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Abstract

Controlling the assembly of multiply functional components is important for both development
of fundamental supramolecular chemistry and in the application of complex materials. Double
and triple-decker complexes of the porphyrinoid macrocycles display electronic absorption
across the whole visible range and into the near IR. When the linking metal(s) are lanthanides,
some examples offer further potential as molecular magnets and therefore as high-density
information storage components of the future. This project focuses on synthetic strategies to
assemble examples of such structures, particularly the synthesis and assembly of new multi-
decker systems of porphyrins and phthalocyanines and controlling the synthesis of high-order
macrocycle-lanthanide complexes. The chosen core in this project was a triphenylene molecule,

where our lab has much experience in producing triphenylenes due to its use as a liquid crystal.

The synthesis of isomeric di-substituted triphenylenes is first described, where link points are
introduced at 2,3- and 3,6 positions. Links from these positions to porphyrins through a 5-atom
linker then provided the model di-porphyrins with different spacings. The separation between
porphyrins was hoped to influence single triple-decker formation when using phthalocyanine as
the central core with different ionic radii of lanthanide M3+ salts (La3* =103pm, Pr3+ =99 pm, Nd3+
=98 pm, Sm3+=96 pm, Eu3* =95 pm, Dy3*=90 pm). The synthesis and investigation the two series
of novel single triple-deckers is reported. They have comparable spectroscopic properties and no
apparent difference in stability between two distinct isomeric TD complexes was noted. As

expected, stable triple deckers were not formed when the small Dy ions were employed.

The selectivity of single triple-decker formation was investigated for 2,3 versus 3,6-bis
(porphyrin)triphenylene triple-deckers through competition experiments. No selectivity was
observed in competition experiments with different La metals in either model. However, the
competition experiment using the two isomeric model di-porphyrins demonstrated significant
kinetic selectivity, and in this case the 3,6-isomer was preferentially formed. This result indicated
that the corresponding hexa-porphyrin based on fully (beta) substituted triphenylene would
selectively form a single-isomer tris triple-decker system. The hexa-porphyrin was successfully
constructed and subjected to triple-decker assembly. New TD complexes formed it is observed
that the insertion of the final metal ion is difficult and slow, indicating significant congestion in
the final complex. The reaction is further complicated by competitive formation if a structure
presumed to be a bis-TD, and separation of the reaction components could not be achieved.

Finally, the synthesis of alternative bis-TD structures was investigated.
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1. Introduction
1.1 Molecular Building Blocks

Porphyrin and phthalocyanine are related materials that are the focus of this thesis. In
recent years, porphyrins (Por) and phthalocyanines (Pcs) proved interesting because of
their unique chemical and physical characteristics and many possible applications.!
These unique characteristics highlight their significance as technically advanced
materials and make them valuable for applications in molecular electronics and
nonlinear optics.2

(Pc) and (Por) have a structural relationship, resulting in the formation of highly stable
planar macrocycles.3 The connection between these two molecules becomes evident
when analysing the formula depicted in (Fig. 1.1). Porphyrins 1 are composed of
tetrapyrrole linked by four methine bridges,* 5 whereas phthalocyanine 2 is comprised
of four isoindole units connected by nitrogen atoms.3 ¢ (More details will be provided

later in this chapter).

Isomdolkes

Fyrroda
N B ST
= ok | =
M
N\ o
N HN
[
s
Methine bridge Meso-nilragen
2

1

Figure 1.1. The basic structure of porphyrins 1 and phthalocyanines 2.

1.2 Tetrapyrrolic aromatic system

The tetrapyrrolic aromatic system of porphyrins and phthalocyanines is a unique
molecular structure consisting of four pyrrole rings connected in a cyclic arrangement
(Fig. 1.2). This system forms a large, planar, and conjugated structure with alternating

double bonds, resulting in a highly stable aromatic structure.
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Figure 1.2. General tetrapyrrolic aromatic structure for both porphyrin and

phthalocyanine.

The aromatic character of a molecule relies on its planar and cyclic structure. Both
porphyrins and phthalocyanines are large cyclic molecules that have a fixed internal

space and include nuclei as part of their molecular structures.

1.2.1 Porphyrins and Phthalocyanine aromatic characteristics

KUster and co-workers in 1912, were the first to suggest that the porphyrin molecule is a
cyclic tetrapyrrole system.” The resulting, porphyrin macrocycle is a highly conjugated
molecule which gives it the potential to form a large number of resonance structures.?
There are 22 m-electrons. In the aromatic system, only 18 of these are delocalised. This
means that 4n+2 delocalised m-electrons, where n=4 in accordance to Hiickel's rules of
aromaticity.? Lash and colleagues stated that there are six distinct delocalized porphyrin

pathways containing 18 m-electrons.? this is shown in (Fig 1.3).

Figure 1.3. Six porphyrin cores illustrating the different possible delocalisation of 181

electrons.
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Lash and Steiner, along with their colleagues have also mentioned that the results of 13C
NMR-spectroscopy and X-ray studies as evidence that the 16-membered ring of the 18 m-
electron system can be more favoured for the delocalisation pathway in the porphyrins.®

9 This is shown in (Fig 1.4).

Figure 1.4. The preferred m-electron delocalization pathway.

Phthalocyanine derivatives, similar to porphyrins, are highly conjugated flat systems and
display the same pathway.® Phthalocyanines (Pcs) also have 18 delocalized m-electrons
and are well-known for their remarkable stability against both thermal and chemical
influences.10 11 The most significant organic colourants are phthalocyanine derivatives,

which are readily accessible and have exceptional photostability.11

1.2.2 The nomenclature and structure of porphyrins and phthalocyanines

There exist two recognised nomenclature systems of porphyrins. Hans Fisher initially
introduced the system of nomenclature for porphyrins.12 In this system, the eight outer
C-atoms of the pyrrolic sub-units are designated with numbers 1 to 8, and the four
methine carbon-atoms are labelled as a, 3, y, and §,13 as illustrated in (Fig. 1.5). However,
as also shown in Figure 1.5, the IUPAC introduced a nomenclature system in 1979 that
assigns precise numbers to every atom in the macrocycle, excluding N-atoms.14 Due to
the high level of symmetry, porphyrins allow for the replacement of only two specific
types of carbon atoms within the ring during chemical reaction. The bridging methine
carbons are referred to as meso-positions, whereas the pyrrolic carbons are designated

as B-positions.14.15
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Figure 1.5. Porphyrins Nomenclature: Fischer and IUPAC nomenclature.

The phthalocyanine core provides the opportunity to introduce various substituents at
positions designated as a (non-peripheral) and 8 (peripheral).10.16 Substituents found at
positions 1,4, 8,11, 15,18, 22, and 25 on the phthalocyanine ring in (Fig. 1.6, a-positions)
are termed a-substituents, whilst those situated at positions 2, 3,9, 10, 16, 17, 23, and 24
in (Fig. 1.6, B-positions) are referred to as (-substituents.13 This flexibility allows for
tuning electronic and solubility properties to meet specific application requirements. 17,

18

f3-non peripheral

Posmons\TL
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=N HN—Y 2 =N HN—] !
N N N N
é\ﬁw% &W%
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positions

Common nomenclature IUPAC nomenclature

Figure 1.6. Phthalocyanine Nomenclature: Common and IUPAC nomenclature.10
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1.3 Natural and synthetic porphyrins

1.3.1 Early development in naturally occurring porphyrins

The derivation of the name “porphyrin” is from the Greek word for purple porphura,
because the pigments of porphyrin molecules are very dark.l® Porphyrins were first
identified in the 19th century and, since that time they have been studied extensively
because they are so important to the biological processes of everyday life.20. 21
Metallo-porphyrin derivatives are common in nature and have a vital function in
maintaining life on Earth. Figure 1.7 depicts four well recognised natural compounds
which have similarities to porphyrins. These molecules play a vital role in essential
biochemical processes. (A) Heme B 3, which contains iron, is found in mammalian blood,
and serves as a prosthetic group in haemoglobin and myoglobin proteins. The reversible
binding of this substance with Oz is crucial for the transportation?2 and storage of oxygen
in living organisms.23 (B) Chlorophyll a 4 an is a chromophore similar to a porphyrin that
is metalated with Mg(II).24 It has a crucial function in the light-driven process of
photosynthesis.2> Significantly, it captures sunlight and acts as an antenna that directs
excited-state energy to the response centre via a sequence of energy-transfer processes.*
26 (C) Methylcobalamin, often known as vitamin B12 5, is an essential nutrient for the
proper functioning of the neurological system.2”7 (D) Coenzyme F430 6, a nickel derivative
containing a partially porphyrin core structure, functions as a prosthetic group in the
enzyme methyl coenzyme found in methanogenic Archaea. It has a vital function in the

final stage of methanogenesis by facilitating the release of methane.?8
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Figure 1.7. Several examples of natural compounds that resemble porphyrins.27.29

Reproduced with permission from (27).

While porphyrins are found in natural biological substances, it is also possible to
synthesise them; synthetic porphyrins have therefore been used as molecular

components and in artificial systems of photosynthesis.3°
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1.3.2 The synthesis of porphyrins

The synthesis of meso-substituted porphyrins is contingent upon the arrangement of
various substituents. As the quantity of varied substituents expands the synthesis
methods generally become increasingly complex. Scheme 1.1 illustrates seven common

categories of meso-substituted porphyrins.31

- meso positions in the macroheterocycle
O - B-positions in the macroheterocycle

@ - functional substituent

Ar - meso-aryl substitient

A-porphyrin

A A B
A’B A’B ) )
A B B

A;B-porphyrin cis-A,B,-porphyrin trans-A,B,-porphyrin
A B B
) ’ B ) 4‘ )
B D
cis-A,BC-porphyrin trans-AB,C-porphyrin ABCD-porphyrin

Scheme 1.1. The fundamental structure of meso-arylporphyrin and various possibilities
for modifying the macroheterocycle.31
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1.3.2.1 Synthesising symmetrical porphyrins

As previously mentioned, porphyrin substitution can be divided into two categories:
meso- and B-substituted porphyrins. Meso-substituted porphyrins are among the most
intriguing compounds in synthetic chemistry, while B-substituted porphyrins can be
found naturally in a variety of forms.3?2 The main strategies of synthesis for meso-
arylporphyrins is demonstrated in the scheme 1.2 below. In the condensation stage,
pyrrole 8 reacts with aldehyde 7 in the presence of an acid catalyst. The nitrogen atom in
pyrrole acts as a nucleophile, enabling the formation of an imine (C=N). Subsequently,
multiple pyrrole molecules condense, resulting in the formation of a linear tetrapyrrole
intermediate.31 This intermediate experiences cyclization in the presence of oxidative

conditions, ultimately leading to the creation of a porphyrin macrocycle.31 33

71;&/@)‘_ )ﬁ‘_ )\D ﬁf@@\\/

A

Scheme 1.2. The mechanism of meso-arylporphyrins.31

The most significant challenges in tetrapyrrole macrocyclic chemistry revolve around
developing a straightforward synthetic procedure for this material, improving the yield

obtained from the reaction between pyrrole and aldehyde, and simplifying the isolation
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and purification processes of the molecule. As a result, various synthesis approaches have

been employed to create symmetrical meso-arylporphyrins, (Scheme 1.3).

Gonsalves
CH3COOH-C¢HsNO,,
120°C,41 h

1) Rothemund A A
Py,140-240 °C, 48 h Ar. r Ar. r

4Ar" Hy 4 /N H
N
Adler-Longo + H
HY, O,(air), reflux. H
30 min Ar Ar Ar Ar

Semeikin- meso-Arylporphyrin meso-Arylchlorin
Koifman-Berezin 9 10

Xylene-chloroacetic acid,
O,(air), reflux, 1.5 h

Lindsey
CH,Cl,,
BF; OEt,,
rt, 0.5-1.5h

CH,Cly, A, 1 h
DDQ

meso-Arylporphyrinogen
11
Scheme 1.3. The main procedures for synthesis of meso-arylporphyrins with symmetric

substitution.3!

In 1935, Rothemund made an achievement by being the first to develop the process of
creating meso-substituted porphyrins by synthesis. 21 The synthesis involved applying of
heat to acetaldehyde or benzaldehyde 7 and pyrrole 8 in a sealed flask containing MeOH
at a temperature of 140°C. This resulted to the production of 5,10,15,20-
tetraphenylporphyrins 9, as shown in (Scheme 1.3). To improve the reaction conditions,
MeOH was replaced with pyridine as a solvent and the temperature was increased to

240°C. As a consequence, compound 9 was obtained with a yield of 10%.32 34

Adler and Longo improved Rothemund's method for increasing the yield of meso-
substituted porphyrins by using acidic conditions instead of harsh conditions.3>-37 A

solution of pyrrole 8 and benzaldehyde 7 in propionic acid was refluxed for 30 minutes

10| Page



under open-air conditions. This reaction produced the required porphyrin 9 with a yield

of 20% (Scheme 1.3).36.38

By employing the Semeikin—Koifman-Berezin approach, the synthesis of meso-
tetraarylporphyrin in a mixture of xylene and chloroacetic acid demonstrated an average
double increase in production compared to the yield achieved in propionic acid.3 40
Usually, the reaction takes place under refluxing conditions, sometimes with ambient
oxygen flowing through the mixture. The quantity of tetraarylporphyrins 9 collected is
dependent upon the specific aldehyde utilised and the temperature at which the reaction

takes place, with the highest yield produced at approximately 140°C, (Scheme 1.3).31.40

To improve the Adler-Longo process and remove chlorin, in 1985, Rocha Gonsalves and
colleagues proposed a simplified, one-step nitrobenzene approach.4! This technique
involves the synthesis of symmetrical meso-substituted porphyrins by reacting pyrrole 8
with aromatic or aliphatic aldehydes using acetic or propionic acid. Nitrobenzene (30%)
is used as an oxidising agent for the intermediate tetraarylporphyrinogen 11 (Scheme
1.3).42. 43 The nitrobenzene method produced a 40% yield of 5,10,15,20-tetrakis(3-
hydroxyphenyl)porphyrin 12, which was not achievable with the Adler-Longo procedure
(Scheme 1.4).43

O
)J\ one-step
4 Ar H+ 4 l/ \S Nitrobenzne method
N
H acetic acide/nitrobenzene (2:1)

7
150°C, 1 h

-

OH

Scheme 1.4. Synthesis of 5,10,15,20-tetrakis(3-hydroxyphenyl)porphyrin 12 by Rocha

Gonsalves and colleagues.*3

In 1979-86, Lindsey further improved the method for synthesising meso-substituted
porphyrins. He was driven by the need to use gentler conditions for condensing
aldehydes and pyrroles, in order to increase the range of aldehydes that could be utilized,

and hence the number of porphyrins that could be produced.*4 This innovative procedure
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has two steps, carried out at room temperature, and uses a sequence of steps of oxidation
and condensation, and has come to be known as the Lindsey method, or the two step one
flask method, (Scheme 1.5). The purpose of using gentle conditions was to try to reach
equilibrium during the condensation step, but also to minimise side reactions throughout
the process. Pyrrole is condensed with aldehydes, in the presence of an acid catalyst, such
as TFA or BFs3, in either chloroform or dichloromethane. This is carried out at room
temperature, in an inert atmosphere. Oxidation of the initially formed porphyrinogen 11
can be achieved by the addition of a stoichiometric quantity of DDQ or p-chloranil,

isolating porphyrin 9 in 38% yield.29 45 46

B Ph N Ph
(0]
YH i @ w’ Ph Ph 4>DDOQ Ph Ph
Ph H Chloroform 38%
7 r.t., 1hr
Ph Ph
- - 9
11

Scheme 1.5. The synthesis of porphyrins, using the two-step, one flask method.4> 47

In summary, three primary techniques still exist for creating symmetrical porphyrins.
The Rothemund process is inefficient and yields poor results. Adler's technique, although
it produces a greater amount, encounters difficulties with unstable substituents under
high temperatures and acidic conditions. The Lindsey method yields a higher quantity of
porphyrin while reducing the formation of by-products. However, the purification
process, which involves chromatography, limits the scale of the reaction. Therefore,

Adler's approach provides a significant competitive advantage.
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1.3.2.2 Synthesising unsymmetrically substituted porphyrins

The methodologies developed by Adler-Longo and Lindsey are suitable for the synthesis
of symmetrical porphyrins, nevertheless they are not very useful for creating complex
unsymmetrical porphyrins.2? Progress in porphyrin synthesis research has been rapid,
with new methods of synthesis being developed. ABCD-type porphyrins are a good
example of unsymmetrical substituted porphyrins. These have four different substituents

occurring at the meso-position (Scheme 1.1).48.49

A new route for synthesising ABCD-type porphyrins 13 was developed by Senge and co-
workers.#?In this instance, the ABC porphyrins 14 are subjected to bromination, followed

by coupling reaction using Pd as catalyst, as depicted in (Scheme 1.6).

A A
D-B(OH), 5
Br _ = D
K;PO,
Pd(PPH,),
THF
14 13
A= Hexyl .
B= 3,4,5-triMeO-CgH, D= 3-Br-5-pyridyl (47%)

Scheme 1.6. Synthesis of ABCD-type porphyrin.#?

Dipyrromethanes (DPMs) 15 play a crucial role in the field of porphyrin chemistry.50
Their preparation involves a reaction between an aldehyde and excess pyrrole in the
absence of a solvent. This reaction takes place at room temperature and is facilitated by

the presence of a moderate Lewis acid, such as InCl3 (Scheme 1.7). 5051

pyrrole (50 equivlent)

InCl; (0.1 equivlent)

Scheme 1.7. [llustration example of the synthesis of dipyrromethanes 15.50

13| Page



The synthetic procedure of an ABCD-porphyrin was accomplished using
dipyrromethanes 46 and employing the MacDonald-type 2+2 condensation method. 52 53
In the "2+2" condensation reaction between a dipyrromethene dicarbinol 16 (with A, B,
and C substituents) and a dipyrromethane 17 (with the D substituent), the D substituent
is only subjected to mild acid catalysis conditions for the formation of dipyrromethane
and porphyrin, as well as mild oxidation conditions for porphyrin creation 19,53 as shown

in (Scheme 1.8).54

A

A H
i) acid H D m, B D
—_—
rt B H
H
16 17 18 19
dipyrromethane dipyrromethane
1,9-dicarbinol

Scheme 1.8. Another route for making ABCD- porphyrins.>4
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The reaction of a dipyrromethane and an aldehyde by a MacDonald-type>2 2+2
condensation, as shown in (Scheme 1.9), has also been employed to synthesise a diverse

array of meso-substituted trans-porphyrins A2B2 20.5°

A
(0) H
i) TFA (0.1 ivl i & Y
0w H 1) _ .(0.4 equivlant), 5 min B Other porphyrins
Y N ) \ ii) Distilation S = B B + if
TA ¢ 2N iii) Recrysalization N\ HN i) Condensation scrambing occurs
ii) Oxidation
A
20

Scheme 1.9. Synthesis of trans-porphyrin 20.

Ultimately this process often leads to the production of a scrambled mixture of
porphyrins. The factors that promote the scrambling process in MacDonald-type 2+2
condensations are poorly understood, but suppression of scrambling is essential for
preparing large quantities of pure trans-porphyrins.>¢ Despite various synthetic
methods outlined in the literature, creating porphyrins with specific functional groups is
challenging.>>->8 However, a major issue is the undesired rearrangement of substituents,
known as "scrambling," leading to low yields of the target product.57 While the use of
dipyrromethane (DPMs) in the synthesis of porphyrins was expected to result in just the
trans-A2B2 arrangement, it actually yields a variety of forms. This occurs by employing
acid catalysts to condense pyrrole or DPMs with aldehydes, producing a mixture that

includes cis-A2Bz, trans-A2Bz, and additional porphyrin types (As, A3B), (Scheme 1.10).57
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trans-A,B,

CiS'A2B2

Scheme 1.10. Scrambling cyclization mechanism.>¢

Unsymmetrically substituted porphyrin A3B can be also synthesised using a variety of
pathways. One such is the mixed aldehyde condensation. In this method, the precursors
are a mixture of two aldehydes and pyrrole. This can generate a mix of products, from
pyrrole building blocks in various combinations.*? An acid-catalysed is required for such
condensations but it has the potential to scramble the pyrrole units, which puts a limit on

the reaction’s yields (Scheme 1.11).31,49,59

A/B

Ay trans-A,B,
A A

As;B
0.0, 0w |
N+ + I)H—>B/A A/B
¢ o] : v v
H "0 H "0
A

A A

A/B cis-A,B, AB; By
B
B

B
B B
BA BA B w B
A B

Scheme 1.11. Examples of the synthesis of unsymmetrical porphyrins, using mixed

condensation.>% 56,59
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The synthesis of porphyrins with various meso-substituents has posed several difficulties
due to concerns related to scrambling.5* To address these limitations, various approaches
have been developed, including the use of linear tetrapyrroles 21,0 tripyrrans 22 (Fig.

1.8),°0 dipyrromethane derivatives, and other novel methodologies.*6 52 61

N H N N

linear tetrapyrroles tripyrrane

21 22

Figure 1.8. The structure of linear tetrapyrroles and tripyrrans.5% 60

1.4 Phthalocyanine chemistry

1.4.1 Symmetrical and unsymmetrical phthalocyanines

In 1933, the word 'phthalocyanine’ was introduced by P. Linstead, 62 (Fig. 1.1). The term
is derived from a combination of “phthalo” (relating to rock oil) and 'cyanine' (indicating
a dark blue colour).62 63 Phthalocyanines consist of four distinct subunits, each containing
four potential substitution positions. In each subunit, the substituents can either be
identical or different, leading to various substitution arrangements, as depicted in the
(Fig. 1.9).64 65 A3B and A4 phthalocyanines are commonly found, while A2B:
phthalocyanines are less prevalent. A few instances of ABAC% and ABCD®’

phthalocyanines are previously reported.>

Ay A;B AABB

ABAB ABA ABCD
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Figure 1.9. Various substitution structures for phthalocyanines.6>

Phthalocyanines are tetrabenzo-substituted®®, and (Fig 1.10) depicts some other

structural examples.67,69,70

ABAB: Tetraazanaphthalocyanine ABAC: Type phthalocyanine ABCD:Type phthalocyanine
25 26 27

Figure 1.10. [llustration of some examples of substituted phthalocyanines-like molecules
23,7124,7225,7226% and 27. ¢7

1.4.2 General synthetic procedure for the formation of phthalocyanines

Phthalocyanines can be produced synthetically using a variety of methods, and their
synthesis can be affected by several factors. Among these factors are the phthalocyanine
preparation technique, such as metal-free, metalled, symmetrical, or unsymmetrical.
Furthermore, the method of introducing metal ions into the phthalocyanine core is
important. Another important factor to consider is the type of functional group that can

be attached to phthalocyanines, such as alkoxyalkyl or alkyl groups.”3 Moreover,
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temperature, solvents, and bases, all affect how starting materials react to generate

phthalocyanines influences the synthesis process.”4

Scheme 1.12 outlines various starting materials for producing phthalocyanines by
cyclotetramerizing derivatives of aromatic ortho-dicarboxylic acids. Several starting
substances, such as phthalonitrile 28, phthalic anhydride 29, phthalimide 30, and o-
dibromobenzene 31, can be employed.’> 76 Metal salts are used to create metallo-
phthalocyanines, whereas the absence of metal salts results in the production of metal-

free phthalocyanines.”4

[ :[ CN : Br
CN Br

28 31

Scheme 1.12. General starting materials for forming phthalocyanines.”>

Braun and Tcherniac found the unexplained blue substance known as phthalocyanines in
1907, as a by-product of the o-cyanobenzamide 32 synthesis from phthalamide in acetic

anhydride (Scheme 1.13).77.78
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NH, acetic-anhydride HN
NHz refluxing > 1 hrs
| é%*b

Scheme 1.13. The synthesis of the first metal-free phthalocyanine.

When trying to create phthalonitriles in 1927, Swiss researchers unintentionally
discovered copper phthalocyanines, copper naphthalocyanines, and copper octamethyl
phthalocyanines?® In the same year, Scottish Dyes of Grangemouth found iron
phthalocyanine 33 while producing phthalimide 30 from phthalic anhydride 29 and

ammonia (Scheme 1.14). [ron phthalocyanine was formed as a dark blue product.78 80

0 o]
Ammonia
Fe
o 168-170 °C /24 hrs
29 30 o

Scheme 1.14. Synthesis of iron phthalocyanine 33.

The most common method to form substituted phthalocyanines is by using phthalonitrile
28 (1,2-dicyanobenzene). The production of metal-free phthalocyanines entails the
combination of phthalonitrile 28 with an alkali metal and a primary alcohol to initiate the
creation of a phthalocyanine structure surrounding the metal template (Scheme 1.15).81.
82, 83 Phthalocyanine synthesis begins with phthalonitrile and alcohol. Alcohol
deprotonation by base promoters such as DBU forms nucleophilic alkoxide species, which
attack phthalonitrile, creating intermediate 34. This intermediate can bond with another
phthalonitrile or dimerize to form 35. In the proposed mechanism, 35 undergoes
condensation to produce tetrameric intermediate 36. Cyclization of 36, followed by
aldehyde elimination, resulting in the formation of the metal phthalocyanine 37.

Consequently, the alkali metal ions can be easily removed from the phthalocyanine due
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to their weak binding when exposed to acidic conditions.83 Generally, unsubstituted Pcs

2 can be synthesised in high amount of yield in a very short period.83 84

Scheme 1.15. Cyclization mechanism of phthalocyanine 2.83
1.5 Spectral properties of porphyrins and phthalocyanines
1.5.1 UV-vis Spectroscopy

The intense colour of porphyrins and phthalocyanines are a result of their highly
conjugated system of m-electrons. This makes it possible to study them by making use of

their distinctive UV-vis spectra.

These UV-visible spectra consist of two distinct regions. One is near ultra violet, while the
other is in the visible region.85 They exhibit strong Soret-band or B-band absorption from
380 to 420 nm, which is the transition from the ground state to the second excited state
(So-S2), and weaker Q-band absorption in the longer wavelength visible light region (500-
700 nm), which corresponds to the transition from the ground state to the first excited

state (So-S1).85 as shown in (Fig. 1.11).

However, Research on porphyrins has demonstrated that the UV-vis absorption

spectrum of porphyrin can be altered by its conjugation pathway and its symmetry.8¢ The
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Q-bands pattern is simplified and two Q-band emerge when the porphyrin macrocycle is
coordinated with any metal, which creates a more symmetrical condition than in the free
base porphyrin. In contrast to metallo-porphyrins, which have two smaller Q-bands
between 500 and 700 nm (Fig. 1.11 (b)), metal-free porphyrins exhibit four smaller Q-
bands between 500 and 700 nm due to the LUMO levels becoming non-degenerate (Fig.

1.12 (a)).#7

a
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ront Band
0.22 \u\
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metalfree porphyrins
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=T e 1
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Figure 1.11. UV-Vis spectra for metalfree porphyrins (a), and for metalloporphyrins
(b).87
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Phthalocyanines have lower energy absorption (Q-band) compared to porphyrins, due to
the more extensive m-electron conjugation.88 They exhibit one main Q-band when
metallated compared to metal-free phthalocyanines, which have two main Q-bands. They
substantially absorb light between 650 and 720 nm. This is what gives the
phthalocyanine its vibrant colour.8> The second band (the Soret or B- band) is seen as a
broad band between 300 and 400 nm.8> 88 as shown in (Fig 1.12). However, as
demonstrated below, when phthalocyanine is metalated, it has just one main Q-band (b)

compared to two main Q-bands (a) in the case of metal-free phthalocyanine.).”5 89

(a)
(b) Q-band
0.8 - )
=
o 0.6
é Soret-band
2 0.4 -
=
0.2 -
OD I I\\ T — T I
300 400 500 600 700 800

Wawvelength (nmj)

Figure 1.12. UV-vis spectra of phthalocyanine as (a) a metal-free and (b) a metalled-Pc.7>
1.5.2 NMR Spectroscopy

Although porphyrins and phthalocyanines both contain an expanded conjugated -
system, they exhibit distinct differences in terms of structural analysis. Porphyrins
typically yield distinctive spectra in NMR spectroscopy, offering comprehensive insights
into their molecular structure. However, it can be difficult to obtain distinct and
interpretable spectra for unsubstituted-phthalocyanines, mainly because they have low
solubility in typical NMR solvents. In porphyrins, it can be seen that signals are strongly
shifted downfield for the B-pyrrole and meso-protons due to the paramagnetic ring
current which causes de-shielding effect and the N-H protons of the rings are shifted up
field to the negative region resulting from the shielding effect for the ring current as show

below in (Fig. 1.13).90
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Figure 1.13. The NMR spectrum of porphyrin TPP 9.
1.6 General metalation of porphyrins and phthalocyanines

A metallo-porphyrin or metallo-phthalocyanine refers to a compound derived from
porphyrin Hz2(Por) or phthalocyanine Hz(Pc) in which at least one central nitrogen atom
forms a bond with a metal atom. The basic form of this compound is the monometallic
metallo-porphyrin [M(Por)] or metallo-phthalocyanine [M(Pc)], and its synthesis is
outlined in Equation 1.91 Typically, the formation of such metallo-porphyrins or metallo-
phthalocyanines involves a reaction between the free base forms, Hz2(Por) or H2(Pc), and
a metal salt MX2, resulting in the production of [M(Por)] or [M(Pc)] and the corresponding
acid molecule HX, as depicted in (Eq1 (a)).”! This process is termed "metalation," and its

reverse counterpart, as shown in (Eq1. (b)), is referred to as "demetallation."91-93

Equation 1.

(a)
H,(Por) or Hy(Pc) + MX, [M(Por)] or [M(Pc)] + HX

(b)

The size of the cavity is well matched to various metal ions, and a wide range of

metals (e.g., Zn2*, Cu?+, Ni¢*, Co2*, etc.) can be inserted into the central core of
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phthalocyanines, porphyrins, as well as other tetrapyrrole derivatives,88 and many

of these can fit into the central cavity without changing its structure,?> 92 94 (Fig.

1.14).
(b)
/N =
=l /
Metallo-porphyrin & %

[M(Por)] Metallo-phthalocyanine
[M(Pc)]

()

Figure 1.14. The structures of [M(Por)] and [M(Pc)] complexes where the metal fits
inside the cavity.

1.7 Porphyrins and phthalocyanines arrays

Connecting two porphyrins or phthalocyanines by conjugated bonds can enhance
the electronic interaction among the constituent porphyrin units due to a forced

coplanar structure.

These arrays have attracted considerable attention because of their remarkable
photophysical properties such as extensively red-shifted absorptions, very short
excited-state lifetimes and large nonlinear optical properties.?> These arrays also
have potential use as conducting molecular wires by virtue of their conjugated

electronic characteristics.

The structure of some conjugated porphyrinoids, which includes m-to-m directly

linked polymers can be seen in (Fig 1.15).95
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n = bridge

singly-linked porphyrin oligomer

fused porphyrin oligomer
Figure 1.15. Porphyrin wires with various conjugated configurations.?>

1.7.1 linear arrays

Linear arrays are porphyrin or phthalocyanine molecules that are placed in a
straight line to produce a chain-like structure. This configuration allows for efficient
energy and electron transport along the chain.?> Because of the short centre-to-
centre distance and the high excitonic interaction, meso-meso directly connected

porphyrins exhibit rapid energy and electron transfer rates, (Fig. 1.16).9¢

Et

Et

Et

Et Et

38

Figure 1.16. Ethene-bridged diporphyrins as single linkages.?>
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Another type of porphyrin array is pyrazinoquinoxaline-fused trimeric porphyrin
arrays 39. The bridging unit 39 can be extended to the synthesis of L-shaped trimer
array 40 and diporphyrin array 41 (Fig. 1.17).9°

N N N N
~ ~ ~ ~
N N N N
39
N : N
~ ~
NS N
N N ;2 N; 2N
NN \_ 7
7N\
N N

Q N N N N
X 2 = -z
40 @[/ \jCL\ \]@
7 N N N N
N N

7\ 7\
N N

O &

41

Figurel.17. Some examples of fused-porphyrin structure.?>

In a further example, the structure of zinc porphyrin and free base porphyrin with
diphenylethyne-linker 42 was applied also for the study of energy transfer, as
shown in (Fig. 1.18)%7

» »
G O=0E 3P
ST

Figure 1.18. Diphenylethyne linker between diporphyrin units,®? resulting in weak

conjugation between the porphyrin units.
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[someric linear metalated phthalocyanines 43 and 44 were connected via a series
of benzene rings. These structures have been studied due their fluorescence

spectroscopy and electronic chemistry absorption, (Fig. 1.19). 98

RO OR RO OR

N—~ ~\=N 2~ =N
RO OR RO OR
43
RO OR RO OR RO OR
NS NS N
N~ ;\;\\N N~ ZN;\\N N~ ;,\;\\N
RO / ! / ! / ! OR
| ~ | ~ \ RS
N---M---N N---M---N N---M---N
| — | — | —
RO \ | \ | \ | OR
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2 ~ 7
RO OR RO OR RO OR
44

Figure 1.19. Linear arrays example using metalated phthalocyanine.?8

1.7.2 Cyclic array

Porphyrin cyclic arrays are a sort of organised porphyrin molecular arrangement in
which the porphyrin units are connected to form a cyclic or ring-like structure.

These cyclic arrays can be generated artificially for a variety of purposes.?> For
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example, cyclic porphyrin arrays 45 and 46 can be used in catalysis, sensing, light

harvesting, and molecular electronics, (Fig. 1.20).9>99

Figure1.20. An example of multi-porphyrins by ethyne-bridged 45 (left), and cyclic
porphyrin trimers by butadiyne-bridged 46 (right).%>

Kim and colleagues,1%0 produced a range of covalent and non-covalently built cyclic
porphyrin arrays as biomimetic models of light harvesting antennae. The key to

creating these systems is the meso-meso-linked diporphyrin 47, as shown below in

(Fig 1.21).96

47

Figure 1.21. Meso-meso-linked diporphyrin.®®

Another example of structures of [M(Por)] and [M(Pc)] in cyclic arrays is 48, used
for increasing the photocatalytic effect of polymers,1°1 and 49 used for efficient

electrocatalysts in organic electrochemistry, (Fig. 1.22).102
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Figure 1.22. Example structures of cyclic metallo-porphyrin 48 and metallo-

phthalocyanine 49.101, 102

Porphyrin arrays, in summary, serve an important role in biological processes,
particularly in light-capturing systems such as chlorophyll. Furthermore, synthetic
phthalocyanine or porphyrin linear and cyclic arrays show promise in the
development of novel materials with distinct features for a wide range of

technological applications.

1.7.3 Nanoparticles arrays

The extensive research on porphyrins and phthalocyanines across various advanced
disciplines has yielded numerous favourable results due to their exceptional
characteristics. Introduction of substituents and construction of complex variants often
retains the remarkable characteristics of the original compounds such as catalysis,
imaging, and energy transfer. Carefully designed derivatives possess the capacity to self-
assemble creating nanomaterials,103 and they can further encapsulate host materials in
aqueous solutions. Some such functional nanoparticles demonstrate considerable
promise in Photo-Dynamic Therapy (PDT), a cancer treatment method that involves the
destruction of tumours by the production of oxygen species that are reactive upon the
activation of a photosensitizer.103-105 Nanoparticles can have inherent surfactant

capabilities, making them highly valuable in diverse applications, particularly in the
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development of useful materials or nanoscale assemblies with specific characteristics, an

illustrative instance of such designs is gold nanoparticles.10> 106
Porphyrins or Phthalocyanines on gold nanoparticles

The Figure 1.23, illustrates an example of gold nanoparticles 50 that have been modified
with a ligand derived from thiolated porphyrin (shown in red) and a ligand derived from
thiolated polyethylene glycol (shown in black), attached to an antibody (shown in

green).103

thiolated porphyrin

S—_ = thiolated polyethylene glycol attached to an antibody

Figure 1.23. Example of gold nanoparticles, connected with porphyrin units.103

Camerin and colleagues in 2015 synthesised and applied gold nanoparticles (NP)

stabilised by the hydrophobic zinc-phthalocyanine co-self-assembly 51 (Fig. 1.24).107
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Figure 1.24. Example of gold nanoparticles coated with phthalocyanine cores .17

Metallo-porphyrins have been thoroughly examined due to their capacity to generate
species of reactive oxygen and their strong role as photosensitizers in photodynamic
therapy (PDT).106.108 The structure of another gold nanoparticle 52 is depicted in (Fig.
1.25). This multifunctional water-soluble nanomaterial, was synthesised by attaching a

thiolated polyethylene glycol (PEG) and the thiolated porphyrin (PR-SH).108
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GNP-PR/PEG

52

thiolated porphyrin (PR-SH)

= thiolated polyethylene glycol (PEG)

Figure 1.25. The structure of gold nanoparticle 52, using PR-SH porphyrins and
thiolated polyethylene glycol (PEG), which induces the production of singlet oxygen,

resulting in increased effectiveness of the photosensitizer.108

Examples of some porphyrins which are inherent amphiphiles and can self-assemble to

form nanoparticles are shown in (Fig. 1.26).104
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Figure 1.26. Molecular Structures for self-assembling nanoparticles using amphiphilic

porphyrins or metallo-porphyrins 53-58.104

Porphyrins and phthalocyanines can therefore be assembled to build nanoparticles with
unique electronic and optical properties. They have a semi-rigid arrangement and
elements of controlled assembly at the nanoscale. They are the perfect building blocks for

nanoparticle arrays in a variety of applications, such as electronics, catalysis, sensing,
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imaging, and phototherapy, and represent an assembly arrangement that complements

the fully defined multi-macrocycle assemblies targeted in this work.

1.7.4 Rare-earth complexes (double- and triple-decker arrays)

Sandwich complexes created by rare-earth elements (REEs) and tetrapyrrole
macrocycles, specifically porphyrins (Por) and phthalocyanines (Pc), are distinct
structures that provide numerous possibilities for both fundamental study and practical
uses.109 They have already made significant contributions to diverse areas of
contemporary materials science, involving organic electronics,!1? nonlinear optics,111,
sensing technologies,12 and particularly in the development of Single-Molecule Magnets
(Ln-SMMs).113, 114 Utilising porphyrins and phthalocyanines as ligands to connect
lanthanide metals in single complexes results in the formation of double- and triple-

decker arrays.115 116

1.7.4.1 The reaction of porphyrins and phthalocyanines with lanthanide metals

The lanthanide or 'lanthanoid’ series consists of at least 14 metallic elements. Within the
periodic table, these elements have occupied 4f orbitals and have the electron
configuration [Xe]4f(»-1) where n = number of 4f electrons (which filled from 4f! to 4f14,
varying on specific lanthanide metal).19° Each lanthanide element consistently exhibits
an oxidation state of +3.115 The relationship that exists between SMMs and lanthanide
metals comes from the unique magnetic properties that certain lanthanide ions display,
such as their large magnetic moments and magnetic anisotropy.1%? Because of the
unpaired electrons that exist in their f-orbitals, lanthanide ions often have large magnetic

moments, which makes them excellent candidates for SMMs.115

35|Page



The lanthanide ions, specifically Eu3*and Dy3+ both display the greatest magnetic
properties due to 4f orbitals accommodating 6e- and 9e- unpaired electrons, respectively

(Table. 1.1).109

Atomic electron
Element configuration Ln3+ electron
(all begin with [Xe]) configuration

Eu 4f76s2 46

Dy 4£10652 447

Table 1.1. Electronic configuration of lanthanide ion (Eu3+ and Dy3+).109,117

When it comes to lanthanide metals, experimental evidence demonstrates that the ionic
size of the lanthanide metals progressively decreases from lanthanum to lutetium as the
atomic number increases!!8 and it can be observed that after transitioning from La3* to
Lu3+, the ionic radius decreases from (La3*) 103 picometers to (Lu3*) 86 picometers, as
depicted in the (Table. 1.2).115 118,119 The effect occurs because of the poor shielding of
the 4f electrons against the increasing nuclear charge, resulting in a continuous decrease

in ionic radius across the series.109

Chemical La Ce Pr Nd | Pm | Sm | Eu ([ Gd | Tb | Dy | Ho | Er [Tm| Yb | Lu
element

Atomic 57 38 59 60 61 62 63 64 65 66 67 68 |69 |70 71
number

= 1P Q9|90 9|0 000|000 o

Ln* radius

m”:ﬁ;'m 103 102 |99 983 |97 038 | 947 | 938|923 912|901 |89 (88 |86.8]86.1

Table 1.2. Lanthanide sizes (ionic radii from La3* to Lu3+).119

Furthermore, the combination of porphyrins (Por) and phthalocyanine (Pc) with strong
bonds to lanthanide metals leads to an impactful and distinctive magnetic behaviour,
generating a strongly linked spin system. The spin system refers to the presence of
unpaired electrons in a double- or triple-decker complexes, either using one or more of
these metals.115 120 Figure 1.23 displays the structure of these complexes formed by
lanthanide metals with tetrapyrrolic macrocycles (Por and Pc, with mixed systems
offering potential additional complexity that can be exploited in information storage

protocols) used as SMMs system. This alignment creates the spin magnetic behaviour in
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molecules, as electrons prefer to stay unpaired.'?! This behaviour influences the

complex's magnetic and electronic properties such as (Ln-SMMs).115, 122,123

(b)

X = C-Ar, C-Alk, and N

Figure 1.23. An illustration of a double (a) and triple (b) decker-system of molecules

employed as SMMs.109

In complexes with tetrapyrroles, lanthanide metals are located above the macrocycle’s
plane and create a bridge connecting the porphyrin and phthalocyanine units as shown
in (Fig. 1.24).124 125 Complexes containing two Lanthanide ions (Ln3*-Ln3+) display dual
magnetic system, by building Ln-N bond, (Ln*¢, N-¢) with 3 Por/Pc systems.199 Conversely,
double-decker complexes that consist of a single ion lead to the formation of a free-radical

electron system,109 as shown in (Fig. 1.24).
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Figure 1.24. The sites of lanthanide metals of the double-and triple-decker complexes

and their magnetic structure system.125

The potential of double- and multi-decker complexes has greatly inspired researchers to
concentrate on creating high-performance Single-Molecule Magnets (Ln-SMMs) using

lanthanide ions. For further information on SMMs, see references (109).

1.7.4.2 Synthesis of porphyrin and phthalocyanine double-and triple-decker arrays

The development of materials with unique magnetic properties, designated Ln-SMMs
complexes, has made extensive use of lanthanide metals by scientists. Phthalocyaninato
and/or porphyrinato ligand combinations can be used to form these complexes, which
can appear as double- or triple-decker arrays.126 These mixed complexes have the
capability to produce a wide range of both homoleptic and heteroleptic structures.12?
Homoleptic sandwich complexes, which consist of identical phthalocyaninato or
porphyrinato ligands, can be easily differentiated from heteroleptic sandwich complexes,

as illustrated in (Fig. 1.25).128,129
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Figure 1.25. Schematic structures for both homoleptic and heteroleptic complexes.129

Both homoleptic and heteroleptic sandwich-type complexes are supramolecular
compounds. There are two main procedures by which these rare-earth complexes can be
produced. In the first method, they are often synthesised using what has been termed a
“one-pot” reaction, whereby starting materials are all combined and reacted.13° The
second method is called a “stepwise raise-by-one-storey” reaction that could be
optimised into a "one-pot" process.!3! This synthetic procedure involves reacting the
porphyrin or phthalocyanine molecule with lanthanide metal salts [Ln(acac)s.nH20] to
produce a mono-decker of [Ln(acac)(Por)] or a mono-decker of [Ln(acac)(Pc)], which is

a “half sandwich” complex.125 131,132

1.7.4.2.1 Homoleptic complex arrays

Homoleptic complexes can be achieved by using the “one-pot” reaction of phthalonitriles
29 which undergo cyclo-tetramerization in the presence of lanthanide metal salts
[Ln(acac)3.nH20].133 This is achieved using such organic bases as 1,8- diazabicyclo undec-
7-ene (DBU) . An alternative is to react Hz(Pc) 2, with metal salts, in a solvent with a high
boiling point, such as octanol. This, however, produces only a low yield of the double- 59

and triple-decker 60 (Scheme 1.16).130
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Scheme 1.16. Preparation method for homoleptic complexes.

Kirin and Moska synthesised and analysed the initial phthalocyanine lanthanide double-
decker in 1965,134 135 by heating the mixture of phthalonitriles 61 with [Ln(acac)3.nHz0]
for 40-90 min at high boiling point 250-350°C resulting in bis-phthalocyanine complexes
[Ln3+(Pc)2] 62 in 10-15% yields (Scheme 1.17).

RQ N 5 R
—N N—
R CcN NN = \
:@: Ln(acac); nH,0 R TN R
. \ R
R cN  250-350°C /40-50 min R A
IR
1 R AN R
6 RQ/’ N:\@R
NN
R= H, O(CH,CH,0), N N=
Ln=La, Pr, Nd, Sm-Lu ® &N%\R
n= OAc, Cl R R
62

Scheme 1.17. The synthesise of homoleptic double-decker complexes 62.133 134

A recent study successfully synthesised a homoleptic double-decker lanthanide bis-
porphyrinate, with the aim to enhance the design and production of water-soluble
molecular theranostics.13¢ The synthesis consisted of a reaction in which 5,15-bis(3-
(2(methoxyethoxy)ethoxy)phenyl)porphyrin 63, [Ln(acac)3.nH20], and DBU were
heated in dry hexanol. This led to the creation of the double-decker complex 64 as the
final product (Scheme 1.18).
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Scheme 1.18. Synthesis of homoleptic porphyrin double-decker complex.13¢

Further developed methods for the synthesis of homoleptic complexes create mono-
complex "half sandwiches" through the "stepwise raise-by-one-storey” reaction, which
depends on the interactions between lanthanide salts [Ln(acac)3.nH20] and a free
macrocyclic ligand. Thus, ligands were changed into dianion forms in order to prepare
different mono-decker complexes of Pc or Por.133 137 The simplest strategy involves
deprotonating the starting material using a concentrated solution of DBU at temperatures
ranging from 180 to 200 °C. Subsequently, an organic solvent extraction was performed

to isolate the mono-decker complex, as outlined in Scheme 1.19.137

N NH N= "
oy m s a
X Ln
i\
1 A\
: //,II. N :\Q\\§
DBU LnX, NN
or 7—N %
N
C,/X\ SN [Ln (acac)(Por)] [Ln (acac)(Pc)]
NO N=
X © X

Scheme 1.19. A general method for producing mono-decker complexes of porphyrins or
phthalocyanines.137
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In a comparable instance, a chloro-substituted Nd3+* bis-phthalocyanine of the sandwich
homoleptic complex type was synthesised applying the two above methods. As result,
using “stepwise raise-by-one-storey” method can produce a high yield 78% of the desired

double-decker 65,138 as shown in (Scheme 1.20).

cl Cl Cl
ClQ(N\ a N cl
N N B \ I
N \ 1 N N7 N HN SN
=N 7_hi W=
al N Cl N
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\‘ " Cl Cl
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> N -
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<

(10%) N L 220°C Nd

U
N N— n Cl
7 D _ cl 7N
C]/@\N al (87%) CIQ/_'/N\‘\\@Q
Cl Cl . Nll W £
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Scheme 1.20. The synthesis of phthalocyanine double-decker complex 65.138

In addition, a straightforward synthesis method began with a combination of
Cd(0Ac)2:2H20, the neutral double-decker molecule [(Pc (0OC4H9)s)Ln(Pc (OC4+Ho)s)] 66,
and metal-free Pc(OCsH9)s 67 in 1,2,4-trichlorobenzene (TCB). The mixture was
subjected to reflux in the presence of nitrogen for 3 hrs. This led to the creation of a blue
band that consisted of the quintuple-decker complex [(Pc)Ln(Pc)Cd(Pc)Cd(Pc)Ln(Pc)]
68, with yields between 14.1% to 21.5% (Scheme 1.21).139, 140

o
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-— — N N
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R NJ\bR

B R
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oLn= Nd, Sm, Eu
O =cd,

Scheme 1.21. Another example of homoleptic complex, pentakis(phthalocyaninato)-
Ln3+-Cdl 68.139
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1.7.4.2.2 Heteroleptic complex arrays

Recently, there has been a growing interest in heteroleptic analogues that incorporate a
combination of several macrocyclic ligands. The distinct chromophores within these
complexes may exhibit very varied optical and redox characteristics, enabling an
exploration of the m - 1 interactions between the ligands and the metal ion's f-f
interaction.’¥! Right now, there are few published articles that describe these
heteroleptic complexes, and they are still uncommon and limited to a specific group of

lanthanide metals.141-143

The "one-pot" reaction is a simple but inefficient way to make heteroleptic double- or
triple-decker complexes. This involves heating the Hz(Por), H2(Pc) and [Ln(acac)s.H20]
in solvent with a high boiling point of alcohol at reflux. 143. 144 The reaction mixture also
contains double-decker 69 and other triple-decker structures 70 and 71, as depicted in

(Scheme 1.22).

Q
L ) D S—
Hy(Por) + Hy(Pe) —e®staO_ === 35 — ==
Octanol ———— o O
heat <3
ca 69  —
70 71

Scheme 1.22. Synthesising heteroleptic double and triple-decker complexes, using a

“one-pot” reaction.143, 144
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Weiss and colleagues discovered that employing the "stepwise raise-by-one-storey"
approach is an effective strategy for synthesising heteroleptic double- and triple-decker
complexes of porphyrins and phthalocyanines. 125131, 145 Scheme 1.23 demonstrates the
synthesis of heteroleptic double-decker complexes [Ln! (Por)(Pc)]72, which are formed
by cyclo-tetramerization of phthalonitrile with [Ln! (acac)(Por)]. Additionally, the mixed-
metal triple-decker complexes [(Por)Ln! (Pc)Ln? (Por)] 73 are obtained by reacting [Ln1
(Por)(Pc)] 72 with [LnZ2 (acac)(Por)] 74.

1 %
M’ (acac);.nH,0 OI/ \IO phthalomtrlle Q
DBU DB —
H,(Por) N %ﬁ 9
TCB or Octanol \?
<
[Ln' (acac)(Por)] 72
L J 73
OLn1: La, Ce >
[an(acac)(Por)]
Q Ln’=Y, Gd 74
Por= oep, tpp

Scheme 1.23. Synthesis of heteroleptic complexes.125

However, according to Jiang and co-workers,131 the synthesis of mono-decker porphyrin
[Ln3+(acac)(Por)] "half sandwich" complex was deemed superfluous for the production
of heteroleptic porphyrin and phthalocyanine double and triple-decker complexes. This
was prepared by repeating the “stepwise raise-by-one-storey” reaction, reacting
porphyrin molecule H2(Oep) with the [Ln(acac)s3.nH20] in the presence of substituted-
phthalonitrile with DBU to produce a double-decker complex [Ln3*(Por)(Pc)] 75 as
starting material.131 Treatment of these double-deckers with Hz2(Oep) and
[Ln(acac)3.nH20] in refluxing (TCB) as solvent gave the desired of heteroleptic triple-
deckers complex [Ln'z2(Pc)(Por)z] 76 (Scheme 1.24)
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Scheme 1.24. Synthesis of double- and triple- decker complexes.131

The modification of using mixed solvents condition, has been demonstrated to enhance
the stability of various sandwich phthalocyaninates, as indicated by the formation of
triple-decker complexes including heteroleptic Y3+ and Tb3+114 146 Briefly, butoxy-
substituted double-deckers [Ln(Pc)2] 77 (homoleptic complex) was reacted with Hz2(Pc)
tetra-15-crown-5-phthalocyanine 78 and [Ln(acac)s.nH20] , (where Ln= Y, Tb), in a
mixture of TCB and 1-octanol (9:1 v:v). The resulting final complexes 79 and 80 were

easily isolated with high yields of 74% and 65% respectively (Scheme 1.25).146

45| Page



BuO OBu
! T N\ BuO N OBu
N N£\ R =
’ N N
4 ’
N - \

N \ ’ N <
! \ N
Z /N‘\ 7N" w N >—N IN=
\ B —
BuO \\\ //// oBu BuO N N/// OBu
BuO \ OBu o OBu
M BuO I:/
n
BuO ///I \\\ OBu RN OB
BuUO oW OBu BuO noN u
u LN BuO K N “\ OBu
N ! N =
N7 NII X NI N lI =\
7 N
>—N N— k Ln(acac); nH,O N M p N
= . —N N=
BuO - OBu /~ TCB:OctOH BuO =~ \ N ,'/I' OBu
BuO u
U [Ln(Pc),] 9;1 BuO \ o OBu
A\l
reflux \ I/\
77 . /—\ \ i 5
o) \ o
SO oy O
BuO OBu n
N o (6]
N TN k/o A “\\ _)
SN _/ \Q‘ LN ?O

[(Pc)Ln(Pc)Ln(Pc)] (74%) 79
[(Pc)Ln(Pc)Ln(Pc)] (65%) 80

Scheme 1.25. Synthesis of heteroleptic triple-decker complexes 79 and 80.146

Recently, the specially made 5,10,15-tris(4-methoxyphenyl)-20-(4-
((trimethylsilyl)ethynyl)phenyl)porphyrin was used to synthesise mixed-ligand
porphyrins and phthalocyanines Y3+ double-decker complexes. First, [Y3*(Por)(Pc)]
double-decker 81 was formed by applying the “stepwise raise-by-one-storey” reaction in
TCB.147 Then, using the ethyne functionality, two of these complexes were coupled
forming biradicals (two double-decker complexes with one metal each, generating
biradical system) through rigid tethers; a short-tethered biradical 82 was created using
Glaser coupling, while longer-tethered ones 83 and 84 were created using Sonogashira
coupling.’’” Although this method maintains a fixed distance around the metal centres, it

in principle enables scientists to imagine shared ligands of different lengths, adjusting the

bridging complexes' distance (Scheme 1.26).
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Scheme 1.26. A recent synthesis of double-decker complexes 82-84.147

To date, our group has built on the work of Birin and co-workers!28 148 to attempt
synthesising the heteroleptic structure of double and triple-deckers by using linked
porphyrin and phthalocyanine derivatives as illustrated in (Scheme 1.27). They found
that the triple-decker of porphyrin-phthalocyanine was the main compound produced

85.149 When an excess of Pc was used, the bis-TD was the sole product.
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Scheme 1.27. Triple-decker complex 85 by Cammidge group, using “one-pot”

reaction.149

Thus far, several synthetic methods have been used to study the double- and triple-

decker homo and heteroleptic sandwich-type tetrapyrrole family.150, 151

1.8 Rare-earth elements (double- and triple-decker arrays) applications

Rare-earth double-and triple-decker complexes, synthesised with porphyrin or
phthalocyanine macrocycles, have significant potential applications in material

science.152 153

In general, these novel complexes exhibit distinct properties which do not occur in
corresponding non-sandwich complexes. These features are a result of the intrinsic
natures of their metal centres and their unique intramolecular m-m interactions that gives
the complexes the potential to be used in a variety of areas.151.152 The following are a few

of the specific goals and benefits of synthesising a system of this type:
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1. Improved Spin Information: By inserting lanthanide metals into a multi-decker
structure with porphyrins and phthalocyanine, the effective length of spintronic
interactions and electron delocalization can be increased. This may lead to wider
absorption spectra and better light-harvesting capacities, both of which are

desirable for photovoltaic and photodetection applications.154

Recent example, both Scanning Tunnelling Microscopy (STM) and Scanning Tunnelling
Spectroscopy (STS) can be used to detect and analyse individual magnetic atoms on a
surface, as well as directly monitor the density of states (D0S).19° Consequently, there has
been a growing interest in utilising rare-earth sandwich tetrapyrrole complexes as a
method for detecting individual spins.19® These complexes are attractive for the

development of various (STM) and (STS) techniques, (Fig. 1.30).

Figure 1.30. An example of (STM) image using rare-earth metal complexes.10°

Reproduced with permission from (109).
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Another example, Magnetic Resonance Imaging (MRI) is a diagnostic technique used in
medicine to generate detailed images of the anatomical and physiological aspects of the
body, (Fig. 1.31). MRI scanners utilise powerful magnets, magnetic gradients, and radio
waves to provide highly detailed images of internal organs.1>> It utilises nuclear magnetic
resonance (NMR), which is also employed in NMR spectroscopy.1>> The development of
Single-Molecule Magnets (Ln-SMMs) complexes has the potential to enhance MRI

procedures.

Figure 1.31. Providing an example of the application of MRI imaging technique through
the utilisation of Ln-SMMs design of multi-decker complexes.15>

Reproduced from (Free Stock Illustration Image - Pixabay), no permission is required.

2. Supramolecular Organisation: The multi-decker system functions as a basis for
coordinated assembly and accurate self-arrangement. This system improves the
capabilities and operations, which are crucial for applications in molecular

electronics and optoelectronic devices.128 156

In the 1990s, Simon and his colleagues initially observed the dual semiconducting
capabilities of rare earth complexes. Then, density functional theory (DFT) calculations
were used to look into how these complexes handle ambipolar charge transfer.199 These
calculations showed that there is a dispersed radical. By integrating suitable electron
transport, triple-decker compounds were effectively modified to operate as air-stable

ambipolar semiconductors at standard conditions, (Fig. 1.32).109
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Figure 1.32. An ambipolar OFET device was assembled using a triple-decker complex.10?

Reproduced with permission from (109).

3. Novel Optical and Electronic capabilities: When porphyrins and phthalocyanines
are combined in a multi-decker structure via lanthanide metals, new optical and
electronic capabilities may arise that are not present in the individual
chromophores. New absorption bands, changing energy levels, and changed
excited-state dynamics can all result from the interactions between the two
chromophores. Numerous applications, including as sensors, light-emitting
components, nonlinear optics and quantum computers can be investigated using

these features.156, 157

Quantum technology is utilising rare-earth sandwich tetrapyrrole, specifically Ln-SMMs,
which are recognised for their exceptional stability in terms of both chemical and physical
properties, particularly in relation to magnetic fields. This characteristic allows for their
utilisation in quantum devices.19? The successful development of spintronic devices is
highly dependent on the precise manipulation of the interaction between spin and

vibrations, (Fig. 1.33).109
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Quantum Technology

Figure 1.33. Applying tetrapyrrole complex for developing quantum technology.10?

Reproduced with permission from (109).

4. Perovskite-based Solar Cells(PSCs): Perovskite solar cells have attracted
considerable interest in recent years because of their high-power conversion
efficiency, ease of manufacturing, and potential for low cost.158 The often-
employed Perovskite substance is a hybrid compound consisting of both organic
and inorganic components, specifically lead halide. Multi-decker structures refer
to the arrangement of layers made from various materials in order to maximise
the movement of electric charge and improve the overall efficiency of solar cells.
A potential approach for PSCs is to create a multi-layered structure consisting of
perovskite, porphyrin, and phthalocyanine, their power capacity for conversion
has grown significantly from 3.9% to over 20%.158 This design aims to take
advantage of the unique features of each material, as they were mainly employed

as the charge selecting layers in these types of cells,17. 158 159 (Fig. 1.34).
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Figure 1.34. An example of using porphyrin and phthalocyanine in layering Solar Cells.158
In conclusion, multidecker systems based on lanthanide-bridged porphyrins and

phthalocyanines offer a versatile platform with enhanced electrical and optical

capabilities, suitable for a wide range of applications.149 150,160
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2. Aim of this project

Formation of sandwich complexes (particularly for SMMs) are a recent focus of interest.
They have been widely synthesised as double- and triple-decker but still few works have
reported making multiple multi-deckers combed in one molecular system. In this project,
the aim is the synthesis and assembly of 3xtriple-deckers of porphyrins and
phthalocyanines to create tris triple-decker system, as shown in (Fig. 2.1). Such a

structure holds potential to generate enhanced memory storage capacity.

O Q
| —
| — Q
O AN
— o /
| — Q
Douple-deck\er (DD)  Triple-decker (TD) / O
J
state of the art tris-triple-decker system
This project

Figure 2.1. Connecting 3xtriple-decker for making tris-triple-decker system.

The core needs to be easy to synthesise and should present six porphyrin units with
different spacing. The chosen core in this project is the triphenylene nucleus 89, where
our lab has much experience in producing triphenylenes due to its use as a liquid crystal
core. There are twelve possible substitution sites on triphenylene molecules but the most
accessible position for substitution of this compound is 2,3,6,7,10 and 11 positions which
allow to create a hexa-system. Spacing between attached groups (porphyrins) is
controlled by the linking bridge relationship. 2,3-Linking via oxygen gives 4 atoms, while
3,6 gives 8. Previous work has shown stable TD complexes form from C10 O-alkyl bridges,

so Csz chains between core and porphyrin mimic this for the 2,3-arrangment, (Fig. 2.2).
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Figure 2.2. The structure of hexa-system and the linking in triphenylene.

When it comes to the structure of hexa-system using triphenylene core, an arrangement
of two-porphyrin units in pairs around a rigid core is targeted. As the separation gap
between position 3 and 6 is much bigger than the separation between position 2 and 3,
the hexa-substituted triphenylene is ideally suited to this. Switching between assembly
modes may then be possible depending on the size of the metal components and the
rigidity of spacer units. Therefore, the aim was to investigate possible equilibration
when metal size is varied, as shown in (Scheme 2.1). Full chemical characterisation would
be achieved for the highly complex materials, and it was anticipated that preliminary
measurement of spectroscopic properties (particularly UV-Vis) would give an indication

of their suitability in potential applications.
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Scheme 2.1. The design of tris-triple decker system and how assembly can be controlled.

In order to investigate the assembly modes, it is necessary to initially design and

investigate model systems.

1. Synthesising triphenylenes with two porphyrins attached at both 2,3 and 3,6
positions (yielding two isomers 89 and 90) is required. Subsequently, the
formation of their TD complexes with various metals needs investigation. The
isolated TDs would also give useful spectroscopic characterisation for

understanding later tris-systems, (Scheme 2.2).
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Scheme 2.2. The design of single 2,3 and 3,6 triple-decker complexes.

2. The need arises to investigate the selectivity of these single triple-decker
formations (2,3 versus 3,6 isomeric TDs). Thus, determining the preference
between these two isomeric TDs based on metal size is essential. This enables the
accurate assessment of any selectivity for these TDs. For an optimal result, the
final design of the tris triple-decker system can be anticipated, taking into account
the metal preference. This involves either favouring the 2,3 tris triple-decker

system by smaller metals, or the 3,6 tris triple-decker system by larger metals.

Theoretically, the selectivity based on the length of the chain and the metal ions sizes can

control the final formation of tris triple-decker system as a single design.

58| Page



-

\_

Chapter 3: Results and discussion

~N

J

59| Page



3. Results and discussion
3.1 Synthesis of 2,3-triphenylene-linked bis(porphyrin) model 89

It is necessary to synthesise the triphenylene core before making the first model
compound. This allows to control where the porphyrins can be attached. In this molecule,
the two chromophores of porphyrins were relatively linked in positions 2 and 3 to the
triphenylene core by three carbon-diether linkers. The synthetic route can place the
linker initially on either the triphenylene core or the porphyrin compound, but the

preferred route was found to be the latter (scheme 3.1).

OCgH43 OCeH1s
following three steps o OO @
OCgH13

92

‘O Bromoalkoxyporphyrin 93
T

Scheme 3.1. Proposed synthesis of 2,3-linked bis(porphyrin)triphenylene 89.
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3.1.1 Preparation of unsymmetrical tetraphenyl-porphyrin ((10,15,20-
triphenylporphyrin-5-yl)phenol) TPP-OH 94

The first stage of our work was to synthesise an unsymmetrical porphyrin

(unsymmetrical tetraphenyl-porphyrin) TPP-OH, which bears a single link point.

As previously described, meso-substituted porphyrins with an A3B substitution pattern
have been synthesised altogether in one step using a variety of reported reaction

conditions, 161 such as the Alder 35.36.162 and Lindsey procedures 44 54 163,

In this part, a modification of Adler and Longo’s methodology3¢ was used to generate TPP-
OH 94, by reacting pyrrole, benzaldehyde with 4-hydroxybenzaldehyde in 4:3:1 ratio**

as shown below in (scheme 3.2).

OH

Reflux,30 min Other

+  products

H
N
@ Propionic acid
-
4

Scheme 3.2. The synthesis of TPP-OH 94.

Conditions for the reproducible production and isolation of TPPOH 94 were refined and
the preferred procedure was as follows. 4-Hydroxybenzaldehyde and benzaldehyde were
mixed in refluxing propionic acid. Then, freshly distilled pyrrole was added dropwise to
the mixture and reflux continued for an additional 30 minutes open to the atmosphere.
After cooling, methanol was added and, the crude was left in a fridge overnight to
complete precipitation of the product. The solid was purified by column chromatography
using DCM:PET (v:v 1:1). Efficient separation initially proved challenging, with the first
fractions showing a mixture of TPP and TPP-OH 94. Good conditions for chromatographic
separation (at scale) were eventually identified, allowing TPPOH to be isolated in >5%

yield.

IH NMR spectroscopy verified the TPP-OH compound (Fig. 3.1 B). The spectrum for
TPPOH is more complicated than symmetrical TPP (Fig. 3.1 A). The OH group at the para
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position gives a broad signal (~5.2 ppm) but the most characteristic signal for TPPOH is
the doublet at ~7.2 ppm that corresponds to the protons ortho to OH. Protons that are
found in the macrocycle’s plane but at the periphery of the porphyrin are deshielded. [°4
The ring current effect causes the shielded imino protons of the macrocycle to resonate

at approximately -2.77 ppm.
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8.8 8.6 8.4 8.2 8.0 7.8 7.6 74 7.1 6.9 6.7 6.5 6.3 6.1 5.9 5720 -22 -24 -2.6 \:2/8 -3
f1 (ppm)
B)
PyrH,
Hc Hd
Ha
H
?ny{‘ °
w' & b o ok
o o o o o o
N\o- T T m)\ r\i\ \c; T T ‘\‘\ T T T T T T T T T T T T T T T T T 1
88 86 84 82 80 78 7.6 7472 70 68 6.6 64 6.2 6.0 58 5.6 50 4.8 46 4420 -2.2 -24 -2.6 -2.8 -2
f1 (ppm)

Figure 3.1. The 1H NMR spectra of symmetrical porphyrin TPP (A) and unsymmetrical
tetraphenyl-porphyrin TPP-OH 94 (B), (500 MHz, CDCls).
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3.1.2 The triphenylene core

Triphenylene has been extensively researched in the literature for more than a
century.164 165 Many triphenylene derivatives form liquid crystalline mesophases, and
they have been widely investigated.1¢ They can exhibit energy migration and one-
dimensional charge.1®” The compounds of triphenylene are thermally and chemically
stable. There are a range of synthetic methods that have been developed to yield the

triphenylene with numerous substituents.165 168
3.1.2.1 Preparation of the triphenylene core (2,3-bis(hydroxy)triphenylene 92)

Several steps were completed in the synthesis processes to get triphenylenes, which
served as the project's primary core. Scheme 3.3 below illustrates the procedure used to
create 2,3-bis(hydroxy)triphenylene 92, (scheme 3.3).

OH OCgH13
©: BrCgHsg , KoCO4 ©:
OH C2H5OH , reflux OC6H13

95 96

OCGH13 OCGH13

OMe
@: CgH130 CgH130
OMe O O OCgH
97 OMe 6M13
i) FeCly * oo
- = H
ii) MeOH O OMe O 6H13
CgH130 CeH130
OCgH13 OCgH13

91 98

CeHi50
OCgH13
92

Scheme 3.3. Stepwise synthesis of triphenylene core 92.

Alkylation of catechol 95 was achieved by using excess of 1-bromohexane in refluxing
ethanol, adding potassium carbonate as a base. The crude product was purified by careful

distillation1%? giving 1,2-dihexyloxybenzene 96 in 66% yield.

The synthesis of the required unsymmetrical triphenylene intermediate 91 was achieved

by using a mixture of DHB 96 and dimethoxybenzene 97. Following a reported
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method170-172 3 mixture of 1,2-dihexyloxybenzene 96 and 97 was added to a stirred
suspension of iron(IIl) chloride in DCM. After 2-4 hrs of stirring, the reaction was
complete. TLC showed a top spot (Rf= 0.60 cm) for the symmetrical product as side
product of the cyclization (HATes 98) and a new low spot (Rf= 0.15 cm) for the desired
triphenylene 91, using (DCM:PET v:v 2:1) . The reaction, it was quenched with MeOH to
precipitate the triphenylene directly. The solid purified by column chromatography using
DCM:PET (v:v 2:1). , then recrystallized from DCM:MeOH to give the product 91 with a
21% yield.

Finally, selective demethylation of 2,3-dimethoxytriphenylene 91 was achieved

employing thiophenol.173 This is illustrated in Scheme 3.4 below.

OC6H13 OCﬁH13

CeH130 ‘ CeH130
OO OMe ) phsH/ K,CO4 %O OH
OMe if) DMF/165°C/ 3 hrs OH
iii) microwave irradiation
CeH130 CgH130

OC6H13 OC6H13

92
Scheme 3.4. The reaction conditions for forming 2,3-bis(hydroxy)triphenylene 92.

2,3-dimethoxytriphenylene 91was reacted with PhSH in the presence of K2CO3 as the
base in dry DMF at reflux. After workup the crude product was recrystallized slowly from
DCM: MeOH to generate 2,3-dihydroxytriphenylene 92. However, this product was
quickly decomposed in air and needs to be handled carefully in a controlled atmosphere
when possible. In the reaction optimisation good conditions (microwave) were identified

to achieve demethylation in 74% yield (Table 3.1).
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Ent
(Nolg;r SM (58) Agent Base Solvent Temp Time Reaction Results
attempt) | Quantity | Thiophenol K2C03 Dry Condition
g eq eq DMF (°Q)
1 1g 3eq 4.5 eq DMF 80°C | 2 hrs Normal no product
refluxing | (decomposed)
2 1g 3eq 4.5eq DMF 150°C | 5hrs | Sealed tube SM + product
Under (Decomposed
Argon during the
reaction)
3 1g 3eq 4.5eq DMF 165°C | 6 hrs | Microwave Product
tube (35%)
In oil Bath
4 1g Excess (5eq) | Excess DMF 165°C | 3 hrs | Microwave Pure product
(6.5eq) tube (74%)
In the
microwave
irradiation

Table 3.1. Some attempted conditions for optimising the yield of required product 92.

3.1.2.2 Synthesis of 2,3-bis(3-bromopropoxy) triphenylene 99 (linker-1st attempt)

The linker was first placed on the catechol molecule 95 to generate compound 100 using
the basic Sn2 substitution reaction.’* Then compound 100 could react with 1,2-
dihexyloxybenzene 96 to yield 2,3-bis(3-bromopropoxy)triphenylene 99 using FeCls as
previously described (Scheme 3.5).

| CeHy30
@[O” @E _______________ . O 0 "Br
OH FeCls OO
95 100

Scheme 3.5. General synthesis plan for 2,3-bis(3-bromopropoxy)triphenylene 99.

Initially, the linker (C3) chain was connected with compound 95 for forming 1,2-bis(3-

bromopropoxy) benzene 100 as shown in scheme 3.6.

OH i) Br~ " Br

X 19 | LD
OH  ii)EtOH/K,CO5 ! O~ Br o

95

Scheme 3.6. Forming side product 101 by reacting with dibromopropane.
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Catechol 95 was reacted with an excess of 1,3-dibromopropane and K2COs3 in refluxing
ethanol. After workup the crude product was purified by distillation. Unfortunately,
compound 100 was not isolated, but instead the main product of this reaction was from

cyclization (compound 101).

The 1H NMR-spectrum of 101 presented two aliphatic signals as a consequence of the
chain cyclization. Fig. 3.2 below, shows one triplet of Haaround 4.29 ppm assigned to the
4H of -OCH2 group and the multiplet of Hp at 2.32-2.24 ppm refers to the 2H of the -CH2
group. Indeed, NMR analysis of 101 compound has previously been reported in other

literature publications.17>

O—Ha
o
(0]
ArH Ha

J—

=y

S
F
T T T T T T T T T T T T T T T T T T T T T T T T T T T
4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 3.2 3.0 28 2.6 24 2.2
f1 (ppm)

2041 ﬁ I

4.001

Figure 3.2. The TH NMR-spectrum for unwanted cyclized product 101.

Competing cyclisation!’¢ could not be avoided for catechol, and reasoned the same
problem would be encountered if 2,3-dihydroxytriphenylene 92 was used, so an
alternative strategy was developed to attach the three-carbon linker to the triphenylene
core 92. 1-Bromo-3-propanol was employed instead of 1,3-dibromopropane in the

reaction with 2,3-dihydroxytriphenylene 92, as shown in Scheme 3.7 below

OCgH13

CgH430 O o OCgH43
6H13
i) Br OH
OO O ~_OH
. o0
i) EtOH / K,CO;4 o
CgH430 CHAO
OCgH43 6113
OCgHq3 OH
92 102

Scheme 3.7. Converting compound 92 into compound 102.
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Compound 102 can be obtained by reacting dihydroxytriphenylene 92 with 1-bromo-3-
propanol and K2COs in refluxing in ethanol. The crude product was purified by column
chromatography to produce 2,3-bis(hydroxypropanyloxy)triphenylene 102 but in
relatively low yield. The conditions were optimized for this rection by adding an excess
of linker. However, it did not show any improvement. This could due to the fact that many
studies have demonstrated that 1-bromo-3-propanol chains have the ability to generate

polymeric structures.177

This intermediate could be converted to the required bromide required 103178 as shown
in scheme 3.8, but this was not attempted because an alternative strategy proved more

convenient.

CeHi30 ‘ KL I CgHys0 ‘ KL
102 OCsHi3 | OCgHi1s

Scheme 3.8. Converting 102 to the required compound 103.178,179

3.1.2.3 Synthesis of bromoalkoxyporphyrin 93 (linker-2rd attempt)
the linker was placed on porphyrin 94 to generate compound 93 using 1,2-

dibromopropane, (Scheme 3.9). This strategy avoids any cyclisation problems.

excess
1,2-dibromopropane

K,CO,/EtOH

94 93

Scheme 3.9. The formation of bromoalkoxyporphyrin 93.
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Consequently, 1,2-dibromopropane was reacted with TPPOH 94 in EtOH employing

K2C0s3. The crude product was crystallized using DCM and MeOH, yielding a very good
98% yield.

Although the process of forming compound 93 seems straightforward, managing the

mixture of by-products turned out to be somewhat challenging. As shown in scheme
3.10 below.

OC3HgBr

104

Scheme 3.10. The possible side products that can be presented in a mixture in
synthesising the desired compound 93.

As a result, this reaction can be influenced by the amount of the base, the nature of the

solvent, the temperature, and the reaction conditions as well (Table 3.2).
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Entry SM (61) SM Solvent Base Reaction Reaction Target
Eq/g (linker) K2COs3 Condition Time product
Eq/g Eq/g yield
1 leq/05g 5eq/08g acetone 3eq/0.33 g Sealed tube
10-15 ml 70°C 1-2 days Mixed-
2 1eq/0.5 10eq/15¢g DMF 5eq/0.54¢g Sealed tube
g 1200C 2-3 days
3 leq/05g adding EtOH Adding Sealed tube
excess excess 800°C 2-3 days 75%
24-31g 0.6-08g
4 leq/05¢g 25eq/dg EtOH 10eq/1.09 g | Normal 24 hrs 98%
20 ml refluxing
80°C

Table 3.2. Optimisation of bromoalkoxyporphyrin synthesis with different reaction
conditions.

The 1H NMR-spectrum of 94 shows a doublet peak of Ha (Fig. 3.3 A) for the two protons
around 7.15ppm, while in 93 we see a shift from 7.15 to 7.30 ppm (Fig. 3.3 B).

A) B) e

e
I

CDCLy

o
o

g =] (=] o
— 45— T T 1 0 L o T :L.I T — T T
9.0 B8 86 B84 B2 80 7B 76 74 12 90 &8 806 B84 82 80 FB Fo T4 F2

f1 (ppm) f1 (ppm)
Figure 3.3. Comparison of ITHNMR spectra for TPP-OH 94 A) and compound 93 B), (500
MHz, CDCl3), inset: expansion of the 9.0-7.0 ppm area.

In addition, the 1TH NMR-spectra analysis of 93 exhibited well-defined of all aliphatic

signals; one quintet of Ha (2.53 ppm) for the protons of -CHz in the middle, two triplet of
Hb (4.41 ppm) and H: (3.79 ppm) for the -OCHz group and -CH2Br, respectively (Fig. 3.4).
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Figure 3.4. 1H NMR spectrum of forming bromoalkyloxyporphyrin 93 compound, (500

MHz, CDCl3).
The MALDI-TOF-MS also confirmed the peak relating to the molecular ion of m/z 752.00,

calc.: 752.19 (Fig. 3.5).
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B)

752.0045

749.9976

751.0306

75403

Figure 3.5. The MALDI-TOF-MS for bromoalkyloxyporphyrin 93. The inset shows (B)

obtained and (A) theoretical isotopic patterns.

This compound is also detectable in UV spectroscopy, and the characteristic peaks for

porphyrin have been obtained, the first peak corresponds to a Soret band at 419 nm,

indicating a transition to a higher energy level (from m — m* transitions within the

porphyrin ring). Additionally, four peaks have been observed in the Q-band at 518, 553,

593, and 653 nm (Fig. 3.6), indicating a lower energy level (from n — 1* transitions).

Compound 93, identified as metal-free porphyrin, exhibits four Q-bands due to the

reduced symmetry caused by interior hydrogens.

71| Page



Bromoalkyloxyporphrin

0.3
25 Soert-band
0.2 Q-band
g 2
s 01
©
515 f\%\M
2 [— _—
_<n 0
1 450 550 650 750
0.5
0

320 370 420 470 520 570 620 670 720
Wavelength (nm)

Figure 3.6. The UV-vis spectrum of bromoalkyloxyporphyrin 93 compound, inset:

expansion of the 450-750 nm area.

3.1.3 Preparation of 2,3-bis(porphyrin)triphenylene model 89

The last step was to combine 2,3-bis(hydroxy)triphenylene 92 with our chromophore

bromoalkooxyporphyrin 93 as illustrated in scheme 3.11.

HO  OH |) acetone ‘O O\/\/O
N O ") K,CO3 (3 eq)
S
oo e )

CeH130 92 OCgH13

3eq ﬁ

89

Scheme 3.11. Synthesis of the first model porphyrin triphenylene 89.

Bromoalkooxyporphyrin 93 (2.5 eq) was reacted with 2,3-bis(hydroxy)triphenylene 92

employing K2COs3 in refluxing acetone in a sealed tube at 70°C for 7 days. The crude
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product was purified by a column chromatography to yield a dark purple fraction that
was recrystallized with DCM:MeOH, giving the desired product, 2,3-
bis(porphyrin)triphenylene compound 89, in an acceptable yield of 22%.

After determining that the reactants were not sufficiently soluble in acetone, the reaction
was repeated using dry DMF as the solvent instead of acetone. Therefore, 2,3-
dihydroxytriphenylene 92 was reacted with bromoalkoxyporphyrin 93 in refluxing DMF
using K2C03 and KI at 120 °C. However, when TLC was used to check the reaction, it
showed that the process created a large number of by-products, possibly due to DMF
decomposing at high temperatures, (Scheme 3.12).180
H 0
\f H\N _CHj G+ H _
— 1 v
NG C
H,c” CH

H, OH

(0]

3

Scheme 3.12. Dimethylformamide degradation.

the reaction's temperature was reduced to 80 °C to try to avoid any side product
formation. As a result, 2,3-dihydroxytriphenylene 92 was reacted with an excess of
bromoalkoxyporphyrin 93 in DMF using K2C03 and KI at 80 °C for 2-3 days. Following
the workup, the crude product was purified using column chromatography to isolate the

required compound in double this yield (Table 3.3).

NO of
attempt: Condition: Time of reacting: Yield%:
1 Sealed tube-acetone 6-7 days 22%
2 Sealed tube-dry DMF-High - -
T(120°C)
2 Normal heating - dry DMF- 2-3 days 43%
Lower T (80 °C)

Table 3.3. Using different solvents to produce product 89.

The formation of 2,3-bis(porphyrin)triphenylene model 89 was fully analysed by 'H- and
I3C{1H}-NMR, IR, UV-vis, and the MALDI-TOF-MS spectroscopy, as reported in the
experimental chapter. In the H NMR-spectrum of 89 (Fig. 3.7), the protons of the
triphenylene ring exhibited three singlets between 7.98 and 7.81 ppm. Two triplets for
Ha (4.31 ppm) and Hb (4.26 ppm), and two triplets of Ha (4.64 and 4.55 ppm) correspond
to the O-CHz groups.
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Figure 3.7. The full I1H NMR spectrum of 2,3-bis(porphyrin)triphenylene 89, (500 MHz,
CD2Cl2), expansion of the 8.9-7.3 ppm aromatic area and of the 4.8-2.5 ppm aliphatic area.

The MALDI-TOF-MS spectrum of 89 model displays a peak which corresponds to the
molecular ion at m/z 2001.88 [M]* (C136H128N80s*), calc.: 2001.98, as shown in (Fig. 3.8).
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Figure 3.8. MALDI-MS spectrum of 2,3-bis(porphyrin)triphenylene 89. The inset shows
(B) obtained and (A) theoretical isotopic patterns.

UV-vis spectroscopy can be used to analyse the building blocks of this model, which
shows the Soret and Q-band of porphyrin. Importantly, the existence of triphenylene may
be determined by the single peak (282 nm) found in this region, indicating that the

triphenylene core was successfully connected to porphyrin chromophores. (Fig. 3.9).

2,3-bis(porphyrin)triphenylene

25
0.3
2
Soret-band 0.2
S 15 Q-band
£ 0.1
o
: VAV
< Core-peak 0 —f~—
o 450 550 650 750
0
250 350 450 550 650 750 850 950

Wavelength (nm)

Figure 3.9. The UV-vis spectrum of 2,3-bis(porphyrin)triphenylene 89, inset: expansion
of the 450-750 nm area.
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3.2 Synthesis of 3,6-triphenylene linked bis(porphyrin) model 90
Since the initial target model on positions two and three 89 was successfully built, it has
now possible to synthesise the other isomer (3,6) within the triphenylene core, as

indicated by scheme 3.13. This isomer places the porphyrins different apart.

following three steps

>
>

Bromoalkoxyporphyrin 93

Scheme 3.13. Proposed synthesis of 3,6-linked bis(porphyrin)triphenylene 90.
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3.2.1 Preparation of triphenylene core (3,6-bis(hydroxy)triphenylene 106)

Scheme 3.14 reveals first a method for using a biphenyl 109 to produce triphenylene 105,
as previously reported.181 Then, the deprotection of 3,6-dimehoxytriphenylene 105 was

applied. So, this method consists of four stages.

OH OCH
o MeO OMe

OMe OMe
e )~ -0

Br Bromohexane Br

107 108 109

MeO OMe MeQO OMe

C5H130006H13 CeH130 O.Q OCgH13
109 PhSH
=) W

CeH130 OCgH13

CgH130 OCgH13
96 105 106

Scheme 3.14. The steps for formation 3,6-bis(hydroxy)triphenylene 106.

The synthesis started began with the straightforward alkylation of the hydroxy group on
the 4-bromo-2-methoxyphenol 107.172 This was achieved using excess 1-bromohexane
in ethanol with 107 and potassium carbonate. This mixture was refluxed for more than
48 hrs at 80°C. The crude product was then distilled to give 4-bromo-1-hexyloxy-2-

methoxybenzene 108 as a clear oil in 95 % yield.

In the second step the classic Ullman coupling for the synthesis of biaryls via copper
coupling!82 (Scheme 3.15) was replaced with an adaption by Lin and co-workers utilizing

nickel as a catalyst.181, 183,184
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Scheme 3.15. Ullman coupling catalytic cycle with copper and with nickel. 181,183

Thus, the di(hexyloxy)di(methoxy)biphenyl 109 can be successfully obtained by reacting

two molecules of bromide 108 catalysed by nickel as illustrated in scheme 3.16.

OCgH13
OMe MeQ oMe
©/ NiCl,, PPh, Zn 06H13oOCeH13
Br Pyridine
108 109

Scheme 3.16. The formation of di(hexyloxy)di(methoxy)biphenyl 109.

4-Bromo-2-methoxyhexyloxybenzene 108 was reacted in refluxing pyridine in the
present of NiClz, PPh3 and Zn powder, giving biphenyl 109 in a yield of 44%.

As previously described,170 181, 185 biphenyl 109 was then cyclised with 1,2-
bis(hexyloxy)benzene 96 to produce the 3,6-di(methoxy)triphenylene core 105, again
employing iron(III) chloride to cyclise in DCM. Then, the resulting product was purified

by column chromatography to isolate the target compound in 49% yield.

Finally, deprotection of 3,6-dimethoxytriphenylene 105 followed the procedure earlier
developed, using PhSH in microwave-irradiation with DMF at 120°C for 3 hrs. Then, the
crude product was purified by column chromatography to produce the 3,6-

di(hydroxy)triphenylene core 106 with yield of 72%.
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3.2.2 Synthesis of 3,6-bis(porphyrin)triphenylene model 90

HO OH i) acetone Q
. O i) K,CO3(3eq)

) et
CgH130 Q Q OCgH13 CeH130

CeH130 106 OCgHq3

Scheme 3.17. Synthesizing the second model 90.

Following the procedure employed for isomer 90, 3,6-dihydroxytriphenylene 106 and
excess of bromoalkoxyporphyrin 93 were combined in DMF and was heating at 80°C in
the presence of K2C03 and KI. After work up and purification by column chromatography,
the target product, 3,6-bis(porphyrin)triphenylene 90, was generated with a yield of 50%
(scheme 3.17).

The 1H NMR signals of 3,6-bis(porphyrin)triphenylene 90 are mostly identical to the
signals of the first model 89, with a few minor variations because of different positions.
The TH NMR-spectra of 3,6-bis(porphyrin)triphenylene 90 demonstrated the significant
distinction in the protons that correlated to the triphenylene rings; three singlets of

ArHi,2,3, shifted to 8.03(H1), 7.83(Hz) and 7.81 ppm(Hs), (Fig. 3.10).
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Figure 3.10. The 'H NMR spectrum of synthesizing 3,6-bis(porphyrin)triphenylene 90
compound, (500 MHz, CDCl3), expansion of the 9.0-7.2 ppm aromatic area and of the 4.7-

2.49 ppm aliphatic area.
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2D Homonuclear Correlation spectroscopy (COSY) was additionally carried out to give
more evidence supporting the assigning of the observed signals to the proper aromatic
and aliphatic protons (Fig. 3.11). The COSY spectrum of 90 presents that the two
doublets of protons (m) and (o) to porphyrin at 8.01, 7.24 ppm correlates with each

other (Figure 3.25, dashed lines). Therefore, both triplet of Ha at 4.58 ppm and Hp, at
4.50 ppm correlates with the quintet of Hc at 2.55 ppm, all belonging to the alkyl chain,
also the two triplet of Hq at 4.23, 4.18 ppm correlates with the two multiples of He at

1.93, 1.87 ppm on the triphenylene core.

HgtHp—= {

Figure 3.11. 2D COSY-NMR spectrum of second model 90, zolbm of the 8.25-1.89 ppm
area.
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3.3 Synthesis of 2,3- and 3,6-novel of triple-decker (LnTD)

After successful synthesis of two isometric di-porphyrin triphenylenes (2,3- 89 and 3,6-
90 models), these isomers were used to synthesise single triple-decker complexes using
phthalocyanine as the central unit with different series of lanthanide metals. This is
because the formation of these complexes is ideal to study and investigate their

selectivity depending on the metal size.
3.3.1 Synthesis of metal-free phthalocyanine 2 (central unit-Pc)

The metal free phthalocyanine is an essential central core to synthesise the lanthanide
multi-decker systems. A previously reported procedure 14° to synthesise phthalocyanine

is shown in scheme 3.18.

CN AN
@( i) Li/ 1-Pentanol \ =
ii) acetic acid/ A N N

CN N N

28 N P

Scheme 3.18. Formation of metal-free phthalocyanine 2.

A solution of phthalonitrile 28 was refluxed in 1-pentanol. Lithium metal was added to
the reaction mixture and was left to reflux for an hour. Following this, acetic acid was
added, then refluxed to another hour. Finally, the mixture of this reaction was cooled
down at room temperature and was precipitated using methanol to obtain the product. A
dark blue solid was filtered and phthalocyanine product was synthesized with a 50%
yield. UV-vis (Fig. 3.12) indicated that the presence of the metal-free phthalocyanine
H2(Pc) 2. However, there was no further characterisation of this product due to the high

insolubility of Pc 2 in any organic solvents.149

82|Page



Pcs

Absorbance (A)
o o o o
N > o)) o) [

o

300 400 500 600 700 800 900
Waelength (nm)

Figure 3.12. UV-vis spectra for metal-free phthalocyanine 2.

3.3.2 Synthesising a closed triple-decker complex of porphyrin and phthalocyanine
111

According to Cammidge’s group,4? the sandwich type triple-decker 111 was synthesised
using a “one-pot” reaction. This reaction was between one equivalent of porphyrin dyad
110 and two equivalents of M(AcAc)3.Hz0, treated with one equivalent of phthalocyanine
2 (Scheme 3.19).

o

Ln(acac); H,O (2 eq) Q:ﬁ/"“m“h 3 J

NN N
&
/“\\/9 Lh
~NH N pit
N N
=N HN A
SN = <>

o

110

Where Ln = La, Nd, Eu, Tb, Dy, Yb

Scheme 3.19. Reaction process for closed triple-decker 111.14°
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In this case, the single triple-decker can be produced with different isomers of

triphenylene-bridged di-porphyrins, as shown in scheme 3.20.

2.3-LnTD

3.6-LnTD

Scheme 3.20. Proposed structure of 2,3 and 3,6 single triple-decker complex.

An attempt was made to synthesise the heteroleptic triple-decker complex 112 from the

2,3-isomer 89, (Scheme 3.21).

“one-pot” reaction

\ 1-pentanol/ at 160-180 °C
0 i) La(AcAc);.H,0 (2 eq)

O ii) Pc (1 eq)

Scheme 3.21. Synthesis of 2,3-bis(porphyrin)triphenylene triple-decker 112.

According to the previously mentioned protocol (Scheme 3.19), the reaction was
performed using a “one-pot” reaction. A mixture of the di-porphyrin 89, freshly prepared
pure Pc 2 and two equivalents of La(AcAc)3.H20 was refluxed in 1-pentanol at 165°C for
4 hrs. A TLC was performed each hour during the reaction, which confirmed that no new

products were detected. Multiple attempts were made by:
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1- Using several alternative solvents to 1-pentanol, including distilled octanol,
quinoline and DCB. These solvents allowed higher temperatures (200-250° C) to
be reached due to their higher boiling points.

2- Increasing reaction time from 4-6 hrs to 24-48 hrs.

3- Adding some amounts of base DBU.

They all failed to produce the triple-decker complex; unreacted starting materials were

only observed.

Efforts were made to modify the amounts of Pc 2 and metal of this reaction. Unexpectedly,
a new product emerged, with MALDI-TOF-MS analysis revealing a lower mass range of
m/z= 2654.83 representing the molecule 113, (calc. :2654.83), instead of our triple-
decker mass. This indicates that Pc and one metal were bonded to one side of the

porphyrin unit as shown in (Fig. 3.13) below.

2854 8T

azm shr A
2050 5228

v T T T T T T T T T
ans AnAN Aman A ana aAn ans man PTG WY 26M
1800 2000 &N 4N pii ) 200 00 3200 N oW N

m

Figure 3.13. MALDI-TOF-MS result for one porphyrin linked to Pc central unit, product
113.

3.3.2.1 Triple-decker formation from TPP 9 and Pc 2
As previously discussed, no triple-decker had successfully formed. To check that the
reaction process and equipment were satisfactory, a test reaction was investigated from

89139,186_ This was carried out using metal-free phthalocyanine 2, porphyrin (TPP 9) and
La(AcAc)3.H20 (Scheme 3.22).
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Scheme 3.22. General synthesis of test reaction by using TPP 9.

Several test reactions were performed to obtain triple-decker 117, using a “one-pot”
reaction each time. most methodologies afforded the TPP double-decker except the

reaction number 5 as indicated in (Table 3.4).
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No of reaction: No of equivalent Condition: Results: MALDI-TOF-MS:
1 TPP (2 eq) 1-pentanol double decker (m/z=1306)
Pc(1eq) 165°C/ 4-6 hrs 114

La(acac)s.H20 (2 eq)

2 TPP (2 eq) quinline No result
Pc(1eq) 250°C/ 6-24 hrs
La(acac)s.H20 (2 eq)

3 TPP (2 eq) 1-pentanol double decker (m/z=1268)
Pc(2eq) 165 °C/ 3-4 hrs 115
La(acac)s.H20 (2 eq)

4 TPP (2 eq) 1-pentanol double decker (m/z=1173)
Pc(1eq) 165 °C/ 3-4 hrs 116
La(acac)s.H20 (8 eq)

5 TPP (2 eq) 1-pentanol triple decker (m/z=2015)
Pc(2eq) 165 °C/ 3-4 hrs 117
La(acac)s.H20 (4 eq)

Table 3.4. Methodologies for synthesising test reaction for close triple-decker 117.

Initially, test 1 was performed by mixing two equivalents of the porphyrin 9 and one
equivalent of Pc 2. Two equivalents of La(AcAc)3.H20 were added. The mixture was
refluxed for 4-6 hrs. Although TLC analysis revealed the presence of a new product, a
double-decker porphyrin 114 was obtained, rather than the desired triple-decker 117,
as confirmed by MALDI-TOF-MS.

Consequently, in test 2, the same approach was repeated using an alternative solvent,
quinoline and heated to 250°C, but no outcome was detected. Therefore, the reaction was
repeated during test 3, by utilising the identical solvent as in first attempt, but with the
addition of an excess quantity of Pc (two equivalents). Test 3 was analysed using MALDI-

TOF-MS revealed the presence of a Pcs double-decker 115.

In test 4, an increasing excess of the metal was added, (8 equivalents). The resulting
product was analysed using MALDI-TOF-MS to confirm the formation of a heteroleptic
double-decker of phthalocyanine and porphyrin 116. Finally, in test 5, a double excess of
Pc (two equivalents) and the metal (four equivalents) was employed based on prior
results. The new product was analysed using MALDI-TOF-MS, and the expected mass of
the triple-decker 117 was successfully achieved (Fig. 3.14).
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Figure 3.14. MALDI-TOF-MS results for test reactions 1-5.

3.3.2.2 New attempts of synthesis 2,3-LaTD 112 from 2,3-isomer 89

The earlier conditions outlined in test number 5 gave heteroleptic triple-decker of TPP 9
and Pc 2. By applying this condition with 2,3-isomer 89, double-decker 118 was observed
instead of the required triple-decker complex 112. Therefore, using a “one-pot” reaction,
two equivalents of Pc 2 and four equivalents of La(AcAc)3.H20 with one equivalent of 2,3-

bis(porphyrin)triphenylene 89, were directly mixed and refluxed at 165 °C. TLC analysis
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confirmed that after 1 hr of the reaction, the new product double-decker 118 was formed,

as shown in (Scheme 3.23).

“one-pot” reaction ;
i) La(AcAc)3.H,0. deq |

Scheme 3.23. Double-decker formation 118.

MALDI-TOF-MS of double-decker 118 shows a molecular mass of 2,3-isomer combined
with the weight of one lanthanum metal, giving an m/z value of 2134.39 [M]+, as

illustrated in (Fig. 3.15).
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Figure 3.15. MALDI-TOF-MS result for double-decker 118 by testing first model with
“one-pot” reaction.

The UV-vis spectrum of the metal-free porphyrin 89 displays four Q-band peaks (Fig.
3.16, A), whereas the peaks decrease on metalation of 118 (Fig. 3.16, B). The UV-
spectrum of 118 confirms that lanthanide metal has caused these effects, and it was
bonded between these two chromophores. Graph (B) signals for 118 were extremely

close to those previously reported for the double-decker complex 187 (Fig. 3.16, C).
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Figure 3.16. Comparison between UV-vis spectra of starting material 89 (A), double-
decker complex 118 (B) and double-decker from literature!8? (C).

The chemical structure of the double-decker was also investigated by 1H NMR-
spectroscopy. The 1H NMR-spectra of the metal-free porphyrin model 89 showed a
singlet peak of 4H for N-H around -2.81ppm. Whereas, due to metalation in 118, the N-H
peak is absent, and all the signals were slightly shielded, particularly in the aromatic area
for porphyrins rings; all the protons of pyrrole rings were around 8.85-8.74 ppm in 89
(metal-free porphyrins), while in 118 showing a shift to around 8.93-8.82 ppm
(metalated-porphyrins), (Fig. 3.17). The porphyrin peaks shifted significantly and

triphenylene signals remained unchanged as expected.
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Figure 3.17. Comparison of 1H NMR-spectrum between (starting materials 89 and
double-decker complex 118).

However, 1H NMR-spectra of complex 118 showed only small shifts of porphyrin peaks,
notably different from open DD examples!88, (Fig. 3.18).
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Figure 3.18.1H NMR-spectrum of a porphyrin starting material and double-decker from
literature188,
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3.3.3 Successful synthesis of 2,3-bis(porphyrin)triphenylene triple-decker (2,3-
LnTD)

From the test reaction for the formation of triple-decker 117 with TPP and Pc, using a
“one-pot” reaction with different ratio of the equivalents, (2eq of Pc and 4eq of metal
salt), is essential. Unfortunately, using this condition, model 89 with Pc 2 (two
equivalents) in the presence of La(AcAc)3.H20 (four equivalents) generates a double-
decker complex 118 instead. The outcome of “one-pot” reaction indicates that the
starting material 89 was mostly consumed and reacted with the metal itself without
inserting the Pc core, failing to produce required triple-decker complex 112. From this
observation it was concluded that this problem was low solubility of Pc in the reaction so
that 89 was reacting with Lanthanum ion to give stable dyad rather than the required TD

112. In order to prevent this, modified reaction protocols were investigated.

Therefore, considering modification, synthesis of 2,3-bis(porphyrin)triphenylene triple-
deckers were performed in alternative reaction pathways by refluxing and mixing
starting materials of 89 and Pc 2 overnight in 1-pentanol as solvent, before adding the
metal (to avoid any low solubility problems of Pcs product). Thus, the triple-deckers, with

a series of different metals sizes, were successfully obtained, (Scheme 3.24).

92 |Page



OCgHy3
CgH130 /
O‘O o step;. step,. o N |
S _ O s
CHiz0 Lo, i) Pc (2 eq) i) Ln(AcAc)3.H,0 (4 eq) O é//\\"r,’:' =
i) reflux ii) reflux, 2-4 hrs R ) Ln
89 il

Ln= La (112)Q
Pr(119) Q
Eu (120) O
Dy (121)

]
WS
Vi
4N\ Ny
LR /NS,
N VN —N N
N N= N/ | ’\N"N
\ i N
@ 9
oCeHy; 120 hat OCH 121 w
"ow 61113 ’H l\
!
R
=N
! N

Scheme 3.24. The reaction process for synthesizing a single triple-decker complex 2,3-

LnTD.
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3.3.3.1 Lanthanum triple-decker (2,3-LaTD) 112

Here, the first successful attempt to synthesis lanthanum triple-decker 112,(Scheme
3.25), as lanthanum is the main example in the lanthanide series, having the biggest size

among all the lanthanide elements.11°

CeHi0

CeHi0 |\|’

stepy. step,. O ° iy
& L, %

i) Pc (2 eq) i) La(AcAc)3.H;0 (4 eq) O P
Cers0 La

ii) reflux, 24 hrs ii) reflux, 2-4 hrs 0CH

\\\\°

’
-
A

112

Scheme 3.25. 2,3-La triple-decker 112.

One equivalent of model 89 with 2 equivalents of Pc 2 were refluxed in 1-pentanol at
165°C for 24 hrs. Next, four equivalents of La(acac)3.H20 was added to the mixture and
left to reflux for 2-4 hrs. TLC was performed on aliquots from the reaction to check
formation of the triple-decker complex, which showed a new green spot after 1 hour of
adding the metal. This product was analysed using MALDI-TOF-MS which confirmed the
formation of 2,3-LaTD 112, displaying the molecular ion m/z 2787.23 [M]*
(C1esH140LazN160s8), calc.: 2787.90, as illustrated in (Fig. 3.19).
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Figure 3.19. The MALDI-TOF-MS for a green solid for lanthanum triple-decker of 2,3-
bis(porphyrin)triphenylene 112. The inset shows (B) obtained and (A) theatrical isotopic
patterns.

Attempts to purify the green solid consistently produced a mixed fraction containing
unreacted starting materials. However, with the addition of TEA to the column
chromatography eluents PET:DCM:TEA (v:v:v 10:3:1), a green solid of the TD product
was obtained. This was recrystallized using DCM: MeOH to obtain the triple-decker 112,
with a yield of 47%.

Analysis of UV-vis spectrum

The UV-vis spectrum of 2,3La-TD is different from that of the starting material’s, 89, as
shown in (Fig. 3.20). Interestingly, the UV-vis spectra of 112 presented three absorption
peaks of Q-band instead of four (-red trace) and Soret- broad band (*) peak at 363 nm due

to existing of the Pc core.
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Figure 3.20. UV-vis spectrum obtained for the lanthanum triple-decker 89 compared to
2,3-model 112, inset: expansion of the 450-750 nm area.

Analysis of NMR spectrum

The chemical structure of the lanthanum triple-decker 112 was also proved by 1H and
COSY NMR-spectroscopy. 1H NMR-spectra of 112 display signals which correspond to Pc
core, including two doublets of doublets of Hyc1 and 2 for 8H each around 9.35 and 8.29
ppm. All peaks related to the porphyrin molecule are observed in the high chemical shift
region, giving clear split signals which can be explained by the structure of the TD
complex. TH NMR-spectra of 112 shows a symmetrical triple-decker formation and
clearly indicates free rotation. Ar-H signals in meso-phenyl of the substited porphyrin
(benzene ring (A) and (B)) displayed the inner and the outer phenyl protons for each of
(meta) and (ortho) position because of restricted rotation of rings. For example, four
distinct signals for the Ar-H in benzene ring (A) shows Hmo' and Hoo for the outer phenyl
protons of meta and ortho position at 7.04-7.02 ppm; H,' and Hoi for the inner phenyl
protons at 8.25 and 10.33 ppm. Furthermore, Ar-H in the benzene ring (B) shows a

similar pattern. (Fig. 3.21).
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Figure 3.21. The 1H NMR-spectrum of the lanthanum triple-decker 112 (500 MHz,

CD2Cl2), expansion of 10.5-6.5ppm aromatic area.
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The COSY-spectrum of 2,3-LaTD 112 presents that the doublet of doublets for Hyc:1 at
9.35ppm correlates with the doublet of doublets for Hyc2 at 8.29 ppm, both belonging to
the Pc core. Therefore, the spin-spin coupling between porphyrin hydrogens were
revealed. As result, the rotation of benzene rings for di-porphyrins were observed, as they
show ‘inner’ and ‘outer’ hydrogens location. Starting with benzene rings (A); both
doublets of Hor (ortho- inner’) at 10.31ppm correlate with the doublet of H..' (meta-
inner’) at 8.25ppm (overlapped with Hpc2). Also, protons H:... (meta-outer’) and Hoo’
(ortho-outer’) were coupled to each other. Therefore, benzene rings (B) display a clear
correlation pattern; the protons of Hoi at 9.08 ppm correlate to those of Hmi. Hmi correlates
with both Hp and Hoi. The pattern also continues; Hp coupling again with both hydrogen
in meta position (inner and outer) Hmi and H...; the hydrogen in meta position (outer)

H. . correlate to both Hpand Hoo. Finally, Hoo in ortho position (outer) correlate with meta

position (outer) H..., as shown in (Fig. 3.22).

Figure 3.22. 2D Cosy NMR-spectra of 2,3-bis(porphyrin)triphenylene triple-decker 112.
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3.3.3.2 Praseodymium triple-decker (2,3-PrTD) 119

After the successful synthesis of the 2,3-LaTD, another triple-decker was also synthesised
using praseodymium metal, as praseodymium is the third element in the lanthanide
series and belongs to the rare-earth metals. The estimated atomic radius of Pr3+is notably

smaller, measuring 99 pm, compared to La3* with a radius of 103 pm,11° (Scheme 3.26).

OCgHyy

CeHy30 //)
‘O °
SAe
CgHy30

OCgHys

step. step,.

i) Pc (2 eq) i) Pr(AcAc)3.H,0 (4 eq)
i) reflux, 48 hrs i) reflux, 2-4 hrs

89

Scheme 3.26. Triple-decker with praseodymium ions 119.

The optimized previous conditions were applied, changing the first step by; increasing
both the time of refluxing and mixing initial starting materials from 24 hrs to 48 hrs and
ensuring vigorous reflux. Pr(AcAc)s.H20 (4 equivalents) was then added. Full
consumption of the starting material was observed after 4 hrs. The product was
precipitated using MeOH then filtered off, and subjected to flash column chromatography,
washed with (100% DCM) to separate any excess of Pc. After two attempts of

recrystallisation, it was possible to get the product with 52% yield.

The compound 2,3-PrTD 119 was identified using MALDI-TOF-MS analysis, which
displayed the molecular ion at m/z 2791.24 [M]*, [C168H140Pr2N1608]*, calc.: 2791.90 (Fig.
3.23).

99| Page



279190

A)
2791.90
2798 .96
2790.87
279k 98
279599
. B) 2791.24 2791.24
2792.76
279276 -y
2789.74

Figure 3.23. MALDI-TOF-MS obtained for a green solid for praseodymium triple-decker
119. The inset shows (B) obtained and (A) theoretical isotopic patterns.

After characterising the 2,3-PrTD 119 using 1H NMR-spectroscopy, the spectra were
found to differ from those of 2,3-LaTD 112, in terms of signal arrangement and
placement. The 1H NMR-spectra of 2,3-LaTD 112 displayed signals in the high deshielded

region to around 10.33 ppm and gave a different splitting peaks from Praseodymium
triple-decker 119, (Fig. 3.24 (a)and (b)). As expected, the spectra of Praseodymium

triple-decker derivatives markedly differ from those of Lanthanum triple-decker due to
the paramagnetic nature of the Pr3*ion. The spectra for the corresponding 2,3-LaTD 112

and simple C10 bridged PrTD were depicted as stacks with the new complex system 2,3-

PrTD 119 in (Fig. 3.24 (a), (b) and (¢)). Notably, the spectra between of the two PrTD

((b) and (c)) derivatives exhibit significant similarities, with several highlighted peaks.
Specifically, porphyrins and Pc peaks are essentially identical in both derivatives; (Hrc1,2)
signals appearing at 5.80 and 3.90 ppm and -OCH:2 peaks at 3.08 ppm are also similar.
However, in the 2,3-LaTD complex (a), the corresponding protons of -OCHz appear at

5.09 ppm and the influence of the praseodymium ion extends even to the triphenylene
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singlets Ar-H", which shift from 8.16 ppm in 2,3-LaTD complex (a), to approximately 7.50

ppm in 2,3-PrTD complex (b).

105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05
fL (ppm)
Figure 3.24. The 'H NMR-spectrum obtained for 2,3-PrTD 119 (b) with comparing H

NMR-spectra to 2,3-LaTD 112 (a)and PrTD for Cammidge’s group (¢).

3.3.3.3 Europium triple-decker (2,3-EuTD) 120

The europium metal was also used, as europium is one of the rarest rare-earth elements

and has the lowest density compared to the other lanthanides, measuring ionic radii 95
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pm.119 The triple-decker 120 was obtained following the same methodology, which was

optimised above, (Scheme 3.27).
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i) Pc (2 eq) i) Eu(AcAc)3.H,0 (4 eq)

i) reflux, 48 hrs i) reflux, 2-4hrs " [

OCgHy3

89 120

Scheme 3.27. Triple-decker via europium ion 120.

This complex was proven by MALDI-TOF-MS analysis which displayed the molecular ion
m/z 2814.98 [M]*, [C16sH140Eu2N160s8]*, calc.: 2814.96, (Figure 3.25). Additionally, it was
verified using 1H, 13C{1H} and COSY NMR analysis. Due to complex NMR spectra, the data

are reported in detail in the experimental chapter.
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Figure 3.25. MALDI-TOF-MS obtained for a green solid for Europium triple-decker
complex 120. The inset shows (B) obtained and (A) theoretical isotopic patterns.

3.3.3.4 Dy triple-decker (2,3-DyTD) 121

Dysprosium metal was employed, but it failed to generate a triple-decker complex 121,

likely due to its small size of ionic radii 90 pm, making it challenging to create effective

links between di-porphyrin units and the phthalocyanine core.
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3.3.3.5 Comparison of 2,3- triple-decker 112, 119 and 120
By comparing the UV-vis spectra of the produced La, Pr and Eu triple-decker complexes,

they all display highly similar UV-vis absorption patterns, as illustrated in (Fig. 3.26).

2,3-TD stack

Absorbance

250 350 450 550 650 750
-0.2

Wavelenght (nm)
2,3-EuTD  ——2,3-LaT D ———2,3-PrTD

Figure 3.26. UV-vis spectra for 2,3-LnTD complexes for all three metals (La, Pr and Eu),
inset: expansion of the 450-750 nm area.

3.3.4 Synthesis of 3,6-bis(porphyrin)triphenylene triple-decker (3,6-LnTD)

The next step involved using a second isomer, 3,6-bis(porphyrin)triphenylene model 90,
to produce another isometric single triple-decker with a series of different metal sizes,
ranging from bigger to smaller. A more favourable selection was expected for larger metal
sizes, given that the 3,6-isomer has a structure spanning a larger distance due to

increased space between the di-porphyrin units, as shown in (Fig. 3.27).
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Figure 3.27. The spacing for 3,6-isomer 90.

The same principles could then be applied to form the desired La, Nd, Sm, Eu and Dy single

triple-decker complexes as illustrated in scheme 3.28 below.

- step1. step2. Cohtra0. O
S, O™

cand oo i) Pc (4 eq) i)Ln(AcAc);3.H,0 (8 eq) %H°

20 ii) reflux, 48 hrs ii) reflux, 2-6 hrs

Ln= La (122}
Nd (123)
sm (124)5
Eu (125)

Dy (126) Q

Scheme 3.28. The reaction process for synthesizing a single triple-deckers 3,6-LnTD.
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3.3.4.1 Lanthanum triple-decker (3,6-LaTD) 122

Applying the previously explained conditions for (2,3LnTD), a mixture of 3,6-
bis(porphyrin)triphenylene model 90 (1 equivalent) with phthalocyanine (2
equivalents) were refluxed in 1-pentanol for 2 days. Following this, 4 equivalents of the
La(acac)3.H20 were added to the reaction mixture and regularly checked by TLC. No TD
was observed. Therefore, in the next attempt the amount of both the Pc 2 and the metal
were doubled and pleasingly this led to successful formation of 3,6 single triple-decker
after 2-6 hrs. Isolation was early achieved (as before) and 3,6-LaTD 122 was

recrystallized using DCM:MeOH to obtain 51% yield, as shown in (Scheme 3.29)

step,. step,. CeHi130 O

i) Pc (4 eq) i) La(AcAc)3.H;0 (8 eq)*=°

i) reflux, 48 hrs i) reflux, 2-6 hrs

Scheme. 3.29. 3,6-La triple-decker 122.
Analysis of NMR spectra

By using 1H and COSY NMR-spectroscopy, the chemical structure of the lanthanum triple-
decker 122 was confirmed. TH NMR-spectra of lanthanum triple-decker 112 (for 2,3-
isomer) and lanthanum triple decker 122 ( for 3,6-isomer) were similar. However, 1H
NMR of 122 complex demonstrated a clear pattern including two clear doublets of
doublets of H.. (meta-outer) and Hoo (ortho-outer) at 6.86 and 6.78 ppm which

corresponded to the protons of the benzene rings (A), (Fig. 3.28).
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Figure 3.28. The 'H NMR-spectrum of synthesizing complex 122 (500 MHz, CD2Cl2),

expansion of 10.74-6.51 ppm aromatic area.
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In order to provide additional proof that the detected signals correspond to the
appropriate aromatic protons, 2D COSY NMR was performed. The COSY spectrum of 122
shows that the protons of Hoi at 9.08 ppm correlate to those of Hmi and vice versa. Hmi

correlates with both Hp and Hoi. The pattern continues in this manner as shown in (Fig.
3.29).
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Figure 3.29. 2D COSY NMR 3,6-bis(porphyrin)triphenylene closed triple decker 122.

3.3.4.2 Neodymium, Samarium and Europium closed triple-decker ((3,6-NdTD)123,
(3,6-SmTD) 124 and (3,6-EuTD) 125, respectively)

The triple-decker of Nd, Sm and Eu were all successfully synthesised by using a modified
conditions described above. Comprehensive spectroscopic techniques including MALDI-
TOF-MS, NMR (1H and COSY), UV and IR were employed to confirm these compounds, as
reported in next part. Figure 3.28 below shows MALDI-TOF-MS data for this
confirmation.

Based on their data, complexes with various metals exhibited distinct appearances
especially in NMR and MALDI-TOF-MS spectroscopy. This is because they bonded to
metals of different sizes, each having distinct paramagnetic level (ionic radii Nd3* =98 pm
(3e-), Sm3+* =96 pm (5e-), Eu3* =95 pm(6e-)) that can impact differently on the molecular

dimensions and influencing the overall behaviour of the system.
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Here, MALDI-TOF-MS spectra shows an example of different isotopes pattern for each
complex, (Fig. 3.30).

Nd- triple-decker 123; MALDI-TOF-MS analysis which displayed the molecular ion m/z
2797.65 [M]*, [C168H140Nd2N160s]*, calc.: 2797.93.
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Sm- triple-decker 124; MALDI-TOF-MS analysis which displayed the molecular ion m/z
2811.06 [M]*, [C168H140Sm2N1608]*, calc.: 2811.96.
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Eu- triple-decker 125; MALDI-TOF-MS analysis which displayed the molecular ion m/z
2814.82 [M]*, [C16sH140Eu2N1608]*, calc.: 2814.96.
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Figure 3.30. MALDI-TOF-MS obtéined for 3,6-Nd, Srﬁ and‘Eu- friplé-deéker 123,124 and
125. The inset shows (B) obtained and (A) theoretical isotopic patterns.

3.3.4.3 Dy triple-decker (3,6-DyTD) 126

Unfortunately, dysprosium metal failed once again to produce a triple-decker complex

126 due to its small-sized.
3.3.5 The spectroscopic characterization comparison

TDs formation was straightforward for La, Pr, Nd, Sm and EuTDs with full spectroscopic
characterisation. However, the spectroscopic analysis of the two TD isomers, using same
metals did not reveal any practically distinct signals that could be used to distinguish

between the 2,3 or 3,6 formation modes.
3.3.5.1 Comparing between (2,3-LaTD) 112 with (3,6-LaTD) 122

In this example, the TH NMR-spectra of both isomeric TD, utilizing the Lanthanum ion
(2,3-LaTD) 112 and (3,6-LaTD) 122, exhibited highly comparable splitting peak patterns.
However, slight differences were observed in the appearance and positioning of these
signals, for triphenylene signals (1,2,3); for the outer phenyl protons of the porphyrins
(Hmo’ and Hoo, as illustrated (Fig. 3.31).
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Figure 3.31. 'H NMR-spectroscopy comparison between (2,3-LaTD) 112 with (3,6-
LaTD) 122.

3.3.5.2 Comparing between (2,3-EuTD) 120 with (3,6-EuTD) 125

Another example, the TH NMR-spectra of both 120 and 125, exhibited also highly
comparable splitting peak patterns, Pc core signals (Hrc1,2) for both TDs were observed at
12.94 and 10.07 ppm, as shows (Fig. 3.32). However, Europium metal showed minor
variations, though not enough to give considerable confidence in identifying the isomer

that might be produced from final target reaction.
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Figure 3.32. TH NMR-spectroscopy comparison between (2,3-EuTD) 120 with (3,6-

EuTD) 125.
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Conclusion

According to the synthesis results, it can conclude that both 2,3- and 3,6-isomeric single
triple-deckers (using big or small metal size) were successfully synthesized and fully
characterized with similar yields, and no significant differences were observed in
stability between these triple-deckers in terms of metal size. It was expecting that by
moving to smaller metals, there would be differences in stability, potentially resulting in
reduced stability or the non-formation of one isomer. However, the failed attempt to use
dysprosium metal was not a surprising result, given its small size. Furthermore,
dysprosium metal did not work with the normal triple-decker reported by Cammidge’s
group. Unfortunately, the spectroscopic characterization for the two sets of TD isomers
did not highlight any specific signals that could be used to identify linking mode in the

target hexa-system.

3.4 TD formation study

As mentioned earlier, the direct synthesis did not reveal significant differences in metal
size affecting the outcomes on their reactivities or stabilities. To understand the reactivity
of porphyrins with lanthanide ions and determine levels of synthetic control, the two
previously discussed isomers of novel triple-decker assemblies, containing various
metals, will be used for three types of experiments aimed at investigating the selectivity

and stability of these complexes.

3.4.1 Transmetallation using a different lanthanide ions

3.4.2 Transmetallation using a mixture of lanthanide ions
3.4.2.1 Distribution study (using 2,3 and 3,6-TD systems)

3.4.3 Mixed isomers experiment.
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3.4.1 Transmetallation using a different lanthanide ions

In order to evaluate the stability of the 3,6-La-TD and 3,6-Eu-TD complexes previously
synthesised, a metal exchange reaction was attempted. 3,6- Eu-TD was treated with an

excess of La(acac)s3.H20 under the standard reaction conditions of refluxing up to 24 hrs

in 1-pentanol (Scheme 3.30).

Scheme 3.30. Exchange reaction of europium (125) to lanthanum (122) in 3,6-EuTD.

During this process, the europium metal ion was expected to be exchanged by lanthanum

metal. The 1TH NMR-spectra of the La and Eu derivatives are conveniently distinct. Figure
3.33, displays the full TH NMR-spectra for both 3,6-LaTD (Fig. 3.33 (a)) and 3,6-EuTD (Fig.
3.33 (b)), highlighting the distinct signals in the aromatic region before applying

transmetallation experiments. For instance, the 'H NMR-spectrum of the 3,6-LaTD
complex exhibited signals, around 10.18 ppm, whereas in the case of 3,6-EuTD, an even

higher region that shifted up to around 14.52 ppm was observed.
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Figure 3.33.H NMR-spectra for 3,6-LaTD (a) and 3,6-EuTD (b).

The metal exchange reaction was attempted, and reactions were therefore monitored by
IH NMR-spectroscopy. All peaks correspond to 3,6-EuTD 125 in the aromatic region
(14.52-12.97ppm) would disappear and the peaks corresponding to 3,6-LaTD 120
should be observed (Fig. 3.34).
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Figure 3.34. Comparing 'H NMR-spectra for 3,6-EuTD (125) down, and 3,6-LaTD
(122) up with an aliquot from the exchange experiment middle after reflux for 24 hrs
(500 MHz, CD2(l2), expansion of 14.5 - 6.00 ppm aromatic area.

Unexpectedly, based on the 1H NMR-spectra results, no exchange of Eu metal for La was
observed. In the next attempt, 3,6-EuTD (whilst maintained in the original NMR tube)
was heated and refluxed in 1,1,2,2-tetrachloroethane TCE-d2D at 250°C in the presence
of excess of La metal. Unfortunately, no changes were recorded. The same process was
also attempted using 2,3-EuTD. However, no changes were observed here either. These
results indicated that the europium metal ion cannot be displaced by lanthanum metal

ion in these systems under the standard reaction conditions.

It was therefore concluded that both 2,3 and 3,6- europium triple-decker complexes were
robust and stable. Therefore, selective synthesis could not be achieved for this set of
triple-deckers based on thermodynamic equilibration. The same reaction was not
attempted the other way around (e.g., La displacing Eu), because the stability of La-TD is

higher than Eu-TD, as previously recorded 14°.
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3.4.2 Metallation using a mixture of lanthanide ions
3.4.2.1 Distribution study (using 2,3 and 3,6-TD complexes)

As the metal of La did not displace Eu metal, TD complex was investigated to show a
preference for any lanthanide in the series. Therefore, a combination metals experiment
was performed to observe if one of the metals forms TD complex faster than the others,

as illustrated in (Scheme 3.31).

CeH130

CeH130
step1. step2. O

o
i) Pc (2 eq) La(AcAc);.H,0 (4 eq) ‘O o
i) reflux. 2-4 h Pr(AcAc);.H,0 (4 eq) o
ii) reflux, 2-4 hrs -\ g4(AcAc),.H,0 (4eq) ™ L.

Sm(AcAc)3.H,0 (4 eq)

Scheme 3.31 General procedure for the combination metals experiment, to assess
selective synthesis of one metal triple-decker.

The reaction was performed under the same conditions as previously described,
however, four metal salts were combined. The mixture of 2,3-bis(porphyrin)triphenylene
89 and Pc 2 in 1-pentanol was refluxed overnight, then the excess of metal salts (La, Pr,
Nd, and Eu(acac)3.H20) were added. The crude mixture sample was analysed by MALDI-
TOF-MS. Here, no distinct triple-decker relative mass could be identified, due to a mixture
of metal TD complexes being present. Therefore, it was concluded that 2,3 or 3,6- TDs
complexes were not lanthanide metal-selective. In other words, neither 2,3- or 3,6 di-

porphyrins demonstrated a preference for forming a single complex.
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3.4.3 Mixed isomers experiment

As the previous approach did not selectively synthesise TDs, one metal and a mix of 2,3-
and 3,6- isomers were used to assess whether the selectivity, instead of using a mix of
metals as shown in (Scheme 3.32). In this experiment, the aim was to observe if one of
the isomers produces a single triple-decker more efficiently than the others, providing

the desired selectivity crucial for achieving our project objectives.

step,. step,. CeH130

i) Pc (2 eq) i) La(AcAc);.H,0 (excess) cg,0
i) reflux, 48 hrs i) reflux, 2-4 hrs

3.6LaTD

CeH1s0  OCgHy3

90

Scheme 3.32. Selective reaction of mixed isomers.

The mixture of 2,3- and 3,6- isomers (1:1 equivalent) with Pc (2 equivalents) in 1-
pentanol were refluxed overnight, then an excess of La(acac)s.H20 was added and
refluxed for 2-4 hrs. TLC showed a new green spot formed. It was isolated (as described
before with normal TD formation) and analysed by TH NMR-spectroscopy. It was found
that only the 3,6-TD-complex had been successfully and exclusively formed. There was

no sign for the formation of 2,3-TD-complex as illustrated below in (Fig. 3.35).
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Figure 3.35. Comparing 1H NMR spectra for 2,3 triple-decker complex above, and 3,6
triple-decker complex down with the mixed isomers experiment result middle (500
MHz, CD2(Cl2), expansion of 10.45-6.55 ppm aromatic area.

Figure 3.30 above displays three spectra; 2,3-LaTD spectra shows three main peaks at
10.25, 8.16 and 7.04 ppm, however these are absent in M-TD spectra of mixed isomers
experiment. Whereas the four peaks unique to 3,6-LaTD spectra were recorded in the M-
TD spectra. The newly shared signals at 10.27, 6.95 and 6.38 ppm can be assigned to the
porphyrin units. The signals at 8.39, 8.06, 8.02 ppm which are assigned to the

triphenylene core can also now be found in both spectra.
3.4.4 Conclusion

It appears that the mixed reaction of 2,3- and 3,6-isomers with Pc and Lanthanum salt
leads exclusively to 3,6-LaTD complex. This is useful result for the successful progression

of this project.
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3.5 Synthesis of hexa-(porphyrin) triphenylene system 127
After successfully synthesising single isomeric triple-deckers and assessing their
synthetic control, the synthesis of the hexa-system itself was begun. The synthesis of the

required triphenylene hexa-porphyrin is shown in (Scheme 3.33).

128 129

O O Q O TPPOH 94

Scheme 3.33. Proposed synthesis of hexa-(porphyrin) triphenylene system 127.
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3.5.1 Preparation of triphenylene core
3.5.1.1 Synthesis of hexa-(hydroxy) triphenylene 129

The symmetrical triphenylene core can simply be synthesised by cyclising veratrole to
create hexa-(methoxy) triphenylene 128 and then deprotecting the methoxy groups to
form hexa-(hydroxy)triphenylene 129 as shown in scheme 3.34.

OMe OH
MeO OH
OMe |‘
©: Fe—C13). OMeacid HO
" oy
97 ice bath, rt O OMe HO O
MeO OH
OMe

OH

Quickly decomposed
128 129

Scheme 3.34. General synthesis of hexa-(hydroxy)triphenylene 129.189

Veratrole 97 was easily cyclised into hexa-(methoxy) triphenylene 128 using iron(III)
chloride in DCM. Then, the resulting product was precipitated and recrystallized to give
the product in 30% yield. Next, hexa-(hydroxy) triphenylene 129 was synthesised by
deprotection of triphenylene 128 applying acid. The deprotection was first carried out
by refluxing in a mixture of HBr and acetic acid (1:1). The demethylation was successful,
but the product unfortunately quickly decomposed during the work up. The product 129
was decomposed directly to a black solid, even when a clean 'TH NMR spectra was
observed. This is because compounds with multiple hydroxy groups are prone to

oxidative decomposition.19°

1H NMR-spectra of hexa-(methoxy) triphenylene 128 demonstrated a sharp singlet peak
of Ha at 4.12 ppm for 18H of methoxy group and this peak disappeared due to the
formation of hexa-(hydroxy) triphenylene 129 (Fig. 3.36).
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Figure 3.36. 1H NMR-spectra for both triphenylenes 128 and 129.

3.5.1.2 Synthesis of 2,3,6,7,10,11-Hexa-(3-chloropropoxy)triphenylene 130

The core can be formed following a stepwise synthesis, as shown in scheme 3.35.

3-bromo-1-propanol

@[OH (‘excess 2.5 eq) C[O\/\/OH
oH  KyCO;(4eq) 0" >""OH
80°C/ 48 hrs
95 131
SOCl,

0 cl
@E ) FeCly
—_—
0" "] ii) MeOH

132

O

O ~Cl
Clu_~_20O O O‘
c "0 O

(6}

130 Cl

Scheme 3.35. Synthesis of the final triphenylene core 130 via stepwise process.
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The first step was performed by reacting catechol 95 and excess 3-bromo-1-propanol in
refluxing EtOH, with K2COs. The reaction mixture was then distilled and recrystallized to

give 131 in 80% yield.

The second step involved the conversion of the hydroxy groups into halides. Scheme 3.36,
provides a summary of the typical mechanism for activating acids using thionyl or oxalyl

chloride.191

‘\9) ‘\)OJ\) ? ® o
ANA

R

OH
0y O ]
b c—> ‘\)J\)f‘ s Hef) T RGH €Oz +CO+HC
Clo Y R"Xo0
0 0

Scheme 3.36. Using oxalyl or thionyl chlorides to produce acyl chlorides.191

Accordingly, product 131 was converted to chloride product 132 by applying activation
agents such as thionyl chloride (Scheme 3.37).

©:O\/\/OH SOCl, _ ©:O\/\/C1
o0 >"0H 1 drop DMF o0 >l

131 132

Scheme 3.37. Converting compound 131 to compound 132.

0-Bis((3-hydroxypropyl)oxy)benzene 131 and thionyl chloride were refluxed in dry DCM
under N2. One to two drops of DMF were added and left to reflux overnight. The product
was filtered through a pad of silica to yield a colourless oil of 132, 77%.

Finally, product 132 was then cyclised easily using FeCls in DCM as described before, to
produce 70% of the desired 2,3,6,7,10,11-hexa-(3-chloropropoxy)triphenylene 130 as

white solid.
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3.5.2 Synthesis of hexa-(porphyrin) triphenylene 127

The six chromophores of porphyrins 94 can be now attached to final triphenylene core

130 by simple alkylation reaction Sn2, as shown in (Scheme 3.38).

Cl (0]
N TPPOH 94 (10 cq)
e K,CO/ DMF

O 120 °C, 24-48 hrs
O/\/\C1

130

Scheme 3.38. New route for synthesis hexa-(porphyrin) triphenylene system 127.

Multiple attempts were made to synthesise hexa-(porphyrin) triphenylene 127 by
reacting the triphenylene core 130 with an excess of TPPOH 94, utilising K2CO3 as a base,
with DMF as the solvent.

It is more challenging to combine six chromophores with a central core to create a single
molecule. The crude of the reaction was checked by TLC, which displayed many spots,

suggesting many mixed by-products (Scheme 3.39).
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Cl Cl

Scheme 3.39. Examples of side products which can be formed.
3.5.2.1 Optimisation procedure for the formation of target compound 127

For the chromophores to be attached to the triphenylene core 130, at least 6.5
equivalents must be present. Therefore, a commercial product was tested instead of the
TPPOH 94, to assess whether the triphenylene core could work under the conditions for

making target compound.
3.5.2.1.1 Attempted synthesis of compound 133 (test reaction)

These same reaction conditions as before were used, but in this instance, the phenol

molecule 134 was used in place of TPPOH (Scheme 3.40).
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Scheme 3.40. Synthesis of compound 133 as tester.

A similar reaction was performed by refluxing triphenylene core 130 with a large excess
of phenol 134 with K2CO3 in DMF. After 24 hrs of reflux, the crude mixture was analysed
by MALDI-TOF-MS, which showed several peaks but only one tiny signal that belonged to
the target substance. the decision was made to give the reaction a few more days to finish,
but this had no further impact on the amount of product that formed. Along with the

unreacted starting material (phenol), the products from elimination were increasing.

To prevent this elimination, a second attempt was performed by first modifying the
reactions from a “one-pot” reaction to a “two-stepwise” reaction. An excess of phenol
with K2C03 was refluxed in DMF. This was followed by the addition of dibenzo-18-crown-

6 as templatel92.193 which interacts with K* in the solution as shown in (Scheme 3.41).

o)

Scheme 3.41. Using dibenzo-18-crown-6 as template.193

After refluxing of the mixture for 24 hrs, a solution of triphenylene core in DMF was added
to the reaction mixture and left to react for 3 days. The MALDI-TOF-MS spectrum
displayed a sharp peak that corresponded to the target product 133, demonstrating the
connection of triphenylene with six phenol units. Because there was no longer the

elimination side effect, the reaction was stopped and purified by column chromatography
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to remove any excess starting material using DCM: PET (v:v 3:2), to collect the 133 in

65% yield.

The 1H NMR-spectra analysis of 133 exhibited well-defined aromatic signals: signal of Ho
at (7.26 ppm for the 12 protons of ortho), and multiplets of both Hm and Hp at 6.95-6.89
ppm for 18H, (Fig. 3.37).
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Figure 3.37. 1H NMR spectra for test compound 133.

As a result, hexa-(porphyrin) triphenylene system 127 was successfully synthesised
following the same conditions of the test reaction above. The structure of 127 was
confirmed using several spectroscopic techniques including NMR (1H, Cosy, 13C{1H} and
HSQC), IR, UV-vis, and MALDI-TOF-MS. These analysed data can be found in the
experimental chapter. The MALDI-TOF-MS confirmed the molecular ion of m/z 4348.69,
[M]* (C300H216N24012), calc.: 4348.71 (Fig. 3.38).
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Figure 3.38. MALDI-TOF-MS of hexa-(porphyrin) triphenylene 127. The inset shows
(B) obtained and (A) theoretical isotopic patterns.

Analysis of NMR spectrum

1H NMR-spectra of the hexa-system 127 showed a small singlet of Ar-H" at 8.11 ppm,
corresponding to the 6 protons of the triphenylene ring, one singlet of 12H for N-H group
at-2.92 ppm and two triplets for Ha (4.60 ppm) and H» (4.45 ppm), and one quintet of Hc
(2.51 ppm) related to the 12H each of the alkyl chain. Most importantly, 1H NMR-spectra
of 127 system reveals the symmetrical system was formed, showing free rotation of the
6-porphyrin units passing through the 6-linkers to the triphenylene core. This clearly
indicates hydrogens of the meso-phenyl of porphyrins shows benzene ring A; doublet of
meta-position Hm'’ for 12H at 7.94 ppm and doublet of ortho-position Ho’ for 12H at 7.13
ppm. Benzene ring B and B’; doublet signals of H1 and Hr' for 12 and 24 hydrogens at
7.99 and 7.85 ppm; overlapped triplet signals of H2 and H2 for 36H at 7.38 and 7.32 ppm;
overlapped mutiplet signals of Hs and Hs' for 18H at 7.60 and 7.32 ppm. Other important
signals appear clearly, as labelled in (Fig. 3.39).
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Figure 3.39. 1H NMR-spectroscopy for hexa-(porphyrin) triphenylene system 127, (500
MHz, CD2Cl2), expansion of 8.9-7.0 ppm aromatic area.
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In addition, the HSQC-spectra displays a signal of Ar-H"for 6H correlates with a very small

weaker peak C*because of no electronegative atoms bonded to the triphenylene benzene

rings (Fig. 3.40).

140

Figure 3.40. HSQC NMR-spectroscopy for hexa-(porphyrin) triphenylene system 127.

3.6 Synthesis of tris-triple-decker system 135

The hexa porphyrin system was successfully synthesized and fully characterized, guiding
towards the final step. To prepare tris-triple-decker system 135, the same modified

methodology used for the single triple-decker was followed, using an excess of both Pc 2

and the metal, as shown in Scheme 3.42 below.
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St

Lh

Scheme 3.42. Synthesis of (3,6) tris-triple-decker system 135.

3,6-linkages were expected in the formed tris triple-decker system 135 due to earlier
results that showed its preferential formation over 2,3-. In practice forming three triple-
decker complexes around the central core, to form a single larger molecular mass system
(6713 m/z) was more difficult. Multiple rounds of analysis were conducted to examine
the reaction's crude using TLC and MALDI-TOF-MS. The results revealed numerous spots,
indicating the presence of multiple side products. Analysis of the results indicated the
same logical assumptions about the structural features of some products and they are

illustrated in (Fig. 3.41).
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Mw= 4736 * Mw= 5991
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Figure 3.41. MALDI-TOF-MS results for by-products of tris triple-decker reaction
attempts.

In the first attempt, a mixture of the hexa-system 127 and 6 equivalents of Pc 2 were
heated in 1-pentanol at 165 °C for 48 hrs. Subsequently, 12 equivalents of La(AcAc)3.H20
were added and refluxed for 3-4 hrs. Analysis via MALDI-TOF-MS revealed the by-
products (likely to be 136, 137), as well as the formation of a bis triple-decker assigned
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tentatively as structure 139. It can be envisaged that this outcome leads to an
uncongested system but would halt any further reaction as there are no two adjaxent

porphyrins to allow formation of a third triple-decker (Fig. 3.42).

435329 (137

“l (136)

N,

I @ (139
: t

4479.24 @1 73

Figure 3.42. MALDI-TOF-MS for first attempt of synthesising tris triple-decker system.

Therefore, in the second attempt, the reaction was modified by increasing the quantity of
metal added to 18 equivalents while maintaining all other reaction conditions. MALDI-
TOF-MS analysis displayed the presence of various by-products, with possible formation
of double decker systems because a prominent observed mass corresponds to (138).
Furthermore, masses corresponding to a single triple-decker-double double-decker

(140) and a bis triple-decker double-decker (141) were observed (Fig. 3.43(A)).

Therefore, the reaction was repeated with a higher excess of both Pc (12 equivalents) and
metal (24 equivalents), with the reaction conditions unchanged. However, MALDI-TOF-
MS analysis revealed the presence of high-mass complexes with increased Pc insertion
(7381 and 8717 m/z), alongside other by-products. However, this attempt showed
promise as a peak corresponding to a 3xPc, 5xLa was also observed, (142), (Fig. 3.43(B)).
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Figure 3.43. MALDI-TOF results. ”

Based on the previous outcomes, another repetition of the reaction was conducted with
an excess amount of only the metal (24 equivalents) and extended the reaction time to 12
hrs instead of the previous 3-4 hrs. As a result, MALDI-TOF-MS analysis revealed two
obvious peaks corresponding to metal insertion alone (138) and the tris triple-decker
structure with one missing metal atom (142), (Fig. 3.44 (A)). Subsequently, the reaction
time was increased to 3 days. MALDI-TOF-MS exhibited similar results, with a higher mass

observed for complexes with increased Pc core insertion (8756 m/z), (Fig. 3.44 (B)).
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Figure 3.44. illusrating further MALDI-TOF-MS results.

The reaction was repeated using an excess amount of metal (24 equivalents), while this
time raising the temperature to 200°C by using a sealed tube setup. MALDI-TOF-MS
displayed a major peak corresponding to the tris triple-decker structure with one
uninserted metal atom (142), as previously observed (Fig. 3.45 (A)). Notably, this result
indicated that the insertion of the final metal atom proved to be significantly more
challenging compared to previous attempts, which was unexpected but consistent with

the challenging formation of such a congested system.

To force this insertion, an excess of metals were added, and both the temperature and
reaction time were increased. Here, the reaction was maintained at 250°C in a sealed tube
for a week. Following this, analysis by MALDI-TOF-MS confirmed the formation of the tris
triple-decker structure with all 6 metal atoms inserted (135), giving a mass of 6713 m/z

(Fig. 3.45 (B)).
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Figure 3.45. MALDI-TOF-MS for final attempt.

The green product was precipitated by adding MeOH followed by filtration to isolate it. It
was then subjected to short silica chromatography, washed with (100% DCM) to separate
first any excess La-Pc. The resulting product 135 was obtained through a further
purification step using column chromatography with a solvent mixture of DCM:PET:TEA
in a ratio of (v:v:v 7:10:1). This process yielded ~27% of the desired system 135 in the
form of a dark green solid. Many attempts were made to recrystalize 135 using different
solvents but were unsuccessful. TLC analysis of the isolated material proved challenging
and often irreproducible (a phenomenon often associated with crystallisation and/or
decomposition on the plate). Nevertheless, samples did appear to be single product.
However, very complex and poor-quality NMR-spectra were produced each time. The 1H
NMR-spectra of tris system 135 exhibited distinct peak characteristics that matched the
formation of TDs, resulting in a high chemical shift similar to that of single TD complex,

about 9.95 to 10.0 ppm (Fig. 3.46 (a) and (b)).
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Figure 3.46. Illustrating similar peaks characteristic of both single and tris system.

A more detailed investigation was conducted using the MALDI-TOF-MS results. There
was evidence that the sample was not in fact pure, and closer inspection revealed the
presence of additional peaks in the MALDI-TOF-MS-spectra corresponding to bis triple-
decker (139) and (143). The presence of these side product impurities make the spectra
complex, indicating double-decker units are included. Several further purifications were
attempted, and MALDI-TOF-MS confirmed a main peak associated with the tris-system
135, but additional peaks still always were present (Fig. 3.47).
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Figure 3.47. Additional MALDI-TOF-MS ivestigation results.

Upon comparing the UV-vis spectra of 135 (-green trace) with the previously synthesised
3,6-La single triple-decker compley, it is apparent that they display comparable signal
patterns, confirming the formation of 135. However, tris triple-decker system 135
spectra displayed an extra Q-band signal due to mixing with by-products of (139), having
metal-free porphyrin units, again consistent with our assumption that a bis TD like 139

is favourably formed and inseparable from our target tris TD, (Fig. 48).
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Figure 3.48. UV-vis spectra for tris triple-decker system 135 with starting material 127
and 3,6-La single triple-decker complex.

3.7 Synthesis of open bis-triple decker system 144

As previously noted, satisfactory NMR-spectroscopy results could not be obtained for the
tris triple-decker system 135. Consequently, the decision was made to synthesise the
open bis triple-decker system instead, with the ultimate goal of fully characterizing an
alternative bis triple-decker system for this project. The 3,6-isomer 90 was chosen for its
more open structure, which spans a bigger distance between porphyrins. This can assist
in the production of a multi-decker system by using a modified conditions instituted for

single TD complex that described before, as illustrated in (Scheme 3.43).
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Scheme 3.43. Synthesis of bis-triple-decker system 144.

In order to preferentially synthesise the open bis-triple-decker system 144, 3,6-
bis(porphyrin)triphenylene 90 and an excess of Pc 2, were refluxed in 1-pentanol in an
inert atmosphere for 48 hrs. 12 equivalents of La(acac)3.H20 was added and heated in a
sealed tube at (200-250°C) for 3 days. The reaction product was analyzed using MALDI-
TOF-MS, which confirmed the molecular ion of m/z 4604.75, [M]* (C264H1ssL.a4N400Os),
cal.: 4604.21 (Fig. 3.49).
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Figure 3.49. MALDI-TOF-MS of compound 144. The inset shows (B) obtained and (A)
theoretical isotopic patterns.

The open bis triple-decker 144 was isolated by employing the same sequence for the
previous work up. It was precipitated by using MeOH and filtered, was then subjected to
short silica, washed with (100% DCM) to separate any excess of Pc. Recrystallization of

144 using DCM:MeOH to obtain 40% yield.
Analysis of NMR spectrum

The NMR spectroscopy absorption indicates the symmetrical assembly of the open bis-
triple-decker system 144. Analysis of the 1TH NMR-spectra of 144 revealed very sharp
signals of Pc; two doublets of doublets for 32H at 8.72 and 7.75 ppm, referred to as Hpc1
and Hpc2. In Figure 3.50, other distinct signals corresponding to the benzene rings (A), (B),
and pyrrole of the di-porphyrin unit and triphenylene core are shown. However, the free
rotation of the di-porphyrin units was prevented, as described previously in the 2,3 and

3,6-isomeric TD complex. This is attributed to the open bis-TD complex of four
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phthalocyanine cores, which makes the system robust and blocks the bridge chain from
undergoing free rotation. Consequently, this open system exhibits a significant difference

in characterization in the NMR-spectra, with no observed inner or outer rotation.
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Figure 3.50.1H NMR of bis-triple-decker system 144 (500 MHz, CD2(Clz), expansion of
10.0-7.51 ppm aromatic area.

3.7.1 Comparing between open bis triple-decker 144 with open bis triple-decker

for Cammidge’s group

The spectra for the corresponding 144 was depicted as stacks with simple C10 bridged
open bis triple-decker in (Fig. 3.51 (@) and (b)). The spectra of the two open bis TD
derivatives show considerable similarities, as highlighted below. Particularly, porphyrins
and Pc peaks are essentially identical in both derivatives; (Hrc1,2) signals appearing at
8.83 and 7.83 ppm and hydrogen peaks of ortho-position for meso-porphyrins units
showing chemical shift at 8.99 ppm for both are also similar. However, in the 144 system
(a), the corresponding protons of the triphenylene singlets Ar-H*; overlapped with
porphyrins signals appearing around 8.56 - 8.10 ppm.
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Figure 3.51. 'H NMR-spectroscopy comparison between 144 system open bis complex

of Cammidge’s group.
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To further support the assignment of observed signals to the appropriate aromatic
protons, 2D COSY-NMR was conducted. The COSY spectrum of 144 reveals that the
doublet of doublets for Hpc1 at 9.35 ppm correlates with the doublet of doublets for Hrc2
at 8.29 ppm, both associated with the four Pc cores. Furthermore, there is a clear and
regular pattern of hydrogen coupling observed in both benzene rings (A) and (B), as

indicated in (Fig. 3.52).

e 00 98 86 94 92 90 BE 86 84 82 8O TE FE P4 2
\% 2 (ppm)

Figure 3.52. 2D COSY NMR-spectroscopy for bis-triple-decker system 144.

UV-vis spectroscopy was conducted to confirm the formation of an open bis triple-decker
system 144, as depicted in Figure 3.48 (-green trace). The figure illustrates stacked
signals for both single and bis triple-decker substitutes, indicating a reduction in Q-band
peaks from 4 to 3 signals due to the formation of TD in comparison to signals observed

for the starting material of metal-free porphyrin (3,6-model), (Fig. 3.53).
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Figure 3.53. UV-vis spectroscopy for bis triple-decker system 144, single triple-decker
and 3,6-model.

In conclusion, an intensive investigation into a multistep synthetic approach for
porphyrin-phthalocyanine multi-decker systems has been conducted. This strategy
successfully led to the smooth synthesis of model systems, specifically the (2,3LnTD) and
(3,6LnTD) assemblies, using lanthanide (III) salts with different ionic radii (La3* =103
pm, Pr3* =99 pm, Nd3* =98 pm, Sm3+ =96 pm, Eu3* =95 pm). Importantly, the assembly
and isolation of these single TD systems exhibits a more balance of isomeric TD, resulting
in spectroscopic similarities and no obvious difference in stability between two different
isomeric TD complexes. The ion of smaller size as Dy failed to easily generate TD complex.
The investigation into the selectivity of the lanthanide series was also performed,
including the combination of two isomers with a lanthanide ion. This indicated that the
tris triple-decker system does indeed offer excellent controlled formation for the
selectivity of (3,6LnTD). The assembly of tris triple-decker systems did not result in a
completely pure compound, and no significant spectroscopic analysis was obtained;
however, MALDI-MS-TOF evidence suggests their formation. As part of our project to
assemble high-order systems from porphyrin and phthalocyanine, an open multi-decker

system design was also investigated successfully.

The study so far has uncovered a promising approach to complex multidecker systems.

While specific problems have been identified in the molecular design, there are clear
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indications for how future work could deliver efficient synthesis of related assemblies. In
particular, future work should focus on the replacement of the investigated flexible
propyl linker chain with a more rigid, potentially longer unit (e.g. incorporating an
alkyne) in order to increase the selectivity between 2,3- and 3,6- assembly modes. At the
same time this is expected to solve the identified issue of steric crowding in the

multidecker’s final assembly step.
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Chapter 4: Experimental
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4. Experimental

4.1 General methods
4.1.1 Physical methods

A Bruker Ascend™ 500 spectrometer was used, with deuterated solvents were used
deuterochloroform (CDCIs3) or deuterated methylene chloride (CDCl2) , to record the 1H
NMR spectra. A measurement of 500 MHz was observed. The recording of signals was in
ppm, as 8. The residual solvent was used as a reference. Hertz (Hz) were used to give the
coupling constant, J. 3C{IH}-NMR spectra of 126 MHz were recorded. The same
spectrometer and solvent were used. Unless otherwise indicated, all spectra were
recorded at room temperature, (Some compounds had assignments for 1D NMR signals
due to their simplicity and distinct proton environments, others had assignments for 2D
NMR techniques to achieve accurate signal assignments, ensuring more structural

clarification).

A Perkin-Elmer UV-vis spectrometer Lamda XLS was used to check the UV- vis spectra in

the solvent stated.

Direct sample deposition was used to record mass spectra, by means of a MALDI-TOF-MS
Performance instrument, Shimadzu Axima-CFR spectrometer. Isotopic distribution

patterns were used to confirm the assigned molecular formulae by comparison to theory.
IR spectra were recorded using a Perkin-Elmer Spectrum BX FT-IR spectrometer.

Thin layer chromatography (TLC) was conducted using a Merck aluminium backed silica

gel 60 F254 coated plates. Visualisation was achieved using a UV light at 254 nm.

Column chromatography was mainly achieved at ambient pressure and temperature.
However, for the occasional application of moderate pressure, silica gel was utilized
Davisil LC 604, 40-63 micron of 70-230 mesh (Grace GM BH & Co). The ratio of solvent

was v.v.

A Reichert Thermovar microscope, which included a Thermopar based temperature

control, was employed to measure, and record melting points.
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Microwave reactor model: Biotage Initiator+ system (1-point support), serial number;
014242, radio frecuency emission level; 0.0 mw/ cm?2 at 5 cm; nature of any reactor sealed

vessels was used.
4.1.2 Reagents, solvents, and reaction conditions

The solvents and reagents, used in this study, were all bought from commercial suppliers,
and were of analytical grade. The solvents used were SLR- grade (standard Laboratory
Reagent) and did not require drying. It was therefore considered unnecessary to purify
them. Petroleum ether is light petroleum, 40-60 °C boiling point. Magnesium sulphate
(MgS04) was used to dry the organic layers, and solvent evaporation was conducted at
reduced pressure, by means of a Blichi rotator evaporator (vacuo). Reactions sensitive to
water and air were carried out under an inert environment, typically under nitrogen or

argon gas, (argon was preferred).
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4.2 Synthesis

4.2.1 Synthesis unsymmetrical tetraphenyl-porphyrin ((10,15,20-
triphenylporphyrin-5-yl)phenol) TPP-OH 94

Following the procedure reported by Adler 12, benzaldehyde (3.8 ml, 3.97 g, 37.40 mmol)
and p-hydroxybenzaldehyde (1.52 g, 12.50 mmol) were mixed in propionic acid (200 ml),
and then the mixture was heated to reflux. Freshly distilled pyrrole (3.25 ml, 3.14 g, 50.0
mmol) was then added dropwise. After the addition was finished, the resulting mixture
was refluxed for another 30 min. The mixture was cooled down to room temperature.
MeOH (200 ml) was added, then left overnight in the fridge to precipitate. The resulting
product was a purple solid, which was filtered and washed with MeOH. The crude
compound was purified by chromatography on a silica gel column using DCM:PET (1:1
v:v) as eluent. The first fraction was the symmetrical porphyrin TPP (0.2 g, 11%). After
collecting all the TPP, the polarity of the eluent was increased to (DCM) to collect the TPP-
OH product, which was separated out as a dark purple fraction. Then the compound was
recrystallized using a mixture of DCM and MeOH to give hydroxyphenylporphyrin 94 as
a purple solid (420 mg, 5.4%). “data consistent with previously reported”

'H NMR (500 MHz, chloroform-d) & 8.81 (d, J = 4.8 Hz, 2H, Hpyr1), 8.79 — 8.75 (m, 6H,
Hpyr2), 8.18 —8.12 (M, 6H, Hc), 8.04 — 7.98 (m, 2H, Hy), 7.75 — 7.64 (M, 9H, Hg), 7.15 (d, 2H,
Ha), -2.85 (s, 2H, NH).; MS (MALDI-TOF): m/z [M*] calc, for (C44H30N4O)™: 630.24, found
=630.44 [M™].
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4.2.2 Synthesis of 1,2-Dihexyloxybenzene DBU 96

O\/\/\/
96

Following a modification to the procedure described by Howard et al,16? and Cammidge
group!?4 catechol 95 (50.0 g, 0.454 mol), 1-bromohexane (180.0 g, 1.090 mol) and
potassium carbonate (150.0 g, 1.090 mol) were suspended in EtOH (300 ml) with
potassium iodide (0.01 g) and the reaction mixture was refluxed for 3 days. The mixture
was then cooled to room temperature, filtered, and the solvent was removed under
reduced pressure. The crude product was purified by distillation to give 1,2-dihexyloxy

benzene 96 as a pale brown oil. (83.55 g, 66%).“data consistent with previously reported”

IH NMR (500 MHz, Chloroform-d) & 6.92 — 6.88 (m, 4H), 4.01 (t, J = 6.7 Hz, 4H), 1.88 —
1.78 (m, 4H), 1.53 — 1.45 (m, 4H), 1.42 — 1.33 (m, 8H), 0.97 — 0.89 (m, 6H).
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4.2.3 Synthesis of 2,3,6,7,10,11-Hexahexyloxytriphenylene [HAT6] 98 (iron(III)
chloride route)

o)

‘ O~
SO0 OO
/\/\/\O O

SN

o)

98

Following the method that was reported by the Cammidge group,172 1941,2-
dihexyloxybenzene 96 (1.0 g, 3.590 mmol) was added to a vigorously stirred suspension
of iron(III) chloride (1.74 g, 10.770 mmol) in dichloromethane (25 ml) with concentrated
sulfuric acid (2 drops). The reaction mixture was stirred in ice bath for 2 hrs then was
quenched with methanol (60 ml). The reaction mixture was filtered off, and the solvent
was removed in vacuo. Then, the black solid was purified by column chromatography,
eluting with DCM: PET (1:1 wv:wv) to give the product of 2,3,6,7,10,11-
hexahexyloxytriphenylene 98 as a plate yellow solid, which was recrystallized from

ethanol (0.36 g, 36%). “data consistent with previously reported”

IH NMR (500 MHz, chloroform-d) & 7.84 (s, 6H), 4.23 (t, J = 6.6 Hz, 12H), 1.97 — 1.91 (m,
12H), 1.61 — 1.55 (m, 12H), 1.43 — 1.36 (m, 24H), 0.93 (t, J = 6.8 Hz, 18H).

154 | Page



4.2.4 Synthesis of 2,3-dimethoxy-6,7,10,11-tetrahexyloxytriphenylene 91

%O .
s
O

0]

91

Following the reported method172 a mixture of 1,2-dihexyloxybenzene 96 (2.0 g, 7.20
mmol) and veratrole 97 (1.0 g, 7.20 mmol) was added dropwise to a stirred mixture of
iron(III) chloride (7.0 g, 43.2 mmol) and dichloromethane (50 ml). The reaction mixture
was maintained stirred in ice bath. The mixture was stirred for a further 2 hrs, then
quenched with methanol (100 ml). The resulting product was filtered. The solid was
purified by column chromatography on silica, eluting with DCM: PET (1:1 v:v). The white
solid was recrystallized by using a mixture of DCM: MeOH to give the product of 2,3-
dimethoxy-6,7,10,11-tetrahexyloxytriphenylene 91 (0.45 g, 21%).“data consistent with

previously reported”

M.P. 125 °C., lit.1’2 116 °C.; 'H NMR (500 MHz, chloroform-d) & 7.86 (s, 2H), 7.86 (s, 2H),
7.82 (s, 2H), 4.28 — 4.20 (m, 8H), 4.13 (s, 6H), 2.00 — 1.90 (m, 8H), 1.54 — 1.36 (m, 24H), 0.98
—0.91 (m, 12H).; MS (MALDI-TOF): m/z [M*] calc, for (C44He206)": 688, found = 688 [M*].
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4.2.5 Deprotection of 2,3- bis(hydroxy)triphenylene 92

)
@)
[
B
Q
<

92 !

Using our new method of employing microwave reaction, a mixture of 2,3-
dimethoxytriphenylene 91 (1.0 g, 1.50 mmol), potassium carbonate (1.3 g, 9.44 mmol)
and thiophenol (0.81 g, 7.26 mmol) were placed in a microwave vessel and sealed with
magnetic bar. It was filled with argon after being purged for five minutes. To this was
added dry DMF (6 ml) and stirring continued under argon for a further 10 min. Then the
combination was irradiated via microwave at 120 °C for 3 hrs. Finally, the solution was
allowed to cool down, then poured onto concentrated HCI (10 ml) and ice (50 ml), filtered,
and the residue dissolved in a minimum of DCM. This was then purified by using column
chromatography, eluting with DCM: PET (2: 1 v: v). The solvent was removed under
reduced pressure to give 2,3-bis(hydroxy)triphenylene 92, which was recrystallized

using a mixture of DCM: MeOH to give the product as a white solid, (0.71 g, 74%).

'H NMR (500 MHz, chloroform-d) & 7.89 (s, 2H, Ar-H), 7.80 (s, 2H, Ar-H), 7.77 (s, 2H, Ar-
H), 4.21 (t, J = 6.6 Hz, 4H, Hy), 4.16 (t, J = 6.6 Hz, 4H, Hp), 1.94 — 1.86 (m, 8H, H¢), 1.59 —
1.47 (m, 8H, Hg), 1.39 — 1.35 (m, 16H, H¢), 0.92 (t, J = 12.6 Hz, 12H, Hf). MS (MALDI-
TOF): m/z [M*] calc, for (Ca2Hs00s)*: 660.43, found = 660.38 [M*].
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4.2.6 3,4-dihydro-2H-[b][1,4]dioxepine 101 ( side Product)
O
O
101

Following a modification to the procedure described by Howard et al,16? Catechol 95
(10.0 g, 90.910 mmol), 1,3-dibromopropane (184.0 g, 909.00 mmol) and potassium
carbonate (38.0 g, 272.70 mmol) were suspended in EtOH (100 ml) and refluxed for 3
days. The mixture was then cooled to room temperature, filtered, and the solvent was
removed under reduced pressure. The crude product was purified by column
chromatography to give 3,4-dihydro-2H-[b][1,4]dioxepine 101 as brown oil , (2.6 g,

20%). “data consistent with previously reported”

'H NMR (500 MHz, chloroform-d) 8 6.96 — 6.87 (m, 4H), 4.29 — 4.23 (m, 4H), 2.32 — 2.24
(m, 2H).
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4.2.7 Synthesis of 2,3-bis(hydroxypropanyloxy)triphenylene 102

(0]
(0]
O O\/\/OH
908
o N\_OH

0]
O
102

2,3-Bis(hydroxy)triphenylene 92 (0.44 g, 0.605 mmol), 1-bromo-3-propanol (0.25
g, 1.815 mmol) and potassium carbonate (0.28 g, 1.990 mmol) were suspended in
EtOH (15 ml) and refluxed for 2 days. The mixture was then cooled to room
temperature, water (100 ml) was added, and the mixture was extracted by using
DCM (3 x 50 ml) and dried with anhydrous (MgS0a4), filtered off, then the solvent
removed under reduced pressure. The crude product was purified by column
chromatography. Then the compound was recrystallized with EtOH to give the
product 2,3-bis(hydroxypropanyloxy)triphenylene 102 as a white semi-solid. (29
mg, 6%).

IH NMR (500 MHz, Chloroform-d) 8 7.83 (s, 6H), 4.43 (t, J = 5.6 Hz, 4H), 4.25 — 4.21 (m,
8H), 3.96 (t, J = 5.5 Hz, 4H), 3.75 — 3.72 (m, 16H), 2.22 — 2.15 (m, 4H), 1.98 — 1.89 (m, 16H),
1.58 (t, J = 7.4 Hz, 12H).
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4.2.8 Synthesis of bromoalkoxyporphyrin 93

TPPOH 94 (2 g, 3.172 mmol), 1,3-dibromopropane (16.0 g, 8.03 ml, 79.20 mmol)
and potassium carbonate (4.4 g, 31.67 mmol) were added to EtOH (20 ml) and the
mixture was heated at 80°C for 24 hrs in normal refluxing. The mixture dissolved
in DCM (50 ml). This was washed with water (100 ml) and the organic layer was
extracted by using DCM (3 x 50 ml) and dried with anhydrous magnesium
sulphate. The solvent was removed under reduced pressure. The product was
recrystallized by wusing a mixture of DCM: MeOH to produce
bromoalkoxyporphyrin 93 as a purple solid. (2.35 g, 98 %).

M.P. 293°C.; 'H NMR (500 MHz, chloroform-d) & 8.88 (s, 2H, Hpy1), 8.84 (s, 6H, Hpy2), 8.22
(d, J=9.2 Hz, 6H, Hc), 8.13 (d, J = 6.5 Hz, 2H, Hp), 7.82 — 7.71 (m, 9H, Hg), 7.29 (d, J = 8.6
Hz, 2H, Ha), 4.41 (t, J = 5.7 Hz, 2H, H1), 3.79 (t, = 6.4 Hz, 2H, H3), 2.57 — 2.48 (m, 2H, Hy),
-2.77 (s, 2H, NH).; 13C NMR (126 MHz, CDCls)  158.5, 142.2, 142.2, 135.6, 135.6, 134.8,
134.5, 133.3, 127.7, 126.6, 120.1, 120.0, 119.9, 118.0, 112.9, 112.7, 69.1, 65.6, 32.6, 30.9,
30.1.; MS (MALDI-TOF): m/z [M™] calc, for (C47H3sBrN4O)*: 752.19, found = 752.00 [M*].;
UV-vis, Amax (DCM)/nm 415, e=2x10°; 515, e=1.42x10%; 556, £=5.14x10%; 595, £=3.57x10%;
645, e=2.15x10%.; IR (KBr, cm™): 3317, 2704, 2599, 2356, 1595, 1504, 1469, 1346, 1220,
1172, 1152, 979, 963, 844, 780, 699, 656.
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4.2.9 Synthesis of 2,3-bis(porphyrin)triphenylene first model 89

89

Bromoalkoxyporphyrin 93 (1.7 g, 2.270 mmol), 2,3-bis(hydroxy)triphenylene 92
(0.6 g, 0.911 mmol) and potassium carbonate (0.4 g, 2.723 mmol) were added to
dry DMF (20 ml). This was placed under nitrogen and heated at 80°C for 2 days.
The mixture was cooled to room temperature and DCM (50 ml) was added, washed
with water (50 ml) and the organic layer was extracted with DCM (3 x 50 ml). The
crude product was purified by using column chromatography, eluting with
DCM:PET (1:1 v:v) to produce 2,3-bis(porphyrin)triphenylene 89 which was
recrystallized using a mixture of DCM: MeOH to give the compound as a dark

purple solid. (0.77 g, 43 %).

M.P. 210°C.; 'H NMR (500 MHz, chloroform-d) 8 8.77 (d, 4H, Hyy1), 8.74-8.65 (m, 12H,
Hpy), 8.12 (d, 4H, Hy), 8.06 — 8.00 (m, 12H, He), 7.98 (s, 2H, Ar-H*), 7.89 (s, 2H, Ar-H*),
7.81 (s, 2H, Ar-H*), 7.69 — 7.53 (m, 18H, Ha), 7.30 (d, 4H, Ha), 4.64 — 4.55 (m, 8H, Ha), 4.22
(t, 4H, Hy), 4.18 (t, 4H, Hs), 2.61 (p, 4H, Hy), 1.92 — 1.83 (m, 8H, Hs), 1.35 — 1.26 (m, 8H, Hs),
1.11 - 1.02 (m, 16H, Hy), 0.86 (t, 6H, Hs), 8.80 (t, 6H, Hg), -2.87 (5, 4H, NH).; 13C NMR (126
MHz, chloroform-d) & 158.8, 149.2, 149.1, 148.7, 142.1, 142.1, 135.7, 134.7, 134.56, 134.4,
127.6, 126.6, 126.5, 124.0, 123.8, 123.5, 120.0, 119.9, 119.9, 112.8, 107.6, 107.5, 107.4, 69.8,
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69.7, 66.4, 65.0, 31.7, 31.7, 29.8, 29.5, 29.4, 25.8, 22.6, 22.6, 14.0, 14.0.; MS (MALDI-TOF):
m/z [M™] calc, for (C13sH128NgQOs)*: 2001.98, found 2001.88[M*].; UV-vis, Amax (DCM)/nm
275, e=3x10% 418, £=2.02x10% 516, £=1.28x10% 545, ¢=3.17x10%*595, £=2.01x10*650,
e=1x10*; IR (KBr, cm™): 3312, 2945, 2909, 2850, 1598, 1504, 1470, 1250, 1161, 1033, 1005,
979, 964, 873, 842, 797, 723, 700.

4.2.10 Synthesis 4-bromo-1-hexoloxy-2-methoxybenzene 108

A~

0)
O

Br
108

4-Bromo-2-methoxyphenol 107(10.0 g, 49.250 mmol) was mixed with 1-bromohexane
(102.0 g, 615.620 mmol), potassium carbonate (34.0 g, 246.250 mmol) and potassium
iodide (16.60 mg) and suspended in ethanol (200 ml) and it was refluxed for 3 days. Then,
it was washed with water (3 x 50 ml) and extracted with DCM (3 x 50 ml). The organic
extracts were combined and dried using anhydrous magnesium sulphate. The solvent
was evaporated under vacuo and distillation took place to obtain 4-bromo-1-hexoloxy-2-

methoxybenzene 108 as a clear oil (13.46 g, 95%)

IH NMR (500 MHz, chloroform-d) & 7.28 (d, J = 2.3 Hz, 1H), 7.26 (d, J = 1.9 Hz, 1H), 7.00
(d, J=8.3 Hz, 1H), 4.24 (t, = 6.8 Hz, 2H), 4.11 (s, 3H), 2.15 — 2.05 (m, 2H), 1.79 — 1.69 (m,
2H), 1.68 — 1.57 (m, 4H), 1.25 — 1.16 (m, 3H).
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4.2.11 Synthesis di(hexyloxy)di(methoxy)biphenyl 109
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109

Following a modification to the method outlined by Lin et al,183 4-bromo-1-hexyloxy-2-
methoxybenzene 108 (9.0 g, 31.330 mmol), NiClz2 (0.2 g, 1.565 mmol), PPhs (3 g, 9.4022
mmol) and Zn powder (3.07g, 47.00 mmol) were added to dry pyridine (20-25ml). It was
refluxed for 3-4 hrs under argon. Then, it was stirred overnight to cool. DCM (50 ml) was
added, and the Zinc powder filtered off. The solution then was washed with water (3 x 50
ml) and the aqueous washings extracted with DCM (3 x 50 ml). Then it was dried with
MgS04. The solvent was removed under reduced pressure and cold MeOH was then
added, and the product filtered off. This gave the di(hexyloxy)di(methoxy)biphenyl 109
as a white solid (5.62 g, 44%)

'H NMR (500 MHz, Chloroform-d) 8 7.09 (d, 2H, Ar-Hy), 7.07 (s, 2H, Ar-Hs1), 6.93 (d, 2H,

Ar-Hs), 4.05 (t, J = 6.9 Hz, 4H, Ha ), 3.93 (s, 6H, Hp ), 1.91 — 1.83 (m, 4H, He), 1.52 — 1.45 (m,
4H, Ha), 1.38 — 1.31 (M, 8H, He), 0.91 (t, 6H, Hy).
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4.2.12 Synthesis of 3,6-bis(methoxy)triphenylene 105
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105
Following the procedure reported by Cammidge group, 185
di(hexloxy)di(methoxy)biphenyl 109 (1.0 g, 2.412 mmol) was mixed with 1,2-
bis(hexeloxy)benzene 96 ( 1.34 g, 4.820 mmol) and added dropwise to a stirred mixture
of iron(IlI) chloride ( 2.34 g, 14.470 mmol) in DCM (50 ml). The reaction mixture was
maintained in in ice bath for 5 hrs. Then, the reaction crude was quenched with cold
MeOH (100 ml) and filtered. The product was then purified by column chromatography

eluting with DCM: PET (1:1 v:v), then recrystalized by using DCM:MeOH to gain 3,6-
bis(methoxy)triphenylene 105 as white solid (0.8 g, 49%).

M.P. 114.5 °C; *H NMR (500 MHz, Chloroform-d) & 7.86 (s, 2H) 7.80 (s, 2H),7.82 (s, 2H)
4.29 — 4.21 (m, 8H), 4.10 (s, 6H), 2.03 — 1.90 (m, 8H), 1.64 — 1.56 (m, 8H), 1.47 — 1.34 (m,
16H), 0.94 (t, J = 6.9 Hz, 12H).
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4.2.13 Deprotection of 3,6-bis(hydroxy)triphenylene 106

106

Applying our modified conditions described above, 3,6-dimethoxytriphenylene 105 (1.5
g, 2.20 mmol), potassium carbonate (2 g, 14.30 mmol) and thiophenol (1.2 g, 11.00 mmol)
were sealed in microwave vessel and (6 ml) of dry DMF was then added. The mixture was
microwave-irradiated for 4 hrs at 120°C, then allowed to cool down. The solution was
poured onto concentrated HCl (10 ml) and ice (50 ml) and filtered. The crude solid was
then purified by using column chromatography, eluting with DCM: PET (2:1 v:v).
Recrystallisation from DCM: MeOH gave 2,3-bis(hydroxy)triphenylene 106 as a white
solid, (1 g, 72%).

M.P. 95.8 °C.; *H NMR (500 MHz, chloroform-d) & 7.94 (s, 2H), 7.81 (s, 2H), 7.76 (s, 2H),

4.26 (t, 4H), 4.23 (t, 4H) 1.99 — 1.89 (m, 8H), 1.61 — 1.53 (m, 8H), 1.46 — 1.35 (m, 16H), 0.97
~0.90 (m, 12H).
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4.2.14 Synthesis of 3,6-bis(porphyrin)triphenylene second model 90

Bromoalkoxyporphyrin 93 (1.42 g, 1.890 mmol), 3,6-bis(hydroxy)triphenylene
106 (0.5 g, 0.750 mmol) and potassium carbonate (0.52 g, 3.790 mmol) were
added to dry DMF (20 ml). This was placed under nitrogen and heated at 80 °C for
2 days. The mixture was cooled to room temperature, DCM (50 ml) was added,
washed with water (50 ml) and the organic layer was extracted with DCM (3 x 50
ml). The crude product was purified by using column chromatography, eluting
with DCM:PET (1:1 v:v) to give 3,6-bis(porphyrin)triphenylene 90 which was
recrystallized using a mixture of DCM: MeOH to give the compound as a purple

solid. (0.75 g, 50%).

M.P. 212°C.; *H NMR (500 MHz, chloroform-d) & 8.78 (d, 4H, Hpyr1), 8.75 — 8.69 (m, 12H,
Hpyr2), 8.16 — 8.06 (M, 12H, He), 8.03 (s, 2H, Ar-H*), 8.01 (d, 4H, Hb), 7.83 (s, 2H, Ar-H¥),
7.81 (s, 2H, Ar-H* ), 7.72 — 7.56 (m, 18H, Hq), 7.24 (d, 4H, Ha), 4.58 (t, J = 6.0 Hz, 4H, H1),
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450 (t, J = 6.0 Hz, 4H, Hs), 4.23 (t, J = 6.6 Hz, 4H, H4), 4.18 (t, J = 6.6 Hz, 4H, Ha), 2.55 (p,
J =6.1 Hz, 4H, H3), 1.98 — 1.79 (m, 8H, Hs), 1.61 — 1.47 (m, 8H, Hg), 1.41 — 1.25 (m, 16H,
H-), 0.86 (t, J = 7.1 Hz, 6H, Hs), 0.80 (t, J = 7.2 Hz, 6H, Hs), -2.85 (s, 4H, NH).; 13C NMR
(126 MHz, chloroform-d) & 158.8, 149.1, 149.1, 148.8, 142.2, 135.6, 134.6, 134.5, 134.5,
127.6, 126.6, 126.6, 124.0, 123.7, 123.6, 120.0, 119.9, 112.8, 107.7, 107.4, 107.2, 69.7, 69.6,
66.4, 64.9, 53.4, 31.7, 29.8, 29.5, 29.4, 25.9, 25.8, 22.7, 22.6, 14.0.; MS (MALDI-TOF): m/z
[M™] calc, for (C13sH128NgOg)": 2001.98, found 2001.77 [M*].; UV-vis, Amax (DCM)/nm 282,
e=2.3x10% 419, e=1.2x10%; 518, £=8.1x10% 554, £=5.5x10% 591, e=4.6x10% 698, e=4.2x10*
607, e=2.9x10°.; IR (KBr, cm™): 2950, 2914, 2847, 1599, 1553, 1504, 1465, 1426, 1380, 1349,
1258, 1238, 1161, 1031, 997, 979, 964, 876, 842, 797, 729, 700.

4.2.15 Metal-free phthalocyanine 2

Following the method reported in the literature,14° phthalonitrile (0.5 g, 4.00 mmol) was
dissolved in 1-pentanol (6 ml), then the mixture was heated at reflux. An excess of
lithium (50.0 mg, 7.20 mmol) was added to the reaction mixture, which then continued
to reflux for another 1 hr. Then, acetic acid (10 ml) was added to the mixture which was
refluxed for a further hour. The resulting mixture was cooled to room temperature.
Finally, methanol (100 ml) was poured into the mixture to precipitate the product. A
dark blue solid of phthalocyanine 2 was filtered off, to give (250 mg, 50 %). “data

consistent with previously reported”

M.P>300°C.; MS (MALDI-TOF): m/z [M*] calc, for (C32H1sNg)™: 514.17, found 514.41
[M*].; UV-vis, Amax (THF)/nm 326, e=2.8x102; 663, £e=2.5x10%; 692, e=3.1x10°.
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4.2.16 Lanthanum triple-decker from 2,3-bis(porphyrin)triphenylene 112

Protocol A:

2,3-bis(porphyrin)triphenylene model 89 (50.0 mg, 0.025 mmol) and metal-free
phthalocyanine 2 (25.0 mg, 0.050 mmol) were heated in 1-pentanol (8 ml), reflux
overnight. Then, an excess of lanthanum(III) acetylacetonate hydrate (43.5 mg, 0.100
mmol) was added and the reaction was then left refluxing for 2-4 hrs. The mixture was
allowed to cool to room temperature, methanol was then added, and the mixture was left
to precipitate overnight. The crude compound was filtered off then purified by column
chromatography using DCM:PET:TEA (3:10:1 v:v:v) as eluent. The fraction containing the
product was then recrystallised from DCM to give the La triple-decker 112 as green solid
(33 mg, 47 %)

M.P >349.5°C; 'H NMR (500 MHz, methylene chloride-d2) & 10.32 (d, J = 8.0 Hz, 2H,
Hoi ph), 10.06 (d, J = 7.3 Hz, 6H, Hoiph), 9.35 (dd, J = 5.6, 2.5 Hz, 8H, Hpc1), 8.50 (t, 6H,
Hmiph), 8.29 (dd, J = 5.6, 2.5 Hz, 8H, Hpc.), 8.26 (d, J = 8.0 Hz, 2H, Hmi ph), 8.17 (s, 2H,
H1), 8.08 (s, 2H, H2), 8.00 (s, 2H, Hs), 8.00, 7.85 (t, 6H, Hpph), 7.38 (d, J = 4.2 Hz, 4H, Hpyrry,
7.27 (t, J =7.4 Hz, 6H, Hmoph), 7.25 — 7.21 (m, 12H, Hpyrrz), 7.04 (d, 2H, Hoo 'ph), 7.03 (d,
2H, Hmo ph), 6.73 — 6.67 (m, 6H, Hooph), 5.09 (t, J = 6.2 Hz, 4H, H.), 4.86 (bt, J = 4.8 Hz,
4H, Hp), 4.38 (t, J = 6.7 Hz, 4H, Ha), 4.34 (t, J = 6.7 Hz, 4H, Hq), 2.97 — 2.88 (bm, 4H, Ho),
2.03-2.00 (m, 8H, H) ¢, 1.73 — 1.62 (m, 8H, Hy), 1.52 — 1.41 (m, 16H, H;), 0.99 (t, J=9.8,7.1
Hz, 12H, Hp).; 3C NMR (126 MHz, methylene chloride-d2) & 141.4, 141.2, 140.5, 140.3,
134.9, 134.9, 134.7, 134.2, 130.7, 125.4, 125.2, 125.2, 124.7, 123.0, 113.7, 106.7, 106.5, 104,
69.3, 69.3, 64.5, 64.5, 36.3, 31.5, 29.2, 25.6, 22.9, 22.5, 22.5, 22.3, 13.7, 13.7, 13.7, 13.7.: MS
(MALDI-TOF): m/z [M™] calc, for (C16sH140La2N160s)*: 2787.90, found 2787.23 [M*].; UV-
vis, Amax (DCM)/nm 282, £=3.36x10°; 365, £=2.30x10°; 421, £=6.13x10°; 487, £=5.7x10°;
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553, €=3.32x10°; 607, £=2.9x10%; IR (KBr, cm™): 3062, 2919, 2852, 1607, 1504, 1429, 1255,
1161, 1060, 983, 796, 729, 702.

4.2.17 Praseodymium triple-decker from 2,3-bis(porphyrin)triphenylene model
119
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Protocol B:

2,3-Bis(porphyrin)triphenylene 89 (50.0 mg, 0.025 mmol) and metal-free
phthalocyanine 2 (25.0 mg, 0.049 mmol) were heated in 1-pentanol (8 ml), reflux for 48
hrs. Then, an excess of praseodymium(IIl) acetylacetonate hydrate (43.71mg, 0.099
mmol) was added and the reaction was then left refluxing for 2-4 hrs. The mixture was
allowed to cool to room temperature, methanol was then added, and the mixture was left
to precipitate overnight. The crude compound was filtered off then purified by column
chromatography using 100% DCM. The fraction containing the product was then
recrystallised from DCM:MeOH to give the Pr triple-decker 119 as green solid (35 mg, 50
%)

'H NMR (500 MHz, methylene chloride-dz2) & 9.47 (d, J = 8.2 Hz, 2H), 9.27 (d, 4H), 8.25 (d,
J=8.9Hz, 2H), 7.51 (d, J = 3.7 Hz, 2H), 7.38 (s, 2H), 7.33 — 7.21 (m, 8H), 6.47 (d, J = 8.9
Hz, 4H), 6.34 — 6.26 (m, 6H), 5.68 — 5.65 (m, 8H), 5.43 (d, J = 4.9 Hz, 4H), 5.37 (d, 4H), 4.99
— 4.94 (m, 4H), 4.89 (s, 2H), 4.39 (s, 2H), 3.94 (t, J = 6.4 Hz, 4H), 3.89 (t, J = 6.3 Hz, 4H),
3.80 — 3.66 (m, 8H), 3.07 (t, J = 6.5 Hz, 4H), 1.78 — 1.73 (m, 4H), 1.72 — 1.61 (m, 4H), 1.48 —
1.45 (m, 8H), 1.38 — 1.31 (m, 4H), 1.26 — 1.16 (m, 16H), 0.77 (t, 12H).; ).; 3C NMR (126
MHz, methylene chloride-d2) 6 165.9, 158.1, 148.4, 141.3, 136.4, 132.3, 127.0, 126.8, 123.0,
116.2,100.0, 68.2, 64.5, 31.5,29.7, 26.7, 22.5, 21.2, 16.6.; MS (MALDI-TOF): m/z [M*] calc,
for (CiesH140PraN160sg)*: 2791.89, found 2791.24 [M*].; UV-vis, Amax (DCM)/nm 282,
e=7.1x10°; 363, £=5.9x10°; 420, e=1.4x10°; 491, £=1.7x10°; 549, £=9.1x10*; 607, e=1.1x10%
IR (KBr, cm): 2904, 2847, 15599, 1571, 1504, 1465, 1426, 1325, 1240, 1157, 1111, 1057,
982, 852, 728.
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4.2.18 Europium triple-decker from 2,3-bis(porphyrin)triphenylene 120

2,3-Bis(porphyrin)triphenylene 89 (50.0 mg, 0.025 mmol) and metal-free
phthalocyanine 2 (25.0 mg, 0.049 mmol) were heated in 1-pentanol (8 ml), reflux for 48
hrs. Then, an excess of europium(IIl) acetylacetonate hydrate (44.81 mg, 0.099 mmol)
was added and the reaction was then left refluxing for 2-4 hrs. Following protocol B to
give the Eu triple-decker 120 which was recrystallized using a mixture of DCM:MeOH to
obtain the TD as green solid (36 mg, 52 %)

IH NMR (500 MHz, methylene chloride-dz) § 14.43 (s, 2H), 14.23 (s, 2H), 14.03 (s, 4H),
12.98 — 12.94 (m, 8H), 10.74 — 10.70 (m, 8H), 10.01 (d, J = 8.4 Hz, 2H), 9.90 (d, J = 8.6 Hz,
2H), 9.76 (s, 2H), 8.54 (s, 2H), 8.53 — 8.43 (M, 6H), 8.36 (s, 2H), 8.19 (d, J = 5.0 Hz, 2H), 7.20
(s, 2H), 7.12 — 7.02 (m, 4H), 6.58 (s, 2H), 5.89 (t, J = 6.1 Hz, 4H), 457 (t, J = 6.8 Hz, 4H),
4.48 (t, ] = 6.5 Hz, 4H), 4.01 — 3.89 (m, 8H), 3.41 — 3.35 (M, 4H), 2.12 — 2.1 (m, 4H), 1.82
1.74 (m, 4H), 1.60 — 1.56 (m, 16H), 1.08 (t, J = 7.1 Hz, 6H), 1.04 (t, J = 7.3 Hz, 6H).; 3C NMR
(126 MHz, methylene chloride-d2) 6 153.1, 149.5, 149.4, 149.0, 130.1, 129.2, 127.7, 126.7,
126.3, 126.2, 125.8, 125.6, 123.8, 123.7, 123.6, 107.4, 107.3, 105.5, 73.1, 73.0, 72.5, 72.5,
69.8, 69.8, 66.9, 66.1, 66.1, 36.1, 31.8, 30.9, 30.6, 29.7, 29.6, 26.0, 26.0, 22.8, 22.8, 13.9, 13.9.;
MS (MALDI-TOF): m/z [M"] calc, for (CissH140EUzN1605)*: 2814.96, found 2814.98[M"].:
UV-vis, hamax (DCM)/nm 280, e=4.8x10°; 359, e=4.2x10°; 418, e=7.7x10° ; 487, &=1.02x10°
: 550, e=1.1x10%; 610, e=2.9x10% IR (KBr, cm™): 2914, 2854, 1736, 1606, 1504, 1428, 1255,
1160, 1059, 983, 881, 835, 795, 729.
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4.2.19 Lnathanum triple-decker from 3,6-bis(porphyrin)triphenylene 122

Protocol C:

3,6-Bis(porphyrin)triphenylene 90 (50.0 mg, 0.025 mmol) and metal-free
phthalocyanine 2 (50.0 mg, 0.099 mmol) were heated in 1-pentanol (8 ml), reflux for 48
hrs. Then, an excess of lanthanum(III) acetylacetonate hydrate (86.89 mg, 0.199 mmol)
was added. The reaction mixture was then left refluxing for 2-6 hrs, then allowed to cool
down, methanol was then added, and the mixture was left to precipitate overnight. The
crude solid was purified by column chromatography using 100% DCM to give the La
triple-decker 122 as green solid, which was recrystallized from DCM:MeOH (35 mg, 50.72
%)

M.P >344°C; 'H NMR (500 MHz, methylene chloride-d2) & 10.18 (dd, J = 8.1, 2.4 Hz, 2H)
Hoiph, 10.01 — 9.96 (m, 6H) Hoiph, 9.29 (dd, J = 5.3, 2.9 Hz, 8H) Hyc1, 8.45 — 8.38 (m,
6H)Hmiph, 8.30 (d, J = 2.8 Hz, 2H)Hj1, 8.18 (dd, 8H) Hpcz, 8.16 (d, J = 2.9 Hz, 2H) Hpiph,
7.97 (s, 2H) Ha, 7.93 (s, 2H) H3, 7.79 — 7.72 (m, 6H) Hyph, 7.22 (d, J = 4.2 Hz, 4H) Hpyrr, 7.20
—7.16 (m, 6H) Hmoph, 7.16 — 7.13 (m, 12H) Hpyrr, 6.86 (dd, J = 8.0, 2.8 Hz, 2H) Hooph, 6.74
(dd, J=7.9, 2.4 Hz, 2H) H,,, ph, 6.61 (t, J = 6.7 Hz, 6H) Ha, 4.82 (t, J = 6.1 Hz, 4H) Hy, 4.33
—4.23 (m, 8H) Hg, 2.69 (p, J = 6.1 Hz, 4H) Hc, 1.99 — 1.89 (m, 8H) He, 1.64 — 1.55 (m, 8H)
Hy, 1.45 — 1.34 (m, 16H) Hj, 0.92 (t, J = 7.0 Hz, 6H) Hp, 0.86 (t, J = 7.2 Hz, 6H) Hi.; 3C NMR
(126 MHz, methylene chloride-dz) & 133.8, 128.5, 123.6, 123.4, 121.7, 121.5, 121.5, 121.4,
121.3,117.3,117.1,114.9, 114.7, 114.6, 114.3, 114.2, 70.8, 70.0, 67.6, 67.1, 66.9, 66.2, 65.89,
32.7,32.1, 32.0, 31.8, 30.5, 30.0, 29.8, 29.6, 29.6, 26.0, 22.8, 15.1, 14.0, 14.0, 14.0, 13.9.; MS
(MALDI-TOF): m/z [M*] calc, for (CiesH1s0La2N160g)*: 2787.90, found 2787.23[M*].UV-
vis, hamax (DCM)/nm 229, £=1.32x10° ; 279, £=7.54x10° ; 361, £=3.09x10° ; 421, £=7.10x10°
: 490, e=7.47x10% ; 554, £=3.40x10*; 608, e=2.84x10* IR (KBr, cm'): 2919, 2888, 1842,
1607, 1506, 1470, 1426, 1328, 1240, 1160, 1114, 1060, 982, 878, 835, 746, 729, 698.
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4.2.20 Neodymium triple-decker from 3,6-bis(porphyrin)triphenylene 123

3,6-bis(porphyrin)triphenylene 90 (50.0 mg, 0.025 mmol) and metal-free
phthalocyanine 2 (50.0 mg, 0.099 mmol) were heated in 1-pentanol (8 ml), reflux for 48
hrs. then, an excess of neodymium(III) acetylacetonate hydrate (86.16 mg, 0.199 mmol)
was added. Following protocol C gave the TD of Nd triple-decker 123 as green solid (42
mg, 60 %)

'H NMR (500 MHz, methylene chloride-d2) 8 8.37 (d, J = 7.8 Hz, 2H), 8.27 (d, J = 7.7 Hz,
4H), 7.63 (s, 4H), 7.60 (s, 2H), 7.35 — 7.31 (m, 8H), 7.30 — 7.21 (m, 15H), 6.82 (t, J = 7.1 Hz,
6H), 6.75 (d, 2H), 6.23 (d, J = 6.5 Hz, 4H), 6.20 — 6.16 (m, 2H), 5.88 (s, 2H), 5.20 — 5.16 (m,
8H), 4.49 — 4.45 (m, 2H), 4.39 — 4.35 (m, 4H), 4.21 — 4.17 (m, 9H), 4.10 (t, J = 6.1 Hz, 4H),
4.07 — 4.00 (m, 8H), 3.89 (t, J = 6.3 Hz, 4H), 2.17 — 2.09 (m, 4H), 1.80 — 1.71 (m, 8H), 1.51 —
1.47 (m, 16H), 1.47 —1.37 (m, 8H), 1.34 — 1.21 (m, 14H), 0.81 (t, 12H).; 13C NMR (126 MHz,
methylene chloride-d2) 8 157.3, 151.8, 151.7, 151.2, 149.0, 148.8, 148.6, 139.9, 136.2, 135.9,
135.7,134.0,127.6,126.1, 125.5, 124.4,123.5,123.2, 123.1, 116.9, 107.3, 107.1, 106.9, 106.8,
69.4, 65.8, 63.9, 63.8, 31.6, 31.5, 29.6, 29.3, 29.3, 25.7, 22.6, 22.6, 13.7, 13.7.; MS (MALDI-
TOF): m/z [M*] calc, for (C16sH140Nd2N160s)*: 2797.93, found 2797.65 [M*].; UV-vis, Amax
(DCM)/nm 281, 6=4.1x10° ; 358, £=3.8x10°; 421, £=7.5x10° ; 489, £=9.2x10% ; 554, e=4.7x10*
: 617, e=4.7x10% IR (KBr, cm™): 2950, 2928, 2852, 1604, 1510, 1470, 1434, 1328, 1260,
1166, 1114, 1067, 984, 881, 797, 731, 698.
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4.2.21 Samarium triple-decker from 3,6-bis(porphyrin)triphenylene 124

3,6-bis(porphyrin)triphenylene 90 (50.0 mg, 0.025 mmol) and metal-free
phthalocyanine 2 (50.0 mg, 0.099 mmol) were heated in 1-pentanol (8 ml), reflux for 48
hrs. Then, an excess of samarium(IIl) acetylacetonate hydrate (93.37 mg, 0.199 mmol)
was added. Protocol C was followed to produce the Sm triple-decker 124 as green solid

(44 mg, 64 %)

'H NMR (500 MHz, methylene chloride-d2) é 8.66 (dd, J = 8.2, 2.3 Hz, 2H), 8.57 (d, J=8.9
Hz, 6H), 8.10 (s, 2H), 7.96 (dd, J = 5.5, 3.0 Hz, 8H), 7.87 (s, 2H), 7.84 (s, 2H), 7.83 - 7.77 (m,
6H), 7.61 —7.57 (m, 2H), 7.50 (s, 2H), 7.50 — 7.48 (m, 4H), 7.46 (dd, 8H), 7.18 — 7.11 (m, 6H),
6.98 (dd, J = 8.1, 2.2 Hz, 2H), 6.97 — 6.93 (m, 6H), 6.78 (dd, J = 8.1, 2.8 Hz, 2H), 6.48 — 6.43
(m, 2H), 6.33 (d, J = 4.5 Hz, 4H), 6.30 — 6.24 (m, 10H), 4.59 (t, J = 6.2 Hz, 4H), 4.42 (t,J =
6.1 Hz, 4H), 4.26 — 4.13 (m, 8H), 2.57 — 2.48 (m, 8H), 1.94 — 1.83 (m, 8H), 1.59 — 1.49 (m,
8H), 1.46 — 1.43 (m, 8H), 1.42 — 1.27 (m, 16H), 0.87 (t, J = 14.4, 6.9 Hz, 12H).; 3C NMR
(126 MHz, methylene chloride-dz) & 158.1, 156.5, 150.2, 150.1, 150.1, 150.0, 149.2, 149.2,
149.0,142.7,142.6,134.9, 133.3, 132.8, 132.6, 131.5, 128.4, 126.8, 125.7, 125.3, 123.9, 123.8,
123.83, 123.4, 122.1, 117.4, 117.1, 107.1, 69.6, 66.5, 31.7, 31.6, 30.0, 29.5, 29.4, 25.8, 25.1,
22.7, 13.8, 13.8.; MS (MALDI-TOF): m/z [M*] calc, for (CiesH140Sm2N160s)*: 2811.96,
found 2811.06 [M*].; UV-vis, Aamax (DCM)/nm 281, £=6.7x10° ; 358, =6.2x10° ; 421,
e=1.1x10° ; 490, £=2.0x10° ; 552, £=8.2x10%; 611, £=6.1x10%; IR (KBr, cm™): 2919, 2888,
2842, 1607, 1506, 1470, 1426, 1328, 1240, 1160, 1114, 1060, 982, 878, 835, 786, 729, 699.
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4.2.22 Europium triple-decker from 3,6-bis(porphyrin)triphenylene 125

3,6-bis(porphyrin)triphenylene model 90 (50.0 mg, 0.0249 mmol) and metal-free
phthalocyanine 2 (50.0 mg, 0.0996 mmol) were heated in 1-pentanol (8 ml), reflux for 48
hrs. Then, an excess of europium(IIl) acetylacetonate hydrate (89.5 mg, 0.1992 mmol)
was added . Following protocol C gave the Eu triple-decker 125 as green solid (38 mg,
55 %).

'H NMR (500 MHz, methylene chloride-dz2) & 14.01 (d, 4H), 13.83 (d, 4H), 12.96 (dd, 8H),
10.72 (s, 2H), 9.92 (d, J = 8.9 Hz, 2H), 9.86 (d, 2H), 9.66 (s, 2H), 8.91 (d, J = 5.8 Hz, 3H),
8.53 — 8.43 (m, 7H), 8.31 (s, 2H), 8.24 (s, 2H), 7.13 — 7.04 (m, 6H), 6.94 (d, J = 6.7 Hz, 2H),
5.91 (d, J = 7.0 Hz, 3H), 5.45 — 5.37 (m, 6H), 5.31 (d, 2H), 5.26 (t, J = 5.9 Hz, 4H), 4.62 (t, J
= 7.0 Hz, 4H), 4.52 (t, J = 6.1 Hz, 4H), 4.34 — 4.25 (m, 3H), 4.15 — 4.09 (m, 4H), 4.04 — 3.98
(m, 8H), 3.24 — 3.15 (m, 4H), 2.26 — 2.12 (m, 8H), 1.89 — 1.77 (m, 8H), 1.68 — 1.58 (m, 8H),
1.57 — 1.50 (m, 16H), 1.13 (t, J = 6.9 Hz, 6H), 1.03 (t, J = 7.3 Hz, 6H).; 13C NMR (126 MHz,
methylene chloride-dz2) é 31.8, 30.6, 29.7, 29.6, 26.0, 26.0, 22.8, 13.9, 13.9, 130.1, 130.1,
129.2, 128.6, 127.7, 126.7, 126.3, 126.2, 125.7, 109.9, 107.3, 107.3, 105.5, 73.1, 73.0, 72.5,
72.3,69.8,69.8, 66.9.; MS (MALDI-TOF): m/z [M*] calc, for (CissH140EU2N1603)*: 2814.96,
found 2814.92 [M*].; UV-vis, Aamax (DCM)/nm 280, £=5.1x10° ;360, e=4.4x10° ; 417,
£=9.3x10° ; 488, £=8.5x10* ; 551, £=1.3x10*; 606, =2.1x10% IR (KBr, cm'): 2915, 2914,
2848, 1738, 1604, 1501, 1469, 1426, 1369, 1328, 1238, 1160, 1104, 1059, 984, 878, 796, 719.
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4.1.23 Synthesis of hexa-(methoxy)triphenylene 128

128

Following the method initially outlined by Krebs et al,18° 1,2dimethoxybenzene 97
(5.0 g, 36.190 mmol) was dissolved in DCM (500 ml). FeCl3 (35.0 g, 217.130 mmol)
was added and stirred for 2 hrs. This was then poured onto cold methanol (100

ml) and filtered to produce the hexa-(methoxy)triphenylene 128 (4.46 g, 30%).

M.P. 296 °C.; 1H NMR (500 MHz, chloroform-d) & 87.81 (s, 6H) 4.13 (s, 18H).

4.1.24 Attempted deprotection of hexa-(methoxy)triphenylene 129

129

Hexa-(methoxy)triphenylene 128 (2.0 g, 4.90 mmol) was added to a mixture of
HBr (100 ml) and acetic acid (100 ml) and refluxed overnight. Water (250 ml) was
added, and the resulting product was filtered. Then, the black solid 129 was
collected (1.35 g, 84 %).

Decomposed.; *H NMR (500 MHz, chloroform-d) & 8.26 (s, 6H).
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4.1.25 Synthesis of 0-bis((3-hydroxypropyl)oxy)benzene 131

Catechol 95 (10 g, 90.9 mmol), 3-bromo-1-propanol (26 g, 181.80 mmol) and potassium
carbonate (50 g, 364 mmol) were suspended in EtOH (200 ml) with potassium iodide (0.1
g) and the reaction mixture was refluxed for 2 days. The mixture was then cooled to room
temperature, filtered and the solvents were evaporated under pressure. The crude
product was purified by distillation and recrystallized by using (DCM:PET) to give o-
bis((3-hydroxypropyl)oxy)benzene 131 as a white solid. (16.5 g, 80%).

M.P. 49.2 °C.; 'H NMR (400 MHz, chloroform-d) 6 6.98 — 6.85 (m, 4H), 4.17 (t, J = 5.7 Hz,

4H), 3.86 (t, 4H), 2.13 — 1.98 (m, 4H).; *C NMR (126 MHz, chloroform-d) & 148.3, 121.3,
113.0, 67.7, 61.1, 31.6.

4.1.26 Synthesis of 1,2-bis(3-chloropropoxy)benzene 132

0-Bis((3-hydroxypropyl)oxy)benzene 131 (5.0 g, 22.09 mmol) was stirred in dry DCM
with thionyl chloride (16 ml) under N2. One to two drops of DMF were added. The
solution was stirred for 48 h under anhydrous conditions at room temperature. The
solvent was removed under reduced pressure and the compound was passed through a

pad of silica . A colourless oil 132 was collected (4.49 g, 77%).

1H NMR (500 MHz, chloroform-d) & 6.93 (s, 4H), 4.15 (t, 4H), 3.78 (t, J = 6.3 Hz, 4H), 2.30
~2.22 (m, 4H).; 3C NMR (126 MHz, chloroform-d) & 148.8, 121.7, 114.6, 65.7, 41.6, 32.4.
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4.1.27 Synthesis of 2,3,6,7,10,11-hexa-(6-chloropropoxy)triphenylene 130

Cl

O _~_7Cl
DO OOQ
cl” "0 O

0]

4

130 Cl

1,2-Bis(3-chloropropoxy)benzene 132 (4.5 g, 17.10 mmol) was added to a vigorously
stirred suspension of iron(III) chloride (16 g, 1.102 mmol) in dichloromethane (150 ml)
and in ice bath. The mixture was stirred for a further 2 hrs, then was quenched with
methanol (100 ml). The resulting product was filtered off. Then, the black solid was
purified by column chromatography, eluting with DCM:PET (1:1 v:v) to give the product
as a pale solid 130 which was recrystallized from ethanol (9.5 g, 70 %).

M.P. 158.2°C; 'H NMR (500 MHz, chloroform-d) & 7.83 (s, 6H), 4.34 (t, J = 5.9 Hz, 12H),
3.80 (t, J=6.2 Hz, 12H), 2.38 — 2.28 (m, 12H).; *C NMR (126 MHz, chloroform-d) & 206.9,
148.6, 123.8, 107.5, 77.2, 77.0, 76.7, 66.0, 53.4, 41.7, 32.4, 30.9.; MS (MALDI-TOF): m/z
[M™] calc, for (C3sH12Cis06)*: 780.11, found 780.52 [M*].
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4.1.28 Synthesis test reaction with phenol 133

Phenol 134 (0.06 g, 0.640 mmol) and potassium carbonate (0.2 g, 1.280 mmol)
were added to dry DMF (5 ml) with small amount of KI and benzo-15-crown (0.1
g). This was placed under nitrogen and heated at 120 °C for overnight. Then,
2,3,6,7,10,11-hexa-(6-chloropropoxy)triphenylene 130 (0.05 g, 0.064 mmol) was
added to the mixture and refluxed for another 5 days. Then mixture was cooled to
room temperature and DCM (50 ml) was added, washed with water (50 ml) and
the organic layer was extracted with DCM (3 x 50 ml). The crude product was
purified by using column chromatography, eluting with DCM: PET (2:1 v:v) to
produce 133 which was recrystallized using a mixture of DCM:MeOH to give the
compound as a white solid (0.042 g, 70 %).

M.P. 101°C.; IH NMR (500 MHz, methylene chloride-dz) & 7.90 (s, 6H) H1, 7.31 — 7.22 (m,
12H) Hoph, 6.99 — 6.88 (M, 18H) Hmpph, 4.41 (t, J = 6.1 Hz, 12H) Ha, 4.23 (t, J = 6.1 Hz, 12H)
Hb, 2.36 (p, J = 6.1 Hz, 12H) Hc.; 13C NMR (126 MHz, chloroform-d) & 158.9, 148.7, 129.5,
120.7, 114.5, 1145, 66.1, 64.4, 53.4, 41.3, 41.3, 29.5, 22.6, 20.4, 19.4, 14.3, 11.4.; MS
(MALDI-TOF): m/z [M*] calc, for (C72H7206)*: 1032.53, found 1032.84 [M™].; UV-vis, Amax
(DCM)/nm 281, e=7.8x10°.; IR (KBr, cm™): 2925, 2869, 1598, 1495, 1469, 1434, 1390, 1300,
1240, 1168, 1052, 1027, 873, 842, 687.
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4.1.29 Synthesis of hexa-(porphyrin) triphenylene 127

Hydroxyphenylporphyrin 94 (2 g, 2.880 mmol) and potassium carbonate (1 g, 6.730
mmol) as base were added to dry DMF (20 ml) with small amount of Kl and benzo-15-
crown (0.1 g).This was placed under nitrogen and heated at 120°C for overnight. Then,
2,3,6,7,10,11-hexa-(6-chloropropoxy)triphenylene 130 (150mg, 0.192mmol) was added
to the mixture and refluxed for another 5 days. Then mixture was cooled to room
temperature and DCM (50 ml) was added, washed with water (50 ml) and the organic
layer was extracted with DCM (3 x 50 ml). The organic extracts were dried using
magnesium anhydrous sulphate, and the solvent was then evaporated under vacuum. The
crude product was purified by using column chromatography, eluting with DCM: PET (2:1
v:v) to produce 127 which was recrystallized using a mixture of DCM:MeOH to give the

compound as a purple solid (0.46 g, 57.5 %).

M.P >350°C.; *H NMR (500 MHz, methylene chloride-d2) & 8.68 (dqg, 48H) Hpyyr, 8.11 (s,
6H) H", 8.01 (d, J = 6.6, 1.5 Hz, 12H) H1lph, 7.90 (d, 12H) Hm’ph, 7.88 — 7.84 (d, 24H) H1
ph, 7.65—7.52 (m, 18H) H3 and 33 ph, 7.50 — 7.28 (m, 36H) H2 and 22 ph, 7.17 (d, 12H) Ho’ph,
4.61 (t, J = 5.9 Hz, 12H) Ha, 4.45 (t, J = 6.0 Hz, 12H) Hp, 2.51 (p, J = 5.9 Hz, 12H) H, -2.98
(s, 12H) N-H.; 13C NMR (126 MHz, methylene chloride-d2) 5 158.9, 149.2, 142.0, 141.9,
135.6, 134.4, 134.4, 134.3, 127.6, 127.4, 126.6, 126.4, 123.9, 120.0, 120.0, 119.9, 112.8, 66.4,
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64.9, 29.8, 0.7.; MS (MALDI-TOF): m/z [M*] calc, for (CsooH216N24012)*: 4348.71, found
4348.69 [M*].; UV-vis, kmax (DCM)/nm 282, e=4.1x10% ; 419, e=1.8x10° ; 518, £=7.8x10*;
553, e=7.8x10% ; 595, e=1.7x10% ; 650, e=1.1x10%; IR (KBr, cm™): 3312, 3049, 2912, 1708,
1568, 1597, 1553, 1503, 1469, 1439, 1398, 1346, 1241, 1154, 1070, 1046, 1026, 979, 964, 878,
795, 699.

4.1.30 Synthesis of tris triple-decker system 135

In a sealed tube, hexa-system model 127 (50 mg, 0.012 mmol) was mixed with (35 mg,
0.068 mmol) of metal free phthalocyanine 2 in 8 ml of 1-pentanol and was sealed then
left overnight at 200 °C. An excess of lanthanum(III) acetylacetonate hydrate (120 mg,
0.280 mmol) was added and the reaction was left for week at 250 °C. The crude was
precipitated with methanol (100 ml), and the required compound was filtered through a

pad of silica using 100% of DCM. Then it was isolated using column chromatography over
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silica gel using DCM: PET: TEA (7:10:1 v:v:v) as eluent. The dark green was collected then
recrystallised from DCM:MeOH to give (21 mg, 28 %) of La-tris triple-decker system 135.

Rf 0.06 (7:10:1) DCM:PET:TEA; M.P>350°C.; MS (MALDI-TOF): m/z [M*], 6713.91
[M*].; UV-vis, Aamax (DCM)/nm 284, e=4.5x10° ; 363, £=6.7x10° ; 419, £=3.2x10° ; 521,
e=1.4x10° ; 553, e=1.7x10° ; 603, £=1.2x10°; IR (KBr, cm™): 3099, 2919.896, 2852.713,
2351.421, 1607.380, 1504.086, 1429.334, 1255.013, 1161.585, 1060.865, 983.996, 796.318,
729.551, 702.127
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4.1.31 Synthesis of 3,6-open bis triple-decker system 144

In a sealed tube, 3,6-bis(porphyrin)triphenylene model 90 (50 mg, 0.025 mmol) and
metal-free phthalocyanine 2 (10 mg, 0.190 mmol) were dissolved in 8 ml of 1-pentanol.
The mixture was set up to heat at 250 °C overnight. Then, an excess of lanthanum(III)
acetylacetonate hydrate (130.5 mg, 0.290 mmol) was added and the reaction was sealed
then left for 3 days at 200 °C. The crude was precipitated with methanol (100 ml), and
the required compound was isolated using column chromatography over silica gel using
DCM:PET (3:10 v:v) as eluent. The green fraction containing the title product was
collected then recrystallised from DCM:MeOH to yield the open bis triple-decker system
144 as dark green solid (0.046 mg, 40 %).

M.P >350°C. *H NMR (500 MHz, methylene chloride-d2) 8 9.86 (d, 12H, Hoph), 9.83 (d, J
= 8.2 Hz, 4H, Hm’ph), 8.73 (dd, J = 5.2, 2.9 Hz, 32H, Hpc:), 8.46 (s, 2H, H1), 8.35 —8.29 (m,
12H, Hmph), 8.12 — 8.09 (m, 4H, Ho’ph), 8.08 (s, 2H, H»), 8.07 — 8.04 (m, 6H, Hpph), 8.00 (s,
2H, H3), 7.75 (dd, J = 5.7, 2.5 Hz, 32H, Hpc,), 7.66 (d, J = 4.2 Hz, 4H, Hpyrr1), 7.59 — 7.56
(m, 12H, Hpyrr,), 5.10 — 5.02 (m, 8H, Hq), 4.52 (t, J = 6.6 Hz, 4H, Ha), 4.25 (t, J = 6.5 Hz, 4H,
Hp), 3.01 (q, J = 6.1 Hz, 4H, Hc), 2.26 — 2.17 (m, 8H, Hq), 1.98 — 1.94 (m, 16H, He), 1.43 —
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1.29 (m, 16H, Hy), 1.01 (t, J = 7.2 Hz, 6H, Hh), 0.89 (t, J = 7.8, 6.2 Hz, 6H, Hy).; 13C NMR
(126 MHz, methylene chloride-dz2) 6 159 152.7, 149.7, 149.5, 149.45, 148.9, 148.6, 148.5,
1485, 141.1, 136.6, 135.3, 131.7, 131.6, 131.6, 129.1, 128.0, 126.9, 125.1, 123.8, 122.1, 119.4,
119.1, 113.0, 108.1, 107.4, 69.9, 69.8, 67.0, 65.6, 32.2, 32.0, 31.8, 30.7, 30.5, 29.93 29.8, 29.6,
26.5, 26.3, 26.0, 23.3, 23.0, 22.8, 14.2, 14.0, 0.9.; MS (MALDI-TOF): m/z [M*] calc, for
(C264H188LasN4oOs)*: 4604.75, found 4604.21 [M*].; UV-vis, Aimax (DCM)/nm 281,
e=1.5x10°; 336, e=1.6x10°; 417, £=2.1x10° ; 484, £=4.5x10° ; 590, £=4.2x10° ; 628 £=4.0x10°.
IR (KBr, cm™): 3364, 2919, 2837, 1604, 1504, 1469, 1434, 1392, 1323, 1240, 1157, 1108,
1056, 974, 842, 796, 729.
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Chapter 5: Appendix
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5.1 Selected NMR-spectra
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ABSTRACT: Trans-disubstituted porphyrins are highly valuable
intermediates across diverse fields, but they pose a significant
synthesis challenge in some cases due to scrambling and formation
of complex mixtures. Conditions that minimize scrambling also
lower yields, but steric hindrance around the meso-aryl substituent
can effectively suppress scrambling altogether. Here we report a
straightforward approach to valuable trans-A,B, porphyrin
intermediates that are otherwise very difficult to obtain, through
use of removable blocking bromide substituents.

he synthetic chemistry of porphyrins was first revolu-

tionized by Adler and Longo’s simple procedure that
permitted easy access to meso-aryl porphyrins in a single step
from pyrrole and aromatic aldehydes by refluxing in propionic
acid open to air." The general methodology was subsequently
refined and expanded by Lindsey and co-workers who, among
many other developments, introduced higher yielding proto-
cols that employed milder acidic conditions in organic solvents
to allow the incorporation of more sensitive substrates
(Scheme 1).2

Scheme 1. Direct Synthesis of meso-Aryl Porphyrins

propionic acid Ar
{/ \) reflux

” (Adler and Longo)

+ (e}
IJ 1. (Lewis) acid (cat)/ Ar Ar
organic solv.
Low or ambient temp.
2.[0]e.g. DDQ
(Lindsey) Ar

Unsymmetrically substituted derivatives can be accessed
through a mixed condensation of pyrrole with two different
aldehydes. As expected, reactions of this type produce a
complex mixture with low yields of the individual products
isolated after challenging separations. The reactions can be
useful for synthesis of A;B type porphyrins, and we have
exploited this in our own work for building symmetrical
diporphyrins as precursors to multidecker systems,” and
unsymmetrical chromophore dyads." The strategy is rarely
useful for A,B, derivatives where both AABB (cis) and ABAB
(trans) isomers are formed. The trans isomers are highly valued
intermediates and have been widely employed across diverse

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications A
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fields including supra-/supermolecule construction and
catalysis.”~” A rational approach to the synthesis of trans-
ABAB porphyrins exists” whereby a preformed dipyrromethane
is condensed with a different aldehyde. The synthesis, which
follows from MacDonald’s original use of a dipyrromethane
dialdehyde + dipyrromethane,” is widely employed and is
highly successful in selected cases. However, a major problem
that is inevitably encountered in these syntheses is that of
scrambling, whereby acidolysis of dipyrromethane and/or
higher oligomers (essentially reverse condensation) leads to a
set of products identical to that expected from a simple mixed
condensation with two aldehydes. The reaction has been
carefully and systematically investigated, and conditions have
been developed to minimize scrambling. Typically, conditions
that minimize scrambling have a negative impact on yield, but
a key observation is that significant steric hindrance around the
meso-aryl substituent can effectively suppress scrambling
altogether (Scheme 2).° In many cases this is a benefit
because the same bulky substituents aid the porphyrin
solubility (useful in supra- and supermolecule construction
and characterization) and can affect the environment above
and below the porphyrin plane around the axial position of any
incorporated metal ion, a feature that can be exploited in
catalysis.”

In our ongoing work on heteroleptic triple-decker
porphyrin—phthalocyanine complexes® we required efficient

Received: December 15, 2023
Revised:  January 24, 2024
Accepted: February 14, 2024

https://doi.org/10.1021/acs.orglett.3c04215
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Scheme 2. Efficient Rational Synthesis of transA,B,meso-
Aryl Porphyrins Using a Dipyrromethane Bearing a
Sterically Hindered Aryl (e.g., Mesityl, Top) and Inefficient
Synthesis Due to Scrambling When Unhindered Aryl
Substituents Are Employed (Bottom)®”

1. TFA in DCM
o < il

2.0DQ
\_NH HN-Z
.0

of - D
Single porphyrin
product, no scrambling

S <
\_NH HN-Z

+ Q41FAInDOM
2.00Q

All prod essentially

distribution

syntheses of differentially substituted trans ABAB-meso-aryl
porphyrins suitable for further elaboration at either of the 5,15-
positions only, or separately at the 5,15- and then 10,20-
positions. The planned chemistry is one example where the use
of sterically hindered aryl substituents cannot be used, because
the hindrance required for efficient trans-porphyrin synthesis
prevents the subsequent face-to-face assembly of multidecker
complexes. Here even fluorine substituents on the 2,6-
positions prevent face-to-face assembly and essentially only
hydrogen can be accommodated. However, porphyrins bearing
only remote functionality (3- and 4-positions) are valuable for
elaboration in many other areas also, for example to build
oligomers and polymers, and for attachment to complementary
organic and inorganic species and surfaces.'” We particularly
targeted trans-porphyrins bearing opposite pairs of hydroxyl
and/or methoxy groups, knowing the latter can be selectively
hydrolyzed to reveal phenolic residues following alkylation of
the first pair of phenols and therefore provide valuable
versatility for further stepwise elaboration. trans-Bis(4-
methoxyphenyl)porphyrin 2 can be prepared using the
dipyrromethane route, but the outcome is similar to the
standard mixed porphyrin synthesis from aldehyde precursors.
The reactions yielded the full mixture of scrambled products
from which the dimethoxy isomeric mixture can be isolated in
low (5—12%) yield (Scheme 3). The isomers cannot be
separated, but NMR analysis of the mixture shows that the
ratio of isomers is between 2:1 and 1:1 (Supporting
Information). Hydrolysis allows careful separation of the
isomeric diols and reveals the major isomer to be cis (5,10-).
The presence of the activating methoxy substituent no doubt
accelerates acidolysis. The reason for domination of the cis-
isomer over frans is less clear, but the result is consistent with
reported direct synthesis of di(4—hydroxyphenyl)por}>hyﬂns
where the cis-isomer is also formed preferentially. ' The
differentially substituted trans di(4-methoxyphenyl)-di(3-

199 |Page

Scheme 3. Attempted Synthesis of trans-Dimethoxyphenyl
Porphyrin 2 Is Inefficient Due to Scrambling and Favors cis-
Isomer Production (Top); Lightly Functionalized Opposite-
Opposite trans-Substituted Porphyrins Like the Target 4
(Bottom) Are Not Accessible

OMe

OMe

QO QO

H HN
1 1. TFA in DCM
2.0DQ

0
JJ
*©/ MeO s MeO cis Q

3 OMe

(+ all other scrambled products)

OMe

okl

hydroxyphenyl)porphyrin 4 is unknown, and there is no
obvious direct synthesis possible. Our brief investigation of
mixed cyclizations confirmed that separation of the porphyrin
mixture, and particularly the isomers, would be impractical.
While multistep synthesis via cross-coupling strategies is
possible,'” we reasoned that the most pragmatic solution to
overcoming the scrambling issue would be to employ steric
blocking groups that could later be removed after guiding
efficient dipyromethane + aldehyde porphyrin synthesis
without scrambling. The success of the sequence would rely
on the ready availability of suitable precursors, so that the
overall effectiveness of the sequence outweighed the inherent
low atom economy of protecting group strategies. A survey of
suitably designed benzaldehyde derivatives highlighted the
potential of 3-hydroxy-2,4,6-tribromobenzaldehyde § which is
readily available both commercially and from bromination of 3-
hydroxybenzaldehyde.'* We recognized that aldehyde $ could
act as a precursor for both the complex, differentially
substituted porphyrin 4, and the simple (but difficult to
access) trans-dimethoxyporphyrin 2 via common intermediate
trans-porphyrin 7. The sequence is shown in Scheme 4 along
with the simple statistical porphyrin synthesis that was
employed to generate a suitable model porphyrin 9 for the
initial evaluation of deprotection (reduction) conditions.
Unsurprisingly the hindered aldehyde § proved to be less
reactive than benzaldehyde itself, resulting in a 2% yield of the
3:1 porphyrin 9 alongside tetraphenylporphyrin (TPP) as the
major porphyrin product. Nevertheless, sufficient porphyrin 9
was isolated to allow investigation of known reduction
conditions employing triethylsilane and palladium chloride
catalyst (Scheme 5).'* Porphyrin 9 and PdCl, (5 mol %) were
heated in triethylsilane at 120 °C in a sealed tube, and the
reaction was monitored periodically by analysis of aliquots by
MALDI-MS. Reduction proceeded slowly, and it was clear that
palladium porphyrin derivatives were also formed in the
process. While this is not surprising, and the palladium can be
easily removed in the acidic workup, the side reaction
effectively removes the palladium catalyst from the system

https:/doi.org/10.1021 /acs.orglett.3c04215
Org. Lett. XXX, XXX, XXX—XXX
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Scheme 4. Synthesis of Lightly Substituted Trans Porphyrins Employing Removable Bromide Substituents To Prevent

Scrambling
Br Br Br.
OH OH IO
Br Br Br /©)
N TFA . MeO
5 O \\ Y, _——
S NH HN 1. TFA/DCM
o 2.DDQ
\ NH 8,53% 3. Zn(OAc), MeO

(as solvent)

OH
O Br Q
. TPP

ropionic acid
prap (major

reflux 2h, then
benzaldehyde

G"‘ (3 eq), reflux 1h

(4 eq) 9 2%) s

oTf Tf,O/pyridine

Br &
r
Br Q

O producl) O

1 PdClzlEl3S|H

O

488% HO

OMe Q

1. PACI,/EtsSiH
2. HCI

- .

A ' MeO O 2 O

Tio Br (mixture with other partial
881% reduction and hydrolysis
products)

Br
750% g

Scheme 5. Reductive Debromination of Porphyrin 9 Using
Triethyl Silane and Palladium Chloride

OO

62% overall

and slows the rate. Nevertheless, mono-(3-hydroxyphenyl)-
porphyrin 10 was isolated after workup (HCI) in 62% yield.

The main synthesis of trans-porphyrin targets began with
straightforward synthesis of dipyrromethane 6 from the
reaction of aldehyde § with excess pyrrole (used as reactant
and solvent). As expected, dipyrromethane 6 proved to be
relatively stable and could be stored for several weeks as a
crystalline solid in the dark at 0—5 °C without any noticeable
degradation. Pleasingly the synthesis of the corresponding
trans-porphyrin was also smoothly achieved using 4- methox-
ybenzaldehyde following conditions developed by Lindsey,”
and it is worth noting this electron-rich, unhindered aldehyde
represents one of the most challenging reactants in terms of
suppressing scrambling during porphyrin synthesis. However,
based on the previous observations during reductive
debromination of the model porphyrin 9, we decided to insert
zinc at the end of the reaction in order to prevent palladium
sequestration during subsequent reduction. Dipyrromethane 6
and 4-methoxybenzaldehyde were therefore reacted together in
DCM (0.85 mM) with TFA catalyst at 0 °C. At the end of the
reaction, DDQ was added followed (after 1 h) by addition of
Zn(OAc),. Trans porphyrin 7 was isolated as the only
observed porphyrin product in a 50% yield. Porphyrin 7 exists
as an equilibrated mixture of atropisomers. They appear as two
distinct spots by tlc but are essentially identical in '"H NMR
spectroscopy. Atropisomer interconversion occurs in minutes
at room temperature (tlc).

Reductive debromination of zinc porphyrin 7 was achieved
smoothly by using triethylsilane and PdCl, at 120 °C for 3—5

200 | Page

days. The crude reaction mixture was treated with HCI to
remove zinc, neutralized, and separated to give the target
differentially substituted trans porphyrin 4 in 88% yield.
Alternative reduction conditions using formate and palladium,
successfully employed by us in other projects for reduction of
Ar—X,"* gave very slow reduction, an observation that likely
reflects the effect of the electron-donating hydroxyl group in
retarding palladium insertion (oxidative addition) into the Ar—
Br bonds.

Conversion of intermediate 7 into trans di(methoxyphenyl)
porphyrin 2 required reductive removal of both the bromide
and hydroxyl substituents and was achieved by first converting
the free phenols to triflates using triflic anhydride. Reduction
of triflate 8 was attempted by using both PdCl,/Et;SiH and
Pd/formate conditions. In each case the reduction of both
triflate and bromide could be achieved, but the reactions were
slow and impractical. Each reaction was monitored periodically
by MALDI-MS. Under PdCl,/Et;SiH conditions, the MALDI-
MS spectra clearly demonstrated initial preferential (faster)
removal of bromides but very sluggish aryl triflate reduction
(incomplete after 7 days at 120 °C). Reductions using Pd/
formate conditions were also inefficient and slow, with
evidence for competing triflate hydrolysis at long reaction
times. Rather than pursue investigation of alternative
conditions to achieve this, more simple, target, we elected to
instead use the developed blocking strategy with an alternative
bromoaryl aldehyde. Fortunately, 2,6-dibromobenzaldehyde is
available. Indeed, it has been previously employed for synthesis
of trans porphyrins, although not with challenging electron-rich
partners.” The convenient synthesis of trans di-
(methoxyphenyl) porphyrin 2 is shown in Scheme 6

Dipyrromethane 11 was synthesized as reported and
reaction first with 4-methoxybenzaldehyde, then DDQ, and
then zinc acetate gave the corresponding trans Zn-porphyrin
13 with no evidence for other scrambled products; Scheme 6
(inset) shows the MALDI-MS taken for an aliquot of the
reaction mixture, before addition of zinc acetate, with
essentially a single signal (cluster at m/z 990.62) correspond-
ing to porphyrin 12. The zinc porphyrin 13 showed a strong
tendency toward crystallization that complicated chromato-
graphic purification. It was found to be more convenient to

https:/doi.org/10.1021 /acs.orglett.3c04215
Org. Lett. XXX, XXX, XXX—XXX
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Scheme 6. Convenient Synthesis of trans
Dimethoxyporphyrin 2 (Inset Shows the Single Mass
Observed in MALDI-MS of a Sample before Addition of
Zinc Acetate), and the X-ray Crystal Structure for Porphyrin
13 (Shown as Elipsoids at 65% Probability, H-Atoms and
Molecule of Chloroform Removed for Clarity)
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first isolate the metal-free porphyrin 12 (57%) and then insert
zinc in a separate step (94%). Crystals of porphyrin 13 suitable
for X-ray diffraction were obtained (CCDC 2313839), and the
structure is also shown in Scheme 6. The space-filling
representations clearly illustrate the effective steric blocking
of meso-sites provided by the o-bromines. Reduction also
proceeded smoothly using PdCl,/Et;SIH and gave the desired
porphyrin 2 in 74% yield after workup (HCI) and
straightforward isolation. Direct reductive debromination of
metal-free trans porphyrin 12 was also investigated by using
palladium on carbon. Pleasingly the reduction works well,
again employing triethylsilane, giving porphyrin 2 in 60% yield.

In conclusion, we have developed a straightforward
approach to valuable trans-A,B, porphyrin intermediates that
are otherwise very difficult to obtain by direct methods. Access
to such porphyrins, which bear remote functionality but lack
excessive steric blocking on the porphyrin core, opens the
potential for wide application, particularly in super/supra-
molecule construction and surface grafting.
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the for display applications was one of the most important  Receved 8 August 2023
advances of the 20th century. Here, we present a personal account of how advances
in biphenyl science (synthesis and application) influenced the development of discotic liquid Triphenylenes; discotics;
m&mfummmmdmwmmemmdymﬂbddxmcmm synthesis; nematic; biphenyls
search for nematic discotics proved to be challenging with relatively few early examples being
reported. In examples of symmetrically hexasubstituted triphenylenes, a ring of peripheral aryl
ester or alkynylaryl substituents provides effective steric blocking to columnar assembly - the face-
to-face molecular arrangement that is observed in the majority of triphenylene discotics. The
synthetic challenges associated with early triphenylene synthesis have now been largely over-
come. Efficient oxidative trimerisation of dialkoxybenzenes gave direct access to materials with
hghnmtyandatxdemelmemndmesmbemmktedﬂmughdeptmemmmd
elaboration, a pathway that allowed synthesis of lyotropic (Nc) systems among others. The
combination of modem cross-coupling chemistry with oxidative processes has proved versatile,
leading to synthesis of unsymmetrical monomeric and dimeric systems. Dimeric systems linked by
rigid bridges have been identified as a separate class of materials that show strong tendency for
nematic mesophase formation.
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Introduction
The flat-screen display indusiry was founded upon the

world-wide. It was this success that led to the belief that,
for cssentially all liquid crystal devices, clectromagneti-

ease with which thermotropic nematic phases can be
aligned using surface effects and the ease with which
that alignment can be switched using electromagnetic
ficlds. In the development of these applications the inven-
tion of the cyanobiphenyls was the game-changing step.
Cyanobiphenyls became the basis of most displays as well
as the main ‘workhorse” used by liquid crystal scientists

cally switchable phases would be the key to success, and
the focus naturally lay with the low viscosily nemalics.
As a result, when discotic liquid crystals were dis-
covered, there was immediate interest in finding meso-
gens that could be switched, and particularly on
materials that would give discotic nematic (Np) phases.
Partly, these hopes proved false (discotic nematics
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proved difficall to oblain, difficull to align and difcult
to switch!}, but it was the Ny, phases which led to the
first commercially important application. The first gen-
eration of discotic liquid crystals were all columnar [1]
amnd subsequent development of the Geld has been domi-
naled by studies of the columnar phase [2,3]. Indeed,
some early siudies also investigated potential switching
of ferroclectricfchiral columnar systems [4]. While
hiphenyls can be considered the workhorse of calamitic
Liquid crystal development, the same can be said for
triphenylenes within the development of discolic lguid
cryslals |5]. Unlke calamilic syslems, where nemalic
systems are not uncommon and where it is not unusual
to find nematic/smectic phase transitions, N, phases are
relatively rare and Mp/columnar phase transitions are
particularly scarce [8]. This is because the molecular
features which give rise to columnar and Lo Ny phases
are different (Figure 1).

The tendency of discolic liguid crystals o give colum-
nar phases is oflen vaguely alinbuled to “pi-stacking
inferactions” with the unspoken imphcation that “some-
thing' always causes aromatic rings to stack on top of each
other giving colummns. However, this is not the case. Tn the
absence of significant dipolefdipole interactions, the
stacking of aromatic rings is dictated by the competing
cffects of the van der Waals interaction {favouring co-
planarfcolumnar stacking) and gquadropole/quadrapols
interaction (favouring an arthogonal arrangement) [7].
Hence, for benzene and many of its derivatives, the

quadrupole term dominates leading o a preferred ortho-
gonal arrangement of nearest neighbour molecules; ofien
a 'herringbone’ packing in the crystalline state. Only for
polynuclear aromatics, where there is increased delocali-
saliwom, easier polansalion, and stronger van der Waals
inleractions, is columnar stacking favoured. For discotic
mesogens, the significant “extra factor” which favours
columnar stacking 15 chain/core micro-phase separation.
The large enthalpy associated with the Cr/Cal transition
relates to the melting of the side chains [8]; it relates to
the entropic term associated with the transformation
from one to many conformational states, This is max-
imiged when the conformational space avalable to the
side-chains is also maximised. This is the caise when
discogens are stacked one-on-top of each ather (as in
the columnar phase, Figure 1(c)) but not when the side-
chains are (partly) sandwiched between rigid aromatic
cores (as in the Ny, phase, Figure 1{e]). The first triphe-
nylene N, systems to he discovered were those where the
core was surrounded by OuCCHLR [9-12] or C=0C:H,
R [13,14] suhstituents (Figure 1(a)). These substitsents
create a core that has a “dished surface; one that is thicker
at its rim than it is in its centre (Figure 1(b])). In the case of
the OCCH R systems, this arises becanse, in the most
stahle conformation, the bengene ring is twisted out of the
plane of the triphenylene. In the C=C0H,R systems, the
maost stable conformation has all the aryl rings coplanar,
but the barrier to rotation is so low [15] that there is
a significant population of non-coplanar states. This

{a) X ) (b}
PN -:,EHE},_
— J;ml K= -0 ti;'ﬁ iCHEH, @ E
|
AL

tE} iCHEH,

Figure 1. (Colour onling) (a) mesogens giving rise to the Mg phase (b) schematic representation of a discogen core with a ‘dished’
surface. (cross-section right) (c) schematic of the columnar stacking of flat anyl cores. (d) schematic of the columnar stacking of ‘dished”
aryl cores. [e) schematic of the N phase of flat aryl cores. (f) schematic of the Ny, phase of ‘dished” aryl cores. In () the varying
degrees of accessible conformational space (c=Fe) for the (red) side-chains is indicated by the pale red shading (see text),
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deslabilises the columnar phase. Packing of *dished” rings
is penerally difficull and packing in columns (in particu-
lar) creates free space [16] (Compare Figure 1{c.d)).
However, in the nemalic phase, il provides additional
conformational space for the side-chains (compare
Figure 1{e,0)).

It was the Np, phases of the ester derivatives that were
to lead to the first significant (and, so far, only significant)
commercial application of discotics. Although they have
switching times that are far too slow for them to be nseful
as display materials, their optical properties provided the
ideal solution to the problem of improving the angle of
wiew of ligquid crystal display [17,18]. In the early years of
liquid crystal displays this was a persistent problem,
A clear image with true colours was only seen when the
ohserver was positioned directly in front of the screen.
This is a result of the birefringence of the oriented liguid
crystal film. In the “on’ state of a twisted nematic display,
although the director is perpendicular to the electrodes in
the cenire of the cell, il remains pinned in a planar
orientation next (o the surface. This hybrid” orientation
of the director gives a birefringence profile that can be
cancelled by a matching discotic film with the opposite
hirefringence profile. Fortunately, thin films of Ny dis-
cotics provide exactly that with planar alignment of the
director at the solid interface and a perpendicular or
ilied alignment al the air interface (Figure 2(b)).
Furthermore, in the case of the ‘reactive mesogen eslers’
(Figure 2(a)), polymerisation locks this bir e
profile into a stable film that is transparent and cheap
to make; a polymer film that solves the “angle of view"
problem.

The success of the nematic phases of the cyanobiphe-
nyls also stimulated interest in the stabilisation of
nemalic phases of lyotropic liquid crystals and, once
again, discotic mesopens provided an answer, It was
shown as far back as 1967 [19] that solutions of orien-
tationally ordered disc-shaped (Np) or rod-shaped (N2

(a)

,h,[:'
llTj

M)
u]

=
K= —0-G— (G2 OTOCH=CH;

LIQUID CRYSTALS (=) 2

micelles [20-22] could give rise (o nematic behaviour,
but the first lyolropic nemalic phases found were only
stable over very restricled ranges of temperature and
concentration [23,24]. Tn part, this is a result of the fact
that (hecanse hydrophabic alkyl chains are so flexible)
a conventional amphiphile can give rise to rod-shaped,
spherical or disc-shaped aggregates (Figure (b))
However, amphiphiles with a nigid hydrophobic part
can only form one lype of aggregate. For example,
a discoid amphiphile consisting of a rigid hydrophobic
core which is surrounded by hydrophilic groups can
only give rod-shaped aggregates and N nematic phases.
The first example of such a discoid amphiphile was
2,3,6,7. 10,1 1-hexa-(1°4" 7 -trioxaoctyl)-triphenylene
(Figure 3(a)) normally known by the abbreviation
TPalO2ZM [25]. In waler, this amphiphile forms an
M phase over a wide range of concentrations and
temperatures [26], Although designating these rod-like
aggrepates as ‘micelles’ is perhaps useful in making the
conceptual link to the N phases formed by conven-
tional lyotropic systems, perhaps the term “aggregate’ is
preferable. The aggregation of TPGEOZM is pseudo-
isodesmic, and there is no critical micell: concentration
[26-30]. Since the discovery of TP6EOZM, a range of
similar systems with wide nematic ranges have been
reparted. These include mesogens in which perylenehi-
simine [31], dibenzophenazine [32], phthalocyanine
[33] and tricycloguinazaline [34] hydrophobic cores
are surrounded by an annulus of hydrophilic EOg
chains. Like thermotropic nematic systems, the lyotro-
pic N syslems can be onented in sirong magnelic
fields, but unlike the thermotropic nematics, they
prove frustratingly difficult to orent using surface
effects [35]. What was not realised at the time
TPAEO2ZM was developed was that it is a non-ionic
analogue of a ‘chromonic” liquid crystal and chromonic
liquid crystals systems [36] had been known (if not
properly understood) for many years [37,38].

(b} Air

LOMMRNR

Figure 2. (Colow online) (a) example of a mesogen used in the manufacture of optical compensating Wm. (b) schematic of a nematic

filmn with a hybrid orientation of the director.
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hydrophilic

hydrophobic

hydrophilic

hydrophobic

= —OCH,CH,0CH,CHyOCH;

spherical

or rod-like

or disc-like

rod-like only

Figure 3. {Colour online) (a) the molecular formula of TP6EO2M (b) the contrast between the types of aggregate that can be formed in
water by an amphiphile with a flexible hydrophobic alkyl chain and one (like TPGEO2M) that has a rigid hydrophobic aryl core. For the
first three aggregates a few molecules have been removed from part of the surface to reveal the hydrophobic core.

The link between biphenyls and triphenylenes
extends beyond their respective status as benchmark
cores for calamitic and discotic liquid crystals because
biphenyls play an important role in the synthesis and
synthetic development of triphenylenes. For the most
part, the molecules discussed so far are based on sym-
metrically hexa-substituted triphenylenes. Structures of
this type became readily available when efficient cyclo-
trimerization of dialkoxybenzenes was achieved [39].

206 | Page

Oxidative trimerisation of dimethoxybenzene (vera-
trole) followed by exhaustive demethylation provides
the starting material for synthesis of hexa-esters,
among many other possibilitics (Scheme 1).
Unsymmetrically substituted triphenylenes remained
difficult to access for some lime. Some success has been
achieved via reaction of a mixture of substituted ben
zenes [39] or partial dealkylation/hydrolysis strategies
[40-42], followed by separation of the various reaction
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Scheme 1. Strabghtforward synthesis of hexaalkoxytriphenylenes (HAT), the presumed reaction sequence, and produscts from full and

partial (single) hydralysis.

products. However, the first breakthrough in this area
stemmed from consideration of the mechanistic
sequence that converts (substituted) benzenes into tri-
phenylenes. As depicted in Scheme 1, the reaction is
presumed Lo follow the sequence benzene-biphenyl-
terphenyl-triphenylene, intermediates with frameworks
that had become highly familiar within the LC Geld. We
reasoned that a pre-synthesised snitable biphenyl inter-
mediate could subsequently lead to controlled prepara-
tion of a single unsymmetrical triphenylene upon
reaction with a complementary bentzene partner, so
long as the reaction conditions favoured inphenylene
formation over the known oxidative dimersation of
biphenyl intermediates [43], The protocoel proved to be
successful and convenient [44]. Symmetrical and

OR,
R,
O Cu
L, —
x QR
1. Buli R
2_B{OMe); a0
3 HSDT 0R1

(HO),B” S:un;. Pd

unsymmetrical tetraalkoxybiphenyls, prepared by tradi-
tional Ullman-type coupling of halobenzencs, were
reacted with dialkoxybenzenes again using FeCly as
oxidant {Scheme 2). Combinations of long-chain alkoxy
(hexyl) and methoxy substiluents were chosen o aid
separation/isolation, but also (o allow further manipula-
tion via selective deprotection of the methyl ethers, The
resulting dihydroxytriphenylene derivatives were ori-
ginally converted to main-chain polymers [45], buot the
intermediates have since been more widely employed in
investigations of differentially substituted unsymmetn-
cal iriphenylenes to probe substituent effects and their
influence on mesophase behaviour.

Al around the same time, the application of trans-
tion-metal catalysed cross-coupling chemistry in biaryl

aC
Ry

Fell,

then MalOH

X =B, Ry.5 = Alkyl

Scheme 2. Synthesis of unsymmetrically substituted hexaalkowytriphenylenes by reaction of a pre-formed tetraalkoxybiphenyl with

dialkemybenzzne.
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synihesis, and synthesis in general, was gaiming sigmif-
canl momentum. llird and co-workers [46] wsed
Suzuki-Miyaura cross-coupling strategies to efficiently
access biphenyl intermediates to deliver unsymmetrical
triphenylenes, and the combination of cross-coupling
with oxidative approaches has proved highly effective.
A significant advantage of the cross-coupling approach
is that the electronic character of the reacting compo-
nenls does nol need (o be malched and electron-rich
systems (required for oxidative coupling) are not
needed, Triphenylenes can be synthesised with free i
positions (e.g. 4) through construction of o-terphenyl
intermediates, and they can be post-functionalised by
simple clectrophilic  aromatic  sobstitution  [47].
Bromination, for example, conveniently gives inter-
mediates suilable for nucleophilic aromatic substitution
[47] or subsequent cross-coupling [48-51]. Scheme 3
shows one example where this sequence was employed
ter produce an unsymmetrical triphenylene 6 that exhi-
hits the rare helical columnar mesophase at room tem-
perature [47].

The range of triphenylene materials available for
design has therefore been significantly expanded and
has particularly opened the way [or investigation of
new structural molifs to probe factors controlling
colummar stability and to encourage nematic mesophase
formation. A wide range of differentially (hexa)substi-
tuted triphenylenes have now been investigated, soquen-
tially replacing alkoxy substituents on the parent
hexaalkoxytriphenylenes. The studies reveal some gen-
eral trends. Mesophase [ormation is ofien supporied so
long as conjugating substituents are introduced (essen-
tially extenuling the core) [50]. The reduced symmetry of

Hax,
Haxy 4
Hx = n-hexyl

the systems also typically resulls in a suppression of
cryslallisation leading o glassy columnar phases.
Figure 4 shows representative examples that demon-
strate how relatively minor changes can impact mesa-
phase formation and stabiliry.

The contrasting mesophase hehaviowr of the triphe-
nylene hexaethers (columnar) and the hexaarylesters
(nematic) has been highlighted earlier. Studies investi-
gating mixed ether-ester linkages in the inphenylene
series have been initiated recently, Replacing a single
ether of the parent hexaalkoxyiriphenylene with aryl
ester substituents so far leads only to columpar meso-
phases. In fact, in the initial study, we find that the
mesophase range is remarkably insensitive to the size
and character of the aryl ester employed, implying that
the single aromatic unil can be easily accommodated in
the chain region between columns [52]. This nvestiga-
tion has now been extended to include selected exam-
ples of isomeric diesters, reported here for the first time,
and again columnar mesophases only are observed
(Figure 5).

While columnar packing/assembly is effectively con-
strained in examples of triphenylene hexaaryl esters, an
allernalive approach lo peneraling nemalic mesophases
in triphenylene discotics has emerged whereby colum-
nar packing is disfavoured by the formation of dimeric
systems, typically linked by rigid bridges. Some exam-
ples are shown in Figure & Here the behaviour contrasts
with dimeric systems linked by flexible spacer chains of
appropriate length, where columnar mesophase forma-
tion 15 preserved [53-55). The first examples of this
motil were the diacetylene-bridged triphenylenes
reported by Kumar and Varshney [56], Twinned

Iz, v
e
SHx
Hx0
H
HxSH Shx
SHx
Hz0
SHx ©
1108 Cal, 32 H

Scheme 3. An example of synthesis of a bghtly substituted triphenylene via an o-terphenyl, and subsequent functionalisation to give

a mesogenic hexasubstinuted material [47).
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Figure 4. Examples of structural variation in unsymmetrically substituted triphenylenes (Hx = n-hexyl) [47-50].

10 [Raf. 52)
a 1151 Col, a 1180 Col, a 1192 Cal,
b | 163 Col, b 1196 Col, b 1198 Col,
c 1141 Col, © 1138 Col,
d 1137 Col, d 1149 Col,

Figure 5, Triphenylenes with mixed ether and ester substituents showing only columnar mesophases (Hx = n-hexyl)

systems — two triphenylene cores linked by two rigid
bridges to form a macrocycle — show a strong tendency
towards nematic behaviour [57-5%]. Complementary to
the design [eatures (hal lead o nemalic phases m the
triphenylene hexaaryl esters. here the formation of
columnar assemblies also leuds to free space (through
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the centre of the column in this case) favouring the
slipped (My3) arrangement [57].

Further examples of dimers where the bridges are
syslemalically engineered Lo modily core—core separa-
tion and conformational freedom have been imvesti-
gated more recently, focusing on aryl ester [52] and
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Figure &, Triphenylene dimers and twins, linked throwgh rigid bridges, showing nematic mesophases [S6-5%].

aryl alkyne |60] links (Figure 7). In the diester {phiha-
late) series, mesophase behaviour is completely sup-
pressed when the core-core separation is enforced to
he too shart {o-phthalate where face-to-face packing is
difficult to achicve) or too long (the stilbene system).
The 2,5-thiophene diester shows an enantiotropic Ny
phase, while the similarly bent 2.7-naphthaloate bridge
gives a rare example of a malerial that forms a columnar
phase on cooling from the nematic (albeit alongside
glass formation).

The alkyne linked dimers [60] are particularly
interesting. The single  aryl-diacetylene  bridge
between the triphenylenes prowvides materials that
have intermediate conformational freedom com-
pared Lo, for example, the complementary aryl die-
ster series and rigid twinned (double  bridge)
systems. Similar 1o the o-phthalate system [52), the
1.2-phenyl diacetylene bridge does not support any
mesophase behaviour. However, opening the linking
angle leads to mesophase formation over a wide
temperature range. The unigque combination of
fixed core-core separation alongside limited confor-
malional [reedom provides a series of discolic mate-
rials that each form both nematic and columnar
mesophases (Figure 8) [60].
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Experimental

Synthesis of triphenylene-2,3-bis{ 1-naphthoate)
ester 11a (general procedure)

2, 3-Dihydroxy-6,7,10,1 1 -tetrakis{hexyloxy)tripheny-
lene (100 mg, 0.15 mmol), and 1-naphthoyl chloride
(0,069 g, 0.36 mol) were stirred in dry CHRCl; (10
ml} at 0°C. Then, dry ME; (2ml) was added slowly.
After 2 h, the solvents were evaporated and the residue
precipitated from methanaol to give a pale yellow salid
(0.055g, 38%). "H NMR (400 MHz, Chloroform-d) &
9.05-9.00 (m, 2 H), 847 (5, 2H), 840 (dd, J=74, 1.3
Hy, 2H), 7.94 (dt, J=83, 1.1 He, 2H), 7.89 (s 2 H),
7.83 (s, 2H), 7.82-7.79 (m, 2H), 7.53-7.46 (m, 4 H),
7.25 {dd, J=82, 7.3 Hz, 2H), 425 {t, ] = 6.6 He, 4 H),
421 (1, J=6610, 411),1.96-1.86 (m, 811), 1.58-1.43
{m, & H), 1.39-1.26 (m, 16 H), 0.93 (1, I = 7.2 Hz, 6 H),
0.88 (1, /=72 He, 6 H), "C NMR (101 MHz, CI,CL)
& 16515, 14992, 149.23, 14140, 134.39, 133.80,
13146, 13138, 128.59, 12811, 127.86, 126536, 12542,
12500, 12437, 124,18, 12254, 117.61, 10680, 10659,
6947, 6925, 3169, 31.63, 29.43, 2937, 1585, 2578,
2267, 22.62, 13.82, 13.78.

[Mesters 11 and 12 were prepared following the same
procedure using the 23-dibydroxytriphenylene (for 11)
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Figure 8. Aryl diacetylene linked triphenylene dimers showing both columnar and nematic mesophases [60].

or the J.6-dihydroxytriphenylence (for 12) and the 271y, 7.88 (s, 211), 7.84 (s, 211), 7.78 (d, J= 8.3 [Lx, 2
appropriale acid chloride. H), 7.77 (d. J=8.2 He, 2H), 7.72 {d, J =8.5 Hz. 2H),
7.54 (dt, = 8.0, 1.0 Hz, 2H), 7.43 (dt, J = 8.0, 1.0 Hz, 2
H), 4.26 (t, I=6.6 Hz, 4 H), 4.22 (t, J=6.6Hz, 4H),
2,3-bis(2-naphthoate} ester 116 1.99-1.88 {m, 8 H), 1.63-1.51 {m, 8 H), 1.46-1.29 {m,
(0.05g 34%). '"H NMR (400 MHz, Chloroform-d) & 16 H), 0.93 (1, /= 7.2 He, 6 H), 0.89 {1, [ = 7.2 Hz, 6 H).
871 (brs, 2H), 850 (s, 2H), 813 (dd, J=74, 13 Hz,  "CNMR (101 MHz, CTLCL) & 165.15, 14992, 14923,
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141.40, 134.39, 133.80, 131.46, 131.38, 128.59, 128.11,
127.86, 126.36, 125.42, 125.00, 124.37, 124.18, 122.54,
117.61, 106.80, 106,59, 69.47, 69.25, 31.69, 31.63, 29.43,
2937, 25.85, 25.78, 22.67, 22.62, 13.82, 13.78.

2 3-bis(2-anthracenoate) ester 11c

(0.051 g 32%). "H NMR (400 MHz. Chloroform-d) .59
(s 2 H), 8.59 (s, 2H), 8.24 (s, 2H), 816 (s 2H), 806
(dd. J=89, 1.7 He, 2H), 793 (5. 2 H), 7.90 {5, 2 H), 7.88
(s, 2H), 7.86 (s, 2 H), 7.68 {d, /=85 Hy, 2H), 746 (L, J
=70 200, 73000 J = 7.0 L, 2100, 427 (1, J = 6.6 1 L,
4 H), 4.24 (t, /= 6.6 Hz, 4 H}, 2.01-1.90 {m, & H), 1.65-
1.51 {m, 8 H), 1.46-1.32 (m, 16 H), 0.95 {1, J = 7.0 Hz, 4
H), 0.90 (t, J=7.0Hz 4H). "“C NMR (101 MHz,
CDCL) & 164.99, 14975, 14919, 14129, 133.65,
133.18, 13257, 131.82, 130001, 128.83, 12870, 12833,
12801, 127.86, 126.69, 126,07, 125.78, 125.59, 12431,
123.92, 122.93, 117.40, 107.03, 69.66, 69.31, 31.72, 31.66,
29.43, 29.35, 25.87, 25.83, 22.68, 22.64, 14.07, 14.03 (2
signals unresolved).

2 3-bis{9-anthracenoate) ester 11d

(0.03 g, 19%). 'H NMR (400 MHz, CD,CL,) § 8.82 (5, 2
10), .47 (s, 211}, 8.18 {d, J = 9.0 L1z, 411}, 807 (5, 211),
794(d, J=90Hz 4H), 792 (. 2 H), 7.34 (1, / = 8.3 Hz,
4 H), 700 =83, 4 H), 433 (1, [ = 6.7 He, 4 H), 4.32 (1,
I=67Hz, 4H), 2.05-1.9% {m, 8 H). 1.70-1.38 (m, 24
H), 098 (t, J=72Hz, 4H), 094 {t, J=72Hz 4 H).
P NMR (101 MHz, CDCLL) 8§ 167.38, 150010, 149.24,
141.06, 130068, 13037, 128,81, 12827, 12810, 126,91,
12579, 12532, 124.87, 124.63, 122.85, 117.40, 107.75,
106.98, 69.73, 69.64, 31.94, 31.72, I19.67, 29.42, 29.37,
25.89, 25.87, 22,69, 22,66, 14.13, 14.08,

3,6-bis(1-naphthoate) ester 12a

(0.043 g, 61%). "H NME (500 MHz, Chloroform-d) 9.03
(d, J =87 Lz, 211}, 846 (dd, J =7.3, 1.3 11z, 211). 8.00
(d, J =80 He, 2H), 7.95 (d, ] = 8.0 He, 2H), 7.92 (s, 2
H). 7.91 (d. J = 7.5 Hz, 2 H), 7.80 (s, 2 H), 7.58-7.46 (m,
6 H), 420 {t, [=64Hz, 4H), 415 (1, J=65Hz, 4 H),
1.84-1.75 (m, 4 H). 1.74-1.67 (m, 4 H), 1.46-1.38 (m, 4
H), 1.36-1.30 (m, 4 H), 1.29-1.25 (m, 8H), 1.13-0.98
{m, 8 H), 0.84 {t, J=7.0Hz, 6 H), 0.64 (L, J=7.2Hz 6
H). "C NMR (126 MHz, CDHCI5) 165.81, 149.76, 149,48,
140,12, 133.91, 133,88, 131.69, 131.15, 128,54, 127.89,
127 84, 12646, 12631, 126,08, 124,58, 124,10, 122.95,
117,07, 107.63, 105.98, 69.61, 68,87, 31,72, 31.55, 29.41,
29,40, 25.84, 25,74, 2265, 22.44, 14.07, 13.86,
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3,6-bis{2-naphthoate) ester 12b

(0.04 g, 54%). 'Ll NMR (500 Mllz, Chloroform-d)
£.86 (br s, 2H), £26-8.23 (m, 6 H), 8.00 (d, /=80
Hz, 2H), 7.95 (d, I=80Hz, 2H), 7.92 (s, 2H), 7.91
(d. T=7.5Hz, 2H), 7.90 (s, 2H), 7.62 (t, [=85Hz, 2
H), 7.57 (t, J=85Hz, 2H), 4.27 (t, =64 Hz, 4 H),
424 (t, J=65Hz 4H), 1.99-192 {m, 4H), 1.79-
1.71 {m, 4 L), 1.63-1.55 {m, 411}, 1.46-1.38 {m, 12
1), 1.22-1.09 (m, 81I), 0.94 (L. /= 7211z, 611), 0.71
(t, f=7.2Hz, 6H); “C NMR (126 MHz, CDCL)
163,89, 148,65, 14841, 13905, 13231, 129.24,
128.64, 12744, 12673, 12299, 121.88, 115.83,
106.56, 105.23, 6R.56, 67.91, 30.69, 3049, 2840,
28.23, 24 84, 24.63, 21.64, 21.48, 13.03, 12.89.

Conclusions

The development and commercial application of the
(cyano) biphenyls can be scen to have influenced the
later development of discotic materials where the triphe-
nylene nucleus has become the most widely studied core.
‘The search for discolic nematic materials was originally
driven by inferest in the potential of discotics to be active,
switchable components in displays, but they proved both
difficult to design and synthesise. and their properties did
not compete. Nevertheless, nematic discotics have played
vital role in display devices as a passive, thin-film optical
compensating layers to widen viewing angles. Nematic
discolics have remained intriguing within liguid crystal
seience. They are relatively rare and studies now imndicate
that columnar packing needs to be disfavoured by mole-
cular design. This can be achieved by construction of
systems where the side-chains themselves prevent colum-
nar packing by providing a thick ring around the core
(the aryl esters and phenyl acetylenes) or by ngidly link-
ing cores such thal they cannol achieve [ace-lo-lace
assembly (rigid dimers and twins). Some examjles are
now known that show both colummpar and nematic meso-
phases. The later development of more intricate molecu-
lar designs has been made possible by advances in
synthetic chemistry that can deliver unsymmictrical sys-
tems. The chemistry here also sees a parallel with bi- (and
ter-Jphenyl development, not least because their pre-
synthesis has been key to developing versatile new roules
to triphenylene discotics. In this regard, the combination
of transition metal catalysed cross-coupling and oxidative
cyclisation has been proved the most powerful.
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