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Abstract

The work set out in this thesis focuses on the synthesis and investigations of linked
heteroleptic triple deckers (TD) based on porphyptithalocyaningorphyrinanalogues

They are interesting materials because of the potential applications of lanthadgesl

triple and double deckers in molecular devices. Research on their synthesis has taken huge
steps forward in recent years. They also have low oxidation potentials, as well as reversible
electrochemistry. Such remarkable features give these corapjeaat potential for their

use in several applications, for example, molecular magnets, multibit molecular information
storage, sensors, nonlinear optical materials, nanomaterials and field effect transistors that
cannot be achieved by their menmetallc macrocycle counterparts. A number of

multidecker systems have previously been synthesised by Cammidge group.

Firstly, this current research focuses on phthalocyanine and related macrocycles by
attempting to synthesise unsymmetrical systems that could be inserted in-decide
formed by the reaction with linked porphyrins, with a view to preparing higher orde
structures through linking this unsymmetrical central macrocycle. However, insertion of the
selected phthalocyanines proved challenging. Triple decker structures were formed and
isolated, but characterisation proved challenging, and the spectroscaylis mould not

prove that simple porphyriphthalocyaningporphyrin were formed.

Secondly, we switched to the synthesis of alternative macrocycles such as
tetrabenzotriazaporphyrins (TBTAPS) which are hybrid structures that lie between the parent
phthalayanine and tetrabenzoporphyrin macrocylces. Importantly, the meso carbon opens
up a variety of possibilities in the TBTAPs. The synthesis of triple deckers with different
meso substituted TBTAPs has been achieved but the spectroscopic characterisation wa
much more complicated as compared to the previous symmetric phthalocyanine derivatives.
Rotation is hindered (NMR) in these cases. Finally, the decision was taken to investigate a
different class of multichromophore assemblies. We aimed to synthesisepaund that

bears a more rigid element to the bridge that could be further functionalised or dimerised.
Triple deckers of compounds that bear a more rigid element (such as benzene and porphyrin)
to the bridge were successfully synthesised using the gecelarocedure for the selective
formation of linked closed triple deckers, and overall, this appears to be a very promising

strategy for building up more complex arrays of TDs.
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Introduction Chapterl

1. Introduction

1.1 History of Porphyrins

The word porphyrin is derived froporphura They are a large class of deeply coloured
pigment, with both natural and artificial origin. Porphyrins consist of four pyrrole rings

linked by four methine bridgé$.

methine bridge— ¢

1
Figure 1.1: The structure of porphyrin

The porphyrins are an essential class of naturally occurring macrocyclic compounds formed
in biological systems that assume a vital part in the metabolism of living beings. Some of
the best examples are the r@ontaining porphyrin found as heraéof haemoglobin) and

the magnesiuncontaining reduced porphyrin (or chlorin) found in chloropByfi: E!

O

CH,
CH
2 3 /CHz
H,;C H,C CH;
: CH,
H C\\ il
H,C CH; ?
CH,4 CH,4 CHj,
NS o) .
1) OH H,C 6] OCH;
OH % 5
2 3

Figure 1.2: Naturally occurring porphyrins.

1.1.1 Structure ofporphyrin:

Porphyrins are aromatic macrocyclic systems
which are incorporated into the delocais y st em on t he ringule n acc
of aromaticity [4n+2] where n=4. Hollingsworth has stated that there are six distinct

delocalse d porphyrin pathways containing 18" el
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Introduction Chapterl

Figure 1.3: Six porphyrin cores illustrating the differesi¢localisatioro f 18" el ect r on s

Some research froMiCNMR and X%Ray analysisuggests that the 16 membered ring of the

18 ~ electrons systems is more favollfled for

\
\J

Figure1.4:Del ocal i sation of 18" electrons on g

Figure1.5:The favoured °~ electron del ocali sa

There are two types of porphyrin substitutibrsubstituted porphyrins amdesaesubstituted
porphyrin. Theb-substituted porphyrins are naturally found in many forms rmede
substituted porphyrins are the most interesting in synthetic cherfiistry.
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R R R
Ny —R
R
R
R
R
RTHR 4
R R R

S-substituted porphyrins Meso-substituted porphyrins

Figure 1.6: Structure ob- substituted anchesesubstituted porphyrins.

Unsubstituted porphyrins can exist in two different tautomeric structures. NMR studies show
that tautoner A, which carries two H on two opposite pyrrole rings, is more stable than
tautomerB which carries 2H at adjacent pyrrole rings. The exchange between trans

tautomersA andC is rapid at room temperature (figure 17).

A B C

Figure 1.7: Tautomerisation of porphyrins

1.1.2 Porphyrin nomenclature:

According to IUPAC rules, positions 5, 10, 15 and 20 are referredrteesg positions 2,
3, 7, 8, 12, 1 3 ;pyrrole @ositidns WHile 24 ane 23ciralitate ¢hd twd

nitrogen atoms bonded to the hydrogen atoms (figureAs8ihdicated earlier the first kind
of compoundmesa substituted porphyrin) are artificialmya d e whi | e t h-e seco

substituted porphyrin) are widely present in natural prodticts.
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Introduction Chapterl

Figure 1.8: Porphyrin numeration
1.1.3 Spectroscopic characteristics:

1.1. 3.1 Po4is 8pgatroscogyd UV

The spectrum of absorption of porphyrins has been widely studied in terms of the four
orbital model [two highest occupied °~ orbit
was first introduced by Gouterm&hlt shows that charge localisation is important in the
electronic propdres of these materials. The absorption bands of porphyrins are formed
which is caused by the transitions between two different orbitals, namely, the two LUMOs

and the two HOMOs. The energy of these orbitals is influenced by the ring's metal centre

and thesubstituents.
(A) (B)
€gy LUMO +1
@ ©€gx LUMO
A A
au a1u
% @ aw HOMO
ax HOMO -1
€gx €gy

Figure 1.9: Porphyrin HOMOs and LUMOs. A) The illustration of the Gouterman orbitals. B)

Energy |l evel transitions of the orbitals

Porphyrins show very characteristic absorption spectra becauseroftiiei ghl y conj ug

system and the intensity and colour of porphyrins come from their absorption in two regions
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Introduction Chapterl

of UV-Visible spectrum, in the near Ultraviolet and in the visible re§fhey show
intense absorption from 380 to 420 nm called the Soret band or B band which is the transition
from the ground stat® the second excited state{%) and weaker absorption bands in the
longer wavelength region (560nm) of visible light called Q band which corresponds to
the transition from ground state to the first excited stages{S'° Metalloporphyrins are

more symmetrical than mettike porphyrins and therefore hasay two Q bandsMetal

free porphyrins have four smaller Q bands between-7800 nm (figurel.10) and

metalloporphyrins have two smaller Q bands betweer7®00nm (figure 1.11§

0.27

l‘“‘a&nﬂ Band
0.22

Abs /\ T
0.07

0.02 \\‘

400 450 500 550 600 650 700

I
? 911 ot Q}v

-0.03

Figure 1.10: Typical H-Porphyrin U\tVis Spectrunt!tl

04

- L
jﬁ

Soret
Band

QI

400 450 500 550 600 650 700

Figure 1.11: Typical ZincPorphyrin U\VVis Spectrunit®
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The difference between the spectrum of metalloporphyrins and the-fneetglorphyrin
occurs because they have two different symmetry point growgislfree porphyrins have
D2n symmetry and metalloporphyrins havenBymmetry. As a result, this causes some of

the energy levels to become degenerate and decreasing the number of Q bands.

1.1.3.2 Porphyrinsd NMR Spectroscopy

The porphyrin macrocycle has 22 °~ =electrons
aromati c system (supported by H¢ckel 6s rul e).
downf i el d s-pygakeahdsesaprotons due to fhe paramagnetic ring current

which causes dshielding effect. Additionally, the I8l protons of the ringare shifted

upfield in the spectrum at the negative region, resulting from the shielding effect for the ring

current as shown below in figure 1.12.

B~ pymole

I

9.5 9.0 8.5 8.0 -2.0 -2.5 -3.0

Figure 1.12:*H NMR spectrum of tetraphenyl porphyrin (TRP)

1.1.4 The synthesis of symmetric porphyrins:

There are different strategies to obtain porphyrins which have many different positions

where substitutents can be placed.

The first simple synthesis of a porphywas confirmed by Fisher then after that a large
number of synthetic methods have improved the preparation of porphyrin and its dervatives
especially fomesoandb-substituted porphyrin, where the preparatiomesesubstituted

porphyrin is achievedy different strategield?
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There are three main methods for the synthesisesi substituted porphyrins:
1.1.4.1 Rothemund synthesis:

In 1935Rothemund achieved the synthesisnafse tetra substituted porphyrins by reacting
pyrrole and acetaldehyde in methanol. Then in 1941 he mixed pyrrole with benzaldehyde in
pyridine and this reaction was done in a sealed tube a133%C under nitrogen fo48h
(Scheme 1.1§3 However the yield obtained for the blue crystals of these tetraphenyl
porphyrin was less than 10%s the main byroduwt of reaction wasnesesubstituted
chlorin814* To understand the formation of this-pyoduct,in 1946 Calvin and cavorkers
discovered whn metal salts such as zinc acetate was added to the reaction mixture, the yield

of porphyrin increased and the amount of chlorin compound decrédsed.

CHO ;
N pyridine,sealed tube Q O
' > +
) ey w o w

Meso- tetraphenyl porphyrin Meso-substituted chlorin.
4 7

Scheme 1.1Rothemund procedure
1.1.42 Adler synthesis:

Inthemidl 96 06 s t h emesesubdtithtedgporghyrim was modified by the Adler
Longo method, by refluxing pyrrole and aldehyde at low concentrations in propionic acid
for half an hour and open &r (Scheme 1.2§%! Propionic acid is ideal to use because many
aldehydes are soluble in it and the porphyrin product crystallises out easily with relatively
high yield. It was found that the yields of prepared porphyrin could be significantly improved
under these acidic coitibns. The yield of porphyrin was 380 %, and the chlorin

contamination was lower than that obtained with the Rothemund methodology.
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H
N Propionic acid
NeRERs
Reflux, 30min
5 6

Scheme 1.2Ad|l er 6s procedur e.

1.1.43 Lindsey synthesis:

Over the period 19791986 Lindsey developed a new two step one flask method to
synthesise porphyrins, in order to increase the number of porphyrins produced from using

various aldehyde®!

The synthesis used a process of condensation and oxidation steps. To achieve equilibrium
and avoid side reactions, in all steps of the preparation of porphyrireattieon was carried

out under mild conditionslhe reaction requires a condensation of pyrrole with aldehydes

in chloroform or dichloromethane in the presence of acid catalyst, TFA or borontrifloride
etherate and under inert atmosphere and room tempergcheme 1.3)71 A
stoichiometric amount of DDQ q~-chloranil is then added to oxidise the initially formed

porphyrinogento porphyrin®”! to yield 3540 % of the product (medetraphenyl

porphyrin)it7l
CHO 1
N Chloroform
+ U _—
! 4 BF; O(Et),,
r.t., 1hr.
5 6
Porphrinogen Meso- tetraphenyl porphyrin
8 4

Scheme 1.3L i n d s e-gtépsondlasksynthesis of messubstituted porphyrins.
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1.1.44 Conclusions:

In conclusion there are three main methods for making 1ssstituted porphyringnd a
comparison of porphyrin synthesis methods proves that the Rothemund synthesis produced

a |low yield, and it has no Dpetteiet ofparpbyein, whi | e
but it still has some disadvantages for benzaldehydes bearing substituents that are unstable

in high temperature and acidtonditiors which failed with this method. Also, there are
purification problems because of using proptoacid. However, Lindsey method gave a

higher yield of porphyrin than Rotheumnd and Adler methods. Also, purification of
porphyrin is easier due to fewer-pyoducts that are forme®rawbacks to this method is

that the purification usually involves chrotography and the high volume of solvent used

restricts the reaction scale. In this case, it may be better to useldraraihod.

1.1.5 Synthesis of unsymmetrically substituted porphyrins:

A typical example of the unsymmetrically mesaoibstituted porphyrins is the ABCiype
porphyrins where four different substituents are found at the-pesiton!*#1§**! There are
different pathways to synthesise the unsymmetrichktsuted porphyrin, but no ideal
method is known Senge and cworkers$t® achieved a new route for the synthesis of
ABCD- type porphyrins through bromination of the ABC porphyrins, followed by Pd

catalyzed CC-couplings as shown in thelsme below. below.

R4 R,
R,-B(OH),
Br R, —_— Ry R,
K,PO,
Pd(PPh,),
THF
R3 R3
9 10
R 1= hexyl |
R?=3,4,5-triMeO-CsH>

R*= 3-Br-5-pyridyl
R®=sBu (47%)

Scheme 1.4ABCD- type porphyrin synthesl¥)
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Amongst the numerous methods is the synthesis of AAAB porphyrin via mixed aldehyde
condensation involving a mixture of two aldehydes with pyrrole as precursors to obtain a
statistical mixture of products, or similarly using a comborabf different pyrrole building
blocks!?’l Scheme 1.5 shows the synthesis using two different aldehydes. More elegant
methods are known, such as those involving-gyrghesis of pyrrolaldehyde
intermediates. However, an daiatalysed environment is required for such condensations.
This can be problematic as it has the potential to scramble the pyrrole units, which puts a
l'imit to the reactionds scope.

A
A
A
B
A
A
A
B
B
H B A i
N
\ /) + ACHO + BCHO —
A
A
B B
B
B A B
- B

Scheme 1.5Example of mixed condensation to give unsymmetrical porphyrins.
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1.1.6 The reaction of porphyrins with metal ions:

Generally porphyrins are synthesized in a metal free form and metal ions incorporated into
the structure when metal ion M is inserted into the porphyrinzR to form ME*2* and

the two NH protons in HP are replaced!

M"™ + PorH, < - MPor™2* + 2H*

The size of the porphyrimacrocycle is perfectly matched to many metal ions and an
extensive number of metals can be embedded in the center of macfeaygl&n, Cu, Ni,

Co, etc.) Metalloporphyins play important roles in many biochemical processpsndimg

on the size of metal ions and charge, they can fit into the center of the cavity. As a result

regular metalloporphyrins are formed which are kinetically inert compl&xes.

Most of the naturally occurring metalloporphyrins are regular types in which metal ions are

located wihin the plane of tetrapyrrolic ligand due to their size match, where the ionic radii

@

Figurel.13: Schematic representation of regular metalloporphyrin.

is between 580 pm figurel.1%Y

However, the metal ions whose ionic radius betweeB®Pm are too large to locate into
the center of macrocycle, and therefore they are located out of the ligand plane, thus forming

sitting atop (SAT) metalloporphyrins as illustrated in figure $2%4.

e

Figure 1.14:Schematic representation of SAT porphyrin.

The affinity of the ligand to the metal will determine whether or not it can combine with the

metal ion in the porphyrin core. In general, the tetracoordinate complex has a poor affinity
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for additional ligandsiace divalent metal ions like Co (ll), Ni (II), and Cu (Il) are already
bonded to it. When combined with a fourth ligand, chelates of Mg (II), Cd (lI), and Zn (lI)
easily form penta coordinate complexes with sqygramidal structures. In the presence
of metals such as Ru(ll), Fe(ll), and Mn, metalloporphyrins with two additional ligands

resulted in a deformed octahedral geometffés.

Figure 1.15:Schematic pictures of squapgramidal (a) and octahedral structures (b) (only

enclose nitrogen N, metal M and extra ligand&4.).

1.2 Phthalocyanine:

1.2.1 History of Phthalocyanine:

In 1907, an unidentified blue compound was discovered by Braun and Tchesnigc
product during the preparation @icyanobenzamide from phthalamide in acetone (scheme
1.6) known as PhthalocyaninédJ?*

@@

Acetone

NH, ~ peat
0 \ \
11

Scheme 1.6First synthesis of matfree phthalocyanine.
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In 1927, Swiss researchers accidentally discovered copper phthalocyanines, copper
naphthalocyanine and copper octamethyl phthalocyanine when attempting to make
phthalonitriles?®! Also, in the same year iron phthalocyanine was discovered at Scottish
dyes of Grangemouth during the preparation of phthalimide from phthalic anhydride and

ammonia (scheme 1.7yon phthalocyanine was produce as dark blue compétind.

0 Ammonia .
Fe

14

Scheme 1.7Synthesis of iron phthalocyaninel6

In 1934 Linsteadvas the first to use the term Phthalocyanines, deriving the name from the
Greek words naphtha (rock oil) and cyanine (blue). He characterized the chemical and

structural properties of iron Phthalocyanifié.

1.2.2Structure of Phthalocyanines:

The formal substitution of the founesemethine bridges (=CHl in porphyrin by nitrogen
atoms (=N) leads tomesetetrazaporphyrin, which is commonly named as porphyrazine.

Tetrabenzo analogues araled phthalocyanines, and structures are shown in (figure 1.16).

8 9
10
NN
Q/ \Q ! NH  N=(] H

27 N
) )j
Q NS 21N
16
Porphyrin Porphyrazine
1 17 Phthalocyanine

13

Figure 1.16:Molecular structures of tetra pyrrole macrocycles.
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Phthalocyanine also has a ring system consisting ofl&ctrons which is delocalized over
alternate carbon and nitrogen atoms. The delocalization ofdleetrons gives the molecule

unique physical and chemical propertf&52°l

There are 16 possible sites in phthalocyanine where substituents can be placed on the
benzene rings. Substituents can be incorporated omdhgeripheral or a-positions
1,4,8,11,15,18,22,25 and on the peripherd-positions2,3,9,10,16,17,23 and #4!

}:NH :é ; ': fi
o peripheral (p) sites O non-peripheral (np) sites

Figure 1.17:Thenon-peripheral and the peripheral positiondbfthalocyanine

1.2.3 Metallated Phthalocyanine:

A Phthalocyanine (Pc) containing one or two metal ions is calktdllc Phthalocyanine.

There are more than 70 different metals that can be bonded to the Phthalocyanine
centrel®Y 10 Some of these can fit into the central cavity of the Pc without affecting its
structure, while the other metal ions can cause the macrocycle's structure to be §8torted.
There are two types of possible bonding between the central metal ion and the four nitrogen
atoms: electrovalent and covalé&fit.Small alkali metals that have an oxidation state of +1
such as (L, K*, Na" etc.) cannot fit into the central cavity of the Pc. This means that the
surface of the Pc's planar form is distorted. This condition increases the solubility of the
compounds in polar organic solvents. The four nitrogen atoms of the macrocycle form a link
with the centre metal ion that is in the-efidation state, which is known as an electrovalent
bond because of its ionic nature and relative weakffédgansition metals, such as iron,
copper, and cobalt, which have ae@dation state, are able to fit into the central cavity of

the Pc without affecting its structure.rfmlly, the two nitrogen atoms are then bonded to
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the central metal atom with a +2 oxidation by covalent bonds and to the other two nitrogen

atoms by coordinate covalent bonds (figure 188§

G o

5 SV

Figure 1.18:Central metal atom (Mljgand bonding in PE?!

Some metals, such as tin and rhodium, which have oxidatiomgstatier than +2re known

to form complexes with axial ligands to increase their solubility in organic solvents.
Trivalent lanthanide ions, on the other hand, are not alfieitwo the central cavity of the

Pc due to their size. They prefer to form dimers or trimers, which are composed of two
distorted phthalocyanine ring$%3% Bl phthalocyanine derived metal complexes tend to
aggregate and have low solubility, but the presence of metal ion in the Phthalocyanine
central cavity allows for axial ligation which generally increases solubility and reduces

molecular agregation26h (3]

1.2.4 Absorption spectra of Phthalocyanine:

There are various approaches used to charactkedecs. These methods include elemental
analysis, nuclear magnetic resonance spectroscopy (NMR), infrared spectroscopy (IR),
matrix-assisted laser desorption ionisation spectroscopy (MALDI), and many more. The
most popular form of Pc characterisatioruiaviolet / visible spectroscopy (UV / Vis).
Phthalocyanines strongly absorb light between-B&0 nm which represent the lowest
energy absorption (Q bandhis is responsible for the intense colour of the phthalocyanine,
and its position is largely ihfenced by the central metal and the substituents on the Pc ring
astransitions occur from -~ * o r [} Aldo,aalsexond ban&oret B- band) appears as

a broad band between 3@00 nmiUE76l ysing Gouterman's foorbital model
(figurel.19), the spectrum of phthalocyanine-W¥ is uncerstood; a model based on a

linear combination of atomic orbitals (LCAQOlhe spectrum comes from transitidnem
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the two highest occupied molecular orbitals (HOMOs) which areitiea) f ol | owed b
aou(" ) to the | owest u@uvOrwhichisetlte douldyldegenerbtar or
&g( " *)wwi t*h) BB beeQi band o-ctuel ecobmohhe fr a
includes thegandgor bi t al s. The B b-ahdsel atspbpobnccut i
that includes the,aor b, and g orbitals!*? Also, the Soret band was observed to split into
two components, Band B, which occur at aroundh¢ same energy and form the wide band

shown in the spectra as shown in Figure £&§1H3711381

I}1u
e 7 7, LUMO
Q
a,, HOMO
B, |B 5
Ay
b,

Figure 1.19 Energy levediagram of a phthalocyanine showing transitions that give rise to

absorption band%®

In the case of metal phthalocyanithe symmetry of t MPc is attributed to the degenerate
eg-orbital and has one Q band. Howeverthe case of metdfee Phthalocyanine has a ron
degeneratey orbital because of the loss of molecular symmé&#° The HPc has two

Q- bands as shown in Figure 1.20.
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1.0

(a)
(b)

B- band
0.4

Absorbance (a. u.)

\

0.2 -4 ~

T T T T ¥ T ¥
300 400 500 600 700 800

Wavelength (nm)

Figure 1.20: Typical UVi vis spectra for a phthalocyanine as (a) a-frage and (b) a

metal complexXt%

Substituted phthalocyanines show a shifteda@d absrption relative to the unsubstituted
phthalocyanine, the shift in absorption may be a blue (bathochromic) or red (hypsochromic)
shiftdepending on the type stibstitutedunctional groups Substitution at the neperipheral

(U) poshedns momwrhatso cause a red shift as comp
shift to a blue region. This red shift is caused by the increased electron density of the ring
resulting in a reduction of the phthalocyanine HOMGMO energy gap. Also, electron

donatirg groups have shown to enhance this red shift as compared to electron withdrawing
substituent&.o36139

1.2.5 Chemistry of formation of phthalocyanine:

One possible mechanism suggested for the formation of metallophthalocyanine in the

presence of an alcohol from the precursors phthalonitrile is shown in theeséh
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R—AH -
o R
( 0 R
DBU CEN E:zN_
Li or Na
Czn C=z _
18
20 21 V 22

R\O
R R\ 22
’VOI Io) \N
NN N ’
\N N\ self-condensation / N N>
| Moo Tmeon N T 6 N
Nq NN R@L 4 ?/U ;
O—z Y N -
R \>:\( N
24 22
23

uones[rL)
e
x O
3 %
=
=]

Scheme 1.8Chemistry of formation of phthalocyanine starting from phthalonitrile.

The synthesis of phthalocyanine starts from phthalonitrile in the presence of alcohol. Firstly,
deprotonation of alcohol by some base promoters such as DBU forms strong nucleophilic
alkoxide species which attacks the nitrile in phthalonitrile. This leatetintermediat22

which can attach itself to another phthalonitrile, or as shown scheme 1.8 dimerise to give
23. In this proposed mechanism intermedi2® undergoes condensation to form the
tetrameric intermediate4. Cyclisation of intermediat24 occursfollowed by the loss of an

aldehyde, leading to the formation of the phthalocyanine mol@&ule
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1.2.6 Synthesis of symmetrical Phthalocyanine:

Phthalocyanine is prepared through the cyclotetramerization of different phthalic acid

derivatives such as phthalimide, phthalic anhydride, phthalonitrile and

CN
" (X
CN

phthalonitrile

©:COOH o
COOH K ¢}
. Y,
phthalic acid (/,% /@Q/[
S (0]
z@\% B
W -6"“’\\ phthalic anhydride
o
R 14

diiminoisoindolinel

189y ‘oseq
1es [elo

26 ’ Car
g
N | B
@6@\@ T‘E E /1//@; S
v 3| Z KNG i

Q1 Q

O =3 NH,
Br
NH ©: CN
0 Br o-cyanobenzamide
phthalimide o-dibromobenzene 12

15 27

Scheme 1.9Basic synthetic routes for preparing phthalocyanines.

The approach that is most popular for preparatiophthalocyanines and their complexes

is based on phthalonitriles, by heating with a metal template in high boiling point solvent
such as alcohols. The advantage of using phthalonitriles as precursor is that they are easy to
handle and gave good yield @fthalocyanines and their complex&ther precursors such

as phthalimide and other phthalic acid derivatives often give unreliable results. This method

was studied by Linstedtf!

Another method is the Tomoda method, which waported in 1980, by heating
phthalonitrile with catalytic amount of DBU or DBN in the presence of metal salt. This

method has advantage for good yield for both product Pcs or metal Pcs , using the strong
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base such as DBU or DBN favoured the formatioPcd and gives higher yield than used

weaker bases such Biperidineand TEA*24*3
DD O e
— = N
N N N |

DBU DBN Piperidine DMAE

Figure 1.21:Structures of organic bases used in Pc syntfékis

1.2.7 Synthesis of unsymmetrical Pcs 6B type):

Like the unsymmetrical porphyrin syntheskescribed earlier, unsymmetrical Pcs can be
prepared by reacting a mixture of phthalonitriles. However, syntheses produce a statistical
mixture of products. Few controlled methods are knolwn1980s, Kobayashi and <o
workers reported a method for prepgrthe unsymmetrical Pcs by ring expansion of a sub

phthalocyanine in the presence of diiminoisoindoline derivatives or succinéfhjtié.

R I/\I N N MX, ,
NH + N—pN e '“l\l’l"‘
R \ \N / N

30

Scheme 1.10Selective synthesis of:B-type Pc

In 1982 Lenznoff*® and ceworker reported an alternative method to synthesise
unsymmetrical Pcs by using moenfoinctionalized diiminoisoindoline precursor bound to
solid polymer andreacting with another diiminoisoindoline derivative. Then wopk
removed the symmetrical Pcs and unreacted diiminoisoindoline derivatives before cleavage

of the desired Pc from thmolymer support under mild conditioH8:7]
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I
Q
X PO,
: [é ; on & 1\1,4 >>:©/O~H/OT
NN\ =N

~=CPh,C¢H,

\ |/
R
32

Scheme 1.11Synthesis of AB-type Pc on polymer suppdtfh“e]

1.3 Introduction to TBTAPs

The synthesis of a novel macrocycle, which can be defined as a hybrid of phthalocyanine
and tetrabenzoporphyriTBP), was first reported in the mid 20 centifii4e]

This structure; tetrabenzotriazaporphyrinEBTAPs) 34 are phthalocyaninel3 and
tetrabenzoporphyriB3 macrocycle hybrid compounds. The only differerscthat one aza

nitrogen of the Pc ring has been replaced by a methine group as sHeguran1.22.

N N
\ /)
NH N Meso carbon
- |
>0 '
TBP Pc
33 13 34

Figure 1.22:Structure of TBTAP

TBTAP is a hybrid structure that combines the properties of both phthalocyanine and TBP.
It combines the stability, robustness and intense-leagelength electronic absorptions
seen in phthalocyanines with the ability to be functionalisecha¢ssecarbon*®! Also, the
mesocarbon opens up a variety of possibilities that the TBTAP can undergo, including;

further functionalisation or the ability to link to other moieties and surfé@es.
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1.3.1 Synthesis of TBTAPs:

TBTAPs have recently been proposed as good semiconductors and thin films have been
developedOrganic semiconductors are flexible and lightweight, making them increasingly
attradive >l TBTAPs have been shown to have a variety of features that can be used in a

wide range of applications.

In 1936, Fischeet alP®Y reported the preparation of the first macrocyclic molecules that
were structurally related to phthalocyanines. In 193&lbergelP? synthesised similar
macrocyclic molecules containing a benzene ring fused to each of the four pyrrole rings.
The author was able to prepare the copper derivatives of tetrabenzomonoazaporphyrin
(TBMAP) and tetrabenzodiazaporphyrifBDAP) in 10 and 20 % wlds, respectively. In
another study carried out by Helberger and von R&8ahey found similar results were
obtained using this preformed intermediate, and published the first synthesis of
tetrabenzotriazaporphyrin. The authors performed the reaction of phthalonitrite (1,2
dicyanobenzene)9 with o-cyanoacetophenorg5 in an equimolar ratio in the presence of
copper(l)chloride (scheme 1.19.

CuCl
quinoline, 210 °C

35

Scheme 1.12He | ber ger and von Rebayds synthese

In 1938, a better yield of the copper TBTAP was achieveBéyt“8! CUTBTAP 36 was
made by reacting phthalonitrilel9 with either phthalimidineacetic37 acid or
methylenephthalimidin@8 in 1-chloronaphthalene at 250 °C in the presence of a copper

salt b produce a green chromophore known as CuTB3&RScheme 1.13}°!
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COOH

37

CuCl, or CuCl

0
©:CN + or
R ——
CN 250°C
NH
0

19

36

Scheme 1.13synthesis of CUTBTARG.

Linstead synthesised TBTAP by treating phthalonitti®ewith methyl magnesium iodide

as a Grignard reagent or methyl lithium in cold ether and then heating the intermediate in a
high boiling solvent like quinoline, resulting in MgTBTAB9 (Scheme 1.14¥Y This
method, however, hasraumber of drawbacks, includirthe formation of other hybrids
combined with the TBTARuch as TBMAP, TBDAP, TBPs and phthalocyaniesother
drawback with these approachestli® ability to make a suitable Grignard reag@fit.
Because of the difficulty in the synthesis and low yieldsmetefunctionalised TBTAPS,

the reaction needed to be improved aathe progress has been m&tle

CN
©i CH;Mgl OR CH;Li
CN A

19

39

Scheme 1.14Li nst eadds syntheses of TBTA

CammidgeCook groupB® also investigated using 4¢salkylphthalonitriles and Grignard
reagent MeMgBr, the reactions gave a predominate mixture of TBTAP and Pc (scheme
1.15).Using the 4,&dialkylphthalonitriles allows for the introduction of an alkyl or phenyl
group at themeseposition of the TBTAP, as opposed to the-8i&lkylphthalonitriles. For

instance, the substituted magnesium complex was generated when benzylmagnesium
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chloride and 4,%is(2-ethylhexyl}phthalonitrile were combined under conditions identical
to those used previously. The formation of a product containing the unsubstituted methine

bridge was not observed in this reaction (scheme $55).

R CN | .R,CH,MgCl, Et,0, heat
2. quinoline, heat
R CN

42 R= 2-ethylhexy: R=H
H SRR 43 R= 2-ethylhexy: R,=Ph

41 R= CgHi7 44 R= CgHi7: Ro=H

Scheme 1.15MesoeSubstituted MgTBTAP complexes using 4ifalkylphthalonitriles.

In recent years, considerable attention has been focused on the preparation of TBTAPS using
more precise methods. The Cammidge group has been working on providing new and
improved syntheticautes®™® This method proved to give a better yield of TBTAP and
avoided the formation of further hybrid complexes. The synthetic strategy involves the
preparation of the aminoisoindoline or its derivatives by applying the procedure developed
by Hellalet al®” The aminoisoindolind8was synthesised from a copper free Sonogashira
coupling between terminal arylacetylenes andr@mo benzimidamide hydrochlde 46

under microwave irradiation (scheme 1.%6).

NH.HCI NH,
CN  LiN(SiMes)
©: THE v NH, =Ar 47 \N
Br HCI Br Pd \
Ar
45
46 48

I Ar = 4-OMe-Ph I

Schemel.16Synthesis of aminoisoindoliffé
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The first attempts to synthesise TBTAP began with heating a soaftairminoisoindoline

49 and aminoisoindolinet8 in high boiling organic solvents (starting with quinoline,
DMEA, DMF, and finally diglyme) in the presence of magnesium bromide as a template
agent>® The reaction mixture was found to contain a trace of the desired-phesy!
TBTAP 50along with Pc and a setiondensation product of aminoisoindolbie However,

the reaction was changed to use phthalonifrfieas a less reactive precursor in place of
diiminoisoindoline49 due to the unsatisfactory results and the formation of siciupts.

The group has successfully reported the synthesisnesearyl substituted TBTAP
derivatives50 in good yield. Using magnesium iodide (Mgf® or Boron tribromide
(BBr3),%8l the group successfully sthesised mesghenol substituted TBTAPs from the
equivalent methoxy substituted complexes. The phenol group was further functionalized by
being alkylated and acylated, and the Mg in the TBTAPS' centre core wakeaistallated
andtransmetallatedschene 1.17)5¢

NH

NH
©5<\< %N\
\ N
N
NH, NH MgBr,, diglyme N L7 I \
- N Mg / Ar 4 N HN
N + 49 \ s / \
N DABCO T{f
\ N N7 Ar Ar
Ar CN
" X
CN
50 51

19

I Ar = 4-OMe-Ph I

Scheme 1.17synthesis ofnesesubstituted magnesiumBTAP 50.
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1.4 Dyads triads and Sandwich type complexes:

Many researchers reported porphyrin dyads that have electron acceptor and donor, in order
to mimic the electrotransfer and energy transfer in nature, which provides a very beneficial
way to comprehend the photosynthesis prdtéssich converts light energy into chemical
energy.This processvolves two main steps. One is the absorption of light energy of the
appropriate wavelength by antenna light harvesting molecules to the reaction centre, and the
other is the photoinduced electron transfer (PET) that uses electronic excitation energy to
generate charge separated entif8sThe antenna light harvesting system consists of
chromophore arrays, Wth in artificial compounds is based on porphyrin chromophores,
linked to one or more electron donor or acceptor mole&figsor example, in porphyrin
tetrathiafulvalene (TTF$3,[°Y the porphyrin unitsact as electron acceptors where electrons
transfer to the porphyrin subunit . On the other hand, in porphysi) %€ the porphyrin

units act as electron donor where electrons transfer from the porphyrin subunit to acceptors
as show in th€&igures 1.2&nd 1.24.

(@R=H
(b) R=Ph

Figure 1.23:porphyrin units act as electron acceptéis.
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. Kgy = 388
N or 502 nm
e Bt 5

/ co.r ROC 0 Electron P T4 XN
- transfer { PN N W 7 o N _F
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\§ _’/
- - BDP
¢ ZnP

Figure 1.24:porphyrin units act as electron dortRgr5%

Also, the donoracceptor system caapply in the case of symmetrical or unsymmetrical
Porphyrin- Porphyrin dyads, as one of the units play role as donor molecule and the other

one as acceptor.

1.5 Synthesis of (porphyrin) (phthalocyanines) tripledecker complexes (TD):

In recentdecades, there has been huge research in the study of complesgshgfins and
phthalocyanines with various metals. The mixed (porphyrinato) (phthalocyaninato) rare
earth complexes can produce several homoleptic and or heteroleptic-daudbl&iple

decker compounds. There are a range of metal ions that can be inserted in the central core
of porphyrins, phthalocyanines, napthalocyanine and other tetrapyrrole derivatives. The
nature of the tetra pyrrole ligands and the size of the metal ions direfttignice the

outcome of the sandwielype structures.

1.5.1 Synthesis of Homoleptic complexes:

Two approaches can be used to make homoleptic rare earth complexes like atwdible
triple-decker compounds. The cydietramerization of the phthalonitriles the presence
of rare earth metal salts and the use of an organic base like DBU were the first procedures
to be used. Alternatively, metal salts can be treated with molecules jike i BPc in a

high boiling point solvent like octan&f!

28|Page



Introduction Chapterl

\ o

Phthalocyanine

CN
+ Ln(acac); nH,0 H
Octanol
CN

heat

s 3

Scheme 1.18Synthesis of homoleptic complexes.

In 1976, Russian scientists first reported a triple decker based on lanthanide phthalocyanine.
The authors mixed phthalonitrile with lanthanide acetates aR286C for 1h and produced
compounds which have the structure of bimetallic trisphthalocyaminglexes Pg.n»

(Ln=Pr, Nd, Er, Lu) which was proved by-dy crustallography in 1998} (64

R
R@’N\N_
N~ N\ |’ 'N
N:‘_ :'N
R \‘\\N :I R
\Y ]
R \‘\ " R
Ln
”l\‘ R
R /,I’I ‘\{} R
R \\JIIIN=§\I-
! N
R CN Ns o\ N—
X o Ry
v K
N/
R N 230-290°C/1-8h R ¥ s/ R
L
[RY
56 AR R
R :,' \\ R
R \/'._N:e\\?
S—N NN
Na ! :
N ;%
R=H, O(CH2CH,0)s, Ln = La, R@“N R
Pr, Nd, Sm-Lu, Y. X =OAc, CI. R
57

Scheme1.19Synthesis of homoleptic complexgs !
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1.5.2 Synthesi®f heterolepticcomplexes:

Heteroleptic sandwich compounds with different porphyrinto or phthalcayinato ligands were
not reported until 1986. Since 1990 there was an increased attention to the heteroleptic
tetrapyrrole rareearth double and triple decker analogues with mixetgbcayinato and
porphyrinato ligand€® Resesch in this subject were published mostly in 2ID7 where

it was shown that the- “ interaction between the ligands anfifteraction of metal ion in

triple decker complexes can effectively be controfi@dl here are several approaches to the
synthesis of novel porphyrin and phthalocayniide decker complexes.

The first method called 6dbédone by one deck
the Ln(acaggnH-O and por phyirsiam diwitcch 6a cohhmgpllfex t o gi
which has reasonable stability. It thesacts with phthalonitrile to form the desired double

decker complexe®® Also, mixtures of tripledecker complexes [PefPc]Ln; and
[Por][PckLn2 were directly prepared using the corresponding double deckers and the

[Por]Ln(acac) precursdfé!

M(acac);.nH,0 E !

Phthalonitrile
TCB or Octanol Lol DBU

rod

Porphyrin Phthalocyanine

Schemel.200neby-one deck construction of triple deckers

The second method called opet procedure that allows the synthesis of heteroleptic
double and tripledecker (porphyrinato)(phthalocyaninates) of various lanthanides (La, Eu,
Nd) starting from porphyrin, phthalonitrile and lanthanide acetylacetonate using -a high

boiling point alcohol as solveff!d%! The difference between the previous method and the
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onepot procedure is that the tripteecker complexes [Por]Ln[Pc]Ln[Por] cae bbtained
inaonest ep procedure of prolonged repux of [
without any additional treatment of the reaction mixé’® This method does not need

the generation of monoporphyrinates and avoidshysenestory famation of tripledecker

complexes. However, the corresponding doutt@eker complexes and other triple decker

structures are also present in the reaction mixture.

g g Phthalocyanine

==

Porphyrin

Octanol
H,Por + MPc,
M(acac)3 nH,0

heat

Scheme 1.21Synthesis ohetereoleptic tripleleckei s by 6one potd met ho

C )
-0 0
A
O O Anei@':?
N Ns
i\'y/ An
m [
SRS & Omooj Ln /\
O O > Ln(acac),, DBU \,o\@ / k 6—0 0, +
i 0
o mpH, o [ OcIOH, reflux, 18n N @} O c

\ Nzl
f\o -<;§\ «aj‘O’\

¢ ¢ T sS
NC 0\0—) DD1-DD8, Ln=La-Eu

L/ 15:-30%
DCB-15C5 )

} / TD1-TD6, Ln=La-Eu
An= < > ¢ 12-35%

Scheme 1.22Synthesis of heteroleptic doubkend tripledecker
(porphyrinato)(phthalocyaninates) usiogestep procedur€’
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Recentl vy, Cammi dgeds gr o drgn lihkadvperphgin e p
units with an ralkyl chain and discoverdtiat ndecane works well for insertion of
phthalocyanine and two lanthanide iqssheme 1.24§° Despite the fact that the
porphyrinphthalocyaningorphyrin TD is controlled by & porphyrins bridge, an
open bistriple decker was produced by increasing the equivalent of phthalocyanine

and lanthanide metal (scheme 1.5%).

Q q

a) La(acac)yH,0 (2 eq) - 4—:’5"”““‘:%%'
fhl& =2
b Pe (1eq) 0 b o
0 -0 L O
7 N = 2

a) La(acac)yH,0 (2.5 eq) 59
58

b) Pc (2.5¢q)

a) La(acac)yH,0 (4 eq)

b) Pc (excess)

60

61

Scheme 1.23General method for triple decker synthesis by Cammadgd!®®
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Figure 1.25:X-ray analysis obtained trfiple decker model by Cammidge al.®

1.6 Applications of porphyrins, phthalocyanines and their triple deckers:

Porphyrins, phthalocyanine and their derivativage been studied for a long period of time

and their properties and chemistry are well known. Tplay important roles i wide

range of applications, such as, catalysis, molecular electronics, photonics and optical data
storage (DVDsY Y Also, they have been used as catalysts for the oxidation in organic
chemistry and in organic solar cellY.The optical, physical, spectroscopic, electrical and
electrochemical characteristics of such complexes are a feature of the interactions of the
met al i ons, and-"thet enaetr moh & cessbrhiohdheve c h  t r
been synthesised by previous researchers, have demonstrated a considerable number of
redox states. They also have low oxidation potentials, as well as reversible electrochemistry.
Such remarkable features give these complexes great pbfentitaeir use in several
applications, for example, molecular magnets, multibit molecular information storage,
sensors, nonlinear optical materials, nanomaterials and field effect trangistocannot

be achieved by their monmetallic macrocycle caerparts’?

1.6.1 Photodynamic therapy:

In the medical application, porphyrins gotithalocyanines have been used as photodynamic
reagents for cancer therapy (PD'f).Most of the photosensitizers (PS) used in cancer
therapy are based on a tetrapyrrole structure, similar to that of the protoporphyrin present in

hemoglobin’4 Photosensitisers applied in PDT can be divided into generafibesfirst
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PS to be clinically employed for cancer therapy was a veatieible mixture of porphyrins
called hematoporphyrin derivative (HPD), a purified form known as Photofrin. Despite the
HPD is still the most widely employed PBowever, ithas some disadvantages including a
long-lasting skin photosensitivity and a relatively low absorbance atn680Second
generation PSsvere based on benzoporphyrin derivatives, chlorins, phthalocyanines,
texaphyrins and natural compounds such as hypéfitimiso, A porphyrin dimer

(10,15, 26tritolylporphyrin-5-(4-amidophenyB[5-(4-phenyl}10,15,26tritolyporphyrin] 62

was investigated as a potential PDT agent for the treatment of melafigunal(26)4.

The authors pointed out that this porphyrin dimer has some distinct advantages over

Photofrin for the treatment of pigmented melanoma, namely, chemical homogeneity, low

aggregation’*!
| |
L >
{1{'\:?, \:T, “3 N . /L‘ﬁ/\
— MNH N :’ W 0 ( ;.’H ) _
- {i\__g.f'}—f\.'\f‘h N an J_..’}—\\\._‘__,’,-;/ HN—'\/)‘ Wy ﬂ\( //‘_(\ —
\ ) . > = LHI:\-.J HN’ .
T e Q/_';L_\_ __/,-.'i\ Vs
[‘44\“-] - ,’L\
]
62 T

Figure 1.26: Structure of porphyrin dimer ¢D).

1.6.2 Detection of gaseous Nitric oxide:

Nitric oxide (NO) is a highly reactive toxic gas that forms as an intermediate compound
during the oxidation of ammonia and is used for the manufacturgdobxylamine in the
chemical industry’®! Phthalocyanines, porphyrins, and their hybrid materials have been
studiedas active layers of chemical sensors for the detection of NO for the past ten years,
with a primary focus on chemiresistive and electrochemical propEfti€ensors are being
developed using natural porphyrins, such as protoporphyrin IX and cytochromes to detect

gaseous NO.

Knobenet all’’! investigated the sensors' properties by a Kelvin probe technique of four
different protoporphyrins IX PEFigure 1.27a). Immersing the substrateraight of 2H

PP, CePP, FePP, and ZsPP solutions in dimethylformamide produced monolayers. Nitric
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oxide content was found to be 100 ppb to 2 ppm in the flow cell. Figure 1.27 shows the
Kelvin probe response for four protoporphyrins.-ZIR showed the gatest and fastest

reaction to Nitric oxide and allowed for pjdvel Nitric oxide detectioH.”!

N
\ / "
a . Porphyrin Metal ion Ligand
- /L ’«::,\r' \‘:T-")§~ — — P 7y - — = 9 e
Yon on=/ \ PP
/ \
Q\ M P, Co-PP Co* Cl
)= X
N N\ 3
I G N Fe-PP Fe™* Cl
N AN~
," Zn-PP Zn?*
J \
o;.—:&\ ,xso *) 2 nitrogen atoms are protonated
OH HO
b S00 1
450 C ( -
400 temmmmmme———t 0.9 . o sGniivty
- we
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§ 2 07
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3 .: PP : 05 , .:(.:p
<" PP 04 e
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2H-PP 03
100 Ot cseessieReesesansesaee 3 0.2
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Figure 1.27:(a) Molecular structure of the used protoporphyrin 1X. indicates the position of the
metal ion. (b) Kelvin probe response of the different porphyrins to 2 ppm NO; (c) same as (a),

normalized to the equilibrium sponse. (Adapted from Knobehal /)7l

1.6.3 Singlemolecule magnet (SMM):

A singlemolecule magnet (SMM) is a metalganic compound that has supegmaagnetic
behaviour below a certain blocking temperature at the molecular scale. SMMs exhibit
magnetic hysteresis of purely molecular origin, unlike bulk magnets and meb=sdd
magnet$’® Lanthanides are metals with lots of electrons andupied f orbitals. This
provides the metals with high magnetic susceptibilities which are the origin of their
behaviour. The middiate lanthanides, dysprosium to erbium, are the Lanthanides with the
highest magnetisusceptibilities’?17®1 Among the series of L% ions, Dy* and TB* are
arguably the ions of choice for preparing hjggrformance SMM&% As described by J.
Jiang (figure 1.28), magnetic characteristics are the most interesting in triple decker
structures made of magnetic metals like as Dy @u¥ing their work, dysprosium was used

as the spin carrier in three sandwiches typeadk earth compounds, and an isostructural
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triple-decker conformation was devised and synthesised. Sandwich systems with magnetic
field-induced SMM, SMM, and neBMM featr es r eveal ed for the D
Dy 1 Y s yespedively, show that the coordination geometry of the spin carrier, not the

fi f interaction, is responsible for the magnetic propektfés.

non-SMM SmMm Field-induced

9=10° @ @ @
M O ® O
0=25

Figure 1.28:Molecular structure of magnetic triple deckers reported by J. Jfang.
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2. Results and discussion

2.1 Introduction to the aims of the project:

Due to the potential applications of lantharimelged triple and double deckers in
molecular devices, the research on their synthesis has taken a huge steps forward recently.
This project stems from a recent discovery in our laboratory that opens thewargs

unique molecular architectures (scheme Diiy.groug! was able to prepare several linked
multi-deckers using decyl and dodecyl linkers between (outer) porphyrins, chosen to prevent
the formation of intramolecular porphysporphyrin douke-deckers. This process can be

performed in high yields using a simple strategy and precursors.

Scheme 2.1Previous observation from our grotb.

The goal of this project was to develop new materials that can be used in the production of
advanced electronic devices such as optoelectronics and magnetic devices. The project
aimed to develop a twdimensional lateral assembly that is composed of a pair of
phthalocyanine or related macrocycleghy synthesis of unsymmetrical systems thatccou
inserted in a tripleleckers formed by reaction with linked porphyrins (scheme [2.8)ich
structures communication is achieved or prevented by either using a rigid conjugated linker

or an electronically insulated bridge.

43|Page



Results and discussion Chapter 2

[ S -

g}g;ﬂm 5 .

Scheme2.2: Two most straightforward examplésinglestep, homometallic (left this project)

and twestep, heterometallic (future development).

The synthesis of unsymmetrical phthalocyanines usually employs statistical reaction
between two different phthaidriles. The initially selected derivatives and the

phthalonitriles required are shown below (scheme 2.3).

OH

AN
N

o N . \ NH N= Link point
. )i:[ Pentanol / PeQLi . N N
CN CN P

HO
Solubilising group/

Scheme 2.3:Two different phthalonitriles.

The routes to link the TDs are shown in scheme 2.4
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OH I I HO Q
> Phthalocyanine

==

OH o Porphyrin
l =

ottt g g

Scheme 2.4initially planned routes to symmetrical linked TDs.

2.2 Synthesis of the unsymmetrical tetrasubstituted porphyrin precursor TPFOH 64.

The first precursor for the preparation of complex structures (triple deckers) is
unsymmetrical tetraphenylporphyrin (THM 64). Synthesis of TP#®H was achieved by
using A d P& méttedology (scheme 2.5).

CHO CHO
Propionic acid
) Y ey Oron = O ()
N reflux,30 mim
H
OH
5 63 6

Scheme 2.5Synthesis of unsymmetrically substituted porphyrin.

Small variations were performed to optimise the synthesis and isolation of precursor TPP
OH. The best procedure uses benzaldehyde (3ehydebxybenzaldehyde (1eq) and
propionic acid and heag to reflux. Then, freshly distilled pyrrole (4eq) was added
dropwise to the mixture. The reaction mixture was allowed to reflux for 30 minutes then

cooled to room temperature and methanol was added. The mixture was left to precipitate
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overnight in the fridge. Aftesuction filtration a purple solid was obtained that was a mixture

of porphyrins plus some baseline polymeric material. The products were separated by
column chromatography using a mixture of DCM and petroleum ether (1:1) as eluent to
collect first fraction TPP then the solvent was changed to DCM to collect@RARNd after

a recrystallization from DCM: MeOH, the monohydroxy porphyrin was obtainedia

% yield. In order to characterise the pure compound-OPPthe *H NMR spectrum is
reported. ThéH NMR spectrum shows in figurelfor TPROH is more complex compared

to TPP in figure 2.2; the TRP®H is no longer symmetrical it also shows a broad signal from
the OH group at chemical shift of 5.2 ppm. Also, as porphyiné4 are metafree

porphyrins, lhere was a signal at chemical shift®f77 ppm.

1.02—

3.007
3.30—
1.09—
4.63—
1.14—

0.97-

© | 100\

T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 -2.0 -2.5 -3.(
f1 (ppm)

Figure 2.1:*H NMR spectrum of TPfOH 64 in CDCk.
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1.04-
1.58—
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T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 -2.0 -2.5 -3.0
f1 (ppm)

Figure 2.2:*H NMR spectrum of TPR in CDCl.

2.3 Synthesis oPorphyrin dyad 58:
The synthesis of the triple decker requires the preparation of the pure dyad. Two porphyrin
molecules are connected by an alkyl chain in our target dyad. The dyad was synthesised

using tn dibromoalkane with n =10, ¥&heme 2.5

Br-(CH,),-Br
O OH -
K,CO;

64

Scheme 2.6General synthesis of Porphyrin dyad.

As indicated in schem27 below, there are two possible approaches to prepare the dyad.
Two equivalents of TPROH 64 and one equivalent of 1,10 dibromodecébaeacted in a

one step in routéd. PathwayB, on the other hand, produces the product in a stepwise
fashion. This is accomplished by reacting one equivalent of-0RPwith the
dibromodecane to produce a monosubstituted porpB@fith To make the product, the latter

is reacted with another equivalent of FRP 64.
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Br-(CH,);,-Br 65

O O(CH,),oBr

K,COs

W
58 O

® ®
ofgo-of3
¢

Scheme 2.7The two pathways for synthesis of Porphyrin dyasd

The porphyrin dyad was synthesised using Path&ayut the process is slowwo
equivalents of TPIOH, one equivalent of 1, 10 dibrathecaneand an excess of potassium
carbonate were mixed in 20 ml of acetone and refluxed for 6 @dnexking the reaction
mixture by TLC revealed three spots, identified as-OMP the monesubstituted product

66 and the porphyrin dyadB. Full consumption of starting material was not observed even
after 6 days of reaction. After following the reaction by TLC for further days, it was found

that the reaction completed within-1@ days with a very low yield of 19 %.
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2.3.1 Optimisation of reaction conditions for Cio porphyrin dyad formation:

Even while producing a dyad appears to be a simple procedure, dealing with the undesired
side-products proved to be a considerable difficulty (scheme 2.8). The type of base, solvent,

temperature, all plag role in this reactiorr@ble 2.1)

Entry | TPP-OH | Br (CH2)10Br | Solvent | Base/ Time Temp. (°C) | Yield
Eg./mg Eg./mg Catalyst
1 2 /200 1/47.6 mg | Acetone | K:COs 1012 d | reflux 19%
20 ml
2 2/200 1/47.6 mg | acetone | K2COs 6d 70 (sealed | 30%
5ml 18-crown6 tube)
3 2/200 1/47.6 mg | acetone | K2COs 15d 70 (sealed | 45%
5ml 18-crown6 tube)
4 25/600 | 1/114.2 DMF KoCOs(ex) | 24h 70 (under | 20%
Kl (10%) N2)
5 2.5/600 | 1/114.2 DMF K2COs(ex) | 3h 90 (under | 59%
Kl (10%) N2)

Table 2.1: Optimisation of dyad synthesis with different reaction conditions.

To increase the yield of the reaction, 5 ml of acetone was added to a sealed tube to prevent
the solvent from evaporating due to the small volume of acetone used in preséBce of
crown-6 and the reaction was carried out aZ0The porphyrin dyad was obtained in 30%

yield and significant amount of side products were formed beside the product. To improve
the yield, the reaction was repeated for 15 days instead of 6 days in sealedtkuthe

same volume of acetonBven after 15 days of reaction, complete consumption of the
starting material was not observed. The optimization with acetone solvent did not increase

the overall yield more than 45% due to the formation epimducts.

The next change was to use DMF instead of acetone as reaction solvent in the presence of
excess of potassium carbonate and 10% mol of Kl as catalyst to try preventing the formation
of side product. The reaction was carried out for 24 h 8&C78nd mostly ensumption of

the starting materials was achieved. However, the elimination side product was a major

product of the reaction. The reaction was repeated, at temperature 90 °C for IbGurs.
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was used to check the reaction, and it revealed a larger comsumpT PPOH as well as

the elimination produdd7, but it resulted in a higher yield of dyad (%&5).

® ®
ﬁ O 0—[CH:]jp —O @ E Q
< 4

58

Bl’-(CHQ)m-BY
K,CO,

66 67

Scheme 2.8Synthesis of Porphyrin dyad.

For the purification of crude reaction products, acetone was removed, and DCM was added
to redissolve the redting product which was then washed with distilled water to remove
the base or any inorganic compounds. Then, silica gel column chromatography using 3:2
DCM: hexane as eluent removed mono substituted product and other side products. Solvent
change to DCM liowed isolation of some dyad. However, the major amount of the dyad
was stuck in the baseline and could not be recovered with any solvent even with THF or
MeOH. Due to the low solubility of the dyad loss of the material was not avoidable although
many tymes of solvents were usedlhen purification was achieved by careful
recrystallization from DCM/MeOH multiple times, yielding a purple pure producthe
practical case of using of DMF as solvent the crude reactioriltemed and washed with

cold DMF then with MeOHThe solid was sonicated with water avi@é OH thenfiltered.

The product was purified by recrystallisation from DCM/MeOH multiple tinyesdding a

purple pure produciThe behaviour of the dyad makes purification at large scale difficult.
When dissolved it behaves normally on chromatography. However, when crystalline the

solubility is very low.
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The*H NMR spectrum of the porphyrin dyad is shown in figure 2.3. There is no triplet peak

at around 3.5 ppm for monosubstitued porph@6(CH>-Br) and an observable triplet peak
at around 4.30 ppm for@-CHy).
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Figure 2.3: TheH NMR spectrum of the porphyrin dy&®in CDCl.

At the outset of the project a repeat synthesis of TD structures was to be performed in order
to understand and optimise TD reaction conditions.

2.4 Synthesis of metafree phthalocyanine:

In the synthesis of lanthanide triple deckers, mie& phthalocyanine is an important
starting material. There are various protocols involved in the preparation of phthalocyanine.
After reviewing the literate we decided to prepare the molecule following the general

methodology mentioned by Galanin and Shaposhnikov because of its highlyield.

@CN 1. PeOH / Li é/ NH N \é

N N
on  2-AcOH —x N
19

13

Scheme 2.9Synthesis of metdiee phthalocyanin3.
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The preparation of metéilee phthalocyaninel3 was achieved by first dissolving
phthalonitrile 19 in 1-pentanol at reflux (scheme 2.9), then excess of lithium metal was
added and refluxed for another hour. Acetic acid was added to the reaction mixture and
refluxed for another houo quench the reactidy removing the excess of the metal to form
metalfree phthalocyanineThe reaction was allowed to cool and MeOH was added to
precipitate the desired Pc as a dark blue satida 52% yieldThe MALDI-TORMS shows

that metalfree phthalocyanine is formgtigure 2.4).As the Pc has very low solubility in
organic solvents thtH NMR characterisation was not achieved.

w 51377440
20
Eil
Fil
&0
il
@0
23 B4irdT)
kil
20

52137437}
{0 103804243}
m ‘ 51958037}

50 100 150 200 20 00 30 400 440 500 S50 B0 630 o
mwr

Figure 2.4: MALDI -TOF MS formetalfree phthalocyanine.

2.5 Triple decker formation using unsubstituted phthalocyanine:

Recentl vy, Cammi dgebds group has achieved th
porphyrin dyads. They discovered thadecane is the best lengthuse(scheme 2.1@\).1

Despite the fact that the porphyphthalocyaningoorphyrin triple deckeb9is favoured by

the bridged porphyrins, an open-iple decket61 can made by increasing the equivalents

of phthalocyanine and lanthanide metal (scheme B)19
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Scheme 2.10General method for controlled triple decker synthesis by Camnaicigé"
2.5.1 Improvement attempts with low boiling point solvents:

To synthesise the lanthanum triple deck®rthe general method developed by Cammidge
et alltl was followed which requiredne equivalent of porphyrin dy&®, two equivalents
of lanthanum (lll) acetylacetonate and one equivalent of phthalocyaBimefluxed in

octanol as shown in (scheme 2.#1)
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La(acac);. H,O (2 eq)

Octanol, reflux

(1eq)

58 N

Scheme 2.11Synthesis of Closed triple decke9.

The reaction was monitored aafter 24 hours, the reaction mixture was analysed by TLC
and 3 spots were observed. They were the unreacted starting material, the desired triple
decker and an unknown compound with aegrish blue colourAfter completion of the
reaction, MeOH was added. The major portion of TD remained in solution of
MeOH/Octanol. Solvents were removed under reduced pressure and the residue underwent
recrystallisation from DCM/MeOH, then a second ret@ljigation from hexane was
performed taking 2 week¥he desired T(39was obtained asdark brown solidvith a 48

% vyield. Due to the difficulty to remove octanol, the reaction was repeated with different

solvents.

1/ Pentanol was used and refluxed 2 h. TLC analysis revealed that the desired triple
decker was not achieved so the reaction mixture was transferred to a sealed tube to increase
the temperature of reaction to 1%D Within 8 hours the reaction was checked by TLC and

the triple dicker wasbserved as dark green spot. After 24 h, solvent was removed under
reduced pressure and the triple decker was isolated in a pure state by column
chromatography using DCM/Hexane (5:2) solvent system in 10 % vyield.

Pentanol solvent was found suitable fornfiation of the lanthanum triple decker. To
improve the yield, the reaction was repeated at a higher concentration in sealed tube at 150
°C. After completion of the reaction and removal of the solvent, the triple decker was isolated
in a pure state by columchromatography using DCM/Hexane (5:2) solvent systemhbut t

optimization with pentanol solvent did not increase the overall of yield.
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2/ Ethanol was used in sealed tube at-160°C for more than 6 hours, a TLC analysis
showed that the desired triple decker was not achieved and only the starting materials was

present, and ethanol started to evaporate even though it was in the sealed tube.

The dark green fraction was the desired triple des®aronfirmed by*H NMR and matched
with literature spectra perfectly). The absence of the characteristic pea 4t ppm on the
spectrum indicates that there is no métaé porphyrin and olesvable triplet peak at around
4.59 ppm for {O-CHy). Also, there are two signals at 8.29 and 9.35 ppm that is for
symmetrical Pc (HRcand HPg) as the lanthanide atoms allowed phthalocyanine units to

freely spin inside the complex (figure2.5).

Hoi (t) HPc2 (dd) Hmi (m) HPyrr, Hi and Hp (m) | Hmo' (d)
9.99 8.29 7.81 V.24 6.73
Hol' (d) HPc1 (dd) Hoo (m) Hoo' (d), Hpyrt (d) Hmi' (d)
10.08 9.36 8.44 7.98 7.3 6.87
= L] = — [ H =
Hmo (t)
6.64
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Figure 2.5: Analysis ofH NMR spectrum of comple%9in CDCh.!!
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2.6 Synthesis of analogues with substituted phthalocyanines:

Following these refinements of TD synthesis, the first unsymmetrical phthalocyanine was
targeted. As mentioned previously, the initial phthalocyanine in this sefaesthe
preparatiorof linked triple deckers was unsymmetrical phthalocyaiies shown (scheme

2.12).
\\ N@
0 -

CN CN 1. Pentanol at 120 °C,1h NH N

2.Lifor lh _ N N
+ N HN

3.CH;COOH for 1h \ _

CN HO CN N

68 69

Scheme 2.12Proposal of the synthesis amfisymmetrical phthalocyanine.

2.6.1 Synthesis of 6,-dicyano-1, 1, 4, 4tetramethyltetralin:

The synthesis required phthalonitré8is shown in scheme 2.13.

Benzene
OH Conc. HCI Cl

AICI,
OH Cl 60 °C
71 72 73 Bry, I, Fe
DCM
CN Br
CuCN
CN DMF Br
68 74

Scheme 2.13Synthesis of 4, 5 disubstituted phthalonitfi

The first reaction started with conversion of 2dbnethyl hexane2, 5diol 71to the 2, 5

dichloro-2,5-dimethylhexane 7211481 The diol 71 was dissolved in concentrated
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hydrochloric acid in an ice bath. The mixture was left to stir overnight at room temperature.
The crude was filtered off and washed savémes with water and extracted with DCM.
Characterisation bjH NMR spectroscopy confirmed the identity of the product obtained.

In the second step 1,1,4tétramethyll,2,3,4tetrahydronaphthaler®8 was prepared using
Brusonds pr o cQaltsreaetiotidf! BichlBride72whedissolved in benzene

in the presence of anhydrous aluminum chloride &5@e noticed that the reaction gave

a liquid mone and a crystalline ecycloalkylgion product,73and75. When we increased

the reaction temperature to 80 the yield of desired produ@3 was improved and the
formation of byproduct75 decreased. After optimisation the compound was prepared by
dissolving72in benzene and adding the anhydrous aluminium chloride in small portions at
30°C."l The mixture was left to stir at room temperature for 21 hours then refluxed for 2
hours. It was observed that the yield of desired compound increased,-pratbgt was
decreased. The crude was worked up upetgoleum etheand washe with methanol to
remove the side product. Analysiy *H NMR spectroscopy, showed all the signals

corresponding to the desired compound.

75 73

The next reaction is bromination of 1,14etramethyil,2,3,4tetrahydronaphthalené3
usingAs ht on 6 s pThe mmepbundEwas dissolved in DCM followed by the
addition of iron powder and iodine then treated with bromine’@t@ver 30 minutes. The
mixture was left to stir at room temperature overnight. The resulting mixture was washed by
an aqueous solution of sodium metabiise and sodium bicarbonate to remove the excess
bromine. The product was purified using column chromatography to give the desired
product 74 in 55% yield. Analysisby 'H NMR spectroscopy showed all the signals

corresponding to the desired compound

The last step to prepare desired phthalonitB8was achieved following the Rosenmund

von Braun cyanation reactiéill in which a mixture of compouriétand CuCN was heated
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in refluxing dry DMF under an argon atnptre for 2 hours. The reaction was checked by
TLC, and it showed 2 spots; one was our pro@&znd the other was compouii@. The

crude product was washed with water to remove the excess of DMF and was extracted with
EtO. It was washed with an aqueous solution of ammonia until no blue colour from copper
cyanides was obtaine®urification by column chromatography using PE:CE(7:1) as

eluent gave first fraction compoud® and therthe polarity of the eluent was increased to

PE EtO (5:1)to collectthe desired produ@8 as a yellow solid in 42% yield.

CN CN

Br CN

76 68

2.6.2 Synthesis of hydroxyphthalonit rile 69.

For preparation of -4hydroxyphthalonitrile69, nitrophthalonitrile77 was first dissolvedn
DMSO. Then KCOz and NaNQ were added to the mixture. The mixture was heated to
reflux for 30 minutes, then cooled to room temperature and addedtén. The solution
was acidified to pH3and a yellow precipitate formed. The crude was recrystallized using
glacial acetic acidCharacterisation bH NMR spectroscopy confirmed the identity of the
product obtaine@Scheme 2.1442

CN

CN
/@ K,CO; , NaNO,
0N HO CN

CN DMSO, 30 °C

77 69

Scheme 2.14Synthesis of 4rydroxyphthalonitrile22.
2.6.3 Attempt to synthesise unsymmetrical morydroxy phthalocyanine:

At the beginning, the investigation was started by trying to prepare unsymmetrical
phthalocyanin€’0 by reacting3 equivalents of phthalonitril&8 with one equivalent of
phthalonitrile69 in 1-pentanol under reflux, then excess of lithium metal was added and
refluxed for another hour. Unfortunately, there was no noticeable change observed in the
reaction, the unsymmetrical #6 did not form at al{scheme 2.15§%
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\
CN CN 1. Pentanol at 120 °C,1h
+ X ™ N HN R
2. Li for 1h A \ 2
CN HO CN N

68 69
70

Scheme 2.15Attempted synthesis afnsymmetrical phthalocyanin#o.

The general problem with the strategy was confirmed by reacting the phthal&Sitilen
1-pentanol and heated under reflux at 46+ then lithium metal was added to the reaction
and reflux continued. However, no phthalocyanine was formed in the reaction. This reaction

was repeated by adding DB instead of lithium, but no noticeable change was observed

in the reaction (Schen#16).
2. Li for 1h
HO CN =N HN \
69

Scheme 2.16Proposal of the Synthesis ®fmmetrical phthalocyanins.

1. Pentanol at 120 °C,1h

2.6.4 Metalfree phthalocyanine 79:

The use of phthalonitrilé8in the synthesis of unsymmetrical phthalocyanine stemmed from
our assumption that they would enhance solubility and be useful in NMR spectroscopic
characterisation. Our early experiments attempting is to synthesise Bdlirilicated that

more significah synthetic effort would be required to achieve this phthalocyanine. We
therefore targeted the synthesis of the symmetrical Pc #®mlone, to establish its
incorporation in TD structures before investfogher synthetic effort in the unsymmetrical
detivatives.Therefore the preparation of symmetrical phthalocyafir®was achieved by
reacting phthalonitril&8 alonein 1-pentanol under reflux. An excess of lithium metal was

added and refluxed for another hour. Acetic acid was added to the reaction mixture and
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refluxed for another hour. The reaction was allowed to cool and MeOH added to precipitate
the desired Pc asdark green soligscheme 2.17)The structure, with an XRay analysis

andH NMR showed that symmetrical phthalocyanine is formed (figure 2.6).

X N\
CN 1. Pentanol , reflex °C,1h N\ NH N=
2. Lifor 1h N\ /N
CN 3.CH;COOH for 1h N HN
N
68
79

Scheme 2.17Synthesis of symmetricahthalocyaning9.
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Figure 2.6: TheH NMR spectrum ofymmetricaphthalocyaning9in CDCl.

2.7 Synthesis of closed triple decker 80 from symmetrical Pc 79:
Peripherally substituted Pt was selected to synthesise the corresponding triple deckers
usingthe same previously developed methodol®@wm Cio porphyrin dyadb8 as shown

(scheme 2.18):
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Scheme 2.18Synthesis of triple deck&O.

The same methodology of one pot, two step reflux in octanol was followed using pre
synthesised PZ9. To do so, the porphyrin dy&B and lanthanum acetylacetonate were
refluxed in octanol followed by the addition of P& MALDI-TOFMS was checkedfter

the reaction and the expected peak at 2614 m/z was obs$fgues2.7)

TD 80

2614.91{r492)
100

% 2613.02{1450)

80
70
60
50

40

2561.91{r460)
© 951.70{r1490) |

2587,44{1433)

2 768.34{r155)

2640/ 25{r361)
82941r15e3) 1304.21(12958) s .
2419.89)11845) 2872.12{r1515 7t
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Figure 2.7: MALDI -TOF MS of triple deckei80.

The solvent was distilled off, but it was found that the resulting black solid did not dissolve

in any solvent, even THF. Several issues were discovkredg these studies due tioe
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difficulties to dissolve the crude to obtain gotd NMR spectra for th first reaction
attempts. Soxhlet extractiomas used talissolve the solid, but unfortunatellzge crude
decomposed to starting materials. After several attempts to isolate ttd8, Ti& decided

to move our attention to simple TD formation from T#&ndPc79. Triple deckeiB1 was
synthesised using the same methodology of one pot procedure for the formation of other
triple deckers. A mixture of metflee tetraphenylporphyrin TPR}, lanthanum
acetylacetonate and P® were refluxed in octanol under niggen (scheme 2.19). The
MALDI -TOFMS was checked after the reaction and the expected peak at 2456.60 m/z was
observed as shown (figure 2.8). Unfortunately, wethadame problegas previously and

could notseparate the largely insoluble productsiotain good NMR spectra.

§
»-NH N= La(acac);.H,0

\
I?I HN Octanol, reflux

79

Scheme 2.19Synthesis of triple deck&l.
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Figure 2.8: MALDI -TOF MS of triple deckeiB1.
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In order to see if the phthalocyaniri@could form homoleptic rare earth complexes like
double and tripledecker compound using the same methodology of one pot procedure
for the formation of triple decker, a mixture of P8 and Dy(acag)were refluxed in
octanol under nitrogen (scheme 2.20phe MALDI-TORMS was checked after the
reaction and the peaks found were at 20743@bm/z, corresponding to Dy doub®2

and triple decker83 from Pc79 as shown in figures 2.9 and 2.Ihe solvent was
removed under high vacuum and the residual wparsted by column chromatography
DCM/ Petroleum ether (1:1) then DCM. A T&3 and DD82 were isolated as blue and

green crystalsThese products also showed very low solubility.

N
N
Ns \
N N=C \
\ SN R
N* Dy(acac);.H,0 =
]
\ ~ Octanol, reflux v Ny N
N DY ' N N-
[RY GNF
Y o
=/-N1\ \“ i
N\ N W —, \I’
79 “N N-

82

Scheme 2.20Synthesis of double and triple deck8gs 83.
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Figure 2.9: MALDI -TOF MS of double and triple decke82
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Figure 2.10:MALDI -TOF MS of double and triple decke8s.

2.8 Synthesis of closed triple decker 86 frorrtbutyl phthalocyanine 85:

The synthesis of another closed triple decker analogue was attempted in order to see if the
same results could be obtained with another substituted phthalocyanine. This phthalocyanine
has substituents in the peripheral positions as well. So, in part chesathe steric
requirements of P@9. The precursor phthalonitril84 is commercially available. The
selected phthalocyanine was mdtak tetratert-butyl-phthalocyanine85 obtained by
reacting4-(tertbutyl) phthalonitrile84 under standardonditions.The desired P85 was

isolated as a dark blue soldth a 60 % yield. The MALDITORMS showed that metal

free phthalocyanine is formed (scheme 2.21). As expecteHtN&R characterisation is
complicated due to isomer formatidhwas therused for the synthesis of the triple decker

86 as shown in the scheme 2.22.

CN 1. Pentanol at 120 °C,1h \%\(H \I&
2. Li for 1h
CN 3.CH;COOH for 1h
B L
84 ></

Scheme 2.21Synthesis ofetratert-butyl-phthalocyaning5.

85
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The same methodology of one pot was followed usingspn¢hesised P85. To do so,
the porphyrin dyad, Pc and lanthanum acetylacetonate were refluxed in ¢stir@ohe
2.22) MALDI-TOFRMS was checked after the reaction and the expected peak at 2417

m/z was observe(Figure 2.11)

Scheme 2.22Synthesis of triple deck&6.
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Figure 2.11:MALDI -TOFMS for triple decke86.
The triple deckers86 was isolated from the mixture in good vyield using column

chromatography'H NMR was complicated and this can be fully understood because of a
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mixture of four regioisomer$?! which arise due to the tetu t y |

Subst-i
position(figure 2.12).
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Figure 2.12:*H NMR spectrum of triple deckd&6 (top) and previous triple deck&9 (bottom)
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in CDC|3.
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As indicated in théH NMR spectrum, the signals from the porphyrin peaks found in
closed triple deckers9 that were previously observed at around 10 ppm still present in
this TD analogu@6. Also, some of the other signals typical of closed triple deckers were
present, suclas the signals at around 4.5 ppm that corresponds t€tbid> andthe
signals at around 6:57.0 ppm that corresponds to thlehH in the triple deckeb9.

The indication of TD formation can be detected by-Vig (figure 2.13).The TD86is a

dark green/brown colour, which is evident by TLC analysis. This can be the indication

of ~ overlap due to the close distance betw
The spectra of TB6 is consistent with TCB9 from the literaturé!! Both closed fple

deckers show a sharp absorption at the porphyrin region of 480asmwell as a broad
absorption at 300 citypical of sandwicHike complexes in the UWis spectroscopy and

there was no absorption in the phthalocyanine region between 600 and 700 cm
Additionally, this data was in line with the expected spectra for other structures of this type

in which the Pc is sandwiched between two porphyrins ([Por]M[Pc]M[E8¥]).

1.2

0.8

0.6

Absorbance

0.4

0.2
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( ®m) wavelength

TD 86 TD 59

Figure 2.13:UV-Vis of triple decker86 and59in DCM.
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2.9 Synthesis ophthalocyanine- phthalocyanine dimer:

2.9.1 Synthesis of R&c dimer 91:

From the model experiments it appeared that incorporation of tetramethyl tetralin fragments
(from phthalonitrile68) caused complication during TD synthesis, whefdstyl groups

led to more straightforward reactions (but difficult NMR spectra due to isomers). Our new
target therefore become an unsymmetrical Pc containing Buxsubstituents and one
hydroxide or Inking chain. From our earlier test reactions, it was known that hydroxy
phthalonitrile69 could not be reactedirectly. To control this issue, we tried to makeHRRc

dimer first then make triple decker. The first step to the synthesis-Bt RPiimer wasa

prepare bisphthalonitriles that contain a long chain as linker as shown (scheme 2.23).

NC CN
@f\? OH D—o CH, O‘@iCN
(_Viji/\/\/\/ NC
10
89

87
HO

: :CN
O,N CN
K,co
7 HM NCI j [ :] -
/\/\/\/OH NC (e} CH2 (o) CN
88 6
90

Scheme 2.23Synthesis obisphthalonitriles39, 90

Bisphthalonitriles89 and90 were made through a doubiiacleophilic substitution of 1,10
decanedioB7 and 1,6hexanediolB8 using 4nitrophthalonitrile77, respectively (Scheme
2.23)in dry DMF under a nitrogen atmosphere in the presence©@®K The mixture was
stirred at room temperature for 7 dagpdter workup the crude products were purified by
column chromatography. Both pure produ&8, (90)were obtained in good yield@-42 %
yield) as apaleyellow solid The'H NMR spectra (figures 2.14, 2.15) showedlet peak

at around 4.30 pproorrespondig to the(-O-CH). There are characteristic signals for the

methylene groups of the alkyl chain appearing 1.72 ppm and 1.50 ppm.
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Figure 2.14:*H NMR spectrum of bisphthalonitrig9 in DMSO-dk.
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Figure 2.15:*H NMR spectrum of bisphthalonitri0in DMSO-ds.

The first attempt to prepare phthalocyanine dimers was by reacting bisphthal88itrile
with excess of commercially availableert-butyl phthalonitrile84 in the presence of

lithium in 1-pentanol (scheme 2.24).
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NC CN ><\ /><
CLofolo X 2l
CH,-0
NC 0 : CN \NH N=
10 N\ /N

1. Pentanol at 120 °C, 1h N HN

Z
2. Lifor Ih N YN
3.CH,COOH for 1h ></

8

84 N HN
N/
\ N O\/\/\/\/\/\O

NH Nx

B -

Scheme 2.24Synthesis ophthalocyanine dimer31.

After 24 h, the crude product was precipitated by MeOH and separation of theddimer
from side products (a large amount of symmetrical phthalocy&#%inkele to use excess
of 4-tert-Butyl phthalonitrile84) was attemptedJnfortunately, both of the prodigchave
similar polarity and although the mixture of the difdi&and symmetrical phthalocyanine
85 were confirmed by MALDITOF mass spectrometry (Figure 2.16), they could not be
separated.
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———————

\ o N
“NH N=
N N

N HN
[N N7

Figure 2.16:Crude MALDI-MS showing presence of compourgsand91l.

2.9.2 Attempt to synthesise R&c dimer 92:

An attempt was made to preparefRedimer was between unsubstitupédhalocyanines,
recognising that it would tend to form aggregates and be insoluble in organic solvents. In
order toimprove thesolubility, we attempted to synthesise the phthalocyanine dimers by
reacting bisphthalonitrile90 with excess of phthalonitrilé84 in the presence of 5
equivalent of MgBs (insteadof lithium as shown scheme 2.25). We expected that use of
MgBr2 to form MgPc25 and the unsymmetrical dimer of MgB2 that contained a link
chain would make it easier septe them, Unfortunately, the unsymmetrical dimer of
MgPc92did not form at all.
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% @

6

9 MgBrz

2
+ 1- pentanol % ) E ’ (Not observed)
C[CN
19 \ N,

Scheme 2.25Proposed Synthesis phthalocyanine dime®2.

2.10 Conclusion:

Attempting to synthesise various analogues of the closed triple de@kere challenging.

The main challenge was the formation of an intermediate ByHuht takes a long time with

a low yield. Evidence suggests that the synthesis of closed triplers&kand 86 were
possible by the methodology for synthesising the simple triple deckers, but we could not
obtain good analysis due to the low solubility of 8@and complicated spectra for T&5

that had a mixture of four regioisomers. At this stagetlvegefore decided to switch

attention to alternative macrocycles.

2.11 Porphyrin and Tetrabenzotriazaporphyrin arrays:

2.11.1 Background and aims:

The failure to link phthalocyanine derivatives with porphyrin dyad to form triple deckers
was unexpected amtisappointingDespite the wide variety of structural types of sandwich
metal compounds, the formation of the compounds is still mainly restricted to the

phthalocyanines, porphyrins, and naphthalocyaniflesrefore, revistingur strategy, we
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decided to employ another type of macrocycle, the tetrabenzotriazaporphyrins TBTAPs as

it was a hybrid of phthalocyanird& and tetrabenzoporphyrin (TBB3 (figure 2.17).

Meso-carbon

TBP

33 13

Figure 2.17:Structures of Tetrabenzoporphyrins (TBP), Phthalocyanine (Pc) and
Tetrabenzotriazaporphyrins (TBTAP).
Several studies on the synthesis of tetrabenzotriazapofiirAP) by different methods
have led to the development of novel synthetic procedures that can improve the efficiency
of access to the compounds. These studies have led to the synthesis of varlougetut
complexesof the TBTAPs. The first generah of sandwicktype TBTAP compounds was
synthesized by Pushkarevall*® (scheme2.26).

Lu(acac)
MeOLi ’ PcLu(acac);
- MeOLi
—_— >
n-C;cH330H TCB /200 °C

200 °C

94

Scheme 2.26Synthesis of symmetrical and unsymmetrical dowlgleker complexe$’.

Therefore, the purpose of this part of the project was to synthesise unique chromophore
triads. These triads would combine porphyrin dyad units with TBTAP using La{&t4x)
(scheme 2.26). These new structures could have unique features making them useful in
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various fields such as materials chemistry, photochemistry, biology, and medicine as the
tetrabenzotriazaporphyrin hybrids are structurally related to both phthaloeyanih
porphyrin, they have similar properties and potential applications. Importantlyetbe
carbon opens up a variety of possibilities in the TBTAPs, for example further
functionalisation or the ability to link to other moieties and surfaces. In @@, ¢his
importantly includes simple routes to dimerization, one of the major goals in this area. A
general example is shown in figure 2.18, where the linking could in theory take place before

or after TD formation.

Figure 2.18: Possible linking off Ds through the mesphenyl unit of a central TBTAP

However, ve were unsure if the twisted phenyl could be accommodated in TDs, knowing
from previous work on our linked TDs that there could be a potential steric clash between
this and themesephenyls of the porphyrsr Hence, we focused our investigation on TD
formation with simple TBTAPs liké0for the first series (figure 2.19).

Figure 2.19: Structures of TBTARBO.
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The difficulties and the challenges associated Wi APssynthesis have led to reduce the
interest and there has been a lack of their investigation. However, Cammidge group has
revisited and improved TBTAP synthesis using a novel apptddihey started working

on a modern synthetic method to produce the TBTAPs. The main advantageaéttiosl

was its ability to conveniently produce high yieldsyi#sesubstituted TBTAPS.

The keyto the new approach of synthesis was using an aminoisoindéines an

intermediatd?®! They are easily accessed following the methodology shown scheme 2.27.

NH.HCI
CN  LiN(SiMes)
Br then HCI Br Pd
45 46 48
IAr=4-OMe-Ph I

Scheme 2.27Two-step synthetic method for the aminoisoindol@d*”!

2.11.2 Synthesis of aminoisoindoline 48:

The synthesis of aminoisoindoline requiredestigaton before the macrocyclization could
be achieved. As indicated in (scheme 2.27), Cammedgad used a twestep synthetic
method for the aminoisoindolir!

The 2bromobenzonitriled5 was treated with LIHMDS in dry THF for the first step of the
synthetic method. The LIHMDS behaves as a nucleophile, attacking the electrophilic carbon
next to the nitrogen in scher2e29. Then the reaction mixture is treated with a solution of
HCI in isopropanol to remove the silyl protecting groufisis produced a hite solid, 2-
bromobenzamidine hydrochloridks, in 71% yield (scheme 2.28} The identity of the
product was confirmed b4 NMR spectroscopy, the spectrum was compared to literature
sources? which confirmed the product was the desired amidite
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NH.HCI
CN 1/ LiN(SiMe;), NH
THE . :
Br 2/HCI Br

Scheme 2.28:Synthesis of amiding6.

| / |
(‘N N o
= - 1
K@ S|1/ then HCI @N | |
-SiMe;C
N ~ 3
Br I/
S
_SiMe;Cl
HC1L.HN

NH
NH,
HCl1 NH
-
Br
Br

Scheme 2.29Mechanism for the formation of amidine HCI séft

The Cammidge group then prepared the aminosioindditey following the Hellal and

Cuny method?? ( scheme 2.30), using a palladium catalysed cefsperSonogashira cross
coupling reactiof?® The Hellal and Cupymethod has a number of advantages in terms of
synthesis. To begin with, the technique is cogpeg, removing any potential copper from

the macrocyclisation reaction. Instead of being copper catalysed, the Sonogashira coupling
is achieved by activatinthe alkyne with DBU. The palladium (ll) species catalyses the 5
exo-dig cycloisomerisation, creating the Z isomer, with excellent selectivity once the alkyne
has been substituted onto the rifig23]

NH.HCL NH,
NH, =—ar 4 N
Br PdCl,(MeCN),, BINAP \
DBU/ DMF Ar

46 48 I Ar = 4-OMe-Ph I

Scheme 2.30Synthesis of aminoisoindolirds.

76|Page



Results and discussion Chapter 2

This is a one pot synthesis method in which amidied-methoxyphenyl acetylen?,
catalytic amounts of palladium catalyst and BINAP as ligand, are placecior@awvave
vial, in the presence of DBU, as a b&8kThe solvent used for the reaction was DMF. The
mixture was irradiated for 1 hour at 120 °C. The pure aminoisoindd@imes isolated in a
reasonable yield 40%), as a yellow crystal after an aqueous workup and column

chromatography by using the solvent system of PE: EtOAc (1:1) then EtOAc.

The 'H NMR spectrum of48 (figure 2.20) matched with thiterature report&€® The
MALDI -TORMS showed that we had produced the expected struétom@oisoindolene
48 had already been synthesised successfully by our gbup.

Figure 2.2Q *H NMR of (Z)-1-(4-Methoxybenzylidene}l H-isoindol3-amine48in CDCl.2”

The synthesis of the intermediate (aminoisododi®ewas achive@nd used to prepare
TBTAP 50. We initially followed Cammidge group's appro&€for synthesisingnese
substitutedMgTBTAP derivatives.

2.11.3 Synthesis afnesoesubdituted TBTAPS:

The formation of TBTAPs using the method mentioned in the introdfisnachieved by
reacting one subunit of the aminoisoindolié@ with three subunits of phthalonitril&d

using a magnesium template. (Scheme 2.31).
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MgBr,, diglyme,
D —————
DABCO, 220°C

50

Scheme 2.31Macrocylisationstep to synthesise TBTABD.

The synthesis of messubstituted TBTAPS0 was carried out as described by the group
(scheme 2.32A suspension of phthalonitrile €yuivalenty with MgBr. (1.5 equivalent¥

in dry diglyme was stirred for 10 min under a nitrogen atmosphere. A solution of
aminoisoindoline48 (1 equivalent and phthalonitrile X equivaleny in dry diglyme was
added dropwise over 1 hour using a syringe pump. Finally, a third solution of DAB&O (
eg) and phthalonitrileX equivalen} in dry diglyme was added dropwise over an hour. The
reaction mixture was heated for 0.5 hour at 2Z2@nder a nitrogen atmosphere. Then, the
solvent was removed under a stream of nitrogeraahid mixture of DCM: MOH (20 ml)
was added, and finally the mixture was sonicalé&eé.solvents were concentratedacuum
and the resulting compound was purified by two consecutivematography columns,
which were optimized by the Cammidge grdtpFirst, using DCM: EN (20:1), then
solvent system changes to DCM: THF3NE{10:1:3).The second columuasing PE: THF:
MeOH (10:3:1) as eluentA dark green fraction of the MgTBTAR-OMe-Ph) was

collected in an overall yield of 23.8 %.

a
§1 3

Figure 2.21 *H NMR spectrum offBTAP 50in THF-ds.

78|Page



Results and discussion Chapter 2

2.11.4 Attempts to synthesise triple decker witimesesubstituted TBTAP 50:

The general method developed by Cammidgeal! was followed to inserimese
substituted TBTARO to form closed triple decke&6 as shown in scheme 2.3Phe first
attempts in the synthesis of the triple decker was to @agorphyrin dyadb8, La(acac)

andMg substituted TBTAR02%, However, no noticeable result was observed in reaction.

La(acac);. H,O (2 eq)

Octanol, reflux

Scheme 2.32Proposed synthesis of triple decér

We thought it would be easy to replace magnesium in the reaction, but it failed, including
when the reaction was repeated with different salts of lanthanum such as Lanthanum (I11)
iodide and Lanthanum (lll) trifluoromethanesulfonate; no noticeable differemas
observed in the reactiorht this stage it was decided to remove the Mg from the TBTAPS.
Metal free TBTAP50awas synthesised by dissolving it in concentrated sulphuric acid and
then pouring onto ice. The precipitate was filtered off and washed with MeOH to give the
metalfree TBTAP50aas a green solid (scheme 2.33) that was later used to make the triple
decker @rivative. MALDI-TOF MS was checked after the reaction and the peaks of the

metal free MgTBTAPs were observed.
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/N /
H,S0, =N HN

ice bath » NH I\II
O
| R = 4-OMe-Ph I S0a

Scheme 2.33Synthesis of metdtee TBTAP97.

Dyad 58, two equivalents of lanthanum (lIl) acetylacetonate and one equivalent of TBTAP
50awererefluxed in octanol and the reaction was monitored by TLC. It was found that a
triple decker was formed within 24 h. The solvent was removed under high vacuum and the
residue was separated by column chromatography using DCM/Hexane (3:2). The TD
(formulated a®96) was isolated as the second dark green fraction then a recrystallisation

from DCM/MeOH was performed.

La(acac);. H,0 (2 eq)

Octanol, reflux

Scheme 2.34Synthesiof triple deckei96.

More analysis was conducted to confirm the formation of the comp®@@ratructure.
MALDI -TOF MS was checked and the peak at 2287.12wa& observed as expected for
this triple decke®6 (figure2.22) HowevertheH-NMR spectrum, run in CECl, was very

different from the previous triple deckéi8 and complicatedfigure 2.23)%
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TD 1267.12}r365]

b '\
a0
80
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Figure 2.22:MALDI -TOFMS shows formation ofD 96.

As indicated in théH NMR spectrum, the signals from the porphyrin peaks found in closed
triple deckers9 that were previously observed at around 10 ppm were no longer present in
the analogu®6 (figure 2.23).

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2
f1 (ppm)

A | I (I /3 12 | | 1\

on < 0 o - [l w00 o < =

Sg 8 8 RE g o S L

~N o © © © N O T - NN O < < © 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 T T T T T T T T T T T T T
105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.l

f1 (ppm)

Figure 2.23:*H NMR spectrum of TBTAP triple deck&6in DCM-d, and previous triple decker
59in CDCl.
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By closely investigating what happened in the reaction, we recognised that a related
observation had been encounihtTeay exnpaiedwvo Ca mmi d
different types of phthalocyanin@3and98 (figure 2.24) to form TD, both giving single

main product, producing mass spectrometry results at m/z=3085 matching to the target
TDs.

CgHyz CgHyz

CgH” CBHIT
= N\ AN
NH N NH  N=
Ny /N Ny /N
N P\‘l EN / CgHyy r\‘l sy CgHy7
N N\ N/ Y
CeHy7

CaHyy CaHy7 CeHz CeHyy

CgHyz

97 98

Figure 2.24:Peripherally and neperipherally substituted phthalocyani®ig 98.

In the case of the peripherally substituted phthalocya®méhe closed triple deck&9

was formed. However, the long sidechains of the phthalocy@imeevented the free
rotation of the central unit. As a result, the aromatic protons of the central macrocycle
changed from being equal to inequivalent ( figure 22 5)owever, the rest of the spectrum

was similar to that with unsubstituted Pc, for example giving characteristic sigridls at

ppm.

Figure 2.25:Closedtriple decker9.
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On the other handhe nonperipherally substituted phthalocyani8 has greater steric
hindrance. They explained that the compound had different structural arrangements, and
what they saw was the average of those arrangements. If the Pc switches from one
arrangement to atfer quickly enough in the NMR time scale, the NMR spectrum signals
for closed triple decker or double decker may not be as expected. Bi@esWitches from

one porphyrin to the other to achieve an equilibrium between two distinct double deckers as
shownin mechanism (scheme 2.38)Further evidence for this arrangement was provided

by UV-Vis spectroscop, with the spectrum 0100 appears similar to doublecker plus

PorLa.

Scheme 2.35Representation of the opening/closing procéss.

In our case, walsofound that the absorption spectradéfdoes not match that of a closed
triple decker59 and is more similar tthat of double decker. The absorption was around
400 cmt, which is for the porphyrins and triple decker. Also, there was the methoxyphenyl
TBTAP absorption at 66800 cm. (figure2.26).
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Triple decker 59 ——— Triple decker 96

Figure 2.26:UV-Vis of triple decker§9and96in DCM.

2.11.5 Attempts to synthesise triple decker witimesesubstituted TBTAP 102:

Another closed triple decker with phenyl TBTAB2was synthesised in order to see if the
methoxy group on the twisted phenyl ring could affect the accommodation of the TBTAP in
TDs.

CN MgBr,, diglyme,
O e
CN 220°C

19

101

Scheme 2.36synthesis of metdtee TBTAP102

The same method as mentioned above to pregameoisoindolined8 was used to prepare
aminoisoindoline101 then TBTAP 102 was obtained by heatin¢3 equivalenty of
aminoisoindolinel01 with phthalonitrile19 (3 equivalentsandMgBr (1.5 equivalent¥in
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dry diglyme at 22C°C for 6 h under a nitrogetWhen the reaction was completed, the
TBTAP 102was selectively collected (scheme 2.36). It was then used for the formation of

the corresponding triple decked3as shown in the scheme 2.37.

La(acac);. HO (2 eq) /

Octanol, reflux

Scheme 2.37Synthesis of triple deck®6.

The same standard procedure of one pot reflux in octanol was followed and after distillation
of the solvent and precipitation of the crude residue with MeOH, the solid was checked by
MALDI -TOF MS and the desired peak copesding to triple decket03 at 2254.48m/z

was observed (figure 2.27). Then, the crude solids were separated using silica gel
chromatography followed by recrystallisation to collect the green produ@5n%ayield.

But the problem remained in that thé NMR spectrum remainedery complicated and

prevented unambiguous characterisation of the isolated TD.

254445403
TD 103

2591
bl Tl

208
9B

85 9168

623 280219

281801

5872134

Figure 2.27:MALDI -TOF-MS shows formation of D 103
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2.11.6 Attempts to synthesise triple decker witimesosubstituted TBTAP 104

The previous section on TDs formed from mebenyl TBTAPs summarises a large volume

of work where attempts were made to synthesis and particularly to purify and characterise
the TD products (initially the complicated NMR spaatrere thought to be a result of impure
samples). While we are now confident the TD compounds are pure, and we recognise that
TDs incorporating an unsymmetrical TBTAP are expected to be complicated, their complete
characterisation remains elusive and @algssuitable for Xay crystallographic analysis

have not been obtained. As briefly discussed previously, one of the possible complications
in incorporation of a mesphenyl TBTAP stems from potential steric claBbr this reason

we decided to study anah derivative of the TBTAPs compounds with reduced steric
demand. It wasnesathiophenyl TBTAP104 (figure 2.28).

Figure 2.28: Structures of TBTARLO4.

This derivative was chosen for a number of reasdh®ophene might be able to planarise
and have lower steric hindrance in TDs. Also, this would also give electronic communication
between thiophene and TBTAP. Moreover, it is well known that thiophenes can be
functionalised and directly coupled so, if sassful, the route to dimeric systems is

straightforward. (Figure 2.29)
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Figure 2.29 Possible linking off Ds through thenesethiophenylunit of a central TBTARL04.

2.11.7 Synthesis of aminoisoindoline 107:

The same method as mentioned previously was used to prepare aminoisoih@dline
(Scheme 2.38%% by directly using the TMS protected acetylene that was commercially
available. Thiglirect use of the TMS protected acetylene was developed in conjunction with
a project student (Conor Marrétunro). The product was fully characterised by A5,
MALDI-TOF Mass and NMR spectroscopies, and full interpretation of the structure was
possibleafter suitable crystals were grown slowly from pure DCM (figure 2.30, 2.31).

NH.HCI NH,
PdCL(MeCN),,
NHy ] N —  Tus 2 )2 N
S BINAP, DBU,
Br DMF \ s
46 106 \ /

107

Scheme 2.38Synthesis of aminoisoindolird7.
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Figure 2.3Q *H NMR spectrunof aminoisoindolinel07in CDCl.

Figure 2.31: X-Ray structure oAminoisoindolinel07.

The integration of the peaks matches with the expected number of protons, being the first
indication that the product is the title compourdso, MALDI-TORMS proved the

formation of the aminoisodolinE07 (figure 2.33.
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Figure 2.32 MALDI -To~MS shows rélevant mass faminoisoindolinel07.

2.11.8Synthesis of mesesubstituted TBTAP 104:

The intermediate aminoisodolii®7was prepared and used to prepare TBTAR
following Cammidge group's appro&hfor synthesising messubstitutedMgTBTAP
derivatives (scheme 2.39).

NH, N
N CN MgBr,, diglyme, =N, e
. Mebrdgvme, N Mg
0, 7z A
\ s oN DABCO, 220 °C N
N\
107 19

SN
104

Scheme 2.39Macrocylisation step to synthesise TBTAP4

Using the optimised conditions, phthalonitrile was coupled with aminoisoddlare
(Scheme 2.33). As before, the reaction was carried out &C22@th a MgBe catalyst and

the final addition of DABCO. The solvent was evaporated when the reaction was completed,
and the crude product was eluted with DCM, DCM3;NE(20:1), DCM: THF: MeOH
(10:4:1) on a normal phase silica column, to give 33 % of the MgTB({fWBphenyl).The

H NMR spectrum exhibited the characteristics of a TBTAP, with the multiplet and doublet
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at around 9.65 and 9.58 ppm, respectively. The peaks aafdd8.79 wersuggestive of a
thiophene ring (figure2.33).

e,h g, f, 1

200
3.88-
5.00—
4 204
0.95-
1.0
1.98—
1.97-

T T T T T T T T T T T T T T T T T T T T T T
9.7 9.6 9.5 9.4 9.3 9.2 9.1 9.0 8.9 8.8 8.7 8.6 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4

Figure 2.33 'H NMR spectrum of TBTARLO4in THF-ds.

The 33 % yield is comparable to the usual reaction. The reduced yield in these reactions is
in part due to the condensation of aminoisoindoline in diglyme to give the dimeric product
resulting from selcondensation of the aminoisoindolines (called -@ihenzo)
dipyrromethene&08) (scheme 2.40), which also can be synthesised by heating a mixture of
aminoisoindolinel07in toluene to 120 °C under.Mccording to the procedure reported by
Cammidge group? After work-up, purification was achieved via column chromatography,
producing azddibenzo) dipyrromethen208 The analysis was conducted to confirm the
formation of the compound structut®8 The compound gave suitable crystals feR2y
diffraction analysis (figure 2.34). Also, the resulting peak from the MALDF MS

confirm the strature with ion peak at 436 m/z. (figure 2.35).

NH, Ne
QA |
N diglyme/ 220 °C V; N HN §
\ S or Toluene / 120 °C S S
\
4 7 N \
107
108

Scheme 2.40Synthesis of azédibenzo) dipyrromethens.
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Figure 2.34:X-Ray structure of azélibenzo) dipyrromethent08.
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Figure 2.35: MALDI -MS spectra oaza(dibenzo) dipyrromethent08
TheH NMR spectrumo f  di Ow@&sr s hown in figure 2. 36.
i soi nlenaearee rings appeared at 8. 05,
at 7.40 and 7.04 ppm, with tdd.lHzot osiBowac
t htathi ophene i s pr evaerytl ipmr-bit bava i CladCc u/l. .0
expected.
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Figure 2.36:Aromatic region ofH-NMR spectrum of compountD8in acetoneds.
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Figure 2.37:COSY experiment showing cross peaks in compd&d
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2.11.9 Synthesis of TBTAP 104 usinigtermediate 109.

To avoid formation of phthalocyanine and dimeric prodactother procedure is being
developed by our group to prepare thiophenyl TBTA® in which a mixture of
phthalonitrile(1 equivalen}, aminoisoindoline 1 equivalen)) and NaOMe (1.®quivaleny
was added to MeOH and was heated &t®0vernight. The r@&ction mixture was allowed
to cool to room temperature aaéter cooling, the precipitate was filtered off and washed
with a cold MeOH to give orange compouh@P (scheme 2.41)

Y

N CN NaOMe
N
+
\ MeOH
S CN

60 °C

107 19 109

Scheme 2.41Synthesis of thintermediatel 09,

mmmmmmmmmmmmmmmmmmmmmmmmmmmm
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Figure 2.38:Aromatic region ofH NMR spectrum of compountD9in CDCl.

After the intermediatel09 was prepared, it was then used to prepdgTBTAP-(
thiophenyl) by reactinthe intermediat@09with MgBr. (1.5 equivalents) in xylene for 9 h
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under a nitrogen atmosphere (scheme 2.42). Then, the solvent was removed and a 1:1
mixture of DCM: MeOH (20 ml) was added, and the mixture was sonicated. The solvents
were concentrated macuum and the resulting compound was purified by chromatography
columns using DCM: BN (20:1), then solvent system changes to PE: THF: MeOH (10:3:1).

A dark green fraction of the MgTBTAPthiophenyl) was collected in overall yield of 40%.

Our proposafor this formation of TBTAP based on using the intermedi@@proved time
consuming and inefficient. In terms of comparing the yield in both reactions to form TBTAP
104 the one using intermedial®9 was increased by 7%. However, the problem with this
method is that the intermedigt®9decomposed and produced many side produciisding
phthalocyanine, dimeric and trimeric products.

N
N i/ \i = N~ N/ N
1 ]IEI[ NH, MgBr,, A ’N\ / )
i _— N ME + “ o N
\ Xylene N/ N { I
S ~ S
\_/ N — 4
XS =
104 110

109

Scheme 2.42Synthesis oTBTAP 104viaintermediatel09.

The molecular ion peak ohe of the side product brown fractiamsthe MALDFTOF mass
spectroscopy was (m/z 559). We suggested that it is for the ttiBé&ut nomore analyses

were conducted to confirm the formation of the compdli@structure (figure 2.39).
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Figure 2.39: MALDI -TOF-MS shows relevant mass fbi0.

2.11.10 Attempts to synthesise triple decker with messubstituted TBTAP 104:

Attempts were made to synthesise the triple deckers with thiophenyl TBI4ARIlowing
general method developed by Cammidgeal™ by reacting @ porphyrin dyad58,
La(acac) and thiophenyl TBTAPLO4a (product after demetallation of magnesiunthw
sulfuric acid) (scheme 2.43).

La(acac);. H,O (2 eq)

Octanol, reflux

1
(1 eq) /N/
=N HNS
N U

ety

104 a

=Z

Scheme 2.43synthesis of triple decker formulatedidsl.

After distillation of the solvent and precipitation of the crude residue with MeOH, the solid
obtained was checked by MALBIOF MS (figure 2.40). The desired peak corresponding
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to triple deckerl11 at 2264.03m/z was observed. Then, the crude solids wepamted

using silica gel chromatography followed by recrystallisation to collect the green product.
However,the'H NMR spectrum run in CDE[figure 2.41)was complicated as well, and,

while we expected the thiophene here to have reduced steric demand and easier to interpret
spectra, similar results were in fact obtained.

4O

bt
0 itz

111

1200 130 140 1500 ] 1700 1300 1800 100 00 i 200 M 0 3800 1 200
4

Figure 2.40:MALDI -TOF-MS shows formation ofD 111

-Z

~

<l

T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

f1 (ppm)

Figure 2.41:'H NMR spectrum obtained for the closed decker triple detker
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2.11.11 Synthesis of closed triple decker withi@porphyrin dyad:

To investigate theffect of chain length on closed triple decker formation with metal free
TBTAPs, we decided toonsider using a longer bridging chain andhiea next attempt are
tried G2 porphyrin dyadl12 that was synthesised from 1;dilbbromoundecane using the
same coditions previously optimised for porphyrin dy&8. In this case, porphyrin dyad
112was subjected to metalation with 2 edasfthanumacetylacetonate in refluxing octanol
for 6 h. Then, metal free TBTAPs were added to the mixture and the mnefiuged

overnight as shown scheme 2.44.

113

S (Not observed)
R= | / s R=

Scheme 2.44Proposed synthesis triple deckerd 13

During this reaction, the formation of triple deckd83was not observedfter workup,
purification was achieved via column chromatography, produwtindple decker of the
mesasubstituted TBTARL14, 115as shown in the two below figures. The resulting peak
from the MALDI-TOF MS showed 1331 m/z fanl4(figure 2.42) and 1307 mfor 115
(figure2.43) respectively.
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Figure 2.42:MALDI -TOF-MS confirms the formation of homoleptic double decki4

10818240

1R

E

Figure 2.43: MALDI -TOF-MS confirms the formation of homoleptic double deck#b.

TheH NMR spectrum was run in GBI, and the spectrum proved the formation of
the double decker compourid5 Figure 2.44 shows the aromatic regions of the
structure. As usual for doubteckers, hydrazine was added to the NMR tubes to

achieve good spectra.
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Figure 2.44:Aromatic region ofH-NMR spectrunof homoleptic double deckdl5 DCM-ds.

2.11.12 Conclusion:

In conclusion, the synthesis of triple deckers with differemie$esubstitedTBTAPS has
been achieved but the characterisation was much more complicated than for previous
symmetric phthalocyanine derivatives. It appears that the twisted aromatic units make steric
hindrance between theesephenyls of the porphyrins. We thought thephene might be
able to planarise and have lower steric hindrance in TDs, but similar result was obtained.
Further analysis (ideally by crystallography) is needed to finally prove the structure and

allow (or not) subsequent elaboration into linked exyxst.

2.13 Multiple chromophores with a rigid, functionalisable element to the bridge:

The flexible Go¢-Ci2 chain work for specific Pcs which were previously reported by
Cammidgegroup worked well but the link chain does not not offer easy options for
subsequent coupling or functionalisation. Incorporation of suitable (functionalised) Pcs into
TDs was proving very challenging. Therefore, the decision was taken to investigate a
different class of multichromophore assemblies. We aimed to synthesise a compound that
bears a more rigid element to the bridge that could be further functionalised or dimerised
(scheme 2.45).
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Scheme 2.45Chromophores attached via the bridge.

A simple example is a benzene fragment with six possible substitutionssitesre 2.46)
If successful, a possible extension is to further add the bridgedthner porphyrin unit
(scheme 2.4¢

1,3 dibrompropane 116 o) !

OH

& S

OH
119
118

Scheme 2.46Systematic illustration of the synthesis of model compound 2,3
bis(porphyrin) benzen&19.
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124

Scheme 2.47Systematic illustration of the synthesis of model compoundbi@(porphyrin)
porphyrin125.

2.14 Synthesis of porphyrin dyad withsubstituted benzene in the bridge:
The intermediate to the targeted porphyrin d¢&8were easily available as shown in the

scheme:

2.14.1 Synthesis of bromoalkoxyporphyrin 11%!

Br” ""Br 116

K,CO; / DMF

64 117

Scheme 2.48Synthesidiromoalkoxyporphyrirl17.

The reaction between the hydroxyl groups on the porphyrin TPPOH and the alkyl bromide
group on the linking chains follows a simplg2Ssubstitution reaction to produce the ether.
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So, TPPOH4in DMF, was reacted with excess -dibromopropand16with Ko:COz. The
reaction was completed after 19 h ahd product was purified by recrystallisation from
DCM/MeOH to give the title compountil7 in an overall yield 0©95% (Scheme 2.48).
Spectral data corresponds to the bromoalkoxyporphyl7. Figure 2.45 shows tiel NMR
spectrum and it can be observed that the methylene groups of the alkyl chain have different
signals at 4.41 ppm@QCH>-), 3.79 ppm{CH:zBr), and 2.52 ppm-CH2). The characteristic

signal for hydrogens in the centre bétporphyrins is a2.76 ppm.

Figure 2.45MH NMR of bromoalkylporphyrin in CDGI
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