIPYs (top) and our approach (bottom)

3.2. Results and discussion

3.2.1 Synthesis

In order to attain the desired shape of mesogenic BODIPY, we attached the mesogens to
one of the pyrrolic positions of the fluorophore (Fig. 3.5). For this we chose an ester

group as the linker between mesogen and fluorophore due to the ease of mesogen
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attachment and ready incorporation into the BODIPY, owing to its presence on the initial

Knorr pyrrole.

OR (b) _g_cn\HZn

Figure 3. 5: Target compounds

The synthesis of side-attached mesogenic BODIPY's was achieved by first synthesising
the pyrrolic precursors. These were synthesised via a Knorr pyrrole synthesis to give a
pyrrole containing two ester groups (Sch. 3.1), one of which would ultimately be
removed completely, while the other would be hydrolyzed to the carboxylic acid.

M
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N

OMe H
1 (e}

49%

Scheme 3. 1: Knorr pyrrole synthesis

Firstly, the ketoester was synthesised by reacting methyl bromoacetate with 2,4-
pentanedione in the presence of potassium carbonate. The resulting oil was partially
purified by distillation under reduced pressure. The Knorr pyrrole synthesis was carried
out under standard conditions,”® using sodium acetate and zinc powder in hot glacial
acetic acid, followed by precipitation by pouring the hot solution into cold water.
Purification was achieved by recrystallisation from ethanol. Hydrolysis of the Knorr
pyrrole was achieved by heating the pyrrole at reflux temperature in ethanolic sodium
hydroxide (Sch. 3.2) with subsequent precipitation by acidification.
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Scheme 3. 2: Pyrrole hydrolysis

2-Formylpyrrole was then synthesised via a Vilsmeier-Haack formylation carried out on
pyrrole (Sch. 3.3). The formylation was carried out under standard conditions and the 2-
formylpyrrole (3) was purified using column chromatography. The crude product was an
oil so could be loaded directly onto the top of the column allowing for easy purification.

(i) DMF, POCl,, DCE
K/ \> (i) NaOAc g / \
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Scheme 3. 3: Vilsmeier-Haack formylation of pyrrole

The 2-formylpyrrole (3) and the hydrolyzed pyrrole (2) were then combined in glacial
acetic acid with a catalytic amount of hydrobromic acid to synthesise the dipyrrin
hydrobromide salt. The dipyrrin hydrobromide salt intermediate was not isolated due to
its solubility in acetic acid making precipitation difficult, if not impossible. The acetic
acid was then removed in vacuo and the residue dissolved in dry dichloromethane before
triethylamine and boron trifluoride diethyl etherate were added to produce the BODIPY.
The large number of side-products and high polarity of the BODIPY carboxylic acid
meant that purification was exceedingly difficult using chromatography so an adequate
'H-NMR spectrum could not be obtained. Due to the success of the subsequent mesogen
attachment via DCC-coupling, it was presumed that the free BODIPY carboxylic acid

was formed albeit in a low yield.
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Scheme 3. 4: Fischer esterification of dipyrrin

While methanol or ethanol are normally used for the dipyrrin synthesis, it was observed
that the free carboxylic acid group of the pyrrole allowed for Fischer esterification to
occur when using these solvents, yielding the methyl or ethyl esters instead of the free
carboxylic acid (Sch. 3.4). Hydrolysis of the BODIPY methyl ester was attempted to
isolate the free carboxylic acid, but decomposition of the BODIPY occurred, despite the
reaction being carried out in ethanolic lithium hydroxide at room temperature. An
extraction into mild basic solution followed by precipitation/extraction using mild acid
was also attempted, but again caused decomposition of the product. In each case, the
fluorescence of the BODIPY was seen to reduce significantly. TLC analysis of the
reaction mixture showed the decomposition of the BODIPY, possibly via deboronylation
with regeneration of the dipyrrin. Due to the solubility of the dipyrrin salt in water, it was
impossible to determine if hydrolysis of the methyl ester had occurred as aqueous
extraction was carried out. The mesogenic unit was then attached via a DCC-coupling in
THF using a catalytic amount of DMAP to yield the mesogenic BODIPY, which was
purified using column chromatography (Sch. 3.5).
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Scheme 3. 5: Mesogenic BODIPY synthesis

Three different mesogenic units were attached to the same BODIPY core via this DCC-
coupling; a biphenyl unit which terminated in a Cy; chain (4), followed by two
cyanobiphenyl units with a Cg (5) and Ci11 (6) spacer between the BODIPY and the
cyanobiphenyl unit (Fig. 3.6). The two different chain lengths were used to investigate if

there was any effect on the melting point or mesophase formation caused by a slightly

R : /OCN o

longer chain.

"(CHyg
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Figure 3. 6: Mesogenic BODIPY's

While dipyrrin and BODIPY syntheses tend to give moderate to low yields, in this case
yields for the final compounds (3, 13 and 10% overall for 4, 5 and 6 respectively) were so
low because of the high polarity of the intermediates and the lack of purification until the
final step. In each case the products were bright red/orange solids.

145



'H-NMR spectroscopy shows the attachment of the mesogens to the BODIPY by the
down-field shift of one of the methylene units of the alkyl chain. In the free mesogen, the
terminal methylene unit is adjacent to a hydroxyl group, but attachment to the BODIPY
makes it adjacent to a carboxyl group causing a down-field shift in the corresponding
triplet in the *H-NMR spectrum (Fig. 3.7 and 3.8).

T T T T T T T T T T T T T T T T T T
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Figure 3. 7: "H-NMR of free mesogen showing methylene units at both ends of the alkyl chain

146

T
30



3000

200.0

100.0

4
4
4056
4

3

3

3.3768

Figure 3. 8: "H-NMR of mesogenic BODIPY showing down-field shift of one methylene unit of the

alkyl chain due to conversion from alcohol to ester

Following the synthesis of the mesogenic BODIPY esters, an attempt was made to

synthesise mesogenic BODIPY ethers. Due to the increased flexibility of ether linkers as

well as their more linear nature, we hypothesised that the resulting mesogenic BODIPY

would have a stronger preference for liquid crystalline behaviour. An ether group would

also be more stable to the acidic conditions of dipyrrin formation. Due to ethers also

being stable to basic conditions, it would allow the mesogen to be attached followed by

subsequent hydrolysis of the ethyl ester before this was reacted with 2-formylpyrrole (3)

to produce the dipyrrin. Starting from the same Knorr pyrrole (1), a reduction was carried

out using diborane (generated from boron trifluoride diethyl etherate added to sodium

borohydride in THF) to produce the pyrrole alcohol (Sch. 3.6).
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Scheme 3. 6: Pyrrole reduction and mesylation

An attempt was made to react the pyrrole alcohol (7) with a short chain alkyl iodide via a
Williamson ether synthesis, however we found that the alcoholic proton was not acidic
enough to undergo etherification without using a very strong base (e.g. sodium), which
caused decomposition of the pyrrole, possibly via hydrolysis of the ethyl ester with
subsequent deprotonation of the pyrrole. In order to allow the etherification reaction to
occur with the pyrrole as the electrophile and using a separate nucleophile, a tosylate
group was attached to the hydroxy group (8). While the test reaction of the pyrrole
mesylate with p-cresol gave the desired product, the yields were poor and any mesogens
to be attached to this pyrrole would be restricted to having phenolic hydroxy groups. An
attempt was made to hydrolyse the reduced pyrrole in order to ultimately synthesise a
BODIPY containing a free hydroxy group which would be easier to chromatograph due
its lower polarity. However, the hydrolysis only resulted in decomposition of the pyrrole,
possibly via a similar mechanism as when sodium metal was added to the pyrrole alcohol

(7), yielding only intractable by-products.

Despite the successful synthesis of the previous mesogenic BODIPYs, we still had not
addressed the issue of the fluorophore merely being attached on the end of the mesogen.
We therefore decided to incorporate the fluorophore into the mesogen as a whole by
attaching two mesogenic units to the BODIPY core in a symmetrical fashion. The two
alkyl spacer units could enable the molecules to pack more efficiently. The
cyanobiphenyl mesogen was chosen as it is a more powerful nematogen than the
mesogen terminating in a Cy; chain due to the nitrile groups causing repulsion between

the molecules promoting the formation of liquid crystalline mesophases.
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Figure 3. 9: Di-mesogenic BODIPY schematic

In order to avoid the problems encountered with the asymmetrical mesogenic BODIPY's
(inability to isolate intermediates, difficult purification and harsh conditions), an attempt
was made to synthesise a dipyrromethane via an alternative route. This route would also
allow the mesogens to be attached to the pyrrole first, before dipyrromethane and

subsequent BODIPY synthesis.

MeO OMe
Me OMe
(@] (@] @) (0]
Pb(OAC), 4:1 HOAc:H,0O
EtO / &\ HOAc EtO / \ OAc
N N EtO OEt
0 H 0 H 0 o
9 27% 10; 38%

Scheme 3. 7: Pyrrole acetylation and dipyrromethane synthesis

The same Knorr pyrrole (1) was used as for the previous BODIPYs as the starting
material (for an initial test reaction) which was mono-acetylated with lead (IV) acetate
(9). This pyrrole was then reacted with itself in a glacial acetic acid/water mixture to
yield the desired dipyrromethane (10). Yields for these steps were moderate (for pyrrole
reactions), giving 27% and 38% for the acetylation and dipyrromethane synthesis

respectively (Sch. 3.7).
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Scheme 3. 8: Unsuccessful dipyrromethane oxidation

Despite the success of the dipyrromethane synthesis, the subsequent oxidation did not
yield the desired product. The oxidation was attempted with both DDQ and chloranil, but
was unsuccessful in both cases, possibly due to the free-base dipyrrin being unstable
(Sch. 3.8). An attempt was also made to carry out the oxidation with DDQ and then
reacting this with triethylamine and boron trifluoride diethyl etherate to produce the
BODIPY. Ideally, the BODIPY would be more stable than the free-base dipyrrin out of
solution and thus, potentially easier to isolate. This proved not to be the case and this

reaction also produced intractable by-products.

A symmetrical dimesogenic BODIPY was then synthesised starting from the same Knorr
pyrrole (1). The symmetrically substituted dipyrrin was synthesised by reacting the Knorr
pyrrole with formic acid (which acts as the bridging methylene unit) in the presence of
hydrobromic acid. The dipyrrin salt precipitated out upon cooling and was filtered off as
a bright red solid. The BODIPY was synthesised in the same fashion as the asymmetrical
BODIPY and was not isolated due to difficulties in purification caused by the high
polarity. The mesogen attachment was achieved by a DCC-coupling and the final product
was purified by column chromatography to give the pure product as a bright red solid
(11). The overall yield for the di-mesogenic BODIPY was in a similar region (5%) to the
mono-mesogenic analogues due to the difficulty in purification of the BODIPY
carboxylic acid leading to large amounts of side-products (Sch. 3.9).
Diisopropylethylamine was used as the base for boron complexation due to it producing

fewer by-products than triethylamine. Due to the low solubility of the dipyrrin
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hydrobromide salt the boron complexation solution was refluxed for 18hrs instead of

simply being stirred, as for the previous BODIPYS.
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Scheme 3. 9: Di-mesogenic BODIPY synthesis

In order to provide a more efficient route to the dimesogenic BODIPY, a different Knorr
pyrrole was synthesised, containing a benzyl ester (12) instead of an ethyl ester. The
pyrrole was synthesised via the same reaction as the previous pyrrole however the
product oiled out when poured into water and had to be extracted into dichloromethane

before being crystallized with methanol followed by recrystallisation from ethanol.
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Scheme 3. 10: Mesogenic pyrrole synthesis

The methyl ester was selectively hydrolyzed (13) before the mesogen was attached via a
DCC-coupling (14). A triphenyl type mesogen was used due to it being a more powerful
nematogen and better able to induce liquid crystallinity on the BODIPY. However, while
the DCC-coupling was achieved in reasonable yield (45%), the attempted hydrogenation
of the benzyl ester was unsuccessful (Sch. 3.11). Test hydrogenation reactions on pyrrole
12 were also carried out but were found to be unsuccessful. The reaction was performed
both in a hydrogenator (being shaken under a hydrogen atmosphere) and with hydrogen
being bubbled through the solution, but both reactions yielded only starting material.
Longer reaction times (4 hrs, 8 hrs, 1 day, 2 days and 3 days were attempted) and
increasing percentages of palladium on carbon (10, 20 and 30% palladium on carbon
were attempted with multiple batches of each percentage being employed — nine different
batches from various suppliers were used in total) were used as well as increased molar
proportions of catalyst (5, 10, 20 and 30 mol% were attempted) but still only starting
material was obtained. Several different solvents were also employed (THF, EtOAc,
acetic acid and dioxane were attempted) but they appeared to have little effect on the
reaction. Due to hydrogenation of a benzyl group on a pyrrole generally considered to be
facile, the reasons for these reactions being unsuccessful are unclear. The catalysts used
could have been poisoned due to over-exposure to oxygen or other materials, or possibly
some small impurity in the starting material caused a poisoning of the catalyst. A tertiary
butyl group could have been used as a protecting group for the ester as it could be
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efficiently removed with a catalytic amount of TFA, but the harsh conditions of dipyrrin
synthesis (strong acid and heat) could still have caused problems for the deprotected
pyrrole. The strong acid could have hydrolyzed the mesogen ester producing the dipyrrin
carboxylic acid that was produced in the previous mesogenic BODIPY syntheses (Sch.
3.5). For these reasons, these synthetic routes were discarded and an alternative approach
was developed (see Ch. 4).
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Scheme 3. 11: Unsuccessful hydrogenation of mesogenic pyrrole

The triphenyl mesogen (16) was synthesised in a two step procedure. An etherification
reaction with a subsequent DCC-coupling exploiting the higher nucleophilicity of the
phenolic hydroxy group over the alkyl hydroxy group yielded the desired product. The
product of each of these reactions was purified using recrystallisation. The other
mesogens were synthesised via one-step Williamson ether reactions and purified by

recrystallisation.
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Scheme 3. 12: Mesogenic synthesis

3.2.2 Melting behaviour

The two cyanobiphenyl type mesogens were chosen because of their preference for
adopting nematic behaviour when attached to other molecules. The additional benzoic
ester group on the larger mesogen confers stronger nematic behaviour, while also raising
the melting point of the mesogen. This is due to the polarisable core being extended
allowing increased weak (relatively) inter molecular interactions between the aromatic
sections of the molecules. While the non-cyanobiphenyl mesogen is not inherently liquid
crystalline, the presence of a polarisable biphenyl core and a long alkyl chain could
potentially allow the BODIPY to adopt a mesophase (possible smectic due to the lack of
a highly polar group). Both cyanobiphenyl type mesogens adopt smectic A mesophases,
with the larger mesogen only exhibiting a nematic phase over 1°C (Fig. 3.10)?°°?%3, This
is due to the long alkyl chains present on each mesogen greatly increasing the lateral
intermolecular interactions to a large enough degree to allow layers to form. Shorter alkyl
chains tend to increase the preference for nematic behaviour. This effect can be seen for
the Cg cyanobiphenyl, which exhibits a nematic phase over 13.2°C as well as a smectic A
phase, while the C;; analogue only displays smectogenic behaviour. As can be seen from
Fig. 2.10, the additional phenyl ring increases the stability of the smectic phase while also

causing a very short nematic phase to be exhibited.
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Figure 3. 10: Liquid crystal properties of mesogenic units

Once the hydroxyl group is present on the terminal position of the mesogens, the liquid
crystalline properties change dramatically. The non-cyanobiphenyl mesogen obviously
remains thus, while the cyanobiphenyl type mesogens only display nematic behaviour.

Based on the reported mesogenic BODIPYs*?

, we would predict that this nematic
behaviour would be conferred on the resulting mesogenic BODIPYs that were

synthesised.

The non-cyanobiphenyl mesogen did not confer any unusual melting behaviour on the
BODIPY to which it was attached (4). No mesophase formation of the mesogenic
BODIPY was observed. We attribute this to the mesogens’ lack of any strongly
polarisable groups (e.g. nitrile) and the position of the biphenyl section causing a
preference for normal crystalline behaviour over any mesogenic behaviour. This is shown

in the DSC curve for this compound (Fig. 3.11). A crystal to isotropic liquid transition is
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shown at 133°C and the molecule could be supercooled to 120°C before recrystallizing.
This indicates a slight mesogenic effect, likely from the long flexible alkyl chains

intertwining with each other once in the isotropic liquid.

L LI B T T T T
10 20 30 40 i ] 50 [it] 80 20 100 110 20 120 140 150 180°C

Figure 3. 11: DSC thermogram of mesogenic BODIPY 4; showing heating (top line) and cooling
(bottom line)

The cyanobiphenyl analogue (5) did not exhibit liquid crystalline behaviour, as was
observed for the non-cyanobiphenyl BODIPY. The DSC heating curve (Fig. 3.12) shows
some initial melting (double hump at ~20-35°C) then some slight recrystallisation
(smooth trough between ~60-95°C) before fully melting into the isotropic liquid at
101°C. The cooling curve shows the compound being supercooled to 32°C before

crystallizing.
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Figure 3. 12: DSC thermogram of mesogenic BODIPY 5; showing heating (top line) and cooling
(bottom line)

The mesogenic pyrrole (14), however, exhibited a nematic phase due to the strong
mesogen attached to it overcoming the pyrroles tendency for crystalline behaviour. It can
be seen from the microscopy pictures that the mesogenic pyrrole exhibits a schlieren
texture typical of nematic liquid crystals when viewed under crossed polarisers (Fig.
3.13). Due to the failure of the hydrogenation of this compound, an efficient route to the

subsequent dimesogenic BODIPY was not realised.
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Figure 3. 13: OPM images of the mesogenic pyrrole (14) in the nematic phase at 84.9°C (top) and
87.8°C (bottom) after annealing

The DSC curve of the mesogenic pyrrole shows the presence of a wide nematic range
from 10-85°C (Fig. 3.14). Despite the appearance of the curve, the nematic phase is only
monotropic as the nematic phase is not observed on the initial heat from the crystalline
solid. Upon cooling the nematic phase is adopted and as the compound is cooled further it

solidifies as a glass rather than a crystalline solid. Given the wide nematic range, it is
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clear that the nematic phase of this compound is quite stable, indicating that the pyrrole

unit does not override the preference for mesophase formation of the mesogenic unit.
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Figure 3. 14: DSC thermogram of the mesogenic pyrrole (14); showing second heating cycle (top line)
and second cooling cycle (bottom line)

3.2.3 Fluorescence

All of the mesogenic BODIPYs (both mono- and di-mesogenic) exhibited an intense
fluorescence. The dimesogenic BODIPY (11) was chosen as a representative example of
the series to measure the photophysical properties. Due to the lack of strongly electron
withdrawing or donating groups attached directly to the BODIPY core, the side-attached
mesogenic BODIPYs synthesised would not be expected to display any significant
change in wavelength (excitation and emission), fluorescence quantum yield or lifetime
in relation to each other.
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Figure 3. 15: Fluorescence spectrum of di-mesogenic BODIPY 11 in toluene at 298K

dex/NM | 2em/NM Stokes ® |t/ns| k/10%sT | ko /20%sT | e/MTem?
shift / nm
525 533 8 0.95 5 1.9 0.1 92000

Table 3. 1: Photophysical data for di-mesogenic BODIPY (11)

All of the observed fluorescence appeared to be from the BODIPY core (Fig. 3.15)
implying that there is no, or little, fluorescence resonant energy transfer (FRET) that
occurs between the biphenyl unit of the mesogen and the BODIPY core. A short Stokes
shift is observed; an effect similar to other reported BODIPYs lacking any electron
withdrawing or aromatic substituents on the BODIPY core. The absorption coefficient
indicates a moderately strong absorbance but the calculated value is comparable to
previously reported BODIPYs. It can be clearly seen that this dimesogenic BODIPY has
a large radiative decay constant (k;) when compared to its non-radiative decay constant

(knr). These constants were calculated using the equations:
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k, =D /7.
knr = (l_cDF)/TF

Equation 3. 1 and 3. 2: Radiative and non-radiative decay constants

The large fluorescence quantum yield (and thus radiative decay constant) of this
compound is partially caused by the lack of phenyl ring at the 8-position. Other
BODIPYs with an 8-phenyl ring tend to have smaller quantum yields due to the rotation
of the phenyl ring. Even in BODIPY's where this rotation is restricted it still occurs to a
small degree and those compounds will, in general, have lower quantum yields. The lack
of 8-phenyl ring means that the absorbed energy is much less likely to be lost via non-

radiative molecular motions, thus increasing the quantum yield of this compound.

3.3. Conclusions

These studies show that mesogenic BODIPYs with the mesogens attached to a linker
group on a pyrrolic position can be prepared. However, the synthetic route used gave low
yields and made isolation and purification of the intermediates and products excessively
difficult. It was observed that none of the mesogenic (both mono- and di-mesogenic)
BODIPYs presented here exhibited any liquid crystal mesophase, but could be
supercooled to varying degrees. A mesogenic pyrrole was found to display a nematic
phase from 93-105°C, but the subsequent hydrogenation reaction failed and this
promising intermediate could not be converted into a dipyrrin complex. The lack of liquid
crystallinity was surprising as the previously reported nematic BODIPY??® employed a
similar mesogen but exhibited a relatively stable mesophase. These results imply that the
lack of an 8-aryl substituent promotes crystallisation of the BODIPY, possibly by
increased aggregation of the fluorophores. The intense fluorescence of the dimesogenic
BODIPY was observed, but due to the lack of liquid crystalline behaviour, the practical
use of this type of compound would be severely limited. The fact that mesogenic

BODIPYs have been previously reported?* 2 229 230, 232

and their interesting liquid
crystalline/self-assembling and photophysical behaviour have been observed indicates

that mesogenic BODIPYs could have potential use in optoelectronics and display
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devices; however, a different approach would be required in the synthesis of these

molecules.
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Chapter 4: BODIPY's bearing mesogenic units attached to the 8-phenyl ring

4.1. Introduction

Due to the difficulties in synthesising the side-attached mesogenic BODIPYs, as well as
their lack of mesophase formation, the design of an alternative synthetic route to the
mesogenic BODIPY was required that would allow versatility in the type of mesogen and
the nature and position of linker group between the mesogen and BODIPY. As the
preparation of an 8-phenyl BODIPY is relatively facile, simple reactive sites can be
incorporated onto the central phenyl ring to which mesogens can be attached. As
mesogenic 8-phenyl BODIPYs have been shown to adopt liquid crystalline mesophases

229, 230

despite terminating in a relatively large fluorophore , It is to this position that our

attention turned.
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Figure 4. 1: Calamitic nematic BODIPY liquid crystal

As the restriction of the rotation of the BODIPY 8-phenyl ring causes an increase in the
fluorescence intensity of the fluorophore, a series of mesogenic BODIPY's was designed
with varying degrees of alkyl substitution on the BODIPY core (Fig. 4.2). Increasing
alkyl substitution on the BODIPY core will increase the fluorescence quantum yield but
the effect that the alkyl groups will have on the liquid crystallinity of the molecules has,

thus far, not been systematically investigated.
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Figure 4. 2: Substitution on the BODIPY core, where X is the mesogenic unit and linker group

Different linker groups between the mesogen and the BODIPY are expected to have a
significant effect on the liquid crystallinity of the resulting mesogenic BODIPY due to
the changing molecular length and the angle between the fluorophore and the mesogen
(e.g. ethynyl = linear, triazole = bent). In order to increase the mesogenic BODIPYs’
propensity for liquid crystalline behaviour, only cyanobiphenyl type mesogens were used
as they appeared to provide the side-attached mesogenic BODIPYs with more unusual

melting behaviour than the non-cyanobiphenyl mesogen.

Metal-catalyzed couplings were chosen as the primary method of mesogen attachment to
allow both linear and non-linear linker groups to be prepared. To this end Suzuki,
Sonogashira and ‘click’ reactions were employed to form aryl-aryl, ethynyl-aryl and
triazole linker groups. The reason these specific reactions were chosen is because the
reactive sites on the BODIPY core are easily incorporated into the fluorophore as they
can all be attached onto the benzaldehyde precursor (Fig. 4.3).
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Figure 4. 3: Reactive site for mesogen attachment

4.2. Results and discussion
4.2.1 Synthesis

The BODIPYs for Suzuki coupling reactions were synthesised by the generally accepted
standard method from either the benzaldehyde or the benzoyl chloride.**?** The pyrrole-
unsubstituted BODIPYs had to be synthesised from the benzaldehyde due to potential
problems with polymerisation if the benzoyl chloride was used. Bromide (17) and iodide
(18) analogues were prepared in 6% and 18% overall yield respectively without isolation
of the dipyrromethane intermediate of the bromide analogue or dipyrrin intermediates of
either analogue (Sch. 4.1). Due to the bright colour and moderate fluorescence of the

BODIPYs, column chromatography was relatively straightforward.

X X
X
\ TFA (i) DDQ, CH.Cl,
— ——
T [ > (ii) BF3.OEt,, Et;N
N CH,CI
H 2Ll / = N
~ /
(@] /N\ /N
X=Brorl B
/ \
F F

(17): X = Br; 6%
(18): X=1; 18%

Scheme 4. 1: 8-(4-Halophenyl)-BODIPY synthesis
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The tetramethyl and tetramethyl-diethyl analogues of the 4-iodophenyl BODIPY were
prepared from the respective pyrrole and 4-iodobenzoyl chloride in dry dichloromethane.
Due to the elimination of the dipyrromethane formation step and the intense fluorescence
of the products, purification of these compounds was even more straightforward than the
unsubstituted analogues. This facilitated the preparation of larger amounts of these

BODIPYs in a shorter amount of time. 19 and 20 were prepared in 35% and 36% Yields,

| X
BF3.0Et2, Et3N /

respectively (Sch. 4.2).

1
Reflux
+ - " . R R
/U CH,Cl, CH,Cl, \ '
R = =
N R~ R
H R, R, 2 2
Cl (@) =N._ N
B.
/\
Ry Ry R F e R

(19): R, = CHg; R, = H: 35%
(20) Rl = CHS, R2 = CH2CH3, 36%

Scheme 4. 2: BODIPYs bearing alkyl groups to increase the fluorescence quantum yield

The mesogen prepared for attachment to the BODIPY was the same one attached to the
mesogenic pyrrole from the previous chapter. In order to attach it to the BODIPY, the
mesogen was appended with a boronic acid pinacol ester (21), via a DCC-coupling in
reasonable yield. The synthesis and purification of this compound was straightforward
due to the precipitation of the DCU (dicyclohexylurea), allowing it to be filtered off, and
the product requiring only recrystallisation from ethyl acetate (Sch. 4.3). DIC was also
employed as a coupling reagent but DCC was preferred due to the precipitation of DCU

helping to drive the reaction towards the desired product.
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Scheme 4. 3: Mesogenic boronic ester synthesis

Initially, a Suzuki coupling was carried out between the 4-iodophenyl-BODIPY (18) and
4-carboxyphenylboronic acid pinacol ester in order to allow subsequent mesogen
attachment via a DCC-coupling (Sch. 4.4). Whilst yielding the product in moderate yield
(49%), the reaction was slow (50 hrs) and not all the starting materials were consumed.
Chromatography required increasing amounts of methanol due to the polar carboxyl
group. Subsequent attachment of the mesogen, however, was found to be unfeasible due
to a very small amount of product isolated (<5%) and seemingly a large amount of
decomposition of the BODIPY carboxylic acid. The large size of the mesogen and weak
nucleophilicity of the mesogen hydroxyl group could have caused the slow reaction rate.
This prompted us to change our strategy and use the mesogenic boronic acid pinacol ester

in a final convergent step.
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Scheme 4. 4: Suzuki-coupling of 4-carboxyphenylboronic acid pinacol ester to 18

The Suzuki coupling was attempted under the same conditions as with 4-
carboxyphenylboronic acid pinacol ester but was found to be much slower. We attributed
this to the increased size of the mesogen causing increased steric effects around the
palladium, reducing the rate of reaction. Several palladium catalysts (Pd(OAcC),,
Pd(PPh3)4, dibenzylideneacetone dipalladium (I1) and Pd(PPh3),Cl,), bases (KF, K,CO3
and Na,CO3) and ligands (AsPhz, PPh; and (2-biphenyl)di-tert-butylphosphine) were
used in an attempt to increase the reaction rate, but none were particularly successful.
We, therefore, hypothesised that changing the heating method might increase the rate of
reaction so attempted a microwave-assisted reaction. As dibenzylideneacetone
dipalladium (I1) was found to be the best catalyst and (2-biphenyl)di-tert-butylphosphine
the best ligand, these reagents were chosen for the microwave-assisted reaction.
Potassium carbonate was chosen as the base and DMF as the solvent due to the high
solubility of the reagents in this medium and the high boiling point, viscosity and
microwave translucency of DMF. The reaction was carried out at 65°C at 75W for five
minutes before thin layer chromatography was carried out, which showed that the
reaction was complete. No washing was carried out to remove the base or catalyst as
these were easily removed during column chromatography. The DMF was removed by
evaporation in vacuo and the residue was subjected to column chromatography eluting
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with toluene:hexane or dichloromethane:hexane. It was found that, after chromatography,
a small amount of unreacted mesogen eluted with the product, so the isolated mixture
was redissolved in dichloromethane and cooled in an ice-bath. Cold methanol was then
added to the solution to precipitate the pure product which was isolated using filtration
and then washed with methanol to yield orange or red solids in 20%, 49% and 42% yields

for 23, 24 and 25, respectively.
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MW 65°C (75W) | Dibenzylideneacetone dipalladium (I),
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R DMF
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N o}
A~/ \
FO\ CN
O™ (CH2)117 O

R, o
R, 23: Ry = R, = H; 20%

24: Ry = CHg; R, = H; 49%
25: Ry = CHg; R, = CH,CHg; 42%

Scheme 4. 5: Mesogenic BODIPY preparation by Suzuki-coupling

Due to the presence of five different 1,4-disubstituted phenyl rings on the product
molecules, *H-NMR spectroscopy did not enable the assignment of each of the protons
on their respective phenyl ring. Despite the aromatic peaks being very close together, the
integrations of the aromatic peaks (Fig. 4.4) supported the presence of the desired
product, along with the easily assignable alkyl peaks. The aromatic region of the *H-
NMR spectra did not change significantly through the series as the only difference in the
three structures was the number of alkyl groups attached to the BODIPY core, which
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caused a decrease in the number of pyrrolic signals and an increase in the number of alkyl

signals.
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Figure 4. 4: "H-NMR of mesogenic BODIPY 24 showing the multiple aromatic groups

In order to synthesise a series of mesogenic BODIPY's with an extended molecular axis,
BODIPYs bearing terminal ethynyl substituents were prepared (Sch. 4.6). These
BODIPY intermediates were prepared via a similar method as the previous 4-iodophenyl
analogues. The TMS-protected intermediates were isolated for the unsubstituted and
tetramethyl BODIPYs and were then deprotected with either potassium carbonate or
TBAF. TBAF was found to cause a moderate amount of BODIPY decomposition and the
R¢ values for the TMS-protected and deprotected BODIPYs were found to be very

similar. The TMS-protected analogue of 28 was not isolated due to facile deprotection
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during chromatography, so deprotection was carried out on the impure mixture before

purification of 28.

T™S
‘ ‘ (i) TFA
(i) Chloranil, CH,Cl,
Rz R1  (iii) EtzN, BF3.0Et,
/m (iv) TBAF or K,COs
Ry N
H
%

(26):R; =R, =H; 8%
(27): Ry =CHgz; Ry =H; 7%
(28) Rl = CH3, R2 = CH2CH3, 10%

Scheme 4. 6: 8-(4-Ethynylphenyl)-BODIPY synthesis

Subsequent mesogen attachment was achieved by microwave-assisted Sonogashira
coupling involving the ethynyl-BODIPY and a mesogen terminating in an aryl iodide.
The mesogen was prepared via the same reaction as the boronic ester mesogen using 4-
iodobenzoic acid and the product was purified by recrystallisation from ethyl acetate
(Sch. 4.7).
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Scheme 4. 7: Mesogenic iodide synthesis

The mesogen attachment was carried out at the same temperature and heating time as the
Suzuki couplings (Sch. 4.8), but bis(triphenylphosphine)palladium (I1) chloride was used
as the catalyst in place of dibenzylideneacetone dipalladium (I1) as it was found to give
improved yields. Copper iodide and triethylamine was chosen as co-reagents based upon
standard Sonogashira conditions.®® The yields were comparable to those for the Suzuki
couplings and were similar throughout the series. Purification was achieved using column
chromatography eluting in toluene with small proportions of ethyl acetate followed by
precipitation from dichloromethane with cold methanol. A mesogenic BODIPY bearing a
cyanobiphenyl mesogen (as attached to the side-attached mesogenic BODIPY's) was also
prepared by the same method to investigate whether a less powerful mesogen would
induce liquid crystalline behaviour (Fig. 4.5).
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Scheme 4. 8: Mesogenic BODIPY preparation via Sonogashira-coupling

33; 23%

Figure 4. 5: Mesogenic BODIPY prepared by Sonogashira coupling employing a less extended
mesogen

While the ethynyl groups causes an extension in the molecular length, the triazole group
would cause a kink in the molecular shape as well as an extension in the molecular
length. To prepare a mesogenic BODIPY incorporating the triazole group, a BODIPY

bearing an ethynyl group (26) and a mesogen terminating in an azide were prepared (Sch.
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4.9). The preparation of the mesogen was achieved in three straightforward, high yielding
steps. Firstly, attachment of a C,; chain to the cyanobiphenyl unit was carried out under
Williamson ether synthesis conditions. The product was purified using recrystallisation
from ethanol before drying in vacuo. A methanesulfonate group was then attached via
reaction of the alcohol with methanesulfonyl chloride in the presence of triethylamine (to
neutralize the hydrochloric acid formed) and DMAP (catalyst) with purification by
recrystallisation from ethanol. The azide was prepared by reacting the mesylate mesogen
with sodium azide in DMSO at 60°C for 16 hrs. After thorough extraction of the DMSO
using several water washes, purification of the product was achieved using

recrystallisation from ethanol.

B K,COs, Kl
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34; 90%

MsCl, EtzN, DMAP O O NaN;
NCHO\ -
CH,Cl, (H,C)1-OMs DMSO
N
)< )=

(H2C)11'N3

35; 86%

36; 82%
Scheme 4. 9: Mesogenic azide synthesis

The attachment of the mesogen to the BODIPY was achieved using a copper (1) catalyzed
1,3-Huisgen dipolar cycloaddition (commonly referred to as ‘click’ chemistry). A
mixture of copper (0) nanopowder and copper (1) sulphate with sodium ascorbate as the
co-reductant was found to yield the desired product in a similar yield to the Suzuki and
Sonogashira reactions, but without the need for microwave heating (Sch. 4.10). This
reaction was carried out at 50°C for 20 hrs due to the reaction being relatively slow.
Purification was carried out using column chromatography eluting with a toluene:ethyl
acetate mixture, but subsequent precipitation from dichloromethane was not required as

the product was already pure.

174



Vi NP (H2C)117N3
/N\B/N /
/\
F F
Cu(0), CuS0,.5H,0, Na(asc)
3:1 THF:H,O
CN

Scheme 4. 10: Attachment of mesogen to BODIPY by ‘click’ chemistry

As can be seen, the mesogen used in this reaction is less nematogenic than the mesogens
used for the Suzuki and Sonogashira reactions as it lacks the additional ester and phenyl
ring in the polarisable part of the mesogen. This was due to difficulty in synthesising the
azide of the mesogen containing three phenyl rings. Mesylation of the mesogenic alcohol
was successful, but subsequent reaction with sodium azide caused decomposition of the
starting material and/or product and neither was isolated even under mild heating
conditions (Sch. 4.11). *H-NMR experiments carried out on the isolated white solid
showed the presence of two double doublets, possibly indicating the presence of 4-
hydroxy-4’-cyanobiphenyl, which could be produced via hydrolysis of the mesogen
mesylate.
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Scheme 4. 11: Unsuccessful mesogenic azide synthesis

In order to overcome this problem, attempts were made to prepare azide analogues of the
mesogen and BODIPY precursors. 11-Bromoundecan-1-ol was reacted with sodium
azide to yield 11-azidoundecan-1-ol in quantitative yield but subsequent mesylation was
unsuccessful. Mesylation of the alkylated 4-hydroxybenzoic acid compound was
achieved via a similar reaction with methanesulfonyl chloride (39). Subsequent reaction
with sodium azide, however, was unsuccessful, resulting in decomposition of the starting

material (Sch. 4.12).
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Scheme 4. 12: Unsuccessful attempts to prepare azide analogues of mesogen precursors

Due to the lack of success in preparing the mesogenic azide, BODIPY precursors bearing
functional groups for mesogen attachment were prepared. Firstly, 5-(4-ethynylphenyl)-
dipyrromethane  (40) was prepared via reaction of pyrrole with 4-
trimethylsilylethynylbenzaldehyde followed by deprotection of the TMS group with
potassium carbonate (Sch. 4.13). Column chromatography was carried out on the TMS-
protected dipyrromethane, but crystallisation was not achieved so deprotection was
carried out before finally purifying using column chromatography eluting with

dichloromethane:hexane.
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Scheme 4. 13: Preparation of 5-(4-ethynylphenyl)-dipyrromethane

The dipyrromethane was reacted with 11-azidoundecan-1-ol in DMF with copper (1)
sulphate as the catalyst and sodium ascorbate as the co-reductant to yield the triazole-
containing dipyrromethane (41) terminating in a C11-OH unit in 48% yield. This was then
successfully mesylated (42) under the same conditions in quantitative yield (Sch. 4.14).
The initial ‘clicked’ dipyrromethane was purified by passing it through a short silica
column while the mesylate did not require purification beyond washing with 2%
hydrochloric acid and water. Subsequent reaction with 4-hydroxybenzoic acid under
Williamson ether synthesis conditions was unsuccessful, causing decomposition of the
starting material.
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Scheme 4. 14: 'Clicked’ dipyrromethane with subsequent mesylation

Due to the lack of success in attaching a more nematogenic mesogen to the BODIPY via
either of these approaches, the same cyanobiphenyl mesogen used for the ‘click’ reaction
in Scheme 4.10 was attached to the dipyrromethane to investigate whether any liquid
crystallinity was conferred on the resulting molecule. The primary aim of this approach
was to synthesise a mesogenic dipyrrin-metal complex containing two mesogenic units.
5-(4-Ethynylphenyl)-dipyrromethane (40) was reacted with the azide mesogen under the
same ‘click’ conditions as depicted in Scheme 4.14, but with an alternate solvent system.
This reaction proceeded at room temperature to yield the pure product (41), after column
chromatography, in 49% yield. Subsequent oxidation of the dipyrromethane with DDQ
was successful (42), but with a very low yield (7%), despite being carried out using the
generally accepted methodology.'®*?* There is no obvious reason why this reaction
proceeded with such a low vyield, but as the effect that a triazole group has on the DDQ
oxidation of a dipyrromethane has not been thoroughly investigated, the presence of a
triazole group could be significant. A nickel-(I1)-dipyrrinato complex (43) was prepared
using nickel (I1) acetate in dichloromethane, with purification being achieved by passing
the residue through a short silica column yielding the product in 49% yield. A nickel (1)
complex was chosen over a zinc (I1) complex as it has been reported that zinc complexes
adopt a more tetrahedral geometry around the metal centre while the nickel complex

adopts a distorted square planar geometry.?®
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oxidation and nickel (I1) complexation
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A Heck reaction was also attempted on the 4-iodo-BODIPY (18) to investigate whether
an allyl linker group and different type of mesogen could induce liquid crystallinity onto
the BODIPY. The mesogen chosen for this reaction would have an alkyl spacer group
attached side-on. (Fig. 4.6) The reaction was carried out under the same conditions as the
Suzuki couplings but was found to be unsuccessful, with only a small amount of starting
BODIPY being recovered (~7%).

O
O
/
CgH17 (@) O\
(@] CqiqH
/ 11'123
(H2C)o

/

Figure 4. 6: Mesogen used in attempted Heck reaction

An attempt was next made to prepare a mesogenic BODIPY which displayed red-shifted
fluorescence relative to the previously prepared BODIPYs. To achieve this, a
diindolylmethane was prepared via an analogous route used for dipyrromethane
preparation. This method used concentrated hydrochloric acid in place of TFA and no
purification was required beyond neutralisation with sodium hydroxide and precipitation
with water to yield the product in 12% yield (Sch. 4.16). Subsequent oxidation with DDQ
or chloranil was unsuccessful as was reaction of the crude mixture, resulting from the

attempted oxidation, with boron trifluoride diethyl etherate.
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Scheme 4. 16: Diindolylmethane synthesis

4.2.2 Liquid crystalline behaviour

Of the series of BODIPYs prepared by Suzuki couplings, 23 and 24 exhibit liquid
crystalline mesophases, with a monotropic nematic phase being observed for each
compound. As can be seen from the DSC curves (Fig. 4.7 and 4.8) of these compounds,
the nematic range is shortened and the clearing temperature is increased upon addition of
the four methyl groups to the BODIPY core. The increased bulkiness of the BODIPY
core also requires the material to be supercooled by 58°C below its melting point before
adopting the nematic phase. These effects were attributed to the increased bulk of the
BODIPY core causing a disruption in the molecular packing of the nematic phase, with
the restricted rotation of the 8-phenyl ring causing an increase in the rigidity of the
BODIPY core, increasing the preference for crystalline behaviour by increasing
intermolecular 7-x interactions. These effects are further reinforced in 25 by the two ethyl
groups increasing the bulk of the fluorophore even further. The molecular packing is
disrupted enough for the mesophase to disappear completely and only crystalline
behaviour is observed, however, the ethyl groups cause a reduction in the melting point
compared to 24. This liquid crystalline behaviour is markedly different from that
displayed by previously reported nematic BODIPYs, with the additional phenyl ring at
the 8-position disrupting nematogenicity to the extent that the nematic range is relatively
short even when a more powerful mesogen is used. The increase in steric bulk around the
fluorophore also causes an increase in the transition enthalpy from the isotropic liquid to

the nematic phase. As the four methyl groups induce an increased preference for
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crystalline behaviour over liquid crystalline behaviour, the transition enthalpy must
increase to overcome this. The AS/R values were calculated to provide a unitless figure to

compare the compounds (with R being the ideal gas constant).
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Figure 4. 7: DSC thermogram of 23 showing second heat (top line) and second cool (bottom line)
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Figure 4. 8: DSC thermogram of 24 showing second heat (top line) and second cool (bottom line)

The optical polarising microscopy (OPM) images show 23 and 24 in the nematic phase
with the schlieren texture clearly visible, especially for 23, typical of a nematic phase
(Fig. 4.9 and 4.10). The orange colour is due to the colour of the compounds and not a

birefringent effect.
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Figure 4. 9: OPM image of 23 in the nematic phase at 142.7°C

Figure 4. 10: OPM image of 24 in the nematic phase at 148.6°C
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Compound | LC transitions Nematic AH (kJ mol™) | ASmo/ R (Is0-
(°C) range (°C) (Iso-N N transition)
transition)
23 Cr (N 159) 162 | 21 1.54 0.43
24 Cr (N 153) 211 | 8 4.12 1.15
25 Cr1941 - - -

Table 4. 1: Liquid crystal transitions, nematic ranges, Iso-N enthalpies and Iso-N reduced entropies

for compounds 23-25

The increased molecular axis in the mesogenic BODIPYs prepared by Sonogashira

reactions causes a further reduction in the liquid crystallinity of the molecules by

increasing the intermolecular interactions. The DSC curve for 30 (Fig. 4.11) is similar to

the DSC curve for 24 as they both have short nematic ranges and some degree of

supercooling is required before the nematic phase is adopted. Due to the very short

nematic range of 30, the nematic phase is eliminated in 31 by the four methyl groups and

remains thus for 32. The OPM image shows the schlieren texture of 30 in the nematic

phase (Fig. 4.12). Due to the very short nematic phase, some crystallisation can be seen

in the lower right of the image.
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Figure 4. 11: DSC thermogram of 30 showing second heat (top line) and second cool (bottom line)

The transition enthalpy of 30 is relatively low when compared to the enthalpies for 23
and 24. Increased intermolecular interactions also cause an increase in the clearing
temperature of 30. Analogous to the mesogenic BODIPY's prepared by Suzuki couplings,
the four methyl groups cause an increase in clearing temperature which is then reduced

by the two ethyl groups of 32.
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Figure 4. 12: OPM image of 30 in the nematic phase at 164.1°C

The dipyrromethane (43), dipyrrin (44), BODIPY (37) and nickel-(I1)-dipyrrinato
complex (45) were all observed under the optical polarising microscope but, despite the
nickel-(11)-dipyrrinato complex displaying some birefringence (Fig. 4.13), no liquid
crystalline mesophase was observed. This was attributed to the triazole causing the
overall molecular shape to be non-linear as well as the cyanobiphenyl mesogen being less

nematogenic than the mesogen used in the Suzuki and Sonogashira reactions.
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Figure 4. 13: OPM image of nickel-(I1)-dipyrrinato complex at 146.6C showing a large amount of
birefringence

Compound LC transitions Nematic AH (kJ mol™) | ASmo /R (Iso-
(°C) range (°C) (Iso-N N transition)
transition)
30 Cr (N 166) 183 | 7 0.86 0.24
31 Cr 200 | - - -
32 Cr1851 - - -

Table 4. 2: Liquid crystal transitions, nematic ranges, 1so-N enthalpies and Iso-N reduced entropies
for compounds 30-32

By comparing the reduced entropies of compounds 23, 24 and 25 it can be seen that the
four methyl groups cause a larger entropy change in cooling from the isotropic liquid to
the nematic phase. This indicates a lesser degree of order in the tetramethyl analogue (23)
over the mesogenic BODIPY's bearing no substituents on the pyrrolic positions (23 and
30). This is caused by the increased rigidity due to the rotational restriction induced by
the methyl substituents on the central phenyl ring disrupting the molecular packing in the
nematic phase. Due to the extended long molecular axis in compound 30 compared to 23,
increased intermolecular interactions promote a greater degree of ordering, thus reducing

the value of the reduced entropy.
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4.2 .3 Fluorescence

The two series of mesogenic BODIPYs prepared by palladium-catalyzed couplings
exhibit increasingly intense fluorescence with increasing alkyl substitution on the
BODIPY core. Very low quantum yields and fluorescence lifetimes are exhibited by the
unsubstituted mesogenic BODIPYs 23, 30 and 37 due to relatively unrestricted rotation
of the 8-phenyl ring. The attachment of four methyl groups causes a dramatic increase in
fluorescence intensity by restricting the 8-phenyl ring rotation, which is increased further
by the additional two ethyl groups. The unsubstituted and tetramethyl BODIPYs absorb
at approximately the same wavelength but the tetramethyl BODIPYs have a shorter
Stokes’ shift, presumably because they possess fewer vibrational modes due to restriction
of the 8-phenyl ring rotation. The tetramethyl-diethyl BODIPY's have slightly red-shifted
absorption and emission relative to the other BODIPY's due to all the pyrrolic positions
on the BODIPY core being occupied. They also have similar, but slightly longer Stokes’
shifts compared to the tetramethyl BODIPYs (Fig. 4.14, 4.15 and 4.16).
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Figure 4. 14: Excitation (solid line) and emission (dashed line) of 23 (black), 24 (blue) and 25 (red);
measured in toluene at 298K
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Figure 4. 15: Excitation (solid line) and emission (dashed line) of 30 (black), 31 (blue) and 32 (red);
measured in toluene at 298K
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Figure 4. 16: Excitation (blue) and emission (pink) of 37; measured in toluene at 298K
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The alkyl substituted BODIPYs all have longer fluorescence lifetimes than the
unsubstituted BODIPYs due to stabilisation of the excited singlet state by the alkyl
groups. As would be expected from the quantum vyields, the less fluorescent BODIPY's
have smaller radiative constants while the more fluorescent BODIPYs have higher
radiative constants. There is a gradual increase in absorption coefficient with increasing
alkyl substitution for the mesogenic BODIPY's attached by Suzuki couplings, but the
reverse occurs for the mesogenic BODIPYSs attached by Sonogashira couplings. There is
only a marginal red-shift in the fluorescence profiles of the ethynyl-containing BODIPY's
as the extension of the m-conjugation does not pass through the BODIPY core as the 8-
phenyl ring (and the aromatic groups attached to this ring) is not co-planar with the
bipyrrolic core. The 8-phenyl ring is free to rotate in the unsubstituted BODIPYs
meaning that only partial overlap of the m-orbitals occurs, while in the alkylated
analogues, the alkyl groups force the 8-phenyl ring out of co-planarity with the BODIPY
core minimizing any overlap of the m-orbitals. Despite the presence of a triazole ring in

37, the fluorescence profile is very similar to those of 23 and 30.

Compound | Aex | em @ | e | AS(m) | k, (10°sT) | ko (108

Tfl
(nm) | (nm) cm™) (ns)
23 505 | 526 | 0.032 | 57000 21 1.8 54 0.18
24 505 | 517 | 0.48 | 89000 12 1.8 2.0 2.66
25 528 | 543 | 0.63 | 103000 15 2.9 1.7 2.18
30 508 | 533 | 0.01 | 116000 25 10 9.9 (x 10" | 0.01
31 506 | 519 | 0.37 | 92000 13 1.6 2.8 2.27
32 529 | 544 | 0.78 | 82000 15 2.0 0.55 4
37 504 | 523 | 0.047 | 64000 19 2.0 9.3(x 10" | 0.23

Table 4. 3: Photophysical data of 23-25, 30-32 and 37; measured in toluene or CH,Cl, at 298K
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4.2.4 Structure-property relationship between liquid crystallinity and fluorescence

intensity

These results show a clear inverse relationship between the tendency of the molecules to
mesophase formation and their fluorescence intensity. While increasing alkyl substitution
on the BODIPY core has a very predictable effect on the fluorescence intensity, the effect
it has on any liquid crystalline behaviour is not as obvious due to lack of investigation in
this particular aspect of BODIPYs.

Compound | LC transitions (°C) | Nematic range (°C) O
23 Cr (N 159) 162 | 21 0.032
24 Cr (N 153) 211 1| 8 0.48
25 - - 0.63
30 Cr (N 166) 183 | 7 0.01
31 - - 0.37
32 - - 0.78

Table 4. 4: Structure-property relationship between liquid crystallinity and fluoresccence intensity of
23-25, 30-32 and 37

Due to the BODIPY being in a terminal position on the molecule, increasing the number
of alkyl groups on the BODIPY fluorophore only increases the size of one terminal while
the mesogenic terminal remains the same size. The incorporation of four methyl units on
the BODIPY fluorophore causes a significant increase in the clearing/melting
temperature along with a shortening of the nematic range. The nematic range of
compound 30 is short enough that the attachment of four methyl units eliminates the
nematic phase completely. Due to rotational restriction of the BODIPY 8-phenyl ring
caused by the 1- and 7-methyl groups, the fluorescence quantum yield of the BODIPY is

increased.
The same effect is observed in compounds 25 and 32, where the nematic range of 24 is

shortened enough to eliminate the nematic phase. As the nematic phase is already

eliminated in compound 31, a reduction in the melting point is observed with increased
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size of the fluorophore. A further increase in fluorescence intensity is also observed due

to a longer range steric effect of the ethyl groups on the 8-phenyl ring.

4.2.5 Temperature dependant fluorescence measurements and BODIPY-doped nematic

liquid crystal fluorescence

Compound 23 was chosen to carry out temperature dependant fluorescence
measurements due to it exhibiting the widest nematic range of the compounds prepared in
these series’ (Fig. 4.17). It has been previously reported that the fluorescence of a liquid

O which is an effect

crystalline BODIPY increases with decreasing temperature,®
observed in this case also. However, no marked increase in fluorescence was reported
upon transition from the isotropic liquid to the nematic phase or from the nematic to the
crystalline phase. In the case of compound 23, while no significant increase in
fluorescence intensity is observed in the transition from the isotropic liquid to the nematic
phase, a noticeable increase in fluorescence intensity occurs when cooling from 150°C to
140°C. As can be seen from the DSC thermogram of compound 23 (Fig. 4.7),
crystallisation from the nematic phase into the crystalline phase starts to occur around
140°C and a short time annealing the sample allows almost complete crystallisation to
occur. This causes the molecules to adopt a much more rigid conformation, presumably
greatly restricting the rotation of the 8-phenyl ring while also causing a reduction in other
molecular motions causing an increase in fluorescence intensity. Decreasing the
temperature in the crystalline phase causes an increase in fluorescence intensity from a
second emission maximum at approximately 620 nm, corresponding to the increased
formation of J-dimers as the molecules pack closer together. This peak is only slight
when in the isotropic or nematic phase due to the more diffuse nature of the molecular
packing. The formation of J-dimers does occur to a certain extent as evidenced by the
red-shift in the fluorescence compared to the solution-based measurements but is much
more pronounced when crystallisation occurs. It was expected that the transition from the
isotropic to the nematic phase would also cause an increase in fluorescence intensity due

to increased 8-phenyl ring rotational restriction but this was not observed, presumably
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due to the more diffuse nature of a nematic phase over a layered phase e.g. smectic, or the

crystalline phase.
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Figure 4. 17: Temperature dependant fluorescence measurements of compound 23 at 10°C intervals
(heated to 190°C and cooling down to 90°C - see legend); excited with a Nd:YAG laser with heating
on a Mettler hot-stage

In order to investigate the effect that the alignment of the BODIPY molecules has on
their fluorescence, four of the mesogenic BODIPY's (23, 25, 30 and 32) were dissolved in
a commercial nematic liquid crystal (BL024 — Merck) and incorporated into a twisted
nematic cell (inner top plate aligned perpendicular to the bottom plate). The sample was
excited with a UV laser and the fluorescence intensity was measured when an electric
field was applied. Compounds 23, 25, 30 and 32 were chosen as they were the most and
least fluorescent compounds of their respective series. Compounds 30 and 32 were
studied to investigate if the increased molecular length had any effect on the alignment

with the host material.
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Figure 4. 18: Fluorescence intensity of 23 dissolved in BL024 in a twisted nematic cell (two
measurements taken with an electric field applied (On) and two without an electric field applied (Off)
- see legend)
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Figure 4. 19: Fluorescence intensity of 25 dissolved in BL024 in a twisted nematic cell (two
measurements taken with an electric field applied (On) and two without an electric field applied (Off)
- see legend)
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Figure 4. 20: Fluorescence intensity of 30 dissolved in BL024 in a twisted nematic cell (two
measurements taken with an electric field applied (On) and two without an electric field applied (Off)
- see legend)
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Figure 4. 21: Fluorescence intensity of 32 dissolved in BL024 in a twisted nematic cell (two
measurements taken with an electric field applied (On) and two without an electric field applied (Off)
- see legend)
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The core-unsubstituted mesogenic BODIPYs only displayed a minor change in
fluorescence intensity when the electric field was applied. In particular, the mixture of
compound 30 displayed no obvious change in fluorescence intensity (Fig. 4.20). The
mixture of compound 23, however, displayed a small, but noticeable, reduction in
fluorescence intensity when the electric field was applied (Fig. 4.18). The changes in
fluorescence intensity were attributed to an increase or decrease in the number of
BODIPY transition dipole moments aligned parallel or non-parallel to the exciting laser
beam. In order for the BODIPY to absorb a photon efficiently, its transition dipole
moment (which is across the bipyrrolic core) must lie parallel to the electric field of the
incident photon. Therefore, from the spectra presented in Figures 4.18-21, it would be
assumed that mixtures of compounds 25 and 32 would have more BODIPY transition
dipole moments aligned parallel to the incident beam when an electric field is applied to
the cell, while the mixture of compound 23 would have slightly less BODIPY transition
dipole moments aligned parallel to the incident beam. Due to the negligible change in
fluorescence intensity for the mixture of compound 30 neither of these situations can be
assumed. In the twisted nematic cell, the long axes of the host molecules lie parallel to
the planes of glass that make up the cell (i.e. perpendicular to the incident beam), while
the long axes lie perpendicular to the planes of glass when an electric field is applied (i.e.
parallel to the incident beam). This is the case for all the host molecules in the cell except
for those in close proximity to the rubbed polyimide inner surfaces at the top and bottom
of the cavity. The rubbed polyimide surfaces will force some of the BODIPY molecules
to align with the host, while those further away from these surfaces will not necessarily
align with the host molecules quite so efficiently due to differences in molecular size and
shape.

Due to the smaller size of the BODIPY core in compound 23, it would be expected that
the molecules would align with the host material more efficiently. If this is the case, then
it would be expected that the fluorescence intensity of compound 23 would decrease
when an electric field is applied due to the molecules reorienting themselves
perpendicular to the planes of glass in the cell, and thus making the transition dipoles

perpendicular to the incident beam. The larger size of the BODIPY core in compounds 25
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and 32 would presumably cause the mesogenic BODIPY molecules to align with the host
material less efficiently. This would cause the BODIPY molecules to align non-
perpendicular to the planes of glass in the cell when an electric field is applied, meaning
more of the transition dipole moments of the fluorophores would align parallel to the
incident beam, causing an increase in fluorescence intensity. While both these effects
were observed in these experiments, without carrying out further experiments on the dye-
doped liquid crystal samples this is not enough evidence to prove this mechanism of

molecule alignment definitively.

4.3. Conclusions

The results presented here show that mesogenic BODIPYs can be prepared via
microwave-assisted palladium catalyzed couplings as well as by ‘click’ chemistry
reactions in reasonable vyields. It has been observed that the attachment of large
mesogenic units to the fluorophore causes a very slow reaction rate under conventional
heating conditions which promoted the use of microwave-assisted heating. Each of the
compounds prepared was synthesised via more straightforward and higher yielding
reactions than the side-attached mesogenic BODIPY's. The resulting mesogenic dipyrrins
and BODIPYs displayed varying degrees of fluorescence intensity and nematic phase
stability. A monotropic nematic phase was observed in three of the compounds
synthesised and an inverse relationship between nematic range and fluorescence intensity
was observed. This is due to the fluorescence intensity being attributed to increasing alkyl
substitution which causes an increase in the size of the fluorophore, disrupting the
molecular packing thereby reducing the nematic range. The linker group between the
mesogen and the fluorophore was found to have a profound effect on the nematic stability
due to extension of the molecular axis and distorting the molecules linearity. These
factors cause a reduction in the nematic phase stability, sometimes to the extent that the

nematic phase is eliminated.

Temperature dependant fluorescence measurements were carried out on compound E and

a noticeable increase in fluorescence intensity was observed upon crystallisation from the
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nematic phase. This was attributed to fewer molecular motions causing an increase in the
radiative decay rate constant. A dramatic increase in the formation of J-dimers was also
observed due to the closer proximity of the molecules in the crystalline phase. Four of the
BODIPYs prepared were dissolved in a commercial nematic liquid crystal (BL024) and
this mixture was incorporated into a twisted nematic cell. A change in fluorescence
intensity was observed in three of the mixtures when an electric field was applied to the
cell. These changes were attributed to changes in the alignment of the BODIPY transition
dipole moments relative to the incident beam. The efficiency of the molecular packing of
the mesogenic BODIPY's with the host material significantly affects the alignment of the
fluorophores relative to the incident beam. It was hypothesised that BODIPYs with a
larger core align with the host material less efficiently due to steric interactions while
smaller BODIPY fluorophores align more efficiently due to less significant steric
interactions. Due to increasing interest in using BODIPYs as dopants for commercial
liquid crystals, several of the mesogenic BODIPYs synthesised in this chapter are
currently under investigation as potential laser dyes. This is due to the host material being
better able to accommodate a fluorophore of a similar shape.
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Chapter 5: BODIPY's bearing multiple mesogenic units

5.1 Introduction

Due to the relatively facile synthetic routes employed for the preparation of mono-
mesogenic BODIPYs with the mesogen attached through the 8-position, similar
procedures were predicted to enable the preparation of BODIPYs bearing multiple
mesogenic units. The BODIPYs bearing liquid crystalline dendrimers reported by Ziessel
et al. exhibited a short nematic phase or relatively wide smectic A ranges,?® so it was
hypothesised that increasing the number of mesogenic units in smaller molecules could
produce a similar effect. As can be seen (Fig. 5.1), the increasing number of mesogenic
units (as well as dendrimer size) causes the elimination of the nematic phase due to an

increased preference for the more ordered smectic A mesophase.

First generation: Cr 86 M 119 N 123 |
Second generation: Cr 100 Sp 155 |
Third generation: Cr 83 S, 210 |

Figure 5. 1: Liquid crystal dendrimer-BODIPY's showing LC transitions of first, second and third
generation dendrimers; m = unknown mesophase?®

In a similar way to the BODIPYs prepared in the previous chapter, the effect that
increasing alkyl substitution has on the fluorescence intensity and liquid crystallinity of
the molecules was investigated. The increasing alkyl substitution of the BODIPY core
was expected to display a similar effect on the fluorescence intensity and liquid
crystalline properties. In each series of compounds the linker groups remained constant
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and two mesogens of a similar type (both containing a cyanobiphenyl unit but with one a
stronger mesogen — see Chapter 3 for a comparison of their liquid crystalline behaviour)
were employed. Palladium-catalyzed coupling was also employed due to the successful
reactions detailed in the previous chapter.

Due to the unsuccessful preparation of a red-shifted BODIPY from the previously
synthesised diindolylmethane, an alternative route to a red-shifted BODIPY was also
sought. The generally accepted method of producing a bathochromic shift in the
fluorescence of a BODIPY is to extend the m-conjugate system. This has been achieved
by several methods but the most facile and generally applicable appears to the attachment
of styryl groups to the 3- and 5-methyl groups via a Knoevenagel condensation. This

87,90 234, 266-268 and even

reaction has been used in the preparation of pH sensors, ion probes
PDT.*®° By selection of an appropriate reagent for the condensation, additional sites for
mesogen attachment can be incorporated on to the BODIPY while also providing the

desired bathochromic shift in fluorescence.

X' X'
Figure 5. 2: Styryl-BODIPY exhibiting red-shifted fluorescence
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5.2 Results and discussion
5.2.1 Synthesis

As palladium-catalyzed reactions were to be used as the method of mesogen attachment,
3,5-dibromobenzaldehyde was chosen as the precursor to the three BODIPYs to which
the mesogens would be attached (Sch. 5.1). These three BODIPY's were prepared using
the accepted methodology®™ #** in 29%, 7% and 13% yields for 47, 48 and 49
respectively. Yields for the BODIPYs bearing alkyl substituents were found to be lower
than that of the unsubstituted BODIPY. While chloranil was used for the oxidation step
to produce 47, DDQ was used to oxidise 48 and 49 which may have caused partial
decomposition of the dipyrrin intermediate due to DDQ being a stronger oxidant. The
mesogens employed were reacted with 4-carboxyphenylboronic acid pinacol ester in

preparation for attachment via Suzuki coupling.

Br Br i) TFA

R R2 (i) Chloranil or DDQ, CHCl,
7 (iii) BF3.OEty, EtsN, CH2Cly
R1

N
X R>

(47): Ry =R,=H; 29%
(48): Rl = CH3; R2 = H; 7%
(49): Ry = CHg; Ry = CH,CHg; 13%

Scheme 5. 1: Dibromo-BODIPY synthesis
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Figure 5. 3: Mesogenic boronic esters for Suzuki-coupling onto dibromo-BODIPY's

The Suzuki coupling was carried out using the same conditions as for the previous Suzuki
couplings albeit with greater proportions of mesogen, catalyst, base and phosphine ligand
(Sch. 5.2). Similarly to the mono-mesogenic BODIPYs, purification was achieved using
column chromatography (eluting with toluene:EtOAc mixtures) followed by precipitation
from dichloromethane with cold methanol to yield the pure product. Yields for the
reactions were moderate, ranging from 25-69%, with compounds 53 and 56 being
isolated in surprisingly low yields. The presence of alkyl groups on the BODIPY core
should promote higher yields due to lower by-product formation (which is the case for

compounds 54 and 57).
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Figure 5. 4: Di-mesogenic BODIPYs 53-58

The *H-NMR spectra of these compounds were relatively similar to those of the mono-
mesogenic BODIPYs aside from the respective integrals and the presence of a 1,3,5-
trisubstituted phenyl ring (not always visible amongst other aromatic peaks). Inspection
of the aromatic region of the *H-NMR of compound 55 shows the presence of two
multiplets due to overlaying phenyl peaks, as well as distinct doublets and the clearly

visible 1,3,5-trisubstituted signals arising from the presence of the ring protons (Fig. 5.5).
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Figure 5. 5: Aromatic region of the 'H-NMR spectrum of 55

In order to prepare a BODIPY with a red-shifted fluorescence and with the capacity for
several functional groups to be attached, attempts were made to synthesise an aza-
BODIPY. This class of molecule has been shown to display remarkably red-shifted

fluorescence due to the four aromatic moieties and the bridging nitrogen as seen in

phthalocyanines.*® 2%2"2 Aza.BODIPYs are prepared from the reaction of
benzaldehydes and acetophenones to form chalcones which are then nitrated. These

nitrated chalcones are then reacted with a large excess of ammonium acetate to yield the

aza-dipyrrin, to which the boron trifluoro group is coordinated.
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Figure 5. 6: Aza-BODIPY

Due to the success of the palladium-catalyzed reactions employed in the attachment of
mesogenic units to BODIPYs, attempts were made to synthesise an aza-BODIPY bearing
bromo- or iodo-groups (Sch. 5.3). Firstly, 4-bromoacetophenone was reacted with
benzaldehyde in the presence of potassium hydroxide to yield the corresponding chalcone
(58) in 67% vyield. Purification of this compound was achieved using recrystallisation
from ethanol. The chalcone was then nitrated (59) using methyl nitrate in the presence of
diethylamine and purified by recrystallisation from methanol in 69% yield. Synthesis of
the aza-dipyrrin was then achieved via reaction of the nitrated chalcone with 35 eq. of
ammonium acetate in refluxing ethanol. Upon cooling, the product precipitated out as a
blue/black solid which was washed with ethanol. Due to the very low solubility of the
aza-dipyrrin in ordinary or deuterated solvents (chloroform, acetone, THF, methanol,
dichloromethane, DMF, DMSO), NMR experiments could not be carried out. The same
problem occurred when attempting to dissolve the subsequent aza-BODIPY for
purification by column chromatography and NMR experiments. An iodo- and tetra-
bromo analogue (a bromo substituent on the 4-position of each phenyl ring) were also

prepared but the same solubility issues were encountered.
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Scheme 5. 3: Dibromo-aza-BODIPY synthesis
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In order to circumvent the solubility problems encountered with the aza-dipyrrins and
aza-BODIPY's bearing halide substituents, an aza-BODIPY with hydroxyl functionalities
was prepared (Sch. 5.4). The chalcone (60) was prepared by an acid-catalyzed
condensation due to the presence of the acidic phenolic hydroxyl group. The reaction was
carried out using concentrated sulphuric acid and the product precipitated out of solution
upon cooling. Purification was achieved by recrystallisation from ethanol to yield the
product in 57% vyield. The nitration was carried out using the same conditions as the
halide containing chalcones but upon removal of the solvent, crystallisation did not occur

and a tan coloured oil was isolated. This oil was carried through to the aza-dipyrrin (61)

209



synthesis, as purification could be achieved by precipitation. Butan-1-ol was used as the
solvent for the aza-dipyrrin synthesis due to its higher boiling point. The product was
soluble enough for identification via *H-NMR spectroscopic analysis, but too insoluble
for an adequate "*C-NMR spectrum to be obtained. Complexation of the boron difluoro
unit was carried out under the same conditions as the previous BODIPY syntheses, with
the product (62) being soluble enough for column chromatography and *H-NMR (Fig.
5.7) and *C-NMR experiments to be carried out. The aza-BODIPY was isolated in 55%
yield from the aza-dipyrrin. Unlike the previously synthesised BODIPYs, no obvious

colour change was observed upon complexation to give the boron difluoro derivative.
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Scheme 5. 4: Dihydroxy-aza-BODIPY synthesis
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Figure 5. 7: Aromatic region of the "H-NMR spectrum of 62

While the solubility problems of the aza-BODIPY were overcome, carrying out
successful reactions on the hydroxyl groups proved to be more problematic.
Carbodiimide couplings and Mitsunobu reactions using both carboxylic acids and
alcohols were attempted, but a large amount of decomposition occurred and no product
formation was observed. Several different reagent combinations were attempted (DCC,
DIC, EDC, DEAD, ADDP) but each reaction produced the same result. An etherification
was achieved via a Williamson ether synthesis using benzyl bromide in the presence of
potassium carbonate and potassium iodide (Sch. 5.5) but was found to be unsuccessful
when using an aliphatic halide despite using a stronger base (NaH). Due to the restrictive
nature of using benzyl halides to attach mesogens to the aza-BODIPY via Williamson

ether syntheses, this avenue of investigation was abandoned.
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Scheme 5. 5: Aza-BODIPY ether synthesis

Due to the unsuccessful attempt to synthesise a BODIPY exhibiting red-shifted
fluorescence from a diindolylmethane or an aza-BODIPY, an effort was made to extend
the BODIPY =-conjugate system by the attachment of styryl groups. This was achieved
by reacting 20 with 4-hydroxybenzaldehyde in the presence of piperidine, glacial acetic
acid and a catalytic amount of magnesium perchlorate in dry toluene (Sch. 5.6).
Molecular sieves were added to bind the water molecules produced during the
condensation. Purification was achieved using column chromatography followed by
washing with hexane. In order to facilitate the attachment of the more extended mesogen,
the condensation reaction was attempted with methyl-4-formyl benzoate (for attachment
by carbodiimide coupling) and 4-iodobenzaldehyde (for attachment by palladium-
catalyzed coupling) but both were found to be unsuccessful despite promising initial thin
layer chromatography analysis. It was found that both product and starting material
decomposed rapidly when piperidine was used without the acetic acid. However, the
reaction was found not to proceed when both piperidine and acetic acid were used despite
the electron withdrawing groups present on the benzaldehyde. An attempt was made
using DBU as the base in an effort to increase the rate of reaction, but this was again
found to be unsuccessful. Due to the fact that styryl-BODIPYs had previously been
prepared using benzaldehyde bearing a functional group with a delocalised lone pair of

87,90

electrons (e.g. N,N’-dimethylamine®" "), 4-hydroxybenzaldehyde was chosen as the co-

reagent. This also offered the opportunity for mesogens to be attached via a Williamson
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ether synthesis using the phenolic groups. The reaction was carried out over 3 days using
five molar equivalents of 4-hydroxybenzaldehyde in order to acquire the di-styryl-
BODIPY (63) as the major product. A small amount of the mono-substituted compound
was isolated, but no subsequent reactions were carried out on it as it was presumed that
the attachment of two mesogens (one on each hydroxyl group) would cause the molecule

to have a greater tendency for liquid crystalline behaviour.

Piperidine, acetic acid,
Mg(ClOy,),, Mol. sieves

+

/ = // Toluene
/\ (e}
F F

Scheme 5. 6: Di-styryl-BODIPY synthesis

The mesogens were then reacted with the di-styryl-BODIPY under Williamson ether
synthesis conditions (potassium carbonate) to yield the di-mesogenic product (64) after 2
days in moderate yield (Sch. 5.7). The presence of the desired product was indicated by a
dramatic increase in R¢ on a thin layer chromatography plate. Purification was achieved
by column chromatography eluting in a THF:hexane mixture followed by washing the
resulting solid with cold acetone, hexane and methanol.
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Scheme 5. 7: Di-mesogenic di-styryl-BODIPY synthesis

The resulting di-mesogenic BODIPY (64) was readily soluble in deuterated chloroform
so an accurate *H-NMR could be obtained. The alkyl region showed the BODIPY methyl
and ethyl groups as well as the mesogen alkyl chains (Fig. 5.8). The triplet at ~4.0 ppm
corresponds to the methylene units adjacent to the oxygen atoms. The aromatic region
shows several well-defined doublets along with some overlapped multiplets (Fig. 5.9).
The doublet at 7.20 ppm corresponds to the alkenic protons however; the second alkenic
doublet appears to align with one of the multiplets between 7.6 and 7.7 ppm. The 4-

iodophenyl doublets are observed quite clearly despite a wide separation.

214



=44

b

501

399

B3

260

73

At
1 5200
1 5036
1.7874

Figure 5. 8: Alkyl region of the "H-NMR spectrum of 64

2

—=

i

i

g e

J—
-~

-

r

215



LEL]

44
40

J
71815 ——

Figure 5. 9: Aromatic region of the *H-NMR spectrum of 64

Attachment of a third mesogen was achieved via Suzuki coupling of phenyl iodide in the
8-position under similar conditions to the previous Suzuki couplings (65) (see previous
chapter) (Sch. 5.8). However, due to the increased size of this molecule compared to the
previous mesogenic BODIPY's the reaction was carried out for ten minutes instead of five
minutes. This is due to some of the unreacted starting material still being present after
five minutes microwave heating (determined by TLC analysis). Purification was achieved
using column chromatography eluting with a dichloromethane:hexane mixture followed
by precipitation from dichloromethane with cold methanol. The yield for this reaction

was moderate despite the size of the fluorophore and mesogenic components.
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Scheme 5. 8: Tri-mesogenic di-styryl BODIPY (65)

This compound was only sparingly soluble in deuterated solvents with chloroform being
used to carry out the NMR experiments. Due to this sparing solubility, *C-NMR was
difficult to obtain and only *H-NMR was acquired. The alkyl region of this spectrum was
straightforward to assign due to little overlap of the relevant peaks (Fig. 5.10). The
triplets corresponding to the end methylene units of the two mesogens attached to the
styryl groups were found to overlap but not quite to the same degree as in Fig. 5.8 (Fig.
5.11). A large amount of overlap was observed in the aromatic region due to the large
number of aromatic groups in addition to the alkenic protons (Fig. 5.12 and 5.13). This
made assignment of the individual peaks difficult (other than one alkene doublet);

however, the integrals amount to the correct number of protons.
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Figure 5. 10: Alkyl region of the *H-NMR spectrum of 65
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Figure 5. 13: Aromatic region of the *H-NMR spectrum of 65

5.2.2 Liquid crystal properties

Mesogenic BODIPYs 55-57 exhibited monotropic nematic phases. Mesogenic BODIPY's
52-54 did not display any mesophase formation due to the mesogenic unit not being
nematogenic enough to confer liquid crystalline behaviour on the fluorophore. Despite
the appearance of the DSC curves, the nematic phases exhibited in compounds 55-57
were monotropic as the mesophase was not observed upon the first heating cycle (Fig.
5.14, 5.15 and 5.16). These compounds display relatively wide nematic ranges compared
to the mono-mesogenic BODIPYs due to the presence of an additional mesogenic unit.
This additional mesogenic unit causes a stabilisation of the mesophase while also
preventing crystallisation with a glass transition being observed instead (shallow peaks
on the DSC curves between 55-75°C).
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Figure 5. 14: DSC thermogram of 55; showing second heat (top line) and second cool (bottom line)
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Figure 5. 15: DSC thermogram of 56; showing second heat (top line) and second cool (bottom line)
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Figure 5. 16: DSC thermogram of 57; showing second heat (top line) and second cool (bottom line)

The OPM images for compounds 55 and 56 display a Schlieren texture which formed
very slowly due to the high viscosity of the compounds in the isotropic liquid and
nematic phases. Initially, the phase was observed as droplets of nematic texture showing
four-brush disclinations (Fig. 5.17). After annealing the texture was less droplet-like and
was more easily visible (Fig. 5.18). As in the mono-mesogenic BODIPYs, the orange
colour is due to the colour of the compounds themselves and not due to a birefringent

effect.
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Figure 5. 17: OPM image of 55 in the nematic phase at 138.4°C

Figure 5. 18: OPM image of 56 in the nematic phase at 124.7°C

A similar texture was observed for compound 57 in the nematic phase. The nematic
texture was observed as droplets (Fig. 5.19 and 5.20) but unlike compound 55 did not
coalesce into a texture like that observed in Figure 5.16. The two- and four-brush
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disclinations are clearly visible in the droplets. As can be seen from Figures 5.17-20,
more of the nematic texture becomes visible after longer periods of annealing. A typical
nematic texture was not detected for compound 57 despite a large amount of
birefringence being observed (Fig. 5.21).

Figure 5. 19: OPM image of 56 in the nematic phase after 1hr annealing at 118.7°C

Figure 5. 20: OPM image of 56 in the nematic phase after 3hrs annealing at 118.7°C
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Figure 5. 21: OPM image of 57 in the nematic phase at 89.0°C

Compound LC Nematic | AH (kJ mol™) | ASmo/R | (ASmoi/ R)
transitions | range (°C) (Iso-N (Iso-N / n (Iso-N
(°C) transition) transition) | transition)
52 m.p. 78-79 - - - -
53 m.p. 73-74 - - - -
54 m.p. 87-88 - - - -
55 Ty57 N 1491 92 5.40 1.54 0.77
56 Ty65N 1291 64 5.71 1.71 0.85
57 Ty 73N 99| 26 2.32 0.75 0.37

Table 5. 1: Liquid crystal transitions, nematic ranges, 1so-N enthalpies and Iso-N reduced entropies
for compounds 52-57; (AS/R) / n corresponding to the entropy contribution per mesogen

The nematic range of compound 55 was found to be 92°C, which is the widest of the

several series of compounds synthesised. This is attributed to the additional mesogenic

unit promoting nematic phase formation, while the lack of alkyl substituents on the

fluorophore limits the disruption of the molecular packing. The nematic range of

compound 55 is significantly wider than that of compound 23, indicating that the two

mesogenic units linked by the BODIPY 8-phenyl ring form the long molecular axis, with

the fluorophore attached laterally. A gradual increase in Tg-N transition along with a
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decrease in the clearing point is observed with increasing alkyl substitution resulting in a
shortening of the nematic range. With each incremental increase in the number of alkyl
groups on the BODIPY core, the glass transition increases by 8°C while the N-Iso
transition decreases by 20°C from 55 to 56 and by 30°C from 56 to 57. This indicates that
the ethyl groups have a greater effect on the self-assembly behaviour than the methyl
groups. This is to be expected as they are larger and are positioned on the widest point of
the fluorophore. The isotropic-to-nematic transition enthalpies and AS/R values for
compounds 55 and 56 were calculated to be relatively similar, with compound 56 being
slightly higher (0.77 for 55 and 0.85 for 56 for the reduced entropies), while the values
for compound 57 were calculated to be significantly lower (0.37 reduced entropy). It is
interesting to note is that the tetramethyl analogue (56) has a lower melting point than the
unsubstituted compound (55) unlike in the previous series of mono-mesogenic BODIPY's
where the incorporation of four methyl groups on the bipyrrolic core caused a significant
increase in the melting point. This is presumably due to the fluorophore being attached

laterally to the long molecular axis formed by the two mesogenic units.

Figure 5. 22: OPM image of 65 at 212.0°C
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As can be seen from Fig. 5.22, a Schlieren texture was observed for compound 65 when
viewed under crossed polarisers (Fig. 5.22) but the nematic phase transition could not be
identified from the DSC thermogram. The DSC thermogram (Fig. 5.23) appeared to show
crystal-crystal transitions which were evidenced by the large transition enthalpies of the
first peak on the heat cycle (calculated to be 9.54 kJ mol™). This indicates that the
nematic phase can be adopted when the material is sheared as a thin film under a

microscope but not when resting in a DSC pan due to this lack of alignment.

T T T T T T ]
40 <] ] 100 120 140 160 180 200 20 °C

Figure 5. 23: DSC thermogram of 65; showing second heat (top line) and second cool (bottom line)

5.2.3 Fluorescence

The liquid crystalline BODIPYs (55-57) were chosen as representative examples of the
dimesogenic BODIPY series due to structural similarities with compounds 52-54. As
with the previous series of mesogenic BODIPYs, an increase in fluorescence quantum
yield was observed with increasing alkyl substitution. The fluorescence quantum yields

for compounds 55-57 were noticeably higher than the mono-mesogenic BODIPYs due to
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further restriction of the rotation of the 8-phenyl ring by the two large phenyl units on the
3- and 5-positions (of the 8-phenyl ring). This leads to compound 57 having an almost
quantitative fluorescence quantum yield (®r = 0.96). Similar to the mono-mesogenic
BODIPYs, the fully alkylated BODIPY (57) exhibits slightly red-shifted fluorescence
compared to 55 and 56. The attachment of two phenyl rings to the BODIPY 8-phenyl
ring does not appear to have a significant effect on the absorption, emission, absorption
coefficient and fluorescence lifetime when compared to the mono-mesogenic analogues
(Fig. 5.24).
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Figure 5. 24: Excitation (solid line) and emission (dashed line) of 55 (blue), 56 (black) and 57 (red);
measured in toluene at 298K
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Figure 5. 25: Excitation (red) and emission (blue) of 65; measured in toluene at 298K

Compound  hex Aem ® M ASmm) Kk (10°s) ko (10°sT) 1 (nS)
(hm)  (nm) cm™)
55 505 525  0.087 55000 20 1.6 17 0.53
56 505 518 0.82 82000 13 1.7 0.38 4.7
57 528 542 0.96 63000 14 1.7 0.71 5.6
65 660 681 0.57 84000 21 1.3 0.98 4.4

Table 5. 2: Photophysical data for 55-57 and 65; measured in toluene or CH,Cl, at 298K

As can be seen, compound 65 displays significantly red-shifted absorption and emission
compared to the other BODIPYs due to the extended m-conjugate system (Fig. 5.25).
Despite the presence of methyl and ethyl groups, the fluorescence quantum yield is not as
high as the previous fully substituted BODIPYs. This was attributed to the slightly
flexible styryl units attached directly to the BODIPY core. Compound 65 also displays a

pronounced shoulder on the absorption profile corresponding to the vibrational bands.
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5.2.4 Structure-property relationship between liquid crystallinity and fluorescence

intensity

The presence of two mesogenic units on the BODIPY causes a high preference for the
adoption of the nematic phase, albeit monotropically. The two phenyl rings by which the
mesogens are attached to the fluorophore have been shown to cause a moderate increase
in the fluorescence quantum yield of the resulting compounds due to increased rotational
restriction of the 8-phenyl ring of the BODIPY.

Compound LC transitions (°C) Nematic range (°C) () ]2
55 Ty57 N 1491 92 0.087
56 Ty65N 129 | 64 0.82
57 Tg73N99 | 26 0.96
Table 5. 3: Structure-property relationship bet\/\ée;r:_ﬂliquid crystallinity and fluorescence intensity for

Alongside the increase in fluorescence intensity caused by the phenyl rings, the alkyl
groups attached directly to the fluorophore have the greatest effect on the fluorescence
and liquid crystallinity (Table 5.3). The lack of any alkyl groups (compound 55) results in
a wide nematic range but weak fluorescence (although more intense than the analogous
mono-mesogenic compounds 23 and 30). The incorporation of four methyl units
(compound 56) causes an increase in the glass transition temperature and a decrease in
the melting point, resulting in a shortening of the nematic range with a concurrent
increase in fluorescence intensity. This increase in fluorescence intensity is quite
dramatic while the reduction in nematic range is only moderate causing the nematic range
to remain reasonably wide. Upon the addition of two ethyl groups (compound 57), the
reduction in nematic range becomes more pronounced, while the subsequent increase in
fluorescence intensity is smaller. Despite the reduction in nematic range to 26°C,
compound 57 displays the widest nematic phase range of all the mono-mesogenic

BODIPYs and the highest fluorescence quantum yield of all the compounds synthesised.
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5.2.5 Temperature-dependant fluorescence measurements and BODIPY-doped nematic

liquid crystal fluorescence

Temperature dependant measurements were performed on compounds 55 and 56 due to
their wide nematic ranges and widely different fluorescence quantum yields. Compound
57 was not investigated due to a much smaller increase in fluorescence intensity when
compared to compound 56 and shorter nematic range, meaning fewer measurements
could be taken when in the nematic phase. As observed for compound 23, a gradual
increase in fluorescence intensity is observed with decreasing temperature (Fig. 5.26 and
5.27). The peak at 572 nm shows emission from the BODIPY which is gradually red-
shifted with decreasing temperature due to the formation of J-dimers. A similar effect is
observed for compound 56; however, an additional peak at 726 nm also becomes more
intense. This peak is also present in the isotropic liquid although less pronounced. A
larger increase in the intensity of the peak at 726 nm is observed as the nematic phase
begins to form at approximately 130°C. A similar, much shallower, peak is observed for
compound 55 at a similar wavelength, appearing as a shoulder on the emission peak.
These peaks are also presumably caused by aggregation of the molecules which would

occur even in the isotropic liquid due to the high viscosity of the materials.
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Figure 5. 26: Temperature dependant fluorescence measuerments of 55 at 10°C intervals (heated to
190°C and cooling down to 30°C - see legend); excited with a Nd:YAG laser with heating on a
Mettler hot-stage
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Figure 5. 27: Temeprature dependant fluorescence measurements of 56 at 10°C intervals (heated to
180°C and cooling down to 30°C - see legend); excited with a Nd:YAG laser with heating on a
Mettler hot-stage
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A mixture of compound 57 in BL024 was incorporated into a twisted nematic cell and the
fluorescence intensity measured when an electric field was applied (Fig. 5.28). While
initially the observed fluorescence decreased when the electric field was applied, this
effect was not seen when it was applied for a second time. The results of this study do not
provide conclusive evidence of how the mesogenic BODIPY interacts with the host
material, but due to its large size and non-linear shape it would presumably not align to a

large degree.
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Figure 5. 28: Fluorescence intensity of 57 dissolved in BL024 in a twisted nematic cell (two
measurements taken with an electric field applied (On) and two without an electric field applied (Off)
- see legend)

5.3 Conclusions

The compounds prepared in these series’ show that the palladium-catalyzed coupling
reactions developed in the previous chapter can be applied to different BODIPYsS,
allowing the incorporation of two mesogenic units onto the fluorophore. The yields and
purification procedures for these compounds were found to be similar to the mono-

mesogenic BODIPYs. It was also found that, despite the use of two mesogens, a more
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extended liquid crystalline moiety was still required to induce nematic phase behaviour
onto the fluorophore. The nematic phases induced on the BODIPYs are relatively wide
when compared to the mono-mesogenic BODIPYs due to the two mesogens providing a
high preference for self-assembly.

A mesogenic BODIPY with red-shifted fluorescence was also prepared by the extension
of the m-conjugate system (compound 65). Initially, an aza-BODIPY was prepared to
facilitate this but was found to either be difficult to purify or unreactive to the desired
functional group. The m-system extension was achieved by the attachment of styryl
groups, to which mesogenic units were attached before a third mesogen was attached via
a Suzuki coupling. This was found to display a Schlieren texture when viewed under
crossed polarisers but the DSC thermogram did not show the adoption of a nematic
phase. The large size of the molecule could cause the nematic phase to be adopted very
slowly, so perhaps analysis via DSC employing a much slower heating and cooling rate

would enable the characterisation of any potential mesophases.

Temperature dependant fluorescence measurements were carried out on compounds 55
and 56 which showed similar behaviour to the mono-mesogenic compound 23 upon the
reduction of the applied temperature. Large peaks attributed to aggregates were observed
at lower temperatures with a slightly red-shifted fluorescence compared to the non-
aggregated mesogenic BODIPYs observed at higher temperatures. Compound 57 was
used to dope BL024 and incorporated into a twisted nematic cell but the fluorescence
measurements recorded when an electric field was applied did not yield any information

about the orientations of the mesogenic BODIPY molecules relative to the host material.
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Chapter 6: Final conclusions

The fluorescent properties of BODIPY's are promoting their use in materials applications

including liquid crystals.?2* 228230 232 ypitja]ly,

BODIPYs with the mesogenic units
attached to the pyrrolic position were prepared but were found to be non-liquid
crystalline. The synthetic routes employed to prepare these compounds also promoted the
formation of a large number of pyrrolic side-products making purification difficult and

yields low.

The difficult syntheses and lack of liquid crystalline behaviour were overcome with the
relocation of the mesogenic unit onto the BODIPY 8-phenyl ring. By synthesising the
BODIPYs using halide-bearing benzaldehydes or acid chlorides, palladium-catalyzed
couplings could be used to attach the mesogenic units to the fluorophore. This was then
extended to prepare ethynyl-bearing BODIPYs which could undergo Sonogashira
couplings and copper-catalyzed Huisgen couplings (‘click’ chemistry). Due to the large
size of the mesogen, conventional heating was found to result in a very slow reaction so
microwave heating was employed which drastically decreased the reaction time, leading
to the formation of fewer side-products and higher yields. Attachment of the mesogens to
the BODIPY 8-phenyl ring caused the resulting mesogenic BODIPYs to have a more
rod-like shape, thus promoting liquid crystal phase behaviour.

Three of the mono-mesogenic BODIPYs (two from Suzuki couplings and one from
Sonogashira coupling) displayed monotropic nematic phase behaviour. However, a
strong nematogen was required due to the fluorophores’ preference for aggregation and
crystalline behaviour. The extension of the long molecular axis by inclusion of an ethynyl
linker group caused a reduction in the nematic range compared to the non-ethynyl
containing analogue from the Suzuki coupling. A clear inverse relationship between the
nematic range of the mesogenic BODIPYs and their fluorescence intensities (controlled
by varying the degree of alkyl substitution on the BODIPY core) was observed. By
increasing the number of alkyl groups on the BODIPY core, the fluorescence intensity

increased due to the reduced rotational mobility when compared to the unsubstituted
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systems. In turn, the increased size of the fluorophore caused disruption in the molecular
packing which either narrowed or completely eliminated the nematic phase. Four of the
mono-mesogenic BODIPYs were dissolved in a commercial liquid crystal (BL024) and
incorporated into a twisted nematic cell. The fluorescence intensity was then measured
when an electric field was applied and it was found that the compounds containing the
bulkier fluorophores displayed an increased fluorescence when the electric field was
applied compared to when no electric field was applied. The changes in fluorescence
intensity were attributed to changes in the relative alignment of the mesogenic BODIPY's
to the incident beam. Changes in the alignment of the mesogenic BODIPY molecules
were primarily affected by how efficiently they align with the host material. Temperature
dependant fluorescence measurements were taken that showed a gradual increase in
fluorescence with decreasing temperature with a noticeably larger increase when the
crystalline phase was adopted but no significant difference when the nematic phase was

adopted from the isotropic liquid.

In order to produce mesogenic BODIPY's with more stable nematic phase behaviour, an
additional mesogenic unit was attached. This was achieved via the microwave-assisted
Suzuki coupling method developed for the mono-mesogenic BODIPYs in moderate
yields. Despite the addition of a mesogenic unit, a relatively powerful nematogen was
still required to induce liquid crystallinity. While still monotropic, the nematic phases
produced were relatively wide compared to those of the mono-mesogenic BODIPYs
resulting in the mesophase being exhibited even when the most bulky fluorophore was
attached. The size of these compounds also caused a high viscosity in the nematic and
isotropic liquid phases, causing the nematic texture to develop slowly when viewed under
crossed polarisers. These compounds also displayed an inverse relationship between
fluorescence intensity and nematic range as well as possessing consistently higher
fluorescence quantum vyields than their respective mono-mesogenic analogues.
Temperature dependant measurements were carried out on two of the di-mesogenic
BODIPY's but no significant difference in fluorescence intensity was observed in each of

the phase transitions.
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While these compounds showed that fluorescence intensity could be manipulated with
predictable effects on the self-assembly behaviour, each of the mesogenic BODIPYs
were shown to fluoresce at similar wavelengths. In order to produce a mesogenic
BODIPY with a red-shifted fluorescence, several methods of extending the m-conjugate
system were investigated with styryl groups being found to produce the desired
wavelength shift and functional groups for mesogen attachment. Two cyanobiphenyl
mesogens were attached via Williamson ether syntheses and a third mesogen was
attached via microwave-assisted Suzuki coupling analogous to the previous Suzuki
couplings. It was found that this compound exhibited a Schlieren texture when viewed
under crossed polarisers but the DSC thermogram did not show the adoption of the
nematic phase. This indicates that this compound could adopt the nematic phase as a thin
film with shearing but not when resting in a DSC pan with nothing to align the
molecules. This could be due to the large size of the molecules causing a very slow
adoption of the nematic phase. Also, as three mesogenic units were attached with the long
molecular axis of each unit lying in three different directions, adoption of the nematic
phase could be slowed down as a result of the different flexible portions of the molecules

aligning.

Experimental results indicate that BODIPY's seem to have a preference for aggregation, a
feature that needs to be addressed in order for liquid crystallinity to be displayed. The
difficulties in introducing liquid crystalline behaviour on BODIPYs can be demonstrated
by comparing them to other simpler borondifluoro-containing fluorophores in which the
mesophases are more stable.?”® The other disadvantage caused by this is that aggregation
does not occur to the same extent as porphyrins which promote the formation of

columnar phases?’*2"

meaning more complex mesogens must be employed to promote
self-assembly. Due to the relatively small amount of research carried out in this particular
area, the optimum properties for inducing self-assembly onto BODIPYSs are not yet fully
understood. However, with the work presented herein, one particular factor, the steric
bulk around the fluorophore, affecting both the liquid crystallinity and the fluorescence
intensity of BODIPY's has been observed. Additionally, some initial investigations have

been made into the potential liquid crystalline properties of BODIPYs with

238



bathochromically shifted fluorescence despite the marked differences in molecular size

and shape of these compounds.

Due to the relative ease of inducing a bathochromic shift in the fluorescence of BODIPY
fluorophores, future work should be directed towards inducing liquid crystalline
behaviour on BODIPY's with extended m-conjugate systems. The work presented herein,
as well as that previously reported,?* 22> 22% 23 js primarily concerned with altering the
liquid crystal properties of the prepared BODIPY compounds instead of the fluorescence
properties. This is unsurprising as extensive research into the self-assembly behaviour of
BODIPYs is yet to be carried out. However, if practical applications for liquid crystalline
BODIPYs are to be realised, methods by which to control both the self-assembly and
fluorescence behaviour simultaneously must be established. As inducing a bathochromic
shift in BODIPY fluorescence requires the incorporation of relatively bulky conjugated
substituents, careful choice of the mesogenic substituent, as well as the number of

mesogens and position of attachment would be required.
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Chapter 7: Experimental procedures

Instrumentation and chemicals

All chemicals were purchased from Sigma Aldrich (Sigma Aldrich Company Ltd., The
Old Brickyard, New Road, Gillingham, Dorset, SP8 4XT) or Alfa Aesar (Alfa Aesar, A
Jonson-Matthey Company, Shore Road, Port of Heysham Industrial Park, Heysham,
Lancashire, LA3 2XY) with the exception of the palladium catalysts, which were
purchased from Strem (Strem Chemicals UK, Ltd., 41 Hills Road, Cambridge, England,
CB2 1NT), the boronic esters, which were purchased from Frontier Scientific (Frontier
Scientific Europe, Carnforth, Lancashire, LA6 1DE), and 2,4-dimethylpyrrole, 2,4-
dimethyl-3-ethylpyrrole and 4-iodobenzoyl chloride, which were purchased from Acros
Organics (Fisher Scientific UK, Bishop Meadows Road, Loughborough, Leicestershire,
LE11 5RG). All chemicals were used as received with the exception of pyrrole which
was distilled before use. All solvents were purchased from Fisher Scientific (Fisher
Scientific UK, Bishop Meadows Road, Loughborough, Leicestershire, LE11 5RG) with
the exception of N,N’-dimethylformamide which was purchased from Acros Organics
(Fisher Scientific UK, Bishop Meadows Road, Loughborough, Leicestershire, LE11
5RG). All deuterated solvents were purchased from Fisher Scientific (Fisher Scientific
UK, Bishop Meadows Road, Loughborough, Leicestershire, LE11 5RG) and used as

received.

Thin-layer chromatography (TLC) was performed using Merck aluminium plates coated
with silica gel 60 Fys4 and visualised under UV light (254 nm or 372 nm), potassium
permanganate solution or bromine vapour. Column chromatography was performed using

MP Silica 32-63, 60 A. All solvent mixtures are given in v/v ratios.

Microwave-assisted reactions were carried out in a CEM Discover System.
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NMR spectroscopy

NMR spectra were recorded on a Jeol JNM ECP400 spectrometer, with TMS &y = 0 as
the internal standard or residual protic solvent. [CDCls, 6y = 7.26; (CD3),SO, 6y = 2.50;
CD30D, 6y = 3.30]. Chemical shifts are given in ppm (8) and coupling constants (J) are
given in Hertz (Hz). *H-NMR were recorded at 400 MHz; *C-NMR recorded at 100.5
MHz; *B-NMR recorded at 128.3 MHz; *F-NMR recorded at 376.83MHz. *'B-NMR

experiments were spin decoupled.
Mass spectrometry

ESI-MS and MALDI-TOF-MS were carried out by the EPSRC National Mass

Spectrometry Service Centre in Swansea.
Photophysical measurements

UV-visible spectra were measured on a Varian Cary 50 Bio UV-visible
Spectrophotometer and an ATl Unicam UV2-100 spectrometer. Fluorescence spectra
were measured using a Jobin-Yvon Horiba Fluorolog 3-22 Tau-3 spectrofluorometer with
a right angle illumination method. All measurements were carried out in a 4-sided quartz
cuvette of 10mm diameter. Lifetime measurements were obtained via the time-correlated
single photon counting technique. Samples were excited by a Ti:Saph laser (at an
excitation wavelength of 300 nm). Emission was collected at 90° to the source of
excitation. The emission wavelength was selected by a monochromator (Jobin Yvon
Triax 190). All measurements were performed in a four-sided cuvette using an
absorbance value of 0.1, which was measured and checked using the Unicam
spectrometer. The Fluorescence lifetime values were quoted to 1 decimal place.
Fluorescence quantum vyields with an absorbance at the maximum typically below 0.2
were determined by use of an integrating sphere with a HORIBA Jobin-Yvon Fluorolog
FL3-22 Tau-3, following a method described in the literature.””” All measurements,

unless stated, were obtained at 298 K and aerated.
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DSC and optical polarising microscopy

Transition temperatures and enthalpies were determined using a Mettler DSC822¢
differential scanning calorimeter with STARe software, under nitrogen/helium, at a rate
of 10°C/min, calibrated with indium (156.6°C, 28.45J g™) and using an aluminium
reference. Optical studies were carried out using an Olympus BH-2 optical polarising
microscope equipped with a Mettler FP82 HT hot stage and a Mettler FP90 central
processor. Photographic images of the mesophases were taken using a JVC digital video
camera connected to a PC. Software Studio Capture, supplied by Studio86Designs, was

used for image capturing.
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4-(Methoxycarbonylacetyl)-3,5-dimethyl-2-ethoxycarbonylpyrrole (1):

Ir=z

2,4-Pentanedione (10.01g, 0.10mol), methyl bromoacetate (15g, 0.10mol) and anhydrous
potassium carbonate (13.82g, 0.10mol) were heated at reflux temperature in dry acetone
(15ml) for 16hrs. The solid was then filtered off and the solvent removed from the filtrate

to yield an orange/brown oil.

Ethyl acetoacetate (11.71g, 0.09mol) was dissolved in glacial acetic acid (45ml) and
cooled to 0°C. Sodium nitrite (6.21g, 0.09mol) dissolved in 10ml of water was then
added with stirring to the cooled solution dropwise over 20 minutes. The solution was
stirred at r.t. for 1hr. To this solution was added the oil from the first step and sodium
acetate (11.48g, 0.14mol). A mixture of zinc dust (15.69g, 0.24mol) and sodium acetate
(4.43g, 0.054mol) was added to the mixture in portions over 30 minutes, while
maintaining the temperature at 70°C. Once addition was complete, an additional 45ml of
glacial acetic acid was added to maintain the solution and the mixture was stirred at
reflux for 3hrs. While still hot the mixture was then poured into 300ml cold water. This
mixture was stirred at r.t. for 1hr allowing an off-white solid to precipitate. The solid was
then filtered off, washed with water and recrystallized from ethanol to yield a light tan
solid (10.63g, 49%), m.p. 118-119°C, (lit. 122.5-124°C>®°).
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'H-NMR [400MHz, CDCls] § 1.36 (3H, t, CHs, J = 7.19), 2.24 (3H, s, CH3), 2.28 (3H, s,
CHs), 3.39 (2H, s, CH,), 3.68 (3H, s, CHs), 4.29 (2H, g, CH,, J = 7.19), 7.86 (LH, bs,
NH).

B3C-NMR [100MHz, CDCl3] § 10.6, 11.6, 14.5, 18.4, 30.0, 51.9, 58.5, 59.8, 114.4, 130.8,
161.7, 172.3.

MS (ESI) m/z 239.3 (M").
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Ethyl 4-carboxymethyl-3,5-dimethyl-1H-pyrrole-2-carboxylate:

HO

3,5-Dimethyl-2-ethoxycarbonyl-1H-pyrrole-4-acetic acid ethyl ester (3g, 13mmol),
sodium hydroxide (0.56g, 14mmol), ethanol (60ml) and water (6.25ml) were mixed
together and stirred at r.t. for 22hrs. The ethanol was then removed in vacuo and water
(90ml) was added to the residue. The solution turned cloudy upon addition of the water as
some product started to precipitate out. The mixture was acidified with 30% hydrochloric
acid to precipitate the remaining product. The solid was filtered off, washed with water
and dried in vacuo to yield the monoacid (2.14g, 73%), m.p. 197-198°C (lit. 198-
199°C?").

'H-NMR [400MHz, CDCl3] & 1.34 (3H, t, -CH,CHs, J = 7.19), 2.24 (3H, s, Me), 2.28
(3H, s, Me), 3.42 (2H, s, CH,CO), 4.29 (2H, g, CH,CHs, J = 7.19), 8.86 (1H, bs, NH),

9.10 (1H, bs, OH).

B3C-NMR [100MHz, CDCls] & 10.6, 11.4, 14.5, 29.7, 60.0, 114.2, 117.2, 127.6, 131.0,
161.8, 176.4.

MS (ESI) m/z 225.3 (M*).
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2,4-Dimethyl-3-pyrroleacetic acid (2):

HQO

/

N
H

4-(Methoxycarbonylacetyl)-3,5-dimethyl-2-ethoxycarbonylpyrrole (10.63g, 0.044mol)
and sodium hydroxide (7.20g, 0.18mol) were dissolved in ethanol (135ml) and stirred at
reflux for 16hrs. As the reaction proceeded a tan solid precipitated out. Once the reaction
was complete the reaction mixture was acidified with glacial acetic acid, concentrated
then filtered and washed with ethanol to yield a fine tan powder (5.33g, 79%), m.p. 60-
61°C (lit. 59.5-60.5°C>®).

'H-NMR [400MHz, MeOD] § 2.02 (3H, s, CHs), 2.05 (3H, s, CHs), 3.15 (2H, s, CHy),
4.70 (1H, s, Py-H).

B3C-NMR [100MHz, MeOD] § 9.8, 10.1, 116.3, 122.2, 123.4, 126.2, 180.2.

MS (ESI) m/z 176.2 (M + Na").
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2-Formylpyrrole (3):

Hb Ha

[
7

Hc

Dry DMF (12.34ml, 0.16mol) was placed in a round bottomed flask and cooled to 0°C.
To this was added phosphoryl chloride (14.91ml, 0.16mol) dropwise. Once the addition
was complete the orange solution was stirred at r.t. for 15 minutes. The reaction mixture
was then cooled to 0°C again and 1,2-DCE (25ml) was added followed by freshly
distilled pyrrole (10ml, 0.144mol) in 1,2-DCE (25ml) over a period of 30 minutes via a
dropping funnel. Once the addition was complete the reaction mixture was refluxed for
15 minutes then allowed to cool to room temperature. To this was added sodium acetate
(659, 0.79mol) in 90ml water (slowly at first but then as quickly as possible) and the
reaction mixture was refluxed again for a further 15 minutes then allowed to cool to
room temperature. Diethyl ether was added to the mixture and the organic layer was
separated. The aqueous layer was washed with ether and the solvent removed from the
organic layer to yield a dark oil. This was then purified by column chromatography (20%
hexane: CH,Cl,) to yield an orange oil which slowly crystallized at room temperature to
yield orange/brown needles (8.99g, 66%) m.p. 44-46°C (lit. 45-46°C?").

'H-NMR [400MHz, CDCls] & 6.35-6.37 (1H, m, Py-Hb), 7.01-7.03 (1H, m, Py-Hc),
7.18-7.20 (1H, m, Py-Ha), 9.51 (1H, s, CHO), 10.50 (1H, bs, NH).

3C-NMR [L00MHz, CDCl5] & 111.3, 121.9, 127.0, 132.8, 179.5.

MS (ESI) m/z 95.1 (M").
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1,3-Dimethyl-2-acetoxycarbonyl-(4-hydroxy-4’-undecylbiphenyl)-BODIPY (4):

2,4-Dimethyl-3-pyrroleacetic acid (0.4g, 2.61mmol) and 2-formylpyrrole (0.25g,
2.61mmol) were suspended in glacial acetic acid (30ml). 45% Hydrobromic acid in
glacial acetic acid (1.5ml) was then added and the mixture was stirred with heating for
3hrs. During this time the solution turned a very dark yellow/brown. The mixture was
then cooled to r.t. and the acetic acid removed in vacuo to yield a dark solid. This solid
was dissolved in CH,Cl, and to this solution was added triethylamine (1.10ml,
7.83mmol) followed by boron trifluoride diethyletherate (1.65ml, 13.05mmol) and the
solution was stirred under nitrogen overnight. The mixture was then filtered and the
solvent removed from the filtrate and the crude product was purified by column
chromatography (10% methanol: CH,CI,) to yield the BODIPY carboxylic acid as a
bright red solid (0.1g, 14% (impure)). The BODIPY free acid (0.1g, 0.38mmol), 4-
hydroxy-4’-undecylbiphenyl (0.26g, 0.75mmol) and 4-dimethylaminopyridine (90mg,
7.5mmol) were dissolved in THF (10ml) and stirred under nitrogen and protected from
light for 10 minutes. To this was added N,N’-dicyclohexylcarbodiimide (90mg,
0.45mmol) and the mixture was stirred at r.t. under nitrogen and protected from light
overnight. The mixture was then filtered and the solvent removed in vacuo. The residue
was redissolved in dichloromethane and purified by column chromatography (3:7 hexane:
CH,Cl,) to yield the product as a bright orange solid (48 mg, 3% overall), m.p. 133.27°C
(determined by DSC), Rs = 0.46 (3:7 hexane:CH,Cl,).
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'H-NMR [400MHz, CDCls] & 0.88 (3H, t, CH,CHs, J = 6.65), 1.27 (12H, m, CHy), 1.46
(2H, m, CH,), 1.80 (4H, m, CHy), 2.33 (3H, s, 4-Me), 2.68 (3H, s, 2-Me), 3.69 (2H, s,
CH,CO), 3.99 (2H, t, O-CH,, J = 6.41), 6.46 (1H, m, Py-H), 6.95 (2H, d, Ph-Hg, J =
8.76), 6.98 (1H, m, Py-H), 7.11 (2H, d, Ph-H,, J = 8.76), 7.25 (1H, s, 5-H), 7.47 (2H, d,
Ph-Hy, J = 8.76), 7.53 (2H, d, Ph-Ha, J = 8.44), 7.68 (1H, m, Py-H).

B3C-NMR [100MHz, CDCl3] & 10.1, 13.6, 14.2, 22.8, 25.0, 26.1, 29.36, 29.42, 29.49,
29.7, 30.4, 32.0, 68.2, 114.9, 116.7, 121.6, 124.2, 125.2, 127.1, 127.8, 132.6, 132.9,
135.5, 139.2, 140.0, 143.2, 149.4, 158.9, 161.8, 168.8. (2 peaks unobserved due to
overlap of the alkyl peaks).

B_.NMR [128.3MHz, CDCl;] § -0.31.

MS (ESI) m/z 600.5 (M*).
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1,3-Dimethyl-2-acetoxycarbonyl-(4’-octyloxybiphenyl-4-nitrile)-BODIPY (5):

2,4-Dimethyl-3-pyrroleacetic acid (0.4g, 2.61mmol) and 2-formylpyrrole (0.25g,
2.61mmol) were suspended in glacial acetic acid (30ml). 45% Hydrobromic acid in
glacial acetic acid (1.5ml) was then added and the mixture was stirred with heating for
3hrs. During this time the solution turned a very dark yellow/brown. The mixture was
then cooled to r.t. and the acetic acid removed in vacuo to yield a dark solid. This solid
was dissolved in CH,Cl, and to this solution was added triethylamine (1.10ml,
7.83mmol) followed by boron trifluoride diethyletherate (1.65ml, 13.05mmol) and the
solution was stirred under nitrogen overnight. The mixture was then filtered and the
solvent removed from the filtrate and the crude product was purified by column
chromatography (10% methanol: CH,CI,) to yield the BODIPY carboxylic acid as a
bright red solid (0.151g, 21% (impure)). BODIPY free acid (151mg, 0.54mmol), 4’-(8-
hydroxyoctyl)-biphenyl-4-carbonitrile (0.35g, 1.09mmol) and 4-dimethylaminopyridine
(0.13g, 1.09mmol) were dissolved in THF (15ml) and stirred under nitrogen and
protected from light for 10 minutes. To this was added N,N’-dicyclohexylcarbodiimide
(0.13g, 0.65mmol) and the mixture was stirred at r.t. under nitrogen and protected from
light overnight. The mixture was then filtered and the solvent removed in vacuo. The

residue was redissolved in dichloromethane and purified by column chromatography
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(40% hexane:CH,Cl,) to yield the product as a bright orange solid (152 mg, 10%
overall), Rs = 0.35 (4:6 hexane:CH,Cl,). Unclear melting point.

'H-NMR [400MHz, CDCl5] & 1.34 (8H, m, CH,), 1.63 (2H, m, CH,), 1.79 (2H, m, CH5),
2.24 (3H, s, 4-Me), 2.58 (3H, s, 2-Me), 3.41 (2H, s, CH,CO), 3.99 (2H, t, O-CH,), 4.09
(2H, t, CO,CH,), 6.43 (1H, m, Py-H), 6.93 (1H, d, Py-H), 6.99 (2H, d, Ph-H,, J = 8.76),
7.20 (1H, s, 5-H), 7.53 (2H, d, Ph-Hp, J = 8.76), 7.63 (2H, d, Ph-He, J = 8.44), 7.64 (1H,
m, Py-H), 7.66 (2H, d, Ph-Hg, J = 8.44).

BC-NMR [100MHz, CDCl3] 6 10.0, 13.5, 25.0, 25.7, 25.9, 26.0, 28.6, 29.3, 30.4, 34.0,
49.3, 654, 68.2, 110.2, 116.2, 116.5, 119.2, 124.8, 125.1, 126.7, 127.2, 128.4, 131.4,
132.7, 132.8, 135.6, 139.5, 142.9, 145.4, 159.9, 162.3, 170.2.

B_.NMR [128.3MHz, CDCl;] § -0.37.

MS (ESI) m/z 583.5 (M").
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1,3-Dimethyl-2-acetoxycarbonyl-(4’-undecyloxybiphenyl-4-nitrile)-BODIPY (6):

2,4-Dimethyl-3-pyrroleacetic acid (0.4g, 2.61mmol) and 2-formylpyrrole (0.25g,
2.61mmol) were suspended in glacial acetic acid (30ml). 45% Hydrobromic acid in
glacial acetic acid (1.5ml) was then added and the mixture was stirred with heating for
3hrs. During this time the solution turned a very dark yellow/brown. The mixture was
then cooled to r.t. and the acetic acid removed in vacuo to yield a dark solid. This solid
was dissolved in CH,Cl, and to this solution was added triethylamine (1.10ml,
7.83mmol) followed by boron trifluoride diethyletherate (1.65ml, 13.05mmol) and the
solution was stirred under nitrogen overnight. The mixture was then filtered and the
solvent removed from the filtrate and the crude product was purified by column
chromatography (10% methanol: CH,CI,) to yield the BODIPY carboxylic acid as a
bright red solid (0.25g, 34% (impure)). The BODIPY free acid (0.25g, 0.899mmol), 4°-
(8-hydroxyundecyl)-biphenyl-4-carbonitrile  (2eq., 0.66g, 1.80mmol) and 4-
dimethylaminopyridine (2eq., 0.22g, 1.80mmol) were dissolved in THF (30ml) and
stirred under nitrogen and protected from light for 10 minutes. To this was added N, N’-
dicyclohexylcarbodiimide (1.2eq., 0.22g, 1.08mmol) and the mixture was stirred at r.t.
under nitrogen and protected from light overnight. The mixture was then filtered and the

solvent removed in vacuo. The residue was redissolved in dichloromethane and purified
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by column chromatography (4:6 hexane:CH,Cl,) to yield the product as a bright orange
solid (220 mg, 13%), R = 0.36 (4:6 hexane:CH,Cl,). Unclear melting point.

'H-NMR [400MHz, CDCl3] & 1.26 (12H, m, CH,), 1.46 (2H, m, CH,), 1.61 (2H, m,
CH,), 1.80 (2H, m, CH,), 2.24 (3H, s, Py-4-Me), 2.58 (3H, s, Py-2-Me), 3.41 (2H, s,
CH,CO), 4.00 (2H, t, CH,-O-Ph, J = 6.57), 4.08 (2H, t, CO,CH,, J = 6.73), 6.43 (1H, m,
Py-H), 6.93 (1H, m, Py-H), 6.99 (2H, d, Ph-H,, J = 8.76), 7.21 (1H, s, 5-H), 7.53 (2H, d,
Ph-Hp, J = 8.76), 7.64 (2H, d, Ph-H,, J = 8.44), 7.64 (1H, s, Py-H), 7.69 (2H, d, Ph-Hg, J
= 8.44).

3C-NMR [100MHz, CDCl3] & 10.0, 13.5, 25.9, 26.1, 28.6, 29.25, 29.30, 29.4, 29.5, 30.4,
65.5, 68.2, 110.1, 115.2, 116.5, 119.2, 124.8, 125.1, 126.6, 127.2, 128.4, 131.3, 132.7,
135.6, 139.5, 143.0, 145.4, 159.9, 162.3, 170.2. (3 peaks unobserved due to overlap of the
alkyl and aromatic peaks).

B-NMR [128.3MHz, CDCls] & -0.37.

HRMS (ESI) = calc. 643.5939, found 643.5942 (M + NH").
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3,5-Dimethyl-2-ethoxycarbonyl-4-(2-hydroxyethyl)-1H-pyrrole (7):

HO

/\ O\/

N
H

Sodium borohydride (5.04g, 0.13mol) was mixed in THF (20ml) in a 3-necked flask. To
this was connected a second 3-necked flask containing 4-(methoxycarbonylacetyl)-3,5-
dimethyl-2-ethoxycarbonylpyrrole (3g, 0.013mol) in THF (30ml). Nitrogen was passed
through both flasks and bubbled through the pyrrole solution in the second flask. To the
mixture of sodium borohydride in THF was added boron trifluoride diethyl etherate
(25.2ml, 0.21mol) over a period of 3hrs. This generated diborane which was carried on
the nitrogen flow from the first flask through the solution in the second flask. After
addition was complete, the pyrrole solution was stirred at r.t. for an additional 14hrs. The
reaction mixture was then quenched by the careful addition of methanol. The solvent was
then removed to yield an oil which was triturated from hexane to yield an off-white solid
(2.569, 93%), m.p. 121-122°C (lit. 121-123°C*?),

'H-NMR [400MHz, CDCl3] & 1.35 (3H, t, -CH,CHa, J = 7.19), 2.24 (3H, s, CH3), 2.29
(3H, s, CH3), 2.66 (2H, t, CH,CH,OH, J = 6.73), 3.68 (2H, t, CH,CH,OH, J = 6.73), 4.29

(2H, q, CH,CH3, J =7.09), 8.62 (1H, bs, NH).

B3C-NMR [100MHz, CDCls] & 10.6, 11.7, 14.7, 27.6, 59.9, 62.8, 117.3, 117.6, 127.5,
130.6, 161.7.

MS (ESI) m/z 211.3 (M").
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Ethyl 3,5-dimethyl-4-(2-p-toluenesulphonyloxyethyl)-1H-pyrrole-2-carboxylate (8):

O

oO—w

/\ O\/

N
H

3,5-Dimethyl-2-ethoxycarbonyl-4-(2-hydroxyethyl)-1H-pyrrole (1.3g, 6.15mmol) and
triethylamine (1.67ml, 12mmol) were dissolved in dry CH,Cl; (40ml) and cooled to 0°C.
To this solution was added p-toluenesulphonyl chloride (1.76g, 9.23mmol) over a 1hr
period. The reaction mixture was then stirred at 0°C for 1hr and then allowed to warm to
r.t. and stirred for 16hrs. The reaction mixture was then diluted with CH,Cl, (40ml) and
washed with dilute aqueous citric acid (30ml) and water (4 x 30ml), dried over anhydrous
Na,SO, and filtered. The solvent was then removed in vacuo to yield a brown oil which
was triturated with hexane to yield an off-white solid (1.83g, 81%), m.p. 128-129°C (lit.
129-130°C%*9).

'H-NMR [400MHz, CDCls] & 1.35 (3H, t, CH,CHs, J = 7.51), 2.11 (3H, s, CH3), 2.14
(3H, s, CHs), 2.42 (3H, s, p-CHs), 2.71 (2H, t, CH,CH,OH, J = 7.19), 3.99 (2H, t,
CH,OH, J = 7.19), 4.28 (2H, q, CH,CHs, J = 7.09), 7.26 (2H, d, Ph-H, J = 7.82), 7.66

(2H, d, Ph-H, J = 7.82), 8.63 (1H, bs, NH).

BC-NMR [100MHz, CDCls] & 10.4, 11.5, 14.7, 21.6, 24.2, 59.8, 69.9, 115.7, 117.2,
127.1, 127.8, 129.7, 130.63, 132.9, 144.6, 161.6.

MS (ESI) m/z 365.4 (M").
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Benzyl 4-[(methoxycarbonyl)methyl]-3-acetoxymethylene-5-methylpyrrole-2-
carboxylate (9):

MeQ,

AcO / \ OEt

N
H

4-(Methoxycarbonylacetyl)-3,5-dimethyl-2-ethoxycarbonylpyrrole (1g, 4.18mmol) was
dissolved in glacial acetic acid (10ml) and lead (IV) acetate (1.85g, 4.18mmol) was added
in portions over 20mins. The mixture was then stirred at r.t. for 3hrs before water was
added until the solution became cloudy. The suspension was stirred for 5mins before
additional water was added to complete precipitation and the solid was filtered off. The
solid was recrystallized from 60-80 petroleum ether to yield the pure product as a white
solid (0.34g, 27%), m.p. 120-121°C.

'H-NMR [CDCls, 400MHz] § 1.35 (3H, t, CH3CHy, J = 9.14Hz), 2.07 (3H, s, CHs), 2.28
(3H, s, CHs), 3.50 (2H, s, CH,CO;), 3.68 (3H, s, CHs), 4.32 (2H, g, CH,CH3, J =

7.09Hz), 5.07 (2H, s, CH,0AC), 9.11 (1H, bs, NH).

BC-NMR [CDCls;, 100MHz] & 10.4, 14.6, 20.9, 29.8, 52.2, 56.9, 60.2, 117.0, 126.8,
128.2, 154.3, 161.4, 171.6, 171.9.

MS (ESI) m/z 297.3 (M").
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2,8-Diethoxycarbonyl-3,7-dimethyl-4,6-di(methoxycarbonylmethyl)-dipyrromethane
(10):

MeO OMe

Benzyl 4-[(methoxycarbonyl)methyl]-3-acetoxymethylene-5-methylpyrrole-2-
carboxylate (0.34g, 1.14mmol) was mixed in 4:1 HOAc:H,O (4ml) and heated for 1hr.
The mixture was then cooled to r.t. and diluted with water to precipitate the crude product
as a white solid. The solid was recrystallized from ethanol to yield the pure product as an
off-white solid (0.1g, 38%), m.p. 168-169°C.

'H-NMR [CDCls, 400MHz] & 1.33 (6H, t, 2 x CH3CH,, J = 7.20Hz), 2.29 (6H, s, 2 X
CHs), 3.53 (4H, s, 2 x CH,COy), 3.79 (6H, s, 2 x CH3), 3.87 (2H, s, meso-H’s), 4.25 (4H,
q, CH,CHs, J = 7.09Hz), 10.01 (2H, bs, 2 x NH).

Product too insoluble to acquire adequate **C-NMR.

MS (ESI) m/z 463.5 (M").
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2,4,6,8-Tetramethyl-3,7-di[(carboxy)methyl]-dipyrromethene hydrobromide:

Ethyl 4-carboxymethyl-3,5-dimethyl-1H-pyrrole-2-carboxylate (3g, 0.013mol) and 90%
formic acid (5ml) were heated to reflux then 45% hydrobromic acid (3.4ml) was added
and the mixture was heated for 4hrs. The deep red mixture was then cooled to r.t. and
filtered to yield the product dipyrromethene salt as a bright red solid (1.31g, 51%) m.p.
>250°C.

'H-NMR [400MHz, CD;0D] & 2.37 (6H, s, 2 x Me), 2.51 (6H, s, 2 x Me), 3.55 (4H, s, 2
x CH,CO), 7.53 (1H, s, meso-H), 8.08 (1H, s, HB).

3C-NMR [100MHz, CD;0D] 5 8.9, 11.5, 28.9, 121.6, 122.9, 127.4, 144.9, 154.2, 172.7.

HRMS (ESI) = calc. 317.1496, found. 317.1498 (M — HBr + H™).
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1,3,5,7-Tetramethyl-2,6-bis[acetoxycarbonyl-(4’-(8-hydroxyoctyloxy)-biphenyl-4-
carbonitrile)]-BODIPY (11):

1,3,6,8-Tetramethyl-2,7-di[(carboxy)methyl]-dipyrromethene ~ hydrobromide  (0.4qg,
1.02mmol) was suspended in dry dichloromethane (350ml) under a nitrogen atmosphere.
DIEA (1.76ml, 10.1mmol) was then added and the mixture stirred under nitrogen for
10mins. Boron trifluoride diethyl etherate (1.26ml, 10.1mmol) was then added and the
mixture was refluxed under nitrogen and protected from light for 18hrs. The solution was
then cooled to r.t. before being washed with 2% HClgg (75ml), dried over MgSOy,
filtered and evaporated to give the crude BODIPY dicarboxylic acid which was used
without further purification. The BODIPY was then dissolved in dry THF (100ml) and
DCC (0.46g, 2.22mmol) and DMAP (0.049g, 0.40mmol) were then added and the
mixture was stirred for 10mins under nitrogen. 4’-(8-Hydroxyoctyl)-biphenyl-4-
carbonitrile (0.72g, 2.22mmol) was then added and the solution was stirred under
nitrogen and protected from light for 20hrs. The THF was then evaporated in vacuo and
the residue redissolved in dichloromethane (100ml). This solution was washed with 2%
HClag) (50ml), brine (50ml) and water (2 x 75ml), dried over anhydrous MgSOs., filtered
and evaporated in vacuo. The residue was purified by column chromatography eluting
with 1:4 hexane:dichloromethane to yield the pure product as a bright orange solid (50
mg, 5% from starting dipyrrin), R = 0.41 (1:4 hexane:CH,Cl,). Unclear melting point.
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'H-NMR [400MHz, CDCls] & 1.33 (12H, m, CH,’s), 1.46 (6H, m, CHy’s), 1.61 (6H, m,
CHy’s), 2.22 (6H, s, 2 x Me), 2.52 (6H, s, 2 x Me), 3.37 (4H, s, 2 x CH,CO), 3.99 (4H, t,
CH,0CO, J = 6.60Hz), 4.07 (4H, t, CH,OPh, J = 6.60Hz), 6.98 (4H, d, Ph-H, J =
8.80Hz), 7.05 (1H, s, Meso-H), 7.52 (4H, d, Ph-H, J = 8.61Hz), 7.64 (4H, d, Ph-H, J =
8.25Hz), 7.69 (4H, d, Ph-H, J = 8.25Hz).

13C-NMR [100MHz, CDCl5] § 9.9, 12.9, 25.9, 26.0, 28.6, 29.18, 29.24, 29.30, 30.4, 65.2,
68.1,110.1, 115.2, 119.2, 120.1, 127.2, 128.4, 131.4, 132.58, 132.65, 139.0, 145.3, 159.9,
170.8. (2 peaks unobserved due to overlap of the alkyl and aromatic peaks).

UB.NMR [128.3MHz, CDCl5] § 0.00

HRMS (ESI) = calc. 992.5313, found. 992.5310 (M + NH.").

Fluorescence absorption maximum: 525 nm; fluorescence emission maximum: 533 nm.
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Benzyl 4-[(methoxycarbonyl)methyl]-3,5-dimethylpyrrole-2-carboxylate (12):

Iz

2,4-Pentanedione (9ml, 0.088mol), methyl chloroacetate (7.71ml, 0.088mol), potassium
carbonate (12.16g, 0.088mol) and potassium iodide (2.66g, 0.016mol) were mixed in
butanone (45ml) and stirred at reflux for 18hrs. The mixture was then cooled to r.t.,
filtered and the solvent was removed to give an orange oil which was distilled under
reduced pressure to yield a light yellow oil (9.01g, 0.052mol) which was kept aside for
the pyrrole synthesis.

Benzyl acetoacetate (9ml, 0.052mol) was then dissolved in glacial acetic acid (15ml) and
cooled in an ice-bath. To this cooled mixture was added a solution of sodium nitrite
(3.77g, 0.055mol) in water (13ml) dropwise with stirring. Once addition was complete
the mixture was allowed to warm to r.t. and stirred for a further 1hr. After stirring was
complete the product from the first step was added to the solution of the oxime along
with an additional 10ml glacial acetic acid. To this was added a mixture of zinc powder
(9.18g, 0.14mol) and sodium acetate (9.38g, 0.11mol) in portions maintaining the
temperature of the mixture around 70°C. Once the addition was complete the mixture was
heated at reflux for a further 3hrs. While still hot the mixture was poured into 250ml cold
water. The product was then extracted with dichloromethane which was then dried over
anhydrous magnesium sulphate, filtered and the solvent removed to yield a yellow oil. To

the oil was added a 1:1 mixture of water:methanol (50ml) and the mixture left to stand for
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10mins during which time the product began to precipitate. Full precipitation was
achieved by the dilution of the water:methanol solution with water. The product was then
filtered off and twice recrystallised from methanol to yield the pure product as an off-
white solid (7.08g, 45%), m.p.: 93-94°C (lit. 93-94°C%h.

'H-NMR [400MHz, CDCl5] § 2.22 (3H, s, Me), 2.29 (3H, s, Me), 3.38 (2H, s, CH,CO),
3H, s, OMe), 5.29 (2H, s, CH,Ph), 7.37 (5H, m, Bn), 8.74 (1H, bs, NH).

B3C-NMR [100MHz, CDCl3] & 10.8, 11.7, 30.0, 52.0, 65.6, 114.7, 116.8, 128.18, 128.22,
128.6, 131.1, 136.5, 172.2.

MS (ESI) m/z 301.3 (M").
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Benzyl-4-carboxymethyl-3,5-dimethylpyrrole-2-carboxylate (13):

HO,

/N e

N
H

Benzyl 4-[(methoxycarbonyl)methyl]-3,5-dimethylpyrrole-2-carboxylate (1g, 3.32mmol)
in ethanol (20ml) and sodium hydroxide (0.15g, 3.65mmol) in water (2.5ml) were mixed
together and stirred at r.t. for 18hrs. An additional 5ml water was added and the ethanol
removed in vacuo. The residue was further diluted with water (45ml) and acidified with
hydrochloric acid which caused the product to precipitate. The solid was filtered and
washed with water and dried in vacuo to yield the pure product as a tan solid (0.67g,
71%), m.p.: 192-194°C (lit. 193-194°C??),

'H-NMR [400MHz, CDCl5] § 2.23 (3H, s, Me), 2.30 (3H, s, Me), 3.42 (2H, s, CH,CO),
5.29 (2H, s, CH,Ph), 7.37 (5H, m, Bn), 8.74 (1H, bs, NH).

BC-NMR [100MHz, CDCls] 5 10.7, 11.6, 29.6, 65.6, 114.0, 116.9, 128.1, 128.2, 128.5,
131.3, 136.4, 176.0.

MS (ESI) m/z 310.3 (M + Na").
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Benzyl 4-[(Methoxycarbonyl)-4-(11-hydroxyundecyloxy)-phenyl-4’-cyano-4-
biphenylcarboxylate]-3,5-dimethylpyrrole-2-carboxylate (14):

o

O
We¥s
OO_Cquz
\O

I\ o

N
H

Benzyl-4-carboxymethyl-3,5-dimethylpyrrole-2-carboxylate (0.5g, 1.74mmol) and 4-(11-
hydroxyundecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (0.86g, 1.77mmol) were
dissolved in dry dichloromethane (40ml). DCC (0.61g, 0.03mol) and DMAP (0.22g,
1.79mmol) were then added and the mixture stirred under nitrogen for 20hrs. The mixture
was then filtered and the filtrate washed with 2% HCl g (40ml), sat. Na;COsgq) (40ml)
and water (2 x 40ml), dried over anhydrous Na,SQ,, filtered and evaporated in vacuo.
The crude product was purified by column chromatography eluting with dichloromethane
followed by recrystallisation from ethanol to yield the product as a pale yellow solid
(0.59¢, 45%), R = 0.61 (CH,CI,).

'H-NMR [400MHz, CDCls] 8 1.21 (12H, m, CH,’s), 1.41 (4H, m, CH,’s), 1.76 (2H, m,
CH), 2.16 (3H, 5, Me), 2.23 (3H, s, Me), 3.29 (2H, s, CH,CO), 3.98 (4H, 2 x t, CH,0CO
+ CH,OPh, J = 6.78Hz), 5.22 (2H, s, CH,Ph), 6.91 (2H, d, Ph-H, J = 8.80Hz), 7.25 (2H,
d, Ph-H, J = 8.80Hz), 7.32 (5H, m, Bn-H), 7.57 (2H, d, Ph-H, J = 8.43Hz), 7.61 (2H, d,
Ph-H, J = 8.43Hz), 7.66 (2H, d, Ph-H, J = 8.61Hz), 8.10 (2H, d, Ph-H, J = 8.80Hz), 8.54
(1H, bs, NH).
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B¥C-NMR [LOOMHz, CDCI3] 6 10.7, 11.6, 25.8, 29.45, 29.47, 29.49, 64.9, 65.5, 68.3,
76.7, 77.0, 77.3, 111.0, 114.4, 114.8, 116.7, 118.9, 121.2, 122.6, 127.7, 128.1, 128.3,
128.5, 132.3, 132.7, 1449, 151.6, 163.7, 164.9, 171.8. (9 peaks unobserved due to
overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 772.3956, found. 772.3958 (M + NH.").
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4-(11-Hydroxyundecyloxy)-benzoic acid (15):

O—C11H220H

HO

4-Hydroxybenzoic acid (6g, 0.043mol) and sodium hydroxide (3.44g in 21ml water) was
dissolved in ethanol (100ml) and heated to reflux. 11-Bromoundecanol (8.25¢g, 0.033mol)
in ethanol (25ml) was then added dropwise. Once addition was complete, the mixture
was refluxed for 16hrs. The mixture was then cooled to r.t. and the ethanol was removed
by evaporation in vacuo. Water (150ml) was then added and the solution acidified with
conc. HClq) and the resulting precipitate filtered off and recrystallized from isopropanol
to yield a white solid (7.28g, 72%) m.p. 108-110°C (lit. 110°C?%).

'H-NMR [CDs0D, 400MHz] & 1.32 (12H, m, CH,’s), 1.50 (4H, m, CH,’s) 1.78 (2H, m,
CH,), 3.53 (2H, t, CH,0H, J = 6.57Hz), 4.03 (2H, t, CH,0, J = 6.57Hz), 6.96 (2H, d, Ph-

H, J = 9.07Hz), 7.95 (2H, d, Ph-H, J = 9.07Hz).

B3C-NMR [CDs0D, 100MHz] § 26.9, 30.59, 30.64, 30.68, 33.7, 63.0, 69.3, 115.1, 123.8,
132.8, 164.6, 169.9. (4 peaks unobserved due to overlap of the alkyl peaks).

HRMS (ESI) = calc. 309.2060, found. 309.2063 (M + H*).
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4-(11-Hydroxyundecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (16):

O_C11H22"OH

4-(11-Hydroxyundecyloxy)benzoic acid (2g, 6.48mmol) and 4’-(11-hydroxyundecyl)-
biphenyl-4-carbonitrile (1.299, 6.61mmol) were dissolved in dry dichloromethane
(80ml). DCC (2.27g, 0.088mol) and DMAP (0.82g, 6.68mmol) were then added and the
mixture was stirred under nitrogen for 20hrs. The mixture was then filtered and the
filtrate washed with 2% HClg (50ml), sat. Na;COspq) (50ml) and water (2 x 50ml),
dried over anhydrous MgSO,, filtered and evaporated in vacuo. The residue was
recrystallized from ethyl acetate to yield the product as a white solid (2.11g, 67%), Cr
125 N 175 1.

'H-NMR [CDCls, 400MHz] & 1.29 (12H, m, CHy), 1.46 (4H, m, CH,), 1.81 (2H, m,
CHy), 3.63 (2H, t, CH,OH, J = 6.72Hz), 4.03 (2H, t, CH,OPh, J = 6.72Hz), 6.96 (2H, d,
Ph-H, J = 9.07Hz), 7.31 (2H, d, Ph-H, J = 8.76Hz), 7.62 (2H, d, Ph-H, J = 8.76Hz), 7.68
(2H, d, Ph-H, J = 8.44Hz), 7.71 (2H, d, Ph-H, J = 8.76Hz), 8.14 (2H, d, Ph-H, J =
8.76Hz).

3C-NMR [CDCls, 100MHz] & 25.7, 29.47, 29.50, 29.55, 32.8, 63.1, 68.3, 111.0, 114.4,
118.9, 121.2, 122.6, 127.7, 128.3, 132.3, 132.6, 136.7, 144.9, 151.6, 163.7, 164.8. (4

peaks unobserved due to overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 503.2904, found. 503.2899 (M + NH.").
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8-(4-Bromophenyl)-BODIPY (17):

/ 7 =
A
F F

4-Bromobenzaldehyde (5g, 0.027mol) was dissolved in pyrrole (75ml) and the solution
was degassed with nitrogen for 20mins. TFA (0.2ml) was then added and the mixture was
stirred for 20mins. The pyrrole was removed in vacuo and dichloromethane (100ml) was
then added and the solution was washed with sat. Na;COgz(q) (50ml) and water (2 x 50ml),
dried over MgSO, and evaporated. The residue was redissolved in dichloromethane
(100ml) and chloranil (6.64g, 0.027mol) was added and the mixture was stirred for 16hrs.
Diisopropylethylamine (25.87ml, 0.15mol) was then added followed by boron trifluoride
diethyl etherate (24.99ml, 0.024mol) and the mixture was stirred under nitrogen for 16hrs.
The solution was then washed with 2% HClq (75ml) and water (3 x 75ml), dried over
anhydrous MgSO, and evaporated in vacuo. The residue was purified by column
chromatography eluting with 4:6 hexane:CH,ClI; to yield the product as a red solid (0.52g,
6%), m.p. 202-203°C, lit. 202-203°C?*,

'H-NMR [400MHz, CDCls] & 6.56 (2H, m, Py-H), 6.91 (2H, m, Py-H), 7.45 (2H, d, Ph-H,
J=8.61Hz), 7.67 (2H, d, Ph-H, J = 8.61Hz), 7.96 (2H, m, Py-H).

BC-NMR [100MHz, CDCl3] & 118.8, 125.5, 131.3, 131.8, 132.7, 134.7, 144.6, 145.8.
B-NMR [128.3MHz, CDCls] 5 -0.49.

HRMS (ESI) = calc. 368.9981 and 370.9960, found. 368.9984 and 370.9963 (M + Na®).
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5-(4-1odophenyl)-dipyrromethane:

4-lodobenzaldehyde (6.29g, 0.027mol) was dissolved in freshly distilled pyrrole (75ml,
1.08mol) and degassed with nitrogen for 15mins. TFA (0.1ml) was then added and the
solution stirred at r.t. under nitrogen for 20mins. The excess pyrrole was then removed by
evaporation in vacuo and the oily residue was purified by column chromatography
eluting with 1:4 EtOAc:CHCI, to give a tan oil which crystallized on standing to yield a
tan solid. The resulting solid was recrystallized from EtOH to yield the pure product as a
brown solid (5.27g, 56%), m.p. 144-146°C (lit. 145-146°C%).

'H-NMR [400MHz, CDCl3] & 5.40 (1H, s, meso-H), 5.87 (2H, m, Py-H), 6.13 (2H, m,
Py-H), 6.69 (2H, m, Py-H), 6.94 (2H, d, Ph-H), 7.61 (2H, d, Ph-H), 7.90 (2H, bs, NH).

BC-NMR [100MHz, CDCls] & 43.6, 107.4, 108.2, 108.6, 117.5, 117.7, 130.2, 130.3,
130.4, 137.4, 137.6, 137.7.

MS (ESI) m/z 348.2 (M").
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8-(4-1odophenyl)-BODIPY (18):

/ = =
A
F F

5-(4-lodophenyl)-dipyrromethane (2g, 5.74mmol) was dissolved in THF (70ml) and to
this solution was added DDQ (1.30g, 5.74mmol) and the solution was stirred at r.t. for
4hrs. The THF was then removed in vacuo and dichloromethane (150ml) was added to
the residue. The mixture was sonicated and filtered to remove the reduced DDQ and the
dichloromethane removed in vacuo. The residue was redissolved in dichloromethane
(100ml) and purged with nitrogen. Diisopropylethylamine (5.05ml, 29mmol) was then
added followed by boron trifluoride diethyl etherate (4.36ml, 34mmol) and the solution
was stirred at r.t. under nitrogen for 16hrs. The mixture was then filtered through celite
and washed with water (3 x 50ml), dried over anhydrous MgSO, and evaporated in
vacuo. The residue was purified by column chromatography eluting with 1:1
hexane:CH,ClI; to yield the pure product as a red solid (416 mg, 18%), m.p. 231-232°C.

'H-NMR [400MHz, CDCl3] § 6.56 (2H, m, Py-H), 6.91 (2H, m, Py-H), 7.31 (2H, d, Ph-
H, J = 8.43Hz), 7.89 (2H, d, Ph-H, J = 8.43Hz), 7.96 (2H, m, Py-H).

BC-NMR [100MHz, CDCls] & 97.5, 118.8, 131.3, 131.9, 133.2, 134.6, 137.8, 144.6,
145.9.

1B-NMR [128.3MHz, CDCls] 5 -0.4891.

MS (ESI) = 394.0 (M).
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8-(4-lodophenyl)-1,3,5,7-tetramethyl-BODIPY (19):

/ = =
Va
F F

4-lodobenzoyl chloride (2g, 7.51mmol) and 2,4-dimethylpyrrole (1.55ml, 15.2mmol)
were dissolved in dry dichloromethane (60ml) and the solution was refluxed under
nitrogen for 3hrs. The solution was cooled to r.t. and triethylamine (4.88ml, 35mmol) was
then added followed by boron trifluoride diethyl etherate (5.01ml, 39.5mmol) and the
solution was stirred at r.t. for 16hrs. The solution was then washed with water (3 x 50ml)
and dried over anhydrous MgSO, and evaporated in vacuo. The residue was purified by
column chromatography eluting with 1:1 hexane:CHCI; to yield the pure product as a
bright orange solid (1.18g, 35%), m.p. 213-214°C, lit. 213-215°C™.

'H-NMR [400MHz, CDCl3] 5 1.42 (6H, s, 2 x CHa), 2.55 (6H, s, 2 x CH3), 5.99 (2H, s,
Py-H), 7.04 (2H, d, Ph-H, J = 8.43Hz), 7.85 (2H, d, Ph-H, J = 8.43Hz).

B3C-NMR [100MHz, CDCl3] & 14.59, 14.65, 94.7, 121.4, 129.9, 131.1, 134.6, 138.3,
142.9, 155.9.

“B.NMR [128.3MHz, CDCls] & -0.2446.

HRMS (ESI) = calc. 451.0649, found 451.0650 (M + H™).
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8-(4-lodophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (20):

/ = NF

A
F F

4-lodobenzoyl chloride (2g, 7.51mmol) and kryptopyrrole (2.03ml, 15.02mmol) were
dissolved in dry dichloromethane (60ml) and the solution was heated at reflux under
nitrogen for 3hrs. The solution was cooled to r.t. and triethylamine (4.88ml, 35.0mmol)
was then added followed by boron trifluoride diethyl etherate (5.01ml, 39.5mmol) and
the solution was stirred under nitrogen for 18hrs. The solution was then washed with
water (4 x 50ml), dried over anhydrous MgSQO, and evaporated in vacuo. The residue was
passed through a short silica column eluting with 1:4 hexane:toluene and evaporated in
vacuo. The crude product was purified by column chromatography eluting with 1:4
CH,Cl,:hexane after dry loading to yield the pure product as a bright red solid (1.36g,
36%), m.p. 290°C (decomp.).

'H-NMR [400MHz, CDCls] & 0.98 (6H, t, 2 x CH3CH,, J = 7.52Hz), 1.31 (6H, s, 2 X
CHs), 2.29 (4H, g, 2 x CH,CHs, J = 7.57Hz), 2.52 (6H, s, 2 X CH3), 7.04 (2H, d, Ph-H, J

= 7.88Hz), 7.83 (2H, d, Ph-H, J = 7.88Hz).

3C-NMR [100MHz, CDCl5] & 11.9, 12.5, 14.6, 17.1, 94.4, 130.3, 133.0, 135.4, 138.2,
154.1.

“B.NMR [128.3MHz, CDCl5] & 0.0000.

HRMS (ESI) = calc. 507.1279, found 507.1269 (M + H)".
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4-(11-[4-Boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl
carboxylate (21):

\ \
(0] C11Ho—0O O

4-(11-Hydroxyundecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (0.80g, 1.64mmol),
4-carboxyphenylboronic acid pinacol ester (0.40g, 1.61mmol), DCC (0.56g, 2.74mmol)
and DMAP (0.20g, 1.66mmol) were dissolved in dry dichloromethane (50ml) and the
solution was stirred at r.t. for 16hrs. The precipitate was then filtered off and the filtrate
was washed with 2% HCl g (40ml) and water (2 x 40ml), dried over anhydrous MgSQO4
and evaporated in vacuo. The residue was then recrystallized from ethyl acetate to yield

the pure product as a white crystalline solid (0.80g, 78%).

'H-NMR [400MHz, CDCl5] § 1.33 (10H, m, CH,’s), 1.36 (12H, s, 4 x CHz), 1.47 (4H, m,
CH,’s), 1.80 (4H, m, CH,’s), 4.06 (2H, t, CH,OPh, J = 6.51Hz), 4.33 (2H, t, CH,0, J =
6.78Hz), 6.99 (2H, d, Ph-H, J = 8.98Hz), 7.34 (2H, d, Ph-H, J = 8.61Hz), 7.65 (2H, d,
Ph-H, J = 8.80Hz), 7.70 (2H, d, Ph-H, J = 8.61Hz), 7.75 (2H, d, Ph-H, J = 8.61Hz), 7.87
(2H, d, Ph-H, J = 8.43Hz), 8.03 (2H, d, Ph-H, J = 8.43Hz), 8.16 (2H, d, Ph-H, J =
8.98Hz).

B3C-.NMR [LOOMHz, CDCl3] & 24.9, 26.0, 28.7, 29.1, 29.2, 29.3, 29.5, 65.2, 68.4, 84.2,
111.0, 114.4, 118.9, 121.2, 122.6, 127.7, 128.3, 128.5, 132.3, 132.6, 132.7, 134.6, 136.7,
1449, 151.6, 163.7, 164.8, 166.7. (5 peaks unobserved due to overlap of the alkyl and
aromatic peaks).

“B.NMR [128.3MHz, CDCl5] § 29.74.

HRMS (ESI) = calc. 733.4026, found 733.4011 (M + NH,").
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8-(4-[4-Carboxyphenyl]phenyl)-BODIPY (22):

\\
OO0
P
F \N o
\

AN

5-(4-lodophenyl)-BODIPY (200 mg, 0.51mmol), palladium acetate (34 mg, 0.15mmol),
triphenyl arsine (62 mg, 0.20mmol) and potassium fluoride (88 mg, 1.52mmol) were
dissolved in THF (15ml) and degassed with argon for 30mins. 4-Carboxyphenylboronic
acid (151 mg, 0.92mmol) dissolved in THF (5ml) was then added and the solution was
heated at 50°C for 50hrs. The THF was then removed in vacuo and the residue was
purified by column chromatography eluting with 0-10% MeOH in dichloromethane to
yield the pure product as a red solid (96 mg, 49%), m.p. 257-258°C.

'H-NMR [400MHz, CDCl3] § 6.59 (2H, m, Py-H), 7.02 (2H, m, Py-H), 7.69 (2H, d, Ph-
H, J = 8.13Hz), 7.34 (2H, d, Ph-H, J = 8.13Hz), 7.81 (2H, d, Ph-H, J = 8.13Hz), 7.96

(2H, m, Py-H), 8.19 (2H, d, Ph-H, J = 8.13Hz2).

3C-NMR [100MHz, CDCl3] & 118.5, 126.9, 127.1, 127.2, 130.4, 130.5, 131.0, 131.4,
133.2, 134.7, 142.6, 143.6, 144.0, 168.1.

“B.NMR [128.3MHz, CDCl5] & -0.4891.

HRMS (ESI) = calc. 388.1189, found 388.1203 (M").

274



8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-BODIPY (23):

AN
I§|
> / \ O O O
/B\
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N\ \ ’ (CQ(;)M P
T ~ )< )

8-(4-lodophenyl)-BODIPY (50 mg, 0.144mmol), 4-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate
(109 mg, 0.173mmol), palladium (II) acetate (9.7 mg, 43.2umol), (2-biphenyl)di-tert-
butylphosphine (17 mg, 57.6umol) and sodium carbonate (46 mg, 0.432mmol) were
mixed in DMF (6ml) and degassed with argon for 30mins. The mixture was then heated
in a microwave for 5mins at 65°C (75W). The DMF was then removed in vacuo and the
residue was purified by column chromatography eluting with 1:1 hexane:CH,ClI; to yield
the pure product as a red solid (24 mg, 20%), R; = 0.61 (CH,CI,), LC transitions: Cr (N
159) 162 I.

'H-NMR [400MHz, CDCls] & 1.33 (10H, m, CH,’s), 1.48 (4H, m, CH,’s), 1.81 (4H, m,
CH,’s), 4.04 (2H, t, CH,OPh, J = 6.60Hz), 4.36 (2H, t, CH,0, J = 6.78Hz), 6.56 (2H, m,
Py-H), 6.98 (4H, m, Py-H + Ph-H), 7.31 (2H, d, Ph-H, J = 8.61Hz), 7.63 (2H, d, Ph-H, J
= 8.61Hz), 7.67 (4H, d, Ph-H, J = 8.43Hz), 7.73 (4H, 2 x d, Ph-H), 7.78 (2H, d, Ph-H, J =
8.43Hz), 7.96 (2H, m, Py-H), 8.16 (4H, 2 x d, Ph-H).

3C-NMR [100MHz, CDCl3] & 25.98, 26.03, 28.7, 29.1, 29.27, 29.33, 29.5, 65.3, 68.3,
111.0, 114.3, 118.7, 121.2, 122.6, 127.1, 127.3, 127.7, 128.3, 130.3, 131.2, 131.5, 132.3,
132.7, 133.5, 134.9, 136.7, 144.3, 144.9, 151.6, 163.7, 166.4. (8 peaks unobserved due to

overlap of the alkyl and aromatic peaks).

“B-NMR [128.3MHz, CDCl5] & -0.4891.
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HRMS (ESI) = calc. 873.4002, found. 873.4003 (M + NH.").

HPLC retention time (80:20 MeCN:DCM): 3.47 mins.

Fluorescence absorption maximum: 505 nm; fluorescence emission maximum: 526 nm.
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8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-1,3,5,7-tetramethyl-BODIPY (24):

O_(Csz)n 0O
(6]

8-(4-lodophenyl)-2,4,6,8-tetramethyl-BODIPY (60 mg, 0.133mmol), 4-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate
(101 mg, 0.160mmol), dibenzylideneacetone palladium (Il) (36 mg, 39.5umol), (2-
biphenyl)di-tert-butylphosphine (16 mg, 53.2umol) and potassium carbonate (55 mg,
0.399mmol) were mixed in DMF (6ml) and degassed with argon for 30mins. The mixture
was then heated in a microwave for 5mins at 65°C (75W). The DMF was then removed
in vacuo and the residue was subjected column chromatography eluting with 0.5:99.5
EtOAc:toluene. The residue was precipitated from CH,Cl, with cold MeOH to yield the
pure product as a bright orange solid (59 mg, 49%), R; = 0.21 (toluene), LC transitions:
Cr (N 153) 211 1.

'H-NMR [400MHz, CDCl3]  1.34 (10H, m, CH,’s), 1.44 (6H, s, 2 x CHa), 1.49 (4H, m,
CH,’s), 1.81 (4H, m, CHy’s), 2.57 (6H, s, 2 x CHs), 4.05 (2H, t, CH,OPh, J = 6.57Hz),
4.36 (2H, t, CH,0, J = 6.72Hz), 6.00 (2H, s, Py-H), 6.98 (2H, d, Ph-H, J = 8.76Hz), 7.32
(2H, d, Ph-H, J = 8.76Hz), 7.39 (2H, d, Ph-H, J = 8.13Hz), 7.63 (2H, d, Ph-H, J =
8.76Hz), 7.69 (2H, d, Ph-H, J = 8.44Hz), 7.75 (6H, m, Ph-H), 8.15 (4H, dd, Ph-H).

B3C-.NMR [LOOMHz, CDCl3] 6 14.6, 26.00, 26.05, 28.8, 29.1, 29.3, 29.4, 29.5, 53.4, 65.3,
68.4, 111.0, 114.4, 118.9, 121.2, 121.3, 122.6, 127.0, 127.7, 127.8, 128.4, 128.8, 129.8,
130.2, 132.4, 132.7, 134.9, 136.7, 140.6, 143.0, 144.3, 151.6, 155.7, 163.7, 164.8, 166.4.
(5 peaks unobserved due to overlap of the alkyl and aromatic peaks).

“B_NMR [128.3MHz, CDCl;] & -0.1836
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HRMS (ESI) = calc. 892.4301, found. 892.4274 (M — F).

HPLC retention time (80:20 MeCN:DCM): 7.52 mins.

Fluorescence absorption maximum: 505 nm; fluorescence emission maximum: 517 nm.
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8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (25):

\\
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F/B\N \ O_(C<|2)11
(6]

8-(4-lodophenyl)-2,4,6,8-tetramethyl-3,7-diethyl-BODIPY (60 mg, 0.119mmol), 4-(11-
[4-boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4°-cyano-4-biphenyl carboxylate
(90 mg, 0.143mmol), dibenzylideneacetone palladium (1) (33 mg, 35.7umol), (2-
biphenyl)di-tert-butylphosphine (14 mg, 47.6umol) and potassium carbonate (49 mg,
0.357mmol) were mixed in DMF (6ml) and degassed with argon for 30mins. The mixture
was then heated in a microwave for 5mins at 65°C (75W). The DMF was then removed
in vacuo and the residue was subjected to column chromatography eluting with 2:98
EtOAc:toluene. The residue was precipitated from CH,Cl, with cold MeOH to yield the
pure product as a bright red solid (48 mg, 42%), m.p. 192-194°C, R; = 0.19 (toluene).

'H-NMR [400MHz, CDCl3] & 0.97 (6H, t, 2 x CHsCH,, J = 7.50Hz), 1.33 (16H, m,
CHy’s + 2 x CHs), 1.48 (4H, m, CHy’s), 1.80 (4H, m, CH,’s), 2.29 (4H, q, CH,CHs3, J =
7.50Hz), 2.53 (6H, s, 2 X CHs), 4.04 (2H, t, CH,OPh, J = 6.57Hz), 4.35 (2H, t, CH,0, J =
6.73Hz), 6.97 (2H, d, Ph-H, J = 8.76Hz), 7.31 (2H, d, Ph-H, J = 8.44Hz), 7.38 (2H, d,
Ph-H, J = 8.44Hz), 7.62 (2H, d, Ph-H, J = 8.76Hz), 7.67 (2H, d, Ph-H, J = 8.44Hz), 7.73
(6H, m, Ph-H), 8.14 (4H, 2 x d, Ph-H).

B3C-NMR [100MHz, CDCl3] § 11.9, 12.5, 14.6, 17.1, 26.00, 26.03, 28.7, 29.2, 29.3, 29.5,
65.2, 68.4, 114.4, 121.2, 122.6, 127.0, 127.7, 128.3, 129.1, 130.2, 132.4, 132.7, 136.6,
138.3, 140.3, 144.4, 144.8, 151.6, 153.9, 163.7. (10 peaks unobserved due to overlap of

the alkyl and aromatic peaks).
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B.NMR [128.3MHz, CDCl5] § 0.0000
HRMS (ESI) = calc. 990.4809, found. 900.4798 (M + Na).
HPLC retention time (80:20 MeCN:DCM): 10.93 mins.

Fluorescence absorption maximum: 528 nm; fluorescence emission maximum: 543 nm.
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8-(4-Trimethylsilylethynylphenyl)-BODIPY':

~

4-[(Trimethylsilyl)ethynyl]benzaldehyde (29, 9.89mmol) was dissolved in freshly
distilled pyrrole (17.2ml, 0.25mol) and the mixture was degassed with argon for 15mins.
TFA (0.1ml) was then added and the mixture was stirred at r.t. under argon for 15mins.
The excess pyrrole was then distilled off under reduced pressure. The oily residue was
then passed through a short silica plug eluting with dichloromethane to remove the
pyrrolic by-products. The solvent was removed and redissolved in dry dichloromethane
(50ml) and chloranil (2.43g, 9.89mmol) was then added and the mixture was stirred at r.t.
for 15hrs. Diisopropylethylamine (18.95ml, 0.11mol) was then added followed by boron
trifluoride diethyl etherate (18.79ml, 0.15mol). The solution was then stirred at r.t. for
16hrs. The solution was then filtered through a pad of celite and the filtrate was washed
with water (4 x 75ml), dried over anhydrous MgSQ,, filtered and evaporated in vacuo.
The residue was purified by column chromatography eluting with 5:95 EtOAc:CH,CI; to
yield the product as dark red needles (494 mg, 14%), m.p. 140-141°C.

'H-NMR [400MHz, CDCl5] & 0.22 (9H, s, Si(CHs)s), 6.48 (2H, m, Py-H), 6.83 (2H, m,

Py-H), 7.45 (2H, d, Ph-H, J = 8.43Hz), 7.55 (2H, d, Ph-H, J = 8.43Hz), 7.88 (2H, m, Py-
H).
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BC-NMR [100MHz, CDCls] & 97.8, 103.9, 118.8, 126.1, 130.5, 131.5, 132.1, 132.8,
144.5.

B-NMR [128.3MHz, CDCls] & -0.49.

HRMS (ESI) = calc. 365.1452, found. 365.1458 (M + H*).
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8-(4-Ethynylphenyl)-BODIPY (26):

/ = =
A
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8-(4-Trimethylsilylethynylphenyl)-BODIPY (390 mg, 1.07mmol) was dissolved in THF
(30ml) and TBAF (0.48g, 2.14mmol) was then added and the solution was stirred at r.t.
for 15hrs. The THF was then removed in vacuo and the residue dissolved in
dichloromethane (50ml) and washed with 2% HClq (30ml) and water (2 x 30ml)
followed by drying over anhydrous MgSQq, filtration and evaporation in vacuo. The
residue was purified by column chromatography eluting with 1:1 CH,Cl,:hexane to yield
the product as a bright red solid (185 mg, 59%), m.p. 182-183°C.

'H-NMR [400MHz, CDCl5] § 3.19 (1H, s, H-C=C), 6.49 (2H, m, Py-H), 6.84 (2H, m,
Py-H), 7.47 (2H, d, Ph-H, J = 8.44Hz), 7.58 (2H, d, Ph-H, J = 8.44Hz), 7.89 (2H, m, Py-

H).

BC-NMR [100MHz, CDCls] & 77.0, 79.7, 115.9, 122.0, 127.5, 128.5, 129.3, 131.2,
131.8, 141.6.

“B-NMR [128.3MHz, CDCls] & -0.73

MS (ESI) = 292.0 (M").
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8-(4-Trimethylsilylethynylphenyl)-1,3,5,7-tetramethyl-BODIPY:

~

4-[Trimethylsilyl]ethynylbenzaldehyde (1.4g9, 6.92mmol) and 2,4-dimethylpyrrole
(2.43ml, 13.8mmol) were dissolved in dry dichloromethane (70ml) and degassed with
argon for 20mins. TFA (0.1ml) was then added and the solution was stirred at r.t. under
nitrogen for 16hrs. DDQ (1.57g, 6.92mmol) was then added and the solution was stirred
at r.t. for 5hrs. Triethylamine (4.82ml, 34.6mmol) and boron trifluoride diethyl etherate
(5.70ml, 45.0mmol) were then added and the solution was stirred at r.t. for 16hrs. The
solution was then washed with water (4 x 50ml), dried over anhydrous MgSO, and
evaporated in vacuo. The residue was then passed through a short silica column eluting
with 1:1 hexane:CH,Cl, and evaporated in vacuo. The residue was then purified by
column chromatography eluting with 3:2 hexane:CH,ClI, to yield the pure product as a
bright red solid (299 mg, 10%), m.p. 214-215°C.

'H-NMR [400MHz, CDCl3] & 0.21 (9H, s, MesSi), 1.32 (6H, s, 2 X CH3), 2.48 (6H, s, 2 X
CHa), 5.91 (2H, s, Py-H), 7.17 (2H, d, Ph-H, J = 8.44Hz), 7.53 (2H, d, Ph-H, J =

8.44Hz).

BC-NMR [100MHz, CDCls] & 14.7, 95.9, 104.3, 121.5, 124.0, 128.2, 132.8, 135.3,
143.1, 155.9.
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B-NMR [128.3MHz, CDCl5] & -0.3060.

HRMS (ESI) = calc. 365.1452, found. 365.1458 (M + H").
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8-(4-Ethynylphenyl)-1,3,5,7-tetramethyl-BODIPY (27):

5-(4-Trimethylsilylethynylphenyl)-2,4,6,8-tetramethyl-BODIPY (250 mg, 0.595mmol)
was dissolved in methanol (20ml) and anhydrous potassium carbonate (8 mg, 59.5umol)
was added and the mixture was stirred at r.t. for 16hrs. Dichloromethane (80ml) was then
added and the mixture was washed with water (3 x 50ml), dried over anhydrous MgSO,
and evaporated in vacuo. The residue was purified by column chromatography eluting
with 3:2 hexane:CH,CI, to yield the pure product as a bright red solid (137 mg, 66%),
m.p. 252-253°C, lit. 251-252°C, lit. 252-254°C*®,

'H-NMR [400MHz, CDCl5] & 1.40 (6H, s, 2 x CHg), 2.55 (6H, s, 2 x CHy), 3.18 (1H, s,
C=CH), 5.99 (2H, s, Py-H), 7.27 (2H, d, Ph-H, J = 8.13Hz), 7.63 (2H, d, Ph-H, J =

8.44Hz).

BC-NMR [100MHz, CDCl5] & 13.0, 77.0, 81.3, 119.8, 121.4, 126.7, 131.3, 134.0, 135.6,
141.4, 154.3.

“B-NMR [128.3MHz, CDCl5] & -0.2205.

HRMS (ESI) = calc. 349.1682, found 349.1688 (M").
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8-(4-Ethynylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (28):

4-[(Trimethylsilyl)ethynyl]benzaldehyde (2g, 9.89mmol) and kryptopyrrole (2.74ml,
20.3mmol) were dissolved in dry dichloromethane (100ml) and degassed with argon for
15mins. TFA (0.1ml) was then added and the solution was stirred at r.t. under argon for
16hrs. Chloranil (2.43g, 9.89mmol) was then added and the mixture stirred at r.t. for 4hrs.
Triethylamine (6.89ml, 49.6mmol) was then added, followed by boron trifluoride diethyl
etherate (3.66ml, 29.7mmol) and the solution stirred at r.t. under argon for 17hrs. The
solution was then washed with water (4 x 80ml), dried over anhydrous MgSQ,, filtered
and evaporated in vacuo. The residue was passed through a short silica column eluting
with 2:3 CH,Cl,:hexane to remove the pyrrolic by-products. The collected fractions were
then dissolved in methanol (15ml) and anhydrous potassium carbonate (15mg, cat.) was
added to the solution which was then stirred at r.t. for 16hrs. The methanol was
evaporated in vacuo and the residue was purified by column chromatography eluting with
1:1 CH.Cl,:hexane to yield the pure product as a red solid (309mg, 10%), m.p. 249-
250°C, lit. 250°C*®,

'H-NMR [400MHz, CDCls] § 0.97 (6H, t, CHsCH,, J = 7.61Hz), 1.29 (6H, s, 2 x Me),
2.29 (4H, g, CH3CH,, J = 7.51Hz), 2.52 (6H, s, 2 X Me), 3.18 (1H, s, HCC-Ph), 7.26 (2H,

d, Ph-H, J = 8.43Hz), 7.61 (2H, d, Ph-H, J — 8.43Hz).

BC-NMR [100MHz, CDCl3] & 10.5, 11.1, 13.2, 15.7, 19.4, 119.3, 121.3, 127.1, 131.4,
131.6, 135.1, 136.8, 152.7.
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“B.NMR [128.3MHz, CDCl5] & -0.1224.

HRMS (ESI) = calc. 405.2308, found. 405.2311 (M + H").
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4-(11-[4-1odophenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl  carboxylate
(29):

0] C11H22_O

4-lodobenzoic acid (0.32g, 1.29mmol) and 4-(11-hydroxyundecyloxy)-phenyl-4’-cyano-
4-biphenyl carboxylate (0.63g, 1.31mmol) were dissolved in dry dichloromethane (75ml).
DCC (0.45g, 2.19mmol) and DMAP (0.16g, 1.33mmol) were then added and the solution
was stirred under nitrogen for 16hrs. The mixture was then filtered and the filtrate was
washed with 2% HClq) (50ml) and water (2 x 50ml), dried over anhydrous MgSO, and
evaporated in vacuo. The residue was then recrystallized from ethyl acetate to yield the
pure product as a white solid (0.65g, 71%).

'H-NMR [400MHz, CDCl3] & 1.30 (10H, m, CHy’s), 1.73 (8H, m, CHy’s), 4.04 (2H, t,
CH,OPh, J = 6.57Hz), 4.29 (2H, t, CH,0, J = 6.72Hz), 6.97 (2H, d, Ph-H, J = 9.07Hz),
7.31 (2H, d, Ph-H, J = 8.76Hz), 7.62 (2H, d, Ph-H, J = 8.76Hz), 7.67 (2H, d, Ph-H, J =
8.44Hz), 7.73 (4H, d, Ph-H, J = 8.76Hz), 7.77 (2H, d, Ph-H, J = 8.76Hz), 8.14 (2H, d,
Ph-H, J = 8.76Hz).

BC-NMR [100MHz, CDCls] & 26.0, 29.01, 29.08, 29.2, 29.5, 65.4, 68.4, 111.0, 114.4,
118.9, 121.2, 122.6, 127.7, 128.3, 131.0, 132.3, 132.6, 137.7, 144.9, 151.6, 163.7, 164.9.

HRMS (ESI) = calc. 733.2133, found. 733.2132 (M + NH,").
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8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
ethynylphenyl)-BODIPY (30):
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4-(11-[4-lodophenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (101
mg, 0.141mmol), Pd(PPhs),Cl, (29 mg, 41lumol), Cu(DI (8 mg, 4lumol) and
triethylamine (1ml) were mixed in DMF (4ml) and the mixture was degassed with argon
for 30mins. 8-(4-Ethynylphenyl)-BODIPY (40 mg, 0.137mmol) in DMF (1.5ml) was
added to the initial mixture and the resulting mixture was then heated in a microwave at
65°C (75W) for 5mins. The DMF was then removed in vacuo and the residue subjected
to column chromatography eluting with 2:98 EtOAc:toluene to yield an orange solid
which was then precipitated from dichloromethane with cold methanol to yield the pure
product as a bright orange solid (44 mg, 36%), R = 0.11 (toluene), LC transitions: Cr (N
166) 183 I.

'H-NMR [400MHz, CDCls5] & 1.33 (10H, m, CH,’s), 1.45 (4H, m, CHy’s), 1.82 (4H, m,
CHgy’s), 4.06 (2H, t, CH,OPh, J = 6.57Hz), 4.34 (2H, t, CH,0, J = 6.72Hz), 6.57 (2H, m,
Py-H), 6.94 (2H, m, Py-H), 6.98 (2H, d, Ph-H, J = 8.76Hz), 7.32 (2H, d, Ph-H, J =
8.76Hz), 7.58 (2H, d, Ph-H, J = 8.44Hz), 7.63 (4H, d, Ph-H, J = 8.44Hz), 7.70 (6H, m,
Ph-H), 7.96 (2H, m, Py-H), 8.06 (2H, d, Ph-H, J = 8.76Hz), 8.15 (2H, d, Ph-H, J =
9.07Hz).

BC-NMR [100MHz, CDCl3] § 26.00, 26.03, 28.7, 29.3, 29.4, 29.5, 65.4, 68.4, 91.0, 91.3,
111.0, 114.4, 118.8, 121.2, 122.6, 127.2, 127.7, 128.4, 129.6, 130.4, 130.6, 131.4, 131.6,
131.7,132.4, 132.7, 134.0, 144.5, 144.9, 151.6, 163.7, 164.8, 166.0. (9 peaks unobserved

due to overlap of the alkyl and aromatic peaks).
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“B-NMR [128.3MHz, CDCl5] § -0.67.
HRMS (ESI) = calc. 897.4002, found. 897.4001 (M + NH,").
HPLC retention time (80:20 MeCN:DCM): 3.70 mins.

Fluorescence absorption maximum: 508 nm; fluorescence emission maximum: 533 nm.
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8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
ethynylphenyl)-1,3,5,7-tetramethyl-BODIPY (31):

O_(Cl\‘|2)11 ::: fo
(@]

4-(11-[4-lodophenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (106
mg, 0.148mmol), Pd(PPh3),Cl, (30 mg, 43.2umol), Cu()I (8 mg, 43.2umol) and
triethylamine (1ml) were mixed in DMF (4ml) and the mixture was degassed with argon
for 30mins. 8-(4-Ethynylphenyl)-1,3,5,7-tetramethyl-BODIPY (50 mg, 0.144mmol) in
DMF (1.5ml) was added to the initial mixture and the resulting mixture was then heated
in a microwave at 65°C (75W) for 5mins. The DMF was then removed in vacuo and the
residue subjected to column chromatography eluting with 1:99 EtOAc:toluene to yield an
orange solid which was then precipitated from dichloromethane with cold methanol to
yield the pure product as a bright orange solid (51 mg, 38%), m.p. 199-200°C, R; = 0.47
(5:95 EtOACc:toluene).

'H-NMR [400MHz, CDCl3] & 1.33 (10H, m, CH,’s), 1.43 (6H, s, 2 x CHa), 1.46 (4H, m,
CH,’s), 1.80 (4H, m, CHy’s), 2.56 (6H, s, 2 x CHs), 4.05 (2H, t, CH,OPh, J = 6.51Hz),
4.34 (2H, t, CH,0, J = 6.69Hz), 5.99 (2H, s, Py-H), 6.99 (2H, d, Ph-H, J = 8.80Hz), 7.32
(4H, m, Ph-H), 7.63 (4H, m, Ph-H), 7.68 (4H, 2 x d, Ph-H), 7.74 (2H, d, Ph-H, J =
8.25Hz), 8.01 (2H, d, Ph-H, J = 8.06Hz), 8.16 (2H, d, Ph-H, J = 8.80Hz).

B3C-.NMR [LOOMHz, CDCl3] 6 14.6, 25.97, 26.01, 28.7, 29.2, 29.3, 29.5, 65.4, 68.3, 90.0,
91.4, 110.9, 114.3, 118.9, 121.2, 121.4, 122.6, 123.5, 127.4, 127.7, 128.3, 129.6, 130.2,
1315, 132.3, 132.4, 132.7, 136.7, 142.9, 144.9, 151.6, 155.8, 163.7, 166.0. (12 peaks
unobserved due to overlap of the alkyl and aromatic peaks).

“B.NMR [128.3MHz, CDCl5] & -0.2446.
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HRMS (ESI) = calc. 958.4183, found, 958.4174 (M + Na*).

HPLC retention time (80:20 MeCN:DCM): 4.78 mins.

Fluorescence absorption maximum: 506 nm; fluorescence emission maximum: 519 nm.
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8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
ethynylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (32):

- 0

N

\ o~ )~ -

N — — 0-(CH,) 0 CN
NN - ) )
S~ )= )~

N\ (@]

X

4-(11-[4-lodophenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (88
mg, 0.128mmol), Pd(PPh3),Cl, (26 mg, 37.2umol), Cu(D)I (7.2 mg, 37.2umol) and
triethylamine (1ml) were mixed in DMF (4ml) and degassed with argon for 30mins. 8-(4-
Ethynylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (50 mg, 0.124mmol) in DMF
(Iml) was then added to this solution and the mixture was then heated in a microwave at
65°C (75W) for 5mins. The DMF was then removed in vacuo and the residue subjected
to column chromatography eluting with 0-2% EtOAc:toluene to yield an orange solid
which was then precipitated from dichloromethane with cold methanol to yield the pure
product as a bright red solid (45 mg, 38%), m.p. 184-185°C, R; = 0.4 (toluene).

'H-NMR [400MHz, CDCl3] § 0.96 (6H, t, CHsCH,, J = 7.51Hz), 1.31 (16H, m, CH,’s +
2 X CHa), 1.44 (4H, m, CH.’s), 1.79 (4H, m, CHy’s), 2.27 (4H, q, CH,CHs, J = 7.50Hz),
2.52 (6H, s, 2 X CH3), 4.03 (4H, t, CH,OPh, J = 6.57Hz), 4.32 (4H, t, CH,0, J = 6.73Hz),
6.97 (2H, d, Ph-H, J = 9.07Hz), 7.30 (4H, m, Ph-H), 7.63 (8H, m, Ph-H), 7.71 (2H, d, Ph-
H, J = 8.76Hz), 8.03 (2H, d, Ph-H, J = 8.76Hz), 8.14 (2H, d, Ph-H, J = 9.07Hz).

BC-NMR [100MHz, CDCl3] 6 11.2, 11.9, 13.9, 16.4, 25.3, 28.0, 28.0, 28.4, 28.6, 28.7,
28.8,64.7,67.7,89.2, 90.8, 110.3, 113.7, 120.5, 121.9, 122.7, 127.0, 127.7, 128.0, 128.9,
129.5, 130.9, 131.7, 132.0, 132.3, 135.7, 137.5, 150.9, 163.1, 164.2, 165.3. (13 peaks

unobserved due to overlap of the alkyl and aromatic peaks).
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“B-NMR [128.3MHz, CDCl5] & -0.1836.
HRMS (ESI) = calc. 1009.5256, found. 1009.5259 (M + NH,").
HPLC retention time (90:10 MeCN:DCM): 12.44 mins.

Fluorescence absorption maximum: 529 nm; fluorescence emission maximum: 544 nm.
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8-(4-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-ethynylphenyl)-
BODIPY (33):

\ A\
e e aatata
_B = o)
F \N
\

X

4’-(11-[4-lodophenylcarboxy]undecyl)-biphenyl-4-carbonitrile (80 mg, 0.144mmol),
Pd(PPh3),Cl, (29 mg, 0.041mmol, 30mol%), copper (1) iodide (8 mg, 0.041mmol,
30mol%) and triethylamine (1ml) were mixed in DMF (4ml) and degassed with argon for
30 mins. 8-(4-Ethynylphenyl)-BODIPY (40 mg, 0.138mmol) in DMF (1.5ml) was then
added to the solution which was then heated in a microwave at 65°C (75W) for 5 mins.
The DMF was then removed in vacuo and the residue subjected to column
chromatography eluting with toluene to yield a red solid which was then precipitated
from dichloromethane with cold methanol to yield the pure product as a bright red/orange
solid which was filtered and dried in vacuo (23 mg, 23%), m.p. 143-144°C, R; = 0.13

(toluene).

'H-NMR [400MHz, CDCl3] & 1.33 (10H, m, CH,’s), 1.47 (4H, m, CH,’s), 1.80 (4H, m,
CHy’s), 4.01 (4H, m, 2 x CH), 6.56 (2H, m, Py-H), 6.89 (2H, d, Ph-H), 6.95 (2H, m, Py-
H), 7.00 (2H, d, Ph-H), 7.52 (6H, m, Ph-H), 7.66 (6H, m, Ph-H), 7.95 (2H, m, Py-H).
3C-NMR [100MHz, CDCl3] & 26.0, 28.6, 29.1, 29.2, 29.3, 29.5, 32.2, 65.4, 68.4, 111.0,
114.4,118.9, 121.2, 122.6, 127.7, 128.3, 131.0, 132.3, 132.6, 137.7, 144.9, 151.6, 163.7,
164.9. (13 peaks unobserved due to overlap of the alkyl and aromatic peaks).

B-NMR [128.3MHz, CDCls] & -0.49.

HRMS (ESI) = calc. 749.3841, found. 749.3838 (M + NH,").
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4’-(11-Hydroxyundecyloxy)-biphenyl-4-carbonitrile (34):

N—— O——CuHz0H

4-Hydroxy-4’-cyanobiphenyl (7g, 0.036mol), 11-bromoundecanol (9.50g, 0.038mol),
anhydrous potassium carbonate (7.46g, 0.054mol) and potassium iodide (0.60g,
0.0036mol) were added to acetone (150ml) and refluxed for 18hrs. The mixture was then
cooled to r.t. and filtered. The solvent was removed by evaporation in vacuo and the
residue redissolved in dichloromethane (100ml). This solution was washed with 2%
HClug (50ml) and water (2 x 50ml), dried over anhydrous MgSO,, filtered and
evaporated. The residue was recrystallized from ethanol to yield the product as an off-
white solid (11.84g, 90%). Liquid crystal transitions: Cr 90 N 92 I (lit. Cr 89.8 N 92 1°%%),

'H-NMR [CDCls, 400MHz] & 1.29 (12H, m, CH,’s), 1.46 (4H, m, CH,’s), 1.79 (2H, m,
CH,), 3.63 (2H, t, CH,0OH, J = 6.72Hz), 3.99 (2H, t, CH,0, J = 6.57Hz), 6.98 (2H, d, Ph-
H, J = 8.76Hz), 7.51 (2H, d, Ph-H, J = 8.44Hz), 7.62 (2H, d, Ph-H, J = 8.13Hz), 7.68
(2H, d, Ph-H, J = 8.44Hz).

BC-NMR [CDCI3, 100MHZz] 6 25.7, 29.35, 29.40, 29.52, 29.56, 32.8, 63.1, 68.2, 110.0,
115.1, 119.1, 127.1, 128.3, 131.2, 132.6, 145.3, 159.8. (7 peaks unobserved due to

overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 383.2693, found. 383.2698 (M + NH.").
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4’-(11-Mesityloxyundecyloxy)-biphenyl-4-carbonitrile (35):

N—— O CiH20—™S—

4-(11-Hydroxyundecyloxy)-biphenyl-4-carbonitrile (29, 5.47mmol), triethylamine
(0.91ml, 6.56mmol) and N,N’-dimethylaminopyridine (5 mg) were dissolved in dry
dichloromethane (50ml) and cooled to 0°C under nitrogen. Methanesulfonyl chloride
(0.44ml, 5.74mmol) was then added dropwise. The solution was allowed to warm to r.t.
and then stirred for 16hrs. The solution was then washed with brine (50ml) and water (2 x
50ml) and dried over anhydrous sodium sulphate. Removal of solvent by evaporation in
vacuo yielded a white solid which was then recrystallized from ethanol to yield the
product as white needles (2.09g, 86%).

'H-NMR [CDCls, 400MHz] & 1.30 (12H, m, CHy), 1.47 (2H, m, CHy), 1.75 (2H, m,
CH,), 1.83 (2H, m, CH,), 3.00 (3H, s, S-Me), 4.01 (2H, t, CH,OPh, J = 6.41Hz), 4.22
(2H, t, CH,OMs, J = 6.57Hz), 6.99 (2H, d, Ph-H, J = 8.76Hz), 7.53 (2H, d, Ph-H, J =
9.07Hz), 7.64 (2H, d, Ph-H, J = 8.13Hz), 7.69 (2H, d, Ph-H, J = 8.44Hz2).

B¥C-NMR [CDCIs, 100MHZz] 6 25.2, 26.0, 29.12, 29.34, 29.38, 29.41, 37.4, 68.2, 70.2,
110.0, 115.1, 119.1, 127.1, 128.3, 131.2, 132.6, 145.2, 159.8. (7 peaks unobserved due to

overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 461.2469, found. 461.2468 (M + NH.").
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4’-(11-Azidoundecyloxy)-biphenyl-4-carbonitrile (36):

N— O™ C11H22N3

11-(Mesityloxyundecyloxy)-biphenyl-4-carbonitrile (1g, 2.25 mmol) was dissolved in
DMSO (25 ml), sodium azide (0.22g, 3.38 mmol) was added and the solution was stirred
at 60°C for 16 hrs. The solution was then poured into water and the product extracted
with dichloromethane. The organic layer was then washed thoroughly with water, dried
over anhydrous magnesium sulphate and evaporated in vacuo to yield a yellow oil which
crystallized upon standing. The resulting solid was recrystallized from ethanol to yield
the product as a pale yellow solid (0.72g, 82%).

'H-NMR [CDCls, 400MHz] & 1.30 (12H, m, CH,), 1.48 (2H, m, CH,), 1.60 (2H, m,
CH,), 1.81 (2H, m, CH5), 3.26 (2H, t, CH,Ns, J = 6.88Hz), 4.01 (2H, t, CH,OPh, J =
6.88Hz), 6.99 (2H, d, Ph-H, J = 8.76Hz), 7.53 (2H, d, Ph-H, J = 8.44Hz), 7.64 (2H, d,
Ph-H, J = 8.44Hz), 7.69 (2H, d, Ph-H, J = 8.44Hz).

BC-NMR [CDCl;, 100MHz] & 26.0, 26.7, 29.12, 29.34, 29.38, 29.43, 51.5, 68.2, 115.1,
127.1, 128.3, 132.6, 159.8. (11 peaks unobserved due to overlap of the alkyl and aromatic

peaks).

HRMS (ESI) = calc. 408.2758, found. 408.2759 (M + NH,").
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8-(4-Triazol-1-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-yl-phenyl)-
BODIPY (37):

-0
\(CH2)11 O
CN

8-(4-Ethynylphenyl)-BODIPY (40 mg, 0.137 mmol), 4’-(11-azidoundecyl)-biphenyl-4-
carbonitrile (54 mg, 0.137 mmol), CuSO,4.5H,0 (7 mg, 27.4 umol), copper nanopowder
(9 mg, 0.137 mmol) and sodium ascorbate (14 mg, 68.5 pumol) were mixed in 3:1
THF:H,O (20 ml) and the mixture was heated at 50°C for 20 hrs. The solvent was
removed in vacuo and the residue was purified by column chromatography eluting with
2:98 EtOAc:toluene to yield the pure product as a red solid (33 mg, 36%), m.p. 158-
160°C, R = 0.14 (toluene).

'H-NMR [400MHz, CDCl5] § 1.31 (12H, m, CHy’s), 1.47 (2H, m, CH,), 1.81 (2H, m,
CH,), 1.99 (2H, m, CH,), 4.00 (2H, t, CH,OPh, J = 6.60Hz), 4.45 (2H, t, CH,N, J =
7.15Hz), 6.56 (2H, m, Py-H), 6.99 (4H, m, Ph-H + Py-H), 7.53 (2H, d, Ph-H, J =
8.80Hz), 7.64 (4H, m, Ph-H), 7.69 (2H, d, Ph-H, J = 8.80Hz), 7.86 (1H, s, CH-N), 7.96
(2H, m, Py-H), 8.01 (2H, d, Ph-H, J = 8.25H2).

B3C-NMR [100MHz, CDCls] 5 26.1, 26.8, 29.2, 29.3, 29.4, 29.5, 30.6, 50.6, 68.1, 110.0,
115.0, 118.6, 119.1, 120.1, 125.6, 127.0, 128.3, 131.2, 131.3, 132.5, 133.3, 134.9, 144.1,
145.2, 146.5, 146.8, 159.7. (7 peaks unobserved due to overlap of the alkyl and aromatic

peaks).

“B-NMR [128.3MHz, CDCl5] & -0.4891.
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HRMS (ESI) = calc. 683.3483, found. 683.3479 (M + H*).

HPLC retention time (MeCN): 4.20 mins.

Fluorescence absorption maximum: 504 nm; fluorescence emission maximum: 523 nm.
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4-(11-Mesityloxyundecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (38):

Q
> < > I
O_(CH2)11'O_ﬁ_

4-(11-Hydroxyundecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (1.19g, 2.45 mmol)
was dissolved in dry dichloromethane (50 ml) and triethylamine (1.88 ml, 2.94 mmol)
was added. Methanesulfonyl chloride (0.95 ml, 2.57 mmol) was then added and the
solution stirred at r.t. under nitrogen for 18 hrs. The solution was then washed with brine
(50 ml) and water (2 x 50 ml) and dried over anhydrous sodium sulphate and evaporated
in vacuo. The residue was recrystallized from ethyl acetate to yield the product as an off-
white solid (0.84g, 61%), Cr 140 SmA 140 N 155 I.

'H-NMR [CDCls, 400MHz] & 1.31 (12H, m, CH,), 1.39 (2H, m, CH,), 1.74 (2H, m,
CH,), 1.83 (2H, m, CHy), 3.01 (3H, s, S-Me), 4.06 (2H, t, CH,-OPh, J = 6.57Hz), 4.23
(2H, t, CH,-OMs, J = 6.72Hz), 6.99 (2H, d, Ph-H, J = 8.44Hz), 7.33 (2H, d, Ph-H, J =
8.13Hz), 7.64 (2H, d, Ph-H, J = 8.13Hz), 7.69 (2H, d, Ph-H, J = 8.13Hz), 7.74 (2H, d,
Ph-H, J = 8.13Hz), 8.16 (2H, d, Ph-H, J = 8.44Hz).

B3C-NMR [CDCls, 100MHz] & 25.4, 26.0, 29.0, 29.1, 29.3, 29.40, 29.42, 29.49, 37.4,
68.4, 70.2, 111.0, 114.4, 118.9, 121.2, 122.6, 127.7, 128.4, 132.4, 132.7, 136.7, 144.9,

151.6, 163.7, 164.9. (6 peaks unobserved due to overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 581.2680, found. 581.2677 (M + NH").
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4-(11-Mesityloxyundecyloxy)-benzoic acid (39):

HO 0]

4-(11-Hydroxyundecyloxy)-benzoic acid (1.5g, 4.86 mmol) and DMAP (cat., 5 mg) were
dissolved in dry dichloromethane (50 ml) and triethylamine (1.63 ml, 11.7 mmol) was
added and the solution was cooled to 0°C in an ice-bath and placed under a nitrogen
atmosphere. Methanesulphonyl chloride (0.79 ml, 10.2 mmol) was then added dropwise.
Once addition was complete, the solution was allowed to warm to r.t. and then stirred
under nitrogen for 16 hrs. The solution was then washed with 2% HClq (40 ml) and
water (2 x 50 ml), dried over anhydrous MgSOy, filtered and evaporated in vacuo to yield
the pure product as a white solid (1.77g, 94%).

'H-NMR [400MHz, CDCls] & 1.28 (12H, m, CHy’s), 1.45 (2H, m, CH,), 1.73 (2H, m,
CH;), 1.80 (2H, m, CH,), 2.98 (3H, s, CHs), 4.01 (2H, t, CH,OPh, J = 6.41Hz), 4.21 (2H,

t, CH,OMs, J = 6.37Hz), 6.94 (2H, d, Ph-H, J = 8.76Hz), 8.06 (2H, d, Ph-H, J = 8.76Hz).

MS (ESI) m/z 408.5 (M + Na").
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5-(4-Ethynylphenyl)-dipyrromethane (40):

4-[Trimethylsilyl]acetylenebenzaldehyde (3g, 0.015 mol) was dissolved in pyrrole (42
ml, 0.6 mol) and the solution was degassed with nitrogen for 15 mins. Trifluoroacetic
acid (0.1 ml) was then added to the solution and the mixture was stirred for 18hrs under
nitrogen and protected from light. The excess pyrrole was then removed by evaporation
in vacuo and the residue was redissolved in dichloromethane (100 ml) and washed with
brine (50 ml) and water (2 x 50 ml), dried over anhydrous magnesium sulphate and the
dichloromethane removed. The residue was purified by column chromatography eluting
with dichloromethane to give a tan oil.

This oil was dissolved in THF/methanol (4:1) and anhydrous potassium carbonate (2.079)
was added to the solution. The mixture was stirred for 4hrs then filtered and the solvent
removed in vacuo. The residue was purified by column chromatography eluting with 1:1
dichloromethane:hexane to yield the product as an off-white solid (1.35g, 36%), m.p.
109-111°C (lit. 109-110°C*).

'H-NMR [400MHz, CDCl3] & 3.06 (1H, s, H-CC), 5.47 (1H, s, 5-position H), 5.89 (2H,

m, Py-H), 6.16 (2H, m, Py-H), 6.71 (2H, m, Py-H), 7.17 (2H, d, Ph-H, J = 8.13Hz), 7.44
(2H, d, Ph-H, J = 8.44Hz), 7.92 (2H, bs, NH).
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B3C-NMR [100MHz, CDCl3] & 43.8, 77.2, 83.4, 107.4, 108.5, 117.4, 120.7, 128.4, 131.8,
132.4, 142.9.

MS (ESI) = m/z 246.0 (M").
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5-(4-Triazol-1-[11-hydroxyundecyl]-yl-phenyl)-dipyrromethane (41):

HQ

5-(4-Ethynylphenyl)dipyrromethane (0.5g, 2.03 mmol), 11-azidoundecan-1-ol (0.43g,
2.03 mmol), CuSO4.5H,0 (51 mg, 0.203 mmol) and sodium ascorbate (0.20 g, 1.02
mmol) were mixed in DMF (15 ml) and stirred at r.t. under nitrogen for 16 hrs.
Dichloromethane (50 ml) was then added and the solution was washed thoroughly with
water (5 x 50ml), dried over anhydrous MgSQ,, filtered and evaporated. The residue was
passed through a short silica column to yield the product as a yellow/brown oil that

crystallized upon standing to yield a yellow/brown solid (0.45g, 48%), m.p. 78-79°C.
'H-NMR [400MHz, DMSO-Dg] 6 1.25 (14H, m, CHy’s), 1.40 (2H, m, CH), 1.87 (2H, m,
CHy), 3.37 (2H, m, CHy), 4.37 (2H, m, CHy), 5.39 (1H, s, meso-H), 5.70 (2H, m, Py-H),
5.93 (2H, m, Py-H), 6.64 (2H, m, Py-H), 7.24 (2H, d, Ph-H, J = 8.25Hz), 7.76 (2H, d, Ph-
H, J = 8.43Hz), 8.54 (1H, s, triazole-H), 10.61 (2H, bs, NH).

Compound too insoluble to carry out accurate **C-NMR.

HRMS (ESI) = calc. 460.3071, found. 460.3067 (M + NH").
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5-(4-Triazol-1-[11-mesityloxyundecyl]-yl-phenyl)-dipyrromethane (42):

5-(4-Triazol-1-[11-hydroxyundecyl]-yl-phenyl)-dipyrromethane (0.45g, 0.979 mmol) and
DMAP (cat., 5 mg) were dissolved in dry dichloromethane (50ml) and triethylamine
(0.27 ml, 1.96 mmol) was added and the mixture was cooled to 0°C in an ice-bath and
placed under a nitrogen atmosphere. Methanesulphonyl chloride (0.11 ml, 1.47 mmol)
was then added dropwise. Once addition of the methanesulphonyl chloride was complete
the solution was allowed to warm up to r.t. and then stirred under nitrogen for 16 hrs. The
solution was then washed with 2% HClq (40 ml) and water (2 x 50 ml), dried over
anhydrous MgSQy, filtered and evaporated in vacuo to yield the pure product as a brown
oil (quantitative yield).

'H-NMR [400MHz, CDCl5] § 1.26 (14H, m, CH,’s), 1.72 (2H, m, CH,), 1.93 (2H, m,
CH,), 2.99 (3H, s, CHs), 4.20 (2H, t, CH,OMs, J = 6.51Hz), 4.38 (2H, t, CH,N, J =
7.15Hz), 5.51 (1H, s, 5-position H), 5.93 (2H, m, Py-H), 6.16 (2H, m, Py-H), 6.71 (2H,
m, Py-H), 7.28 (2H, d, Ph-H, J = 6.14Hz), 7.71 (1H, s, triazole H), 7.77 (2H, d, Ph-H, J =
8.43Hz), 8.00 (2H, bs, NI’s).
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B¥C-NMR [LOOMHz, CDCIl3] 6 8.6, 25.3, 26.4, 28.9, 29.1, 29.3, 37.4, 43.8, 45.8, 50.5,
70.2, 107.3, 108.2, 108.5, 117.3, 126.0, 128.9. (6 peaks unobserved due to overlap of the
alkyl peaks).

MS (ESI) m/z 538.7 (M").
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5-(4-Triazol-1-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-yl-phenyl)-
dipyrromethane (43):

-0
\(C H2)11 O

4’-(11-Azidoundecyl)-biphenyl-4-carbonitrile (0.67q, 1.79 mmol), 5-(4-
ethynylphenyl)dipyrromethane (0.44g, 1.79 mmol), CuSO4.5H,0 (45 mg, 0.179 mmol)
and sodium ascorbate (71 mg, 0.358 mmol) were mixed in a 12:1:1 mixture of
CHCI3:EtOH:H,0 (28 ml) and stirred at r.t. under nitrogen for 18 hrs. Chloroform (40

ml) and water (50 ml) added and the aqueous layer was extracted twice with chloroform.

CN

The combined organic extracts were then washed with water (2 x 50 ml), dried over
anhydrous MgSQy,, filtered and evaporated in vacuo. The residue was purified by column
chromatography eluting with 1:9 EtOAc:CH,Cl, to yield the product as a light brown
solid (0.56g, 49%), m.p. 131-132°C, Rf = 0.59 (1:9 EtOACc:CHCL,).

'H-NMR [400MHz, DMSO-Dg] 6 1.23 (12H, m, CHy’s), 1.38 (2H, m, CHy), 1.79 (2H, m,
CHy), 1.83 (2H, m, CHy), 3.99 (2H, t, CH,OPh, J = 6.41Hz), 4.34 (2H, t, CH:N, J =
6.88Hz), 5.34 (1H, s, 5-position H), 5.65 (2H, m, Py-H), 5.88 (2H, m, Py-H), 6.59 (2H,
m, Py-H), 7.02 (2H, d, Ph-H, J = 9.07Hz), 7.20 (2H, d, Ph-H, J = 8.13Hz), 7.68 (2H, d,
Ph-H, J = 8.76Hz), 7.70 (2H, d, Ph-H, J = 8.44Hz), 7.81 (2H, d, Ph-H, J = 8.44Hz), 7.86
(2H, d, Ph-H, J = 8.44Hz), 8.50 (1H, s, triazole-H), 10.56 (2H, bs, NH’s).

3C-NMR [100MHz, DMSO-Dg] & 23.62, 23.65, 23.7, 23.8, 25.4, 25.8, 28.7, 28.8, 49.5,

54.9, 67.5, 106.1, 106.9, 115.1, 116.9, 119.0, 120.9, 124.8, 126.8, 128.3, 128.5, 132.8,
132.9, 159.3. (11 peaks unobserved due to overlap of the alkyl and aromatic peaks).
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HRMS (ESI) = calc. 637.3649, found. 637.3645 (M + NH.").
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5-(4-Triazol-1-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-yl-phenyl)-
dipyrromethene (44):

,ﬁ N

\ =
!

~0
HN \ \(CHZ)ll
AN

5-(4-Triazol-1-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-yl-phenyl)-

CN

dipyrromethane (0.56g, 0.879 mmol) was dissolved in dry dichloromethane (50 ml) then
DDQ (0.20g, 0.879 mmol) was added and the mixture stirred at r.t. for 4 hrs. The solution
was then washed with water (3 x 50 ml), dried over anhydrous MgSQ,, filtered and
evaporated in vacuo. The residue was purified by column chromatography eluting with
1:9 EtOAC:CH,CI; to yield an orange/yellow solid (39 mg, 7%), m.p. 98-100°C, R; =
0.47 (1:9 EtOAC:CHCl,).

'"H-NMR [400MHz, CDCl3] & 1.29 (12H, m, CHy’s), 1.40 (2H, m, CHy), 1.73 (2H, m,
CH,), 1.91 (2H, m, CH,), 3.93 (2H, t, CH,OPh, J = 6.57Hz), 4. 37 (2H, t, CH,N, J =
7.20Hz), 6.39 (2H, m, Py-H), 6.63 (2H, m, Py-H), 6.91 (2H, d, Ph-H, J = 8.76Hz), 7.45
(2H, d, Ph-H, J = 8.76Hz), 7.48 (2H, d, Ph-H, J = 8.13Hz), 7.56 (2H, d, Ph-H, J =
8.44Hz), 7.62 (2H, d, Ph-H, J = 8.44Hz), 7.71 (2H, m, Py-H), 7.77 (1H, s, triazole-H),
7.86 (2H, d, Ph-H, J = 8.44Hz). NH peak not observed.

BC-NMR [100MHz, CDCls] 5 26.0, 29.35, 29.41, 29.5, 50.5, 68.1, 110.0, 115.1, 117.5,
119.9, 124.9, 127.0, 128.3, 131.3, 131.7, 132.6, 143.7, 145.2, 146.9, 159.8. (15 peaks

unobserved due to overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 635.3493, found. 635.3485 (M + NH,").
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Bis[5-(4-Triazol-1-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-yl-
phenyl)-dipyrrinato]-nickel (45):

-0
N \ \(CH2)11
X
CN

— —2 Ni

5-(4-Triazol-1-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-yl-phenyl)-
dipyrromethene (37 mg, 6.12x10™ mol) was dissolved in dichloromethane (5 ml). To this
solution was added nickel (Il) acetate (0.22g, 1.53 mmol) in methanol (5 ml) dropwise
and the solution was stirred at r.t. for 15 hrs. The solvent was removed and the residue
dissolved in dichloromethane and washed with water (2 x 30 ml) and brine (30 ml), dried
over anhydrous MgSOQ,, filtered and evaporated in vacuo. The residue was passed
through a short silica column eluting with 1:9 EtOAc:CH,CI; to yield a red/brown solid
(20 mg, 49%), m.p. 186-188°C, R; = 0.68 (1:9 EtOACc:CH,CIy).

'H-NMR [400MHz, CDCls] § 1.23 (24H, m, CH,’s), 1.40 (4H, m, CH,), 1.73 (4H, m,
CH,), 1.91 (4H, m, CH,), 3.92 (4H, t, CH,OPh), 4.37 (4H, t, CH.N), 6.44 (4H, m, Py-H),
6.69 (4H, m, Py-H), 6.91 (4H, d, Ph-H), 7.45 (4H, d, Ph-H), 7.56 (4H, d, Ph-H), 7.61
(4H, d, Ph-H), 7.79 (4H, d, Ph-H), 7.87 (4H, m, Py-H), 9.31 (2H, s, triazole-H).

BC-NMR [100MHz, CDCl3] 6 19.9, 26.1, 26.6, 29.1, 29.3, 29.4, 29.5, 29.6, 30.4, 50.6,
68.2, 110.1, 115.2, 119.3, 119.7, 119.9, 124.9, 127.2, 128.4, 131.4, 131.7, 132.7, 145.4,

159.9. (11 peaks unobserved due to overlap of the alkyl and aromatic peaks).

MS (MALDI) = calc. 1324.6, found. 1324.6 (M").
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7-(4-Bromophenyl)-6,8-dimethyl-diindolylmethane (46):

Br

3-Methylindole (1.5g, 11.5 mmol) and 4-bromobenzaldehyde (1.05g, 5.7 mmol) were
dissolved in methanol (100 ml) and 60% HClq (0.47ml, 5.6 mmol) was added over
5mins. The solution was then stirred for 3.5 hrs at r.t. before being neutralized with
NaOH,q) soln. Water (~50 ml) was then added and the mixture was stirred for 1 hr before
the precipitate was filtered off and washed with water to yield the pure product as a white
solid (282 mg, 12%), m.p. 133-134°C.

'H-NMR [400MHz, CDCls] § 2.16 (6H, 2 x CHg), 5.95 (1H, s, meso-H), 7.06 (2H, d, Ph-
H, J = 8.44Hz), 7.15 (4H, m, Ph-H), 7.24 (2H, d, Ph-H), 7.46 (2H, d, Ph-H, J = 8.44Hz),

7.55 (4H, m, Ph-H + NH).

BC-NMR [100MHz, CDCl3] & 8.5, 40.4, 109.0, 110.9, 118.6, 119.6, 121.3, 121.9, 129.5,
130.2, 132.1, 132.7, 135.3, 139.1.

MS (ESI) m/z 428.4 and 430.4 (M").
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8-(3,5-Dibromophenyl)-BODIPY (47):

3,5-Dibromobenzaldehyde (1.5g, 5.68 mmol) was dissolved in freshly distilled pyrrole
(15.8ml, 0.23 mol) and the solution was degassed with argon for 20 mins. TFA (0.1 ml)
was then added and the mixture stirred at r.t. under argon and protected from light for 15
mins. The excess pyrrole was then removed in vacuo and the oily residue was passed
through a short silica column eluting with 1:4 hexane:CH,CI, and evaporated in vacuo.
The residue was dissolved in THF (50 ml) and chloranil (1.40g, 5.68 mmol) was added.
The mixture was stirred at r.t. for 16 hrs. The THF was then removed in vacuo and the
residue redissolved in dichloromethane before filtering to remove the quinine species.
The dichloromethane solution was concentrated in vacuo to 50 ml before
diisopropylethylamine (4.61 ml, 26.5 mmol) was added followed by boron trifluoride
diethyl etherate (3.79 ml, 29.9 mmol) and the solution was stirred under nitrogen for 18
hrs. The solution was then filtered through Celite then washed with water (6 x 50 ml),
dried over anhydrous MgSQO, and evaporated in vacuo. The residue was purified by
column chromatography eluting with 1:4 hexane:toluene to yield the pure product as a
shiny red solid (0.7g, 29%), m.p. 178-179°C, lit. 179°C%'.

'H-NMR [400MHz, CDCl3] & 6.58 (2H, d, Py-H), 6.90 (2H, d, Py-H), 7.64 (2H, m, Ph-
H), 7.89 (1H, m, Ph-H), 7.97 (2H, m, Py-H).

BC-NMR [100MHz, CDCl3] & 119.2, 123.1, 131.2, 131.6, 134.5, 136.0, 136.8, 143.0,
145.36.

“B.NMR [128.3MHz, CDCls] & -0.7337.

314



HRMS (ESI) = calc. 424.9266, 426.9246 and 428.9226, found. 424.9263, 426.9242 and
428.9220 (M + H").
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8-(3,5-Dibromophenyl)-1,3,5,7-tetramethyl-BODIPY (48):

3,5-Dibromobenzaldehyde (1.5g, 5.68 mmol) and 2,4-dimethylpyrrole (1.17 ml, 11.36
mmol) were dissolved in dry dichloromethane (70 ml) and degassed with argon for
20mins. TFA (0.1 ml) was then added and the solution was stirred at r.t. under argon for
16hrs. DDQ (1.29g, 5.68 mmol) was then added and the mixture was stirred for 6 hrs.
Triethylamine (3.69 ml, 26.5 mmol) was then added followed by boron trifluoride diethyl
etherate (3.79 ml, 29.9 mmol) and the solution was stirred under argon for 18 hrs. The
mixture was then filtered and washed with water (6 x 60 ml), dried over anhydrous
MgSO, and evaporated in vacuo. The residue was purified by column chromatography
eluting with 1:1 hexane:CH,CI; to yield the pure product as a bright red solid (186 mg,
7%), m.p. 257-258°C (decomp.).

'H-NMR [400MHz, CDCls] 5 1.47 (6H, s, 2 x CHa), 2.53 (6H, s, 2 x CH3), 6.00 (2H, s,
Py-H), 7.42 (2H, m, Ph-H), 7.80 (1H, m, Ph-H).

BC-NMR [100MHz, CDCls] & 14.6, 14.9, 121.7, 123.6, 130.1, 130.9, 134.7, 137.4,
138.4, 142.7, 156.5.

“B.NMR [128.3MHz, CDCl5] & -0.4891.

HRMS (ESI) = calc. 480.9896, 482.9876 and 484.9852, found. 480.9887, 482.9867 and
484.9845 (M + H").
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8-(3,5-Dibromophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (49):

3,5-Dibromobenzaldehyde (1.5g, 5.68 mmol) and kryptopyrrole (1.53 ml, 11.36 mmol)
were dissolved in dry dichloromethane (40 ml) and degassed with argon for 20 mins.
TFA (0.1 ml) was then added and the solution was stirred at r.t. under argon for 16 hrs.
DDQ (1.29g, 5.68 mmol) was then added and the mixture was stirred for 6 hrs.
Triethylamine (3.69 ml, 26.5 mmol) was then added followed by boron trifluoride diethyl
etherate (3.79 ml, 29.9 mmol) and the solution was stirred under argon for 18 hrs. The
mixture was then filtered and washed with water (6 x 60 ml), dried over anhydrous
MgSO, and evaporated in vacuo. The residue was purified by column chromatography
eluting with 3:2 toluene:hexane to yield the pure product as a bright red solid (384 mg,
13%), m.p. 241-242°C.

'H-NMR [400MHz, CDCl3] 8 0.99 (6H, t, CHsCHa, J = 7.50Hz), 1.39 (6H, s, 2 X CH3),
2.31 (4H, g, CH,CHs, J = 7.50Hz), 2.53 (6H, s, 2 X CHs), 7.44 (2H, d, Ph-H), 7.81 (1H, t,

Ph-H).

BC-NMR [100MHz, CDCl3] & 12.2, 12.6, 14.6, 17.1, 123.5, 130.4, 133.4, 134.5, 135.9,
137.8, 139.3, 154.8.

“B-NMR [128.3MHz, CDCls] & -0.2446.

HRMS (ESI) = calc. 537.0523, 539.0503 and 541.0479, found 537.0515, 539.0495 and
541.0472 (M + HY).
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4’-(11-[4-Boronpinacolatephenylcarboxy]undecyloxy)-biphenyl-4-carbonitrile (50):

(O~ 0~

(H2C)117 0O

4’-(11-Hydroxyundecyl)-biphenyl-4-carbonitrile  (0.90g, 247 mmol) and 4-
carboxyphenylboronic acid pinacol ester (0.60g, 2.42 mmol) were mixed in dry
dichloromethane (50 ml). DMAP (0.30g, 2.49 mmol) was then added followed by DCC
(0.85g, 4.11 mmol) and the mixture was stirred at r.t. for 18 hrs. The mixture was then
filtered and the filtrate washed with 2% HClq) (50 ml) and water (3 x 50 ml), dried over
anhydrous MgSO, and evaporated in vacuo. The residue was recrystallized from EtOAc
to yield the pure product as a white solid (0.99g, 69%).

'H-NMR [400MHz, CDCl5] 5 1.31 (10H, m, CH,’s), 1.35 (12H, s, 4 x CH), 1.45 (4H, m,
CHy’s), 1.78 (4H, m, CHy’s), 4.00 (2H, t, CH,OPh, J = 6.60Hz), 4.31 (2H, t, CH,0, J =
6.69Hz), 6.99 (2H, d, Ph-H, J = 8.80Hz), 7.52 (2H, d, Ph-H, J = 8.80Hz), 7.63 (2H, d,
Ph-H, J = 8.80Hz), 7.69 (2H, d, Ph-H, J = 8.61Hz), 7.86 (2H, d, Ph-H, J = 8.25Hz), 8.01
(2H, d, Ph-H, J = 8.43Hz2).

B¥C-NMR [LOOMHz, CDCl3] & 24.9, 26.0, 28.7, 29.2, 29.3, 29.5, 29.5, 65.2, 68.2, 84.2,
110.0, 115.1, 119.1, 127.1, 128.3, 128.5, 131.2, 132.6, 132.7, 134.6, 145.3, 159.8, 166.7.
(11 peaks unobserved due to overlap of the alkyl and aromatic peaks).

“B.NMR [128.3MHz, CDCls] & 29.5926.

HRMS (ESI) = calc. 596.3524, found. 596.3548 (M — H)".
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4’-(11-[4-Bromophenylcarboxy]undecyl)-biphenyl-4-carbonitrile:

O O (HZ/C)M_OA@iBr
NCHO

4’-(11-Mesityloxyundecyl)-biphenyl-4-carbonitrile (1.90g, 4.28 mmol), 4-bromophenol
(0.84g, 4.84mmol) and anhydrous potassium carbonate (1.54g, 11.1 mmol) were mixed
in butanone (100 ml) and refluxed for 16 hrs. The mixture was then cooled to r.t. and
concentrated in vacuo. Ethyl acetate (80 ml) was then added and the mixture was washed
with water (2 x 70 ml), dried over anhydrous MgSQ,, filtered and evaporated in vacuo.
The residue was recrystallized from 1:1 EtOH:CH,CI, to yield the pure product as a
white powder (1.37g, 61%), Cr 92 N 100 I, lit. Cr 92.2 N 99.5 1%,

'H-NMR [400MHz, CDCl5] & 1.30 (12H, m, CHy’s), 1.43 (4H, m, CHy’s), 1.76 (4H, m,
CH;), 3.89 (2H, t, CH,OPh, J = 6.56Hz), 3.98 (2H, t, CH,OPh, J = 6.56Hz), 6.75 (2H, d,
Ph-H, J = 9.07Hz), 6.97 (2H, d, Ph-H, J = 8.44Hz), 7.33 (2H, d, Ph-H, J = 8.76Hz), 7.50
(2H, d, Ph-H, J = 8.76Hz), 7.64 (4H, dd, Ph-H).

BC-NMR [100MHz, CDCl3] & 26.9, 29.2, 29.3, 29.47, 29.50, 68.17, 68.24, 110.0, 112.6,
115.1, 116.3, 119.1, 127.1, 128.3, 131.3, 132.2, 132.6, 145.3, 158.2, 159.8. (10 peaks

unobserved due to overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 537.2111 and 539.2092, found 537.2109 and 539.2089 (M + NH,").
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4’-(11-[4-1odophenylcarboxy]undecyl)-biphenyl-4-carbonitrile:

OO
NC O

4’-(11-Mesityloxyundecyl)-biphenyl-4-carbonitrile (1.07g, 2.41 mmol), 4-iodophenol
(0.69g, 3.13mmol) and anhydrous potassium carbonate (0.87g, 6.27 mmol) were mixed
in DMF (30 ml) and refluxed for 16 hrs. The DMF was then removed in vacuo and water
added to the residue which was then extracted with dichloromethane (2 x 40 ml). The
combined organic extracts were then washed with water (2 x 50 ml), dried over
anhydrous Na,SOy, filtered and evaporated in vacuo. The residue was then recrystallized
from ethyl acetate to yield the pure product as an off-white solid (1.21g, 88%), m.p. 114-
115°C, lit. 114-116°C**,

'H-NMR [400MHz, CDCls] & 1.30 (10H, m, CH,’s), 1.44 (4H, m, CH,’s), 1.77 (4H, m,
CHy’s), 3.89 (2H, t, CH,0OPh, J = 6.57Hz), 3.99 (2H, t, CH,0Ph, J = 6.57Hz), 6.65 (2H,
d, Ph-H, J = 9.07Hz), 6.97 (2H, d, Ph-H, J = 8.76Hz), 7.51 (4H, m, Ph-H), 7.62 (2H, d,
Ph-H, J = 8.44Hz), 7.67 (2H, d, Ph-H, J = 8.44Hz).

BBC-NMR [100MHz, CDCls] & 26.0, 29.1, 29.3, 29.5, 68.1, 82.4, 110.1, 115.1, 116.9,
119.1, 127.1, 128.3, 131.3, 132.6, 138.1, 145.3, 159.0, 159.8. (12 peaks unobserved due

to overlap of the alkyl and aromatic peaks).

HRMS (ESI) = calc. 585.1972, found 585.1970 (M + NH.").
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8-(3,5-Bis[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-phenyl)-BODIPY

(52):
Q O (CHz)11

\ (6]

2

~ O

s
(0] CN

8-(3,5-Dibromophenyl)-BODIPY (40 mg, 93.9 umol), 4’-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-biphenyl-4-carbonitrile (134 mg, 0.225

=

\
/N

~N 4
N

mmol), dibenzylideneacetone palladium (II) (34mg, 37.6umol), (2-biphenyl)di-tert-
butylphosphine (14 mg, 47.0 umol) and potassium carbonate (65 mg, 0.470 mmol) were
mixed in DMF (6 ml) and the mixture was degassed with argon for 30 mins. The mixture
was then heated in a microwave for 5 mins at 65°C (75W). The DMF was then removed
in vacuo and the residue subjected to column chromatography eluting with 1:99
EtOAc:toluene. The residue was then precipitated from CH,Cl, with cold MeOH to yield
the pure product as a bright red solid (78 mg, 69%), m.p. 78-79°C, R; = 0.17 (toluene).

'H-NMR [400MHz, CDCls] & 1.32 (20H, m, CH,’s), 1.45 (8H, m, CH,’s), 1.80 (8H, m,
CH,’s), 4.00 (4H, t, 2 x CH,OPh, J = 6.57Hz), 4.36 (4H, t, 2 x CH,0, J = 6.57Hz), 6.58
(2H, m, Py-H), 6.97 (4H, d, Ph-H, J = 8.76Hz), 7.01 (2H, m, Py-H), 7.51 (4H, d, Ph-H, J
= 8.76Hz), 7.63 (4H, d, Ph-H, J = 8.44Hz), 7.68 (4H, d, Ph-H, J = 8.44Hz), 7.75 (4H, d,
Ph-H, J = 8.44Hz), 7.82 (2H, d, Ph-H), 7.99 (2H, m, Py-H), 8.05 (1H, t, Ph-H), 8.18 (4H,
d, Ph-H, J = 8.44Hz2).
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B¥C-NMR [LOOMHz, CDCl3] 6 26.0, 28.8, 29.2, 29.3, 29.5, 65.4, 68.2, 110.1, 115.1,
118.9, 119.1, 127.1, 127.3, 128.3, 128.5, 130.3, 130.4, 131.2, 131.3, 132.6, 134.9, 135.1,
141.3, 143.8, 144.8, 145.3, 159.8, 166.3. (12 peaks unobserved due to overlap of the alkyl
and aromatic peaks).

B-NMR [128.3MHz, CDCl5] & -0.4891.

MS (MALDI) = calc. 1202.6, found. 1202.6 (M").

HPLC retention time (80:20 MeCN:DCM): 6.26 mins.
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8-(3,5-Bis[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-phenyl)-1,3,5,7-
tetramethyl-BODIPY (53):

OO
(e} CN

8-(3,5-Dibromophenyl)-1,3,5,7-tetramethyl-BODIPY  (45mg, 93.4umol), 4’-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-biphenyl-4-carbonitrile (134 mg, 0.224
mmol), dibenzylideneacetone palladium (I1) (34 mg, 37.4 pmol), (2-biphenyl)di-tert-
butylphosphine (14 mg, 46.7 umol) and potassium carbonate (65 mg, 0.467 mmol) were
mixed in DMF (6 ml) and the mixture was degassed with argon for 30 mins. The mixture
was then heated in a microwave for 5 mins at 65°C (75W). The DMF was then removed
in vacuo and the residue subjected to column chromatography eluting with 1:99
EtOAc:toluene. The residue was then precipitated from CH,Cl, with cold MeOH to yield
the pure product as a bright red solid (30 mg, 25%), m.p. 73-74°C, R; = 0.18 (toluene).

'H-NMR [400MHz, CDCl3] § 1.32 (20H, m, CH,’s), 1.46 (8H, m, CH’s), 1.50 (6H, s, 2
X CHa), 1.80 (8H, m, CH,’s), 2.58 (6H, s, 2 x CHs), 3.99 (4H, t, 2 x CH,0Ph, J =
6.57Hz), 4.35 (4H, t, 2 x CH,0, J = 6.57Hz), 6.01 (2H, s, Py-H), 6.98 (4H, d, Ph-H, J =
8.76Hz), 7.51 (4H, d, Ph-H, J = 8.76Hz), 7.62 (6H, m, Ph-H), 7.68 (4H, d, Ph-H, J =
8.60Hz), 7.72 (4H, d, Ph-H, J = 8.44Hz), 7.98 (1H, t, Ph-H), 8.14 (4H, d, Ph-H, J =
8.44Hz).
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B¥C-NMR [LOOMHz, CDCl3] 6 14.6, 14.9, 26.0, 28.7, 29.21, 29.25, 29.4, 29.5, 65.3, 68.2,
110.0, 115.1, 119.1, 121.5, 126.5, 127.0, 127.1, 128.3, 129.3, 130.3, 131.3, 132.6, 141.8,
142.8, 143.9, 145.3, 156.0, 159.8, 166.3. (12 peaks unobserved due to overlap of the alkyl
and aromatic peaks).

“B.NMR [128.3MHz, CDCl5]  0.0000.

MS (MALDI) = calc. 1258.7, found. 1258.6 (M").

HPLC retention time (80:20 MeCN:DCM): 8.92 mins.
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8-(3,5-Bis[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-phenyl)-1,3,5,7-
tetramethyl-2,6-diethyl-BODIPY (54):

OO
(e} CN

8-(3,5-Dibromophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (50 mg, 92.9 umol), 4’-
(11-[4-boronpinacolatephenylcarboxy]undecyloxy)-biphenyl-4-carbonitrile (133  mg,
0.223 mmol), dibenzylideneacetone palladium (1) (34 mg, 37.2 umol), (2-biphenyl)di-
tert-butylphosphine (14 mg, 46.5 pmol) and potassium carbonate (64 mg, 0.465 mmol)
were mixed in DMF (6 ml) and the mixture was degassed with argon for 30 mins. The
mixture was then heated in a microwave for 5 mins at 65°C (75W). The DMF was then
removed in vacuo and the residue subjected to column chromatography eluting with 1:99
EtOAc:toluene. The residue was then precipitated from CH,Cl, with cold MeOH to yield
the pure product as a bright red solid (56 mg, 46%), m.p. 87-88°C, R; = 0.18 (toluene).

'H-NMR [400MHz, CDCl3] & 0.99 (6H, t, 2 x CHsCH,, J = 7.52Hz), 1.32 (20H, m,
CHy’s), 1.40 (6H, s, 2 x CHs), 1.47 (8H, m, CH.’s), 1.80 (8H, m, CHy’s), 2.30 (4H, q,
CH,CHs, J = 7.50Hz), 2.53 (6H, s, 2 X CH3), 3.99 (4H, t, 2 x CH,OPh, J = 6.42Hz), 4.35
(4H, t, 2 x CH,0, J = 6.69Hz), 6.98 (4H, d, Ph-H, J = 8.80Hz), 7.52 (4H, d, Ph-H, J =
8.61Hz), 7.62 (6H, m, Ph-H), 7.69 (4H, d, Ph-H, J = 8.06Hz), 7.74 (4H, d, Ph-H, J =
8.43Hz), 7.98 (1H, t, Ph-H), 8.15 (4H, d, Ph-H, J = 8.25Hz).
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B¥C-NMR [LOOMHz, CDCl3] 6 12.2, 12.6, 14.6, 17.1, 26.0, 28.7, 29.21, 29.25, 29.4, 29.5,
65.3, 68.2, 110.0, 115.1, 119.1, 126.8, 127.0, 127.1, 127.2, 128.3, 130.0, 130.3, 131.3,
132.5, 133.1, 137.3, 141.7, 144.0, 145.3, 154.3, 159.8, 166.3. (11 peaks unobserved due
to overlap of the alkyl and aromatic peaks).

“B.NMR [128.3MHz, CDCl5]  0.0000.

MS (MALDI) = calc. 1314.7, found. 1314.6 (M*).
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8-(3,5-Bis[11-carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-BODIPY (55):

N

\
3G
/B
F \N

~ O

O_(CQZ)ll O
(e}

8-(3,5-Dibromophenyl)-BODIPY (35 mg, 82.2 umol), 4-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate
(125 mg, 0.197 mmol), dibenzylideneacetone palladium (1) (30 mg, 32.9 umol), (2-
biphenyl)di-tert-butylphosphine (12 mg, 41.1 umol) and potassium carbonate (57 mg,
0.411 mmol) were mixed in DMF (6 ml) and the mixture was degassed with argon for 30
mins. The mixture was then heated in a microwave for 5 mins at 65°C (75W). The DMF
was then removed in vacuo and the residue subjected to column chromatography eluting
with 1:99 EtOAc:toluene. The residue was then precipitated from CH,Cl, with cold
MeOH to yield the pure product as a bright red solid (56 mg, 47%), R; = 0.19 (toluene),
LC transitions: T4 57 N 149 |.

'H-NMR [400MHz, CDCls] & 1.33 (20H, m, CH,’s), 1.47 (8H, m, CH,’s), 1.80 (8H, m,
CHy’s), 4.04 (4H, t, 2 x CH,OPh, J = 6.57Hz), 4.36 (4H, t, 2 x CH,0, J = 6.72Hz), 6.58
(2H, m, Py-H), 6.97 (4H, d, Ph-H, J = 9.07Hz), 7.01 (2H, m, Py-H), 7.32 (4H, d, Ph-H, J
= 8.76Hz), 7.63 (4H, d, Ph-H, J = 8.76Hz), 7.68 (4H, d, Ph-H, J = 8.44Hz), 7.74 (8H, m,
Ph-H), 7.82 (2H, d, Ph-H), 7.99 (2H, m, Py-H), 8.05 (1H, t, Ph-H), 8.16 (8H, m, Ph-H).

327



B¥C-NMR [LOOMHz, CDCl3] 6 25.99, 26.04, 28.7, 29.1, 29.3, 29.4, 29.5, 65.4, 68.4,
111.0, 114.4, 118.9, 121.2, 122.6, 127.3, 127.7, 128.4, 130.3, 130.4, 131.5, 132.4, 132.7,
135.0, 135.3, 136.7, 141.3, 143.7, 144.7, 144.8, 151.5, 163.7, 164.8, 166.3. (14 peaks
unobserved due to overlap of the alkyl and aromatic peaks).

“B-NMR [128.3MHz, CDCl5] & -0.6732.

MS (MALDI) = calc. 1465.6, found. 1465.7 (M + Na®).

HPLC retention time (80:20 MeCN:DCM): 5.79 mins.

Fluorescence absorption maximum: 505 nm; fluorescence emission maximum: 525 nm.
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8-(3,5-Bis[11-carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-1,3,5,7-tetramethyl-BODIPY (56):

O_(CQZ)ll ::: fo
(e} . .

8-(3,5-Dibromophenyl)-1,3,5,7-tetramethyl-BODIPY (40 mg, 82.2 umol), 4-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate
(125 mg, 0.197 mmol), dibenzylideneacetone palladium (1) (30 mg, 32.9 umol), (2-
biphenyl)di-tert-butylphosphine (12 mg, 41.1 umol) and potassium carbonate (57mg,
0.411 mmol) were mixed in DMF (6 ml) and the mixture was degassed with argon for 30
mins. The mixture was then heated in a microwave for 5 mins at 65°C (75W). The DMF
was then removed in vacuo and the residue subjected to column chromatography eluting
with 1:99 EtOAc:toluene. The residue was then precipitated from CH,Cl, with cold
MeOH to yield the pure product as a bright red solid (36 mg, 29%), R; = 0.52 (15:85
EtOAc:toluene), LC transitions: T4 65 N 129 I.

'H-NMR [400MHz, CDCl3] 5 1.31 (24H, m, CHy’s), 1.44 (8H, m, CHy’s), 1.49 (6H, s, 2
X CHa), 1.78 (8H, m, CH,’s), 2.56 (6H, s, 2 x CHs), 4.02 (4H, t, 2 x CH,0Ph, J =
6.57Hz), 4.33 (4H, t, 2 x CH,0, J = 6.73Hz), 6.00 (2H, s, Py-H), 6.95 (4H, d, Ph-H, J =
8.76Hz), 7.30 (4H, d, Ph-H, J = 8.44Hz), 7.61 (6H, m, Ph-H), 7.67 (4H, d, Ph-H, J =
8.44Hz), 7.71 (8H, m, Ph-H), 7.96 (1H, t, Ph-H), 8.13 (8H, d, Ph-H, J = 8.76Hz).
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B¥C-NMR [LOOMHz, CDCl3] 6 14.9, 26.0, 28.7, 29.1, 29.26, 29.34, 29.5, 65.3, 68.4,
114.4, 118.9, 122.6, 127.0, 127.7, 128.3, 130.2, 130.3, 132.3, 132.7, 136.7, 143.9, 144.9,
151.6, 163.6, 164.8, 166.3. (20 peaks unobserved due to overlap of the alkyl and aromatic
peaks).

“B-NMR [128.3MHz, CDCl5] & -0.2446.

MS (MALDI) = calc. 1498.7, found. 1498.7 (M™).

HPLC retention times (80:20 MeCN:DCM): 7.78 mins.

Fluorescence absorption maximum: 505 nm; fluorescence emission maximum: 518 nm.
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8-(3,5-Bis[11-carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (57):

O_(CQZ)ll ::: fo
(e} . .

8-(3,5-Dibromophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (44 mg, 82.2 pumol), 4-
(11-[4-boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl
carboxylate (125 mg, 0.197 mmol), dibenzylideneacetone palladium (I1) (30 mg, 32.9
umol), (2-biphenyl)di-tert-butylphosphine (12 mg, 41.1 umol) and potassium carbonate
(57 mg, 0.411 mmol) were mixed in DMF (6 ml) and the mixture was degassed with
argon for 30 mins. The mixture was then heated in a microwave for 5 mins at 65°C
(75W). The DMF was then removed in vacuo and the residue subjected to column
chromatography eluting with 2:98 EtOAc:toluene. The residue was then precipitated
from CH,Cl, with cold MeOH to yield the pure product as a bright red solid (57 mg,
45%), R¢ = 0.63 (1:9 EtOAc:toluene), LC transitions: Tq 73 N 99 I.

'H-NMR [400MHz, CDCl3] & 0.99 (6H, t, 2 x CHsCH,, J = 7.66Hz), 1.33 (20H, m,
CHy’s), 1.41 (6H, s, 2 x CHz), 1.46 (8H, m, CH,’s), 1.80 (8H, m, CH,’s), 2.30 (4H, g, 2 x
CH,CHs, J = 7.50Hz), 2.55 (6H, s, 2 X CH3), 4.04 (4H, t, 2 x CH,OPh, J = 6.57Hz), 4.35
(4H, t, 2 x CH,0, J = 6.73Hz), 6.98 (4H, d, Ph-H, J = 8.76Hz), 7.32 (4H, d, Ph-H, J =
8.76Hz), 7.63 (6H, m, Ph-H), 7.68 (4H, d, Ph-H, J = 8.44Hz), 7.74 (8H, d, Ph-H, J =
8.44Hz), 7.99 (1H, t, Ph-H), 8.15 (8H, d, Ph-H, J = 8.76Hz).
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3C-NMR [100MHz, CDCl3] & 12.2, 12.6, 14.6, 17.1, 26.00, 26.03, 28.7, 29.1, 29.3, 29.4,
29.5, 53.4, 65.3, 68.4, 111.0, 114.4, 118.9, 121.2, 122.6, 126.8, 127.0, 127.7, 128.4,
130.1, 132.4, 132.7, 133.1, 136.7, 138.0, 141.7, 144.1, 144.9, 151.6, 154.3, 163.7, 164.8,
166.3. (13 peaks unobserved due to overlap of the alkyl and aromatic peaks).

UB.NMR [128.3MHz, CDCl5]  0.0000.

MS (MALDI) = calc. 1555.6, found. 1553.8 (M — H").

HPLC retention times (80:20 MeCN:DCM): 10.40 mins.

Fluorescence absorption maximum: 528 nm; fluorescence emission maximum: 542 nm.
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(E)-1-(4-Bromophenyl)-3-phenylprop-2-ene-1-one (58):

o}
T

4-Bromoacetophenone (10g, 0.05 mol) and benzaldehyde (5.09 ml, 0.05 mol) were
dissolved in 85:15 EtOH/H,0 (100 ml). To this mixture was added potassium hydroxide

Br

(84 mg, 1.5 mmol) and the mixture stirred at r.t. for 16 hrs. The precipitate was then
filtered and washed with water followed by recrystallisation from ethanol to yield the
pure product as an off-white solid (9.62g, 67%), m.p. 99-100°C (lit. 100-101°C).

'H-NMR [400MHz, CDCls] & 7.41 (3H, m, o- and p-H’s), 7.46 (1H, d, CHCO, J =
15.63Hz), 7.63 (4H, m, Ph-H), 7.80 (1H, d, CHCH, J = 15.63Hz), 7.87 (2H, d, Ph-H).

BC-NMR [100MHz, CDCls] & 121.5, 127.9, 128.5, 129.0, 130.0, 130.8, 131.9, 134.7,
136.9, 145.4, 189.4.

MS (ESI) m/z 286.2 and 288.2 (M").
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1-(4-Bromophenyl)-3-phenyl-4-nitrobutan-1-one (59):
NO,
0

(E)-1-(4-Bromophenyl)-3-phenylprop-2-ene-1-one (4g, 14 mmol), nitromethane (3.7 ml,

Br

70 mmol) and diethylamine (4.86 ml, 70 mmol) were dissolved in methanol (115ml) and
refluxed for 16 hrs. The solution was then acidified with conc. HClq and concentrated
in vacuo. Ethyl acetate (70 ml) was then added and the solution was washed with water
(3 x 50 ml), dried over anhydrous MgSQy,, filtered and evaporated to give a tan oil which
was triturated with methanol to give a tan solid. This was recrystallized from methanol to
yield the pure product as a tan solid (3.35g, 69%), m.p. 110-111°C.

'H-NMR [400MHz, CDCl3] & 3.42 (2H, dd, CH,CO), 4.21 (1H, m, CH-Ph), 4.69 (1H,
dd, CH,-NO,), 4.81 (1H, quintet, CH,-NO5), 7.30 (5H, m, Ph-H), 7.60 (2H, d, Ph-H, J =

8.76Hz), 7.77 (2H, d, Ph-H, J = 8.76Hz).

BC-NMR [100MHz, CDCl3] & 36.8, 39.0, 78.2, 124.9, 125.5, 126.4, 126.7, 127.0, 129.6,
132.7, 136.4, 193.4.

MS (ESI) m/z 347.3 and 349.3 (M").
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(E)-1-(4-Bromophenyl)-3-(4-bromophenyl)prop-2-ene-1-one:

O
C
4-Bromoacetophenone (10g, 0.05 mol) and 4-bromobenzaldehyde (9.25g, 0.05 mol) were

dissolved in 85:15 EtOH:H,0 (100 ml). To this mixture was added potassium hydroxide

(84 mg, 1.5 mmol) and the mixture was stirred at r.t. for 16 hrs. The precipitate was then

Br Br

filtered, washed with water and dried in vacuo and was used without further purification
(17.20g, 94%), m.p. 176-178°C.

'H-NMR [400MHz, CDCl3] § 7.46 (1H, d, CHCO, J = 15.63Hz), 7.50 (2H, d, Ph-H, J =
8.44Hz), 7.56 (2H, d, Ph-H, J = 8.44Hz), 7.65 (2H, d, Ph-H, J = 8.76Hz), 7.74 (1H, d,

CH=CH, J = 15.63Hz) 7.88 (2H, d, Ph-H, J = 8.76Hz).

B3C-NMR [100MHz, CDCl3] & 121.9, 125.1, 128.1, 129.8, 130.0, 132.0, 132.3, 133.6,
136.7, 143.9, 189.1.

MS (ESI) m/z 364.2, 366.2 and 368.2 (M").
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(E)-1-(4-1odophenyl)-3-phenylprop-2-ene-1-one:
0

F

4-lodoacetophenone (5g, 0.02 mol) and benzaldehyde (2.04 ml, 0.02 mol) were dissolved
in 85:15 EtOH/H,0 (40 ml). Potassium hydroxide (34 mg, 0.6 mmol) was then added and
the mixture was stirred at r.t. for 16 hrs. The resulting precipitate was then filtered and
washed with water followed by recrystallisation from ethanol to yield the pure product as
a flaky tan solid (5.61g, 84%), m.p. 109-110°C.

'H-NMR [400MHz, CDCl3] & 7.41 (4H, m, Ph-H), 7.61 (2H, m, Ph-H + CHCH), 7.71
(2H, d, Ph-H, J = 8.44Hz), 7.80 (1H, d, COCH, J = 15.63Hz), 7.85 (2H, d, Ph-H, J =

8.44Hz).

BC-NMR [100MHz, CDCls] & 100.6, 121.5, 128.5, 129.0, 129.9, 130.8, 134.7, 137.5,
137.9, 145.4, 189.7.

MS (ESI) m/z 335.2 (M").
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1-(4-lodophenyl)-3-phenyl-4-nitrobutan-1-one:

NO;

(E)-1-(4-lodophenyl)-3-phenylprop-2-ene-1-one (4g, 0.012 mol), nitromethane (3.22 ml,
0.06 mol) and diethylamine (6.20 ml, 0.06 mol) were dissolved in methanol (100 ml) and
refluxed for 15 hrs. The solution was then cooled to r.t. and acidified with conc. HCl 4
and concentrated by evaporation in vacuo. Ethyl acetate (80 ml) was then added and the
solution was washed with water (2 x 50 ml), dried over anhydrous Na,SO,, filtered and
evaporated to give a tan oil. The resulting oil was then triturated with cold methanol and
filtered to yield the pure product as a tan solid (3.93g, 83%), m.p. 121-122°C.

'H-NMR [400MHz, CDCl3] & 3.34 (2H, dd, CH,NO,), 4.13 (1H, quintet, CH-Ph), 4.61
(1H, dd, CHCO), 4.74 (1H, dd, CHCO), 7.23 (5H, m, Ph-H), 7.55 (2H, d, Ph-H, J =

8.44Hz), 7.75 (2H, d, Ph-H, J = 8.44Hz).

BC-NMR [100MHz, CDCl3] & 36.7, 38.9, 99.2, 124.9, 125.5, 126.7, 126.9, 135.6, 136.4,
193.7.

MS (ESI) m/z 418.2 (M + Na").
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(E)-1-Phenyl-3-(4-hydroxyphenyl)prop-2-ene-1-one (60):

F

OH

4-Hydroxybenzaldehyde (9.23g, 76 mmol) and acetophenone (7.35 ml, 63 mmol) were
dissolved in methanol (70 ml) and to this solution conc. sulphuric acid was added (0.34
ml) and the solution was refluxed for 16hrs. The mixture was cooled and neutralized with
NaOHq and the resulting precipitate was filtered off and recrystallized from EtOH to
yield the pure product as tan flakes (8.06g, 57%), m.p.186-187°C.

'H-NMR [400MHz, CD;0D] 5 6.83 (2H, d, Ph-H), 7.52 (2H, m, Ph-H), 7.60 (4H, m, Ph-
H), 7.74 (1H, d, CHCO, J = 15.22Hz), 8.03 (2H, m, Ph-H).

3C-NMR [100MHz, CD;0OD] & 117.0, 119.7, 127.7, 129.5, 129.8, 131.9, 133.9, 139.7,
147.0, 161.8, 192.7.

MS (ESI) m/z 242.3 (M + NH,").
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1,7-Diphenyl-3,5-di(4-hydroxyphenyl)-azadipyrromethene (61):

HO OH

0 O

/ /N =

—N HN /

o O

(E)-1-Phenyl-3-(4-hydroxyphenyl)prop-2-ene-1-one (4g, 18 mmol), nitromethane (4.83
ml, 90 mmol) and diethylamine (9.35 ml, 90 mmol) were dissolved in methanol and
refluxed for 16hrs. The solution was then cooled to r.t. and acidified with conc. HCl 4
and evaporated. The resulting oil was then dissolved in butan-1-ol (150 ml) and
ammonium acetate (37.77g, 0.49 mol) was then added to the solution which was refluxed
for 20hrs. The mixture was then cooled to r.t. followed by cooling in an ice-bath before
the mixture was filtered to yield the pure product as a shiny dark brown solid (0.98g,
14%), m.p. >300°C.

'H-NMR [400MHz, DMSO-D¢] & 6.85 (4H, d, Ph-H, J = 8.76Hz), 7.49 (2H, s, Py-H),
7.52 (2H, m, Ph-H), 7.60 (4H, t, Ph-H), 7.95 (4H, d, Ph-H, J = 8.76Hz), 8.04 (4H, d, Ph-

H, J = 7.19Hz), 9.78 (1H, bs, NH).

Compound too insoluble to acquire adequate **C-NMR.
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1,7-Diphenyl-3,5-di(4-hydroxyphenyl)-aza-BODIPY (62):

HO OH

0 O

/ /N =

/N\B/N

/
SRS
2,8-Diphenyl-4,6-di(4-hydroxyphenyl)-azadipyrromethene (0.6 g, 1.23 mmol) was
dissolved in dry dichloromethane (150 ml) and purged with nitrogen.
Diisopropylethylamine (2.14ml, 12.3mmol) was then added followed by boron trifluoride
diethyl etherate (2.18 ml, 17.2 mmol) and the solution was then stirred at r.t. under
nitrogen for 17hrs. The solution was then washed with water, dried over anhydrous
MgSO, and evaporated in vacuo. The residue was then purified by column

chromatography eluting with 4:1 CH,CI,:EtOAc to yield the pure product as a coppery
solid (0.36 g, 55%), m.p. 266-269°C (decomp.).

'H-NMR [400MHz, CDCl5] § 6.89 (2H, s, Py-H), 6.96 (4H, d, Ph-H, J = 8.76Hz), 7.46
(6H, m, Ph-H), 8.01 (8H, m, Ph-H).

BC-NMR [100MHz, CDCl3] 5 116.0, 116.9, 124.1, 128.5, 129.4, 130.5, 131.1, 132.0,
159.2.

“B-NMR [128.3MHz, CDCl5] § 0.00.
YF_NMR [376.17MHz, CDCl3] & -130.54 (2F, dd, BF,).

HRMS (ESI) = calc. 530.1852, found. 530.1839 (M + H*).
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8-(4-lodophenyl)-1,7-bis(4-hydroxystyryl)-3,5-dimethyl-2,6-diethyl-BODIPY (63):

8-(4-lodophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-BODIPY (753 mg, 1.49 mmol) and 4-
iodobenzaldehyde (910 mg, 7.45 mmol) were dissolved in dry toluene (100 ml) over
flame-dried molecular sieves. Glacial acetic acid (2.22 ml, 38.7 mmol), piperidine (2.65
ml, 26.8 mmol) and magnesium perchlorate (cat., 5 mg) were then added to the solution
which was refluxed under nitrogen for 90 hrs. After cooling to r.t., the mixture was
filtered and evaporated in vacuo. The residue was subjected to column chromatography
eluting with 1:9 EtOAc:CH,Cl,. The collected fraction was evaporated and the residue
was washed out with cold hexane and filtered off to yield the pure product as a coppery
solid (315 mg, 30%), m.p. > 300°C, R = 0.5 (15:85 EtOACc:CHCl,).

'H-NMR [400MHz, DMSO-Dg] 5 1.09 (6H, t, 2 x CH3CHa, J = 7.51Hz), 1.34 (6H, s, 2 X
CH3), 2.59 (4H, g, 2 x CH,CHg, J = 7.30Hz), 6.87 (4H, d, Ph-H, J = 8.44Hz), 7.23 (4H,
dd, Ph-H), 7.42 (2H, d, CH=CH, J = 16.88Hz), 7.47 (4H, d, Ph-H, J = 8.76Hz), 7.95 (2H,

d, Ph-CH=CH, J = 8.13Hz), 9.94 (2H, bs, 2 x OH).

B3C-NMR [100MHz, DMSO-Dg] & 11.4, 13.9, 17.7, 24.2, 24.8, 26.2, 45.7, 95.6, 116.0,
127.8, 128.8, 130.8, 131.8, 133.4, 136.1, 136.4, 138.0, 138.2, 149.8, 158.8.

“B.NMR [128.3MHz, DMSO-Dg] & 0.2446.
Unable to identify relevant mass isotope from ionisation methods used.
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8-(4-lodophenyl)-1,7-bis(4-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-
styryl)-3,5-dimethyl-2,6-diethyl-BODIPY (64):

8-(4-lodophenyl)-1,7-bis(4-hydroxystyryl)-3,5-dimethyl-2,6-diethyl-BODIPY (310 mg,
0.434 mmol), 4’-(11-mesityloxyundecyl)-biphenyl-4-carbonitrile (539 mg, 1.22 mmol)
and potassium carbonate (240 mg, 1.74 mmol) were mixed in butanone (80 ml) and the
mixture was refluxed for 48 hrs. The mixture was cooled to r.t. and washed with water (3
x 60 ml), dried over anhydrous MgSO, and evaporated in vacuo. The residue was
subjected to column chromatography eluting with 1:1 THF:hexane and the collected
fraction was evaporated. The residue was then washed sequentially with cold acetone,
hexane and MeOH and filtered to yield the pure product as a green solid (268 mg, 44%),
R¢ = 0.71 (3:7 hexane:CH,Cl,). Broad melting point.

'H-NMR [400MHz, CDCl3] & 1.15 (6H, t, 2 x CHsCH,, J = 7.50Hz), 1.33 (26H, m,
CHy’s + 2 x CHa), 1.48 (8H, m, CHy’s), 1.79 (8H, m, CH,’s), 2.60 (4H, g, 2 x CH,CHg, J
= 7.40Hz), 4.00 (8H, t, 4 x CH,0, J = 6.41Hz), 6.92 (4H, d, Ph-H, J = 8.76Hz), 6.98 (4H,
d, Ph-H, J = 8.76Hz), 7.08 (2H, d, Ph-H, J = 8.13Hz), 7.20 (2H, d, 2 x CH=CH, J =
16.57Hz), 7.51 (4H, d, Ph-H, J = 8.76Hz), 7.55 (4H, d, Ph-H, J = 8.76Hz), 7.62 (4H, d,
Ph-H, J = 8.44Hz), 7.68 (6H, m, Ph-H + 2 x CH=CH), 7.85 (2H, d, Ph-H, J = 8.44Hz).
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BC-NMR [L0O0OMHz, CDCl3] 6 11.8, 14.1, 18.4, 26.0, 29.2, 29.36, 29.46, 29.52, 68.1,
68.2, 110.0, 114.8, 115.1, 117.9, 119.1, 127.1, 128.3, 128.8, 130.1, 130.8, 131.3, 132.6,
133.8, 135.7, 138.3, 138.4, 145.3, 150.8, 159.8. (13 peaks unobserved due to overlap of
alkyl and aromatic peaks).

“B.NMR [128.3MHz, CDCl5] § 0.2446.

MS (MALDI) = calc. 1408.6, found. 1408.6 (M").
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8-(4-[11-Carboxyphenylundecyloxy-phenyl-4’-cyano-4-biphenyl-carboxylate]-
phenyl)-1,7-bis(4-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]-styryl)-3,5-
dimethyl-2,6-diethyl-BODIPY (65):
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8-(4-lodophenyl)-1,7-bis(4-[11-carboxyphenylundecyloxybiphenyl-4-carbonitrile]styryl)-
3,5-dimethyl-2,6-diethyl-BODIPY (100 mg,  71.0  umol),  4-(11-[4-
boronpinacolatephenylcarboxy]undecyloxy)-phenyl-4’-cyano-4-biphenyl carboxylate (61
mg, 85.2 umol), bis(triphenylphosphine)palladium (II) chloride (15 mg, 21.3 umol), (2-
biphenyl)di-tert-butylphosphine (8.5 mg, 28.4 umol) and anhydrous potassium carbonate
(29 mg, 0.213 mmol) were mixed in DMF (6 ml) and the mixture was degassed with
argon for 30mins. The mixture was then heated in a microwave for 10mins at 65°C
(75W). The DMF was then removed in vacuo and the residue subjected to column
chromatography eluting with 3:7 hexane:CH,Cl,. The residue was then precipitated from
CH,CI; with cold MeOH and filtered and the solid was washed with cold MeOH and
hexane to yield the pure product as a green/blue solid (58 mg, 44%), R; = 0.21 (1:4

hexane:CH,Cl,). Unclear whether compound exhibited a mesophase.

'H-NMR [400MHz, CDCl3] & 1.04 (6H, t, 2 x CH3CH,, J = 7.50Hz), 1.23 (36H, m,
CH,’s + 2 x CHs), 1.37 (12H, m, CH’s), 1.69 (12H, m, CH,’s), 3.89 (8H, m, 4 x CH,0),
3.95 (2H, t, CH,OPh, J = 6.41Hz), 4.25 (2H, t, CH,0, J = 6.57Hz), 6.82 (4H, d, Ph-H, J
= 8.76Hz), 6.88 (6H, m, Ph-H), 7.09 (2H, d, 2 x CH=CH, J = 16.88Hz), 7.21 (2H, d, Ph-
H, J = 8.44Hz), 7.42 (8H, m, Ph-H), 7.58 (18H, m, Ph-H), 7.69 (4H, m, Ph-H), 8.03 (4H,
m, Ph-H).

Compound too insoluble to acquire adequate **C-NMR spectrum.

1B-NMR [128.3MHz, CDCls]  0.0000.

MS (MALDI) = calc. 1871.0, found. 1871.0 (M").

HPLC retention time (70:30 MeCN:DCM): 8.12 mins.

Fluorescence absorption maximum: 660 nm; fluorescence emission maximum: 681 nm.
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Compound 37:
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Peak labelled 1 at pump pulse, not impurity.
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Compound 65:
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Weak signal due to low solubility of the compound in a 70:30 MeCN:DCM mixture.
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