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Abstract

There has been a huge development in the study of sandwich-type complexes over the past few
decades. The work set out in this thesis focuses on the synthesis and investigations of linked
heteroleptic triple-deckers (TDs) based on porphyrin-porphyrin-porphyrin. They are interest-
ing materials because of the potential applications of the lanthanide-bridged triple deckers in
single-molecule magnets (SMM) and in thin-film transistors (OTFT). This thesis describes var-
ious methods for the synthesis of lanthanide mixed-porphyrin triple-decker complexes. These
triple-deckers are formed from a symmetrical dyad containing two porphyrin molecules linked
together by a flexible decyl or dodecyl chain. The optimisation of the synthesis of these dyads,
and the precursor monohydroxyphenyl porphyrin (TPPOH), took significant time and the im-
provements are discussed in detail. Triple-decker synthesis focused mostly on the use of com-
mercially available octaethylporphyrin (OEP). Unlike the smooth synthesis of related triple
deckers employing phthalocyanine as the third ring, reported by our group and found to exclu-
sively produce the symmetrical TD with the phthalocyanine in the middle, syntheses using
OEP were more challenging. Conditions for the synthesis were eventually achieved, and they
are discussed. Most interestingly, the isolated TD has a different structure to that previously
observed with phthalocyanine, in that OEP is found to occupy an external site in the sandwich
(BAA structure). Complexes with La, Nd, and Pr were successfully prepared and characterised,
and crystals suitable for XRD analysis were obtained to prove the assignment of the BAA
arrangement. Other porphyrins (octamethyl porphyrin, tetraphenyl porphyrin, protoporphyrin)
were briefly examined and gave mixed results. While inconclusive, the results demonstrate
scope for further development of this triple-decker chemistry to deliver a range of heteroleptic

complexes where the order of assembly is controlled by (presumably) steric factors.
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Introduction Chapter 1

1. Porphyrins and phthalocyvanines

Porphyrins and phthalocyanines have been extensively used as organic dyes and pigments be-
cause of their strong light absorption in the visible and ultraviolet regions. These materials have
shown great chemical and thermal stability since they were originally synthesised in the early
20th century.!? Furthermore, porphyrins and synthetic phthalocyanines have potential scien-
tific and technological applications in chemistry and photochemistry due to their high effi-
ciency in producing free radicals and excited state species, potentially serving as catalysts or

photosensitisers.>*

1.1 Introduction and history of the pigment of life (Pn):

Porphyrins are pigments and the name comes from the Greek word porphura, referring to its
“purple-colour” as shown in Figure 1.1. Porphyrins are present naturally and may be synthe-
sised. They are intensely coloured.’ Surprisingly, when Kiister proposed the porphyrin’s mac-
rocyclic structure in 1912, no one believed him, even Hans Fischer the “father of modern por-
phyrin chemistry” who assumed that such a big ring would be highly unstable. He came around
to this structure in 1929 when he and his Munich school of chemists successfully synthesised

heme, the iron porphyrin in haemoproteins, from pyrrolic starting materials.®

Figure 1.1: Purple colour of porphyrins.

1.1.1 Porphyrins in biological systems:

Iron-containing porphyrins found as heme and magnesium porphyrins found as chlorophyll
are the greatest examples of biological molecules (Figure 1.2).” Understanding these systems
and their excited states is essential for understanding many biological processes, including ox-

ygen binding, electron transfer, catalysis and the first photochemical step in photosynthesis.>’
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OH O
1.1

Figure 1.2: Structures of heme (left) and chlorophyll (right)

1.1.2 Structure and properties of porphvrins:

Porphyrins form a wide family of highly coloured red or purple compounds because they have
conjugated double bonds (aromatic) that make them absorb light. Porphyrins contain a substi-

tuted aromatic macrocyclic ring composed of four pyrrole-type groups joined by four methine

pyrrole»{/
ring N e methine
L+ bridge

1.3

bridges as shown in Figure 1.3.1°

Figure 1.3: Structure of free-base porphyrin.

1.1.3 Fischer’s nomenclature of porphyvrins:

There was a numbering system for the macrocyclic ring in Fischer’s nomenclature, as shown
in Figure 1.4, in which each possible site for a substituent on the pyrrole fragments was desig-
nated as a beta-carbon and given a number from 1 to 8, while each nitrogen was unnumbered.

The pyrrole positions adjacent to the nitrogen atoms were referred to as alpha-carbons.'!

Eh TP
fang
Meso carbons: alpha, beta, gamma, and delta

o Beta carbons: 1,2,3,4,5,6,7, and 8
0 Alpha carbons: unnumbered

Figure 1.4: Fischer’s numbering system.

When the eight positions on the pyrrole have the same functional group, the naming of porphy-
rins is simple; for example, eight ethyl-groups attached to beta positions gives octaethylpor-
phyrin (OEP) 1.4 (Figure 1.5). Octamethylporphyrin 1.5, has eight methyl groups attached in
the beta position, and another example of a symmetrical porphyrin is tetraphenylporphyrin
(TPP) 1.6 with a phenyl group on each meso-position. When the meso-position has three phe-
nyl rings attached and one hydroxyphenyl porphyrin, as shown in Figure 1.6, it is called
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TPPOH 1.7. When beta positions have more than one type of substituent, naming becomes

more difficult, such as with protoporphyrin (IX) 1.8.°

Figure 1.5: Octaethyl porphyrin 1.4 (OEP), octamethyl porphyrin 1.5 (OMP), and tetraphenyl por-
phyrin 1.6 (TPP).

1.8

Figure 1.6: TPPOH 1.7 and unsymmetrical porphyrin protoporphyrin (IX) 1.8.

1.1.4 IUPAC nomenclature for porphyrins:

IUPAC nomenclature of porphyrins was established in 1979 and completed in 1987 and assigns
a number from 1-24 to each atom in the macrocyclic tetrapyrrolic system, as shown in Figure
1.7. The two nitrogen atoms linked to the hydrogen atoms are designated 21 and 23. The beta
positions are numbered 2, 3, 7, 8, 12, 13, 17, and 18, whereas the alpha positions are numbered
1,4,6,9, 11, 14, 16, and 19, while meso-positions are numbered 5, 10, 15, and 20. Porphyrin
has two distinct sites where electrophilic substitution can occur with varying reactivity. The
replacement may have an impact on the classification of porphyrins as symmetric or asymmet-

ric as seen in Figure 1.8.%!!

56 0 beta 3 MESO 7 peta
2 8
1 9
20 10 meso meso
19 11
18 12 18
17 16751473 beta 17 peso 13 beta

12

Figure 1.7: IUPAC system of porphyrins and description of porphyrin numeration.

Figure 1.8: The potential for a symmetrical environment is shown by the axes.
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1.2 Porphyrin properties:

1.2.1 Aromatic properties of porphyrins:

According to Hiickel’s rule (4n+2= 18, n= 4), although porphyrins possess 22 m-electrons,
only 18 of them are involved in the formation of an aromatic system.> The porphyrin macro-
cycle is a highly conjugated molecule; it has several resonance pathways with 18 n-electrons

delocalised in the ring, as seen in Figure 1.9.>!!

Figure 1.9: Six different aromatic delocalization pathways for the 18 m-electrons in the porphyrin ring.

1.2.2 Porphyrins’ substituent positions:

Porphyrins exhibit a wide diversity due to the ability to attach various substituents at different
places within the macrocycle. We may customise the macrocycle for different by altering these
substituents. There are two primary patterns of porphyrin substitution.

These are porphyrins with B-substituents and porphyrins with meso-substituents, as shown in
Figure 1.10. Beta-substituted porphyrins are often seen in nature, whereas meso-substituted

porphyrins have generated significant attention in the field of synthetic chemistry.'

R R R
R R
R R
R R
R R

Meso-substituted porphyrin Beta-substituted

Figure 1.10: Meso and beta substitution in porphyrin rings.

1.2.3 Tautomerisation of porphyrin:

Unsubstituted porphyrin can exist in two different tautomeric structures. The tautomer in trans
position has two hydrogens on two opposite pyrrole rings and is more stable than the tautomer
which has two hydrogens on neighbouring pyrrole rings, according to computational and spec-
troscopic studies.>!? If the hydrogen atoms were in close proximity, they would sterically hin-

der each other; this means that the cis configuration is disfavoured, as shown in Figure 1.11.
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Figure 1.11: Tautomerisation of porphyrin.

1.2.4 Ring current in porphyrin and 'H NMR spectra of meso-tetraphenyl porphyrin:

'H NMR spectra reveal downfield shifts for peripheral protons and significant upfield shifts in
inner protons on Ns, causing negative chemical shifts and highlighting the magnetic anisotropy
in aromatic systems, with positive shifts external to the ring and negative shifts inside of the

I'il’lg.14’15’16

4 Induced magnetic field
shjelding

{ i;_‘

T1& <

N

= / Ring current

deshisiging~”
| 90°

Figure 1.12: Scheme of porphyrin ring current.'
Reproduced from Probing the Interactions of Porphyrins with Macromolecules Using NMR Spectros-
copy Techniques, no permission required, simply attribution link.

The biggest interest in synthetic chemistry has come from meso-aryl systems. They are signif-
icant in materials chemistry and can be synthesised easily. Pyrrole and aldehydes are mostly
used in their production. Tetraphenylporphyrin (TPP) is a common example of a symmetrical
porphyrin. The NH protons inside the porphyrin ring system moved upfield to as low as -2.00
ppm in porphyrins, while ring currents have a de-shielding impact on the proton signal of pyr-

role and meso-aryl protons, as shown in Figure 1.13. 143

Beta- pvrrole proton

A~

5.0 7.5 2.5 -2.6 -2.7F 2.3 3. -3

g5 3.8
1 (pomi) £1 (ppm)

1.6 The ™N-H protons

-2.7 ppm

Beta protons = 8H

Ortho protons =8 H

Meta and Para protons = 12 H
Amino protons = 2H

Figure 1.13: '"H NMR spectrum of TPP 1.6.
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1.2.5 Metalloporphyrin:

Usually, porphyrins are made without metal ions, and these are added later. When the metal

-2) +

ion M™ is added to the porphyrin PorHx to make Por-M ™2 the two amine protons in PorH>

are lost from the two pyrrole rings as shown in the equation:

M™ + PorH, ——>MPor®™2* +2H *

Porphyrin macrocycles are large enough to accommodate most metal ions, making them ideal
for the formation of M-Por, and they create molecules with metals that are important in various
biological processes, such as Fe, Mg, Zn, and Co. The best radii for the metal ions are between
55 and 80 pm, corresponding to the cavity in the porphyrin (Figure 1.14-a), while the sitting-
atop (SAT) metalloporphyrins result when the radii of the metal ions are very large, in the range

of 81-90 pm, and the metals are located out of the ligand-plane (Figure 1.14-b).!6:!7

(VR
s l:l\-/il 1 s 1T 1
5580 pm =80
a b

Figure 1.14: Schematic representation of (a) regular and (b) SAT metalloporphyrins.

1.2.6 UV-vis. spectroscopy of porphvrin:

As previously mentioned in the introduction describing the characteristics of porphyrins, these
structures include a highly conjugated m-electron system, which explains their intensity and
colouration. Many studies on porphyrins have shown that changes in the conjugation and com-
pound symmetry may affect the UV-vis absorption spectra. They may absorb light in two dif-
ferent areas of the visible spectrum, one near the UV and the other in the visible range.'® To
investigate porphyrin absorption spectra, Gouterman developed a model of four orbitals (the
two highest occupied 7 orbitals (HOMOs) and the two lowest 7* orbitals (LOMOs))."”

In this theory, transitions between the two HOMOs and the two LUMOs produce the absorption
bands seen in porphyrin spectra. The energies of these transitions alter in the presence of sub-

stituents on the ring and the identities of the coordinating metal (Figure 1.15).
)

A) B
©gy LUMO +1

gg €gx 'S LUMO
Q« |Qy By | Bx

azu alu
% @ A1u HOMO
azu HOMO -1
€gx gy

Figure 1.15: Porphyrin HOMOs/LUMOs, in Gouterman’s orbital energy level model.
Reproduced with permission from (1.15).

19
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The electronic absorption spectra of a free base porphyrin with D2, symmetry display two dif-
ferent regions. The transition from the ground state to the second excited state (So to S») is
referred to as the B band, and the absorbance ranges between 380 and 500 nm, dependent on
B- or meso- substitution. The Q-bands indicate the secondary region, characterised by a less
strong transition to the first excited state (So to S1), including a wavelength range of 500-700

nm,'*?%2! as seen in Figure 1.16.

(C)]
0.05
1.0
0.00 —

T T
500 600

Absorbance (a. u.)

0.5 4

T T
400 500 600 700
Wavelength (nm)

Figure 1.16: UV-Vis. spectrum of metal-free porphyrin and an expanded view of the Q-band region.?!
Reproduced with permission from (1.16).

Metalloporphyrin and metal-free porphyrins differ in their spectra due to their different sym-

metry point groups, D2n and Dan, which cause degenerate energy levels and decrease the num-

ber of Q bands as shown in Figure 1.17.2021:22

(b) .
2.0 -

0.05
1.5 |

0.00

T T T
400 500 600 700
Wavelength (nm)

Absorbance (. u.)

(o]

l

[0}

O+

(o]

(0]

[ol |

(o]

Figure 1.17: UV-vis spectrum of metalloporphyrin and view of the Q-band region.?!
Reproduced with permission from (1.17).

1.3 Synthesis of symmetrical porphyrins:

1.3.1 Svnthesis of meso-substituted porphyrins:

For the synthesis of porphyrin, several different techniques have been documented; these pro-
cesses have evolved through time to achieve greater yields with fewer unwanted by-products.
The preparation of porphyrin is most often done using the Rothemund, Adler, and Lindsey

procedures, which are summarised in the following paragraphs.
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1.3.2 Rothemund’s and Adler—Longo’s syntheses:

There are many techniques for synthesising porphyrins, ranging from a straightforward one-
step reaction involving pyrrole and an aldehyde to a more intricate multistep synthesis. Each
approach has its own set of merits and drawbacks. Rothemund in 1935 emerged as a trailblazer
in this area of investigation.?* The synthesis of meso-tetramethyl porphyrin, together with its
copper and iron complexes, was achieved by Rothemund?* by the reaction of acetaldehyde with
pyrrole in methanol. The resulting product was obtained as a crystalline solid. Subsequently,
the researchers extended the scope of their investigation to include a diverse range of alde-
hydes, so generating an extensive compendium of porphyrins that had undergone substitution
at the meso-position. They reacted pyrrole and benzaldehyde in pyridine in a covered flask at
150 °C for 24 hrs in a one-step reaction, as shown in Scheme 1.1. Low yield resulted, and
meso-substituted chlorin was a primary by-product of benzaldehyde conversion to substituted
porphyrin. The enhancement in porphyrin production was observed by Calvin et al. with the
addition of zinc acetate, resulting in the formation of the zinc complex of the porphyrin. This
resulted in an increase in the mean yield of meso-tetraphenyl porphyrin from around 4-5% to
10%.

Adler and Longo’s®® approach (Scheme 1.1) led to a significant transformation in the synthesis
of meso-substituted porphyrins during the mid-1960s. It has been shown that subjecting pyrrole
to acidic conditions in an oxygen-rich environment gives significant enhancement in the re-
sulting yields. Alternative acids, including acetic acid, have been explored for their potential
to provide improved yields for some aldehydes. However, propionic acid is typically preferred
in this context. The isolation of these porphyrins is often straightforward and comprises filter-

ing and washing procedures. However, it should be noted that crystallisation may not always

: : 23,24,25
occur 1n some instances. ?
Ph Ph
Rothgmund's Method Ph Ph Ph Ph
Pyridine, 150 °C, 24 hrs
[0S Ph Ph
meso-tetraphenylporphyrin meso-substituted chlorin
s 0D +4E> — 1.6 L1
N K
H Ph
1.9

1.10
Adlc.r-L.ongq's Method | pp Ph
Propionic acid, reflux,
air, 30 min

Ph
meso-tetraphenylporphyrin
1.6

Scheme 1.1: Rothemund’s and Adler-Longo’s classic synthetic methods for porphyrins.
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1.3.3 Lindsey’s method:

Lindsey et al. noted that the reactivity of pyrrole and aldehydes indicates that the high reaction
temperatures often used in the Adler—-Longo method may be unnecessary. In nature, the syn-
thesis of porphyrins involves a series of consecutive phases characterised by condensation and
oxidation processes. As a result of this, Lindsey embarked on a research endeavour over a
period of seven years, leading to the development of a novel methodology. The researchers
discovered that by subjecting pyrrole to a reaction with benzaldehyde in dichloromethane at
ambient temperature, by treating it with trifluoroacetic acid for about 60 minutes, followed by
the addition of an equimolar quantity of an oxidising agent such as DDQ, a yield of 35-40%
could be obtained (Scheme 1.2).26:%7

1. Condensation -Step: Ph
BF;.0Et,
4 eq. 14 \3 + 4deq. ek it B Ph Ph
N Chloroform rt, 1 hr
H CHO
1.9 1.10 Ph

2. Oxidation-Step :

Ph Ph
Ph DDQ or P-chloranil
Ph —— > Pph Ph
o
Cl CN
Ph a CN
(o]

112

Scheme 1.2: Synthesis of meso-tetraphenyl porphyrin (TPP) 1.6 by Lindsey.

In summary, there are three primary approaches of synthesising meso-substituted porphyrins:
the Rothemund technique, the Alder method, and the Lindsey method. The Rothemund ap-
proach is without any obvious benefits compared to the other two approaches; hence the selec-
tion of method often comes down to a decision between the Alder and Lindsey methods. The
Alder method is more effective in synthesising porphyrins from stable aldehydes, but it is less
suitable for porphyrins derived from aldehydes that cannot withstand refluxing propionic acid.
Additionally, it is not effective for aliphatic aldehydes and aldehydes that yield porphyrins that
do not precipitate from propionic acid. The Lindsey technique exhibits the least severe reaction
conditions and often generates larger yields compared to other procedures. It is very effective
in synthesising porphyrins from aldehydes. A major limitation of this approach is that the pu-
rifying process often entails chromatography. If this situation presents a challenge, it could be

more advantageous to use the Alder technique.
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1.3.4 Svnthesis of octaethylporphvrin (OEP):

OEDP has eight ethyl groups in beta position, and it is a symmetrical molecule. This core is used
as an element of triple-decker porphyrins in this project. Although it can be synthesised ac-
cording to the procedure described below, OEP was purchased for the purpose of this work.
The procedure to synthesise OEP involves the reaction of propionaldehyde 1.13 with 1-nitro-
propane 1.14 in IPA using KF as a catalyst to obtain 4-nitrohexan-3-ol 1.15 followed by its
acylation by reaction with acetic anhydride to produce 1.16. Cyclisation reaction of 1.16 with
ethyl 2-isocyanoacetate in THF/IPA using DBU as a strong base affords pyrrole 1.17. Com-
pound 1.17 undergoes basic hydrolysis and decarboxylation to give 3,4-diethyl-1H-pyrrole
1.18, which can be condensed with formaldehyde in benzene/p-TsOH followed by oxidation

to form target OEP 1.4 as shown in Scheme 1.3.%

0 NO, NO,
Ay O KA AcO
on SO OAc

1.13 1.14 115 1.16

o DBU
N
He— OJ\/N S THF/IPA

NaOH/(CH,OH), ﬁ/_\ﬁc
190°C /30 min H N 0.t

1.17
[\
1.4 H H

N
H

1.18

Scheme 1.3: Synthesis of octaethylporphyrin 1.4.

1.4 Synthesis of unsymmetrical porphyrins:

The investigation of porphyrins continues, with new improvements in synthetic methodolo-
gies yielding functionalised porphyrins, particularly those with modifications at the meso-po-
sitions. ABCD-type porphyrins, characterised by four unique substituents at the meso-posi-
tions, show a typical unsymmetrically meso-substituted porphyrin.

To synthesise an ABCD porphyrin, Senge and colleagues developed the procedures shown in
Schemes 1.4 and 1.5. Alkylation of monoalkylated porphyrin 1.19 by lithium alkyl gave the
two isomers 1.21 (17 %) and 1.20 (7 %) when R,= n-Bu.?>¥

11|Page



Introduction

Chapter 1
R! R! R!
1.R’Li/THF
2H,0
R —— RZ
3.DDQ
RZ
119 1.20 1.21
R'=tBu R’=nBu (7%) R?=nBu(17%)

R2=hexyl (14%)
R?=4-Me,-N-C¢H,(36%)
R=hexyl (59%)
R’=phenyl (69%) ,

R2=4-Me,N-CgH, (16%)  Ry=4-Me;N-Cell, (16%)
R2= nBu (12%) Rq:nBu(llA)Z
R2=hexyl (32%) R;— hexyl (11%)
R2=phenyl(38%) R%=phenyl (5%)

R'=1-ethylpropyl

Rl
L.R’LITHF
2H,0
o R3
3.DDQ
R? R?
121

122

R=hexyl (90%)

R*=Ph (75%)
R3=2-Me0-CgH, (67%)
R¥=4-MeO-C¢H, (89%)

R'=2,4,6-triMe0-C¢H,, R?=tolyl

R'= Me,N-C¢H,, R?=1-¢thylpropyl
R'=nBu, R’= 3-Me0-C¢H,

R'= hexyl ,R?=3,4,5-triMeO-CH,
R'=2-Me O-C¢H,, R?= tolyl

R=hexyl (52%)

R3= hexyl (60%)

R’= sBu(47%)
R3=R'=2-MeO-CgH, (80%)

R! R!
1.R*LUTHF
gt 2HO R R
3.DDQ
R? R?
122 123

R'=tolyl, R”?=Ph ,R3=2,4,6-triMe0-C,H, R= 4-MeO-CgH, (40%)
R*=hexyl (70%)
R*=nBu(18%)
Ri=4-ethynyl-C¢H, (10%)

R'=hexyl, R%=Me,N-C¢H,, R*= 1-ethylpropyl
R'=nBu, R?=hexyl , R’=3-Me0-C¢H,

Scheme 1.4: Synthesis of ABCD-type of porphyrin.
Palladium catalysts are commonly used for substituting meso- and B-locations in (C-C) cou-

pling processes, which often involve the transformation of halogenated porphyrins. Ruthenium,

cobalt, nickel, and tin complexes are also employed.3%3!-*2

R, R,
R3-B(OH)
Pd(PPhs),
Br W R;
THF
R, R,
1.24 1.25

R,= 2,4,6-triMcO-C4H,, R,=n-Bu
R;= 2,4,6-triMeO-CgH,, R,= hexyl
R;=3.,4,5-triMeO-CcH,, R,= hexyl
R;3=4-MeO,C-C4H, (89%)
R;3=3-NO,-C¢H, (46%)

Ry= 2-Ph-cthenyl (43%)

Ry= 3-NO,-C¢H, (82%)
R;3=4-MeO,C-C4H, (87%)

Scheme 1.5: Synthesis of ABC-type porphyrin by Suzuki reactions.

The synthesis of ABC- and ABCD-type porphyrins entails the bromination of porphyrin inter-

mediates followed by Pd-catalysed C-C coupling reactions. The reaction’s efficacy is notable,
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although the yields exhibit significant variation depending on the specific porphyrin and boron

coupling partner used (Schemes 1.5 and 1.6).3%31:%

R, R,
R*-B(OH)
Pd(PPhy),

Ry ———— >
Br 3 KyPO, R, R;
THF
R, R,
1.26 1.27

R ;= hexyl, R,=3-NO,-C4H,, R3=3.4,5-triMeO-C¢H,
R,= hexyl, R,= n-Bu, R;3= 3,4,5-triMeO-C¢H,
R, = 4-MeO,C-CgH, (67%)

R4 = n-Bu (10%)

R, = 4-MeN-C¢H, (22%)

R4 =4-HO-CgH, (70%)

R4 =4-Br-C4H, (45%)

R, = 3-Br-pyridyl (47%)

R, = 2,4,6-triMe-C¢H, (53%)

Scheme 1.6: Synthesis of ABCD-type porphyrin by Suzuki reactions.

1.5 Introduction to phthalocyanine:

1.5.1 General introduction of Pc:

Phthalocyanines (Pcs) are compounds with unique chemistry, and the basic structure 1.28 is
shown in Figure 1.18.3%** Phthalocyanine is classified as a tetrapyrrole macrocycle, character-
ised by a structure that consists of a ring of alternating nitrogen and carbon atoms. This class
comprises phthalocyanines and porphyrazines, and it has a cavity that accepts around 70 metals
in the Pc ring.** It is only made in the lab (prepared artificially).*¢

Pc is dark blue, and its name comes from the Greek word, cyanine (blue). Properties include
exceptional thermal, chemical, and optical stability, and unique electrochemical, photochemi-
cal, and photophysical characteristics, which have led to various applications such as photody-
namic therapy in cancer treatment, chemical sensors, and solar cells. The bright blue/green
colour of Pc comes from the delocalised m-electron system of four rings connected by aza-

methine bridges. Popular metals include zinc and copper.*3-¢

S N‘
%—\ NH N—§
N N
N HN
N

1.28

Figure 1.18: Structure of H»Pc.

1.5.2 Svynthesis of Pc:

The general procedure to produce Pc was developed by Galanin and Shaposhnikov, and this

method gave a high yield of product in a short time of reaction as shown in Scheme 1.7.
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~ N5
©:CN i) Pentanol 120°C, 1h %\ NH N§
N N
cN i) Lifor1h “N HN-
iii) CH;COOH for 1 h N

H,Pc

Scheme 1.7: General synthesis for metal-free Pc.

Pc synthesis is straightforward and yields around 40%. Phthalonitrile 1.29 reacts with lithium
pentanolate in refluxing pentanol to produce Pc 1.28. Acetic acid removes metal to produce

phthalocyanines as shown in Scheme 1.8.3%3

N OR OR
O _on— Y —
SN ON -
N
1.29 1.30 131
l OR

Q\( {9 Q\rOR 1.319
N Ns X
! R N _ RO
NH N

-OR NN

X N =~ > - <N
IIV }{N Cycilsation RO N N
N
H,Pc 1.32 1.31

1.28

Scheme 1.8: Mechanism of metal-free phthalocyanine formation.

1.5.3 Absorption spectra of metal-free phthalocyanine 1.28:

Phthalocyanines show different ultraviolet-visible (UV-vis) spectra, involving a prominent ab-
sorption peak in the red end of the visible region known as the Q-band, which occurs around
650—720 nm. This is responsible for the intense colour of the phthalocyanine, and its position
is largely influenced by the central metal and the substituents on the Pc ring as transitions occur
from (m - ©*) orbitals. In addition, a second band known as the B-band is seen as a wide band
with a wavelength range of 300-400 nm.*>*¢ Gouterman’s four-orbital model is shown in Fig-

ure 1.19.
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b1u

€g I\ \ LUMO

Q
alu HOMO
B,
B,
Au
b2u

Figure 1.19: Energy level diagram of phthalocyanine showing transitions that give rise to absorption
bands.

The symmetry of metal phthalocyanine (MPc) results in degenerate orbitals, and it exhibits a
single main Q band.*>*® However, in the case of metal-free phthalocyanine, the absence of

molecular symmetry results in nondegenerate orbitals and causes it to have two distinct main

Q-bands, as seen in Figure 1.20.

@)

(b) Q-Band
0.8 4
0.6 4 B-Band

Absorbance (a. u.)

0.0

T 4 T d . T ) T o T L
300 400 500 600 700 800
Wavelength (nm)

Figure 1.20: Standard UV—Visible spectra for a phthalocyanine in two forms: (a) as a free-base and
(b) as a metal complex.®
Reproduced with permission from (1.20).

1.6 Porphyrin and phthalocyanine arrays:

Over recent years there has been a lot of interest in porphyrin and phthalocyanine molecules

both because of how special they are when it comes to electronics and optics and for the chem-
ical properties they possess. These molecules have served as building blocks for creating struc-
tures that have found various uses in materials science applications, like linear arrays and multi-

decker complexes. Linear arrays are often used in applications that involve wires and collecting
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light efficiently for transferring electrons. Linkers can play a role in connecting core units and
forming double- or triple-decker sandwich compounds known as dyads and triads. The intra-
molecular interactions can significantly influence the spectroscopic and physical properties of
the materials while also affecting their electrochemical characteristics. Porphyrins can get in-
volved in electrophilic substitution reactions to form new compounds; further steps may pro-
vide complex structures, such as dimers and triads, by linking porphyrin molecules with hy-
drocarbon chains at the meso or B locations.?”*%3%40 Intramolecular (r-r) and (f-f) interactions
affect the attributes and physical properties of complexes, as well as their spectroscopic and
electrochemical features. Triple-decker sandwich structures display multiple oxidation states
43

that render them ideal for information storage,*! applications in molecular magnets,* sensors,

and field-effect transistors.**

1.6.1 Dyvads, triads, and sandwich-type complexes:

1.6.2 Definition:

The porphyrin dyad is a chemical structure consisting of two porphyrin rings connected by a

37,38,39,40

linker, while the triad comprises three porphyrin units attached by a linker, such as an

alkane chain. Sandwich complexes are structures in which a metal ion is coordinated by two

Linker—s| W
Ny

porphyf

GRS
Linker_s
( porphyr,

Porphyrin dyad Porphyrin triad Porphyrin sandwich complex

rings (Figure 1.21).

Figure 1.21: General structures of porphyrin dyad, triad, and sandwich complexes.

Conjugated pairs of porphyrin molecules exhibit electronic properties that make them useful
in various applications. Furthermore, scientists have examined porphyrin pairs that incorporate
both electron acceptor and donor elements. These pairs are crafted to replicate processes of
electron and energy transfer, providing insights into photosynthesis, where light energy is
transformed into chemical energy.*> The process comprises two steps. The first is the absorp-
tion of energy by molecules, at a particular wavelength. After light excites the system, in a

process called photoinduced electron transfer (PET), it generates charges in the reaction centre
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area.*® To be effective a light gathering system employs arrays of chromophores made up of
porphyrin compounds linked to either electron donors or acceptors.

In one example,*’ the Sonogashira cross-coupling method (Scheme 1.9) connected two sets of
palladium (II) B octaethylporphyrin to nickel (II) meso diphenylporphyrin and methyl pyrophe-
ophorbide a using a butenyne bridge, 1.36 and 1.37. The optical properties of the two sets
differed significantly from their components, suggesting electronic interaction between the
units in both their normal and excited states facilitating fast energy transfer between the chro-
mophores. Dyads 1.36 and 1.37 show absorption across the visible spectrum, like panchromatic
dyes, and could be useful as photosensitisers for converting solar light into energy systems.
Certain porphyrin dyads with a donor and acceptor unit in an unsymmetrical setup are also

used in this system, as shown in Figure 1.22.%

Et 133 Et

Pd(PPhj),
Cul

1,4-dioxane / Et;N

60 °C

Scheme 1.9: Synthesis of dyads 1.36 and 1.37.

Light Light

Energy conversion \ Energy conversion

Figure 1.22: Porphyrins act as electron donor-acceptor pairs.
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1.6.3 Types of arrays:

1.6.3.1 Homo-arrays of porphyvrins:

In 1994, Therien and his colleagues*® produced a novel category of porphyrin arrays, meso-
meso ethyne-linked linear porphyrin arrays, as shown in Figure 1.23; within these arrays, por-
phyrin chromophores are connected by individual ethynyl bridges at the meso-location.

Porphyrin dyad 1.38, which includes a single ethyne bridge, and porphyrin triads 1.39, have
been created by the combination of 5-bromo-10,20-diphenylporphyrinatozinc and ethyne-elab-
orated porphyrin synthons using palladium-catalysed coupling. Acetylene-linked porphyrins
exhibit unique photophysical and electrochemical properties due to their excellent electronic

interactions with chromophores. ¢

Ph Ph

Ph Ph

1.38

Ph Ph Ph
Ph Ph Ph

1.39

Figure 1.23: Meso-meso ethyne-linked (1.38) and di-ethyne-linked (1.39) linear porphyrin arrays.

There are potential applications of directly meso-meso connected linear porphyrin arrays in
nanotechnology and optoelectronic devices. Various techniques have been used to directly pro-
duce linear arrays of porphyrins that are coupled at the meso-meso positions. For instance, a
Zn porphyrin array 1.40 has been produced using oxidative coupling with silver salts to bring

the porphyrin monomers closer together, facilitating fast energy transfer (Figure 1.24). 40

CsHyy 1440
Ar
CsHyy

Figure 1.24: Directly meso-meso-linked linear Zn porphyrin arrays 1.40.

Jin, Chen et al. successfully synthesised 10—12 linear porphyrin arrays using iodine (III) rea-
gents [bis(trifluoroacetoxy)iodo] benzene (PIFA), PhI(OCOCF3),, or (Diacetoxyiodo)benzene
(PIDA), PhI(OAc), as shown in Scheme 1.10.°"!
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Ph Ph Ph Ph
PIFA
CHCl,

Ph Ph Ph Ph

1.41 1.42

PIFA= [bis(trifluoroacetoxy)iodo]benzene

Scheme 1.10: Synthesis of meso-meso-linked linear porphyrins 1.42.

Jiblaoui et al.>? successfully prepared porphyrin dimer 1.43 at high yield (75%) using PIFA as

the iodine (III) reagent, as shown in Figure 1.25.

Figure 1.25: Molecular structure of meso-meso-linked porphyrin dimer 1.43.

The Cammidge group>*->*

successfully produced a porphyrin dyad by reacting 2 eq. of TPPOH
1.7 with 0.5 eq. 1,10-dibromodecane and excess K>CO;. The mixture was added in a
sealed tube and heated in dry acetone at 70 °C for 72 hrs, and the yield of 1.44 obtained was
12-57%. Also, they prepared the derivative from 1,12-dibromododecane following the same

conditions and dyad 1.45 was obtained in 27-38% yield, as shown in Scheme 1.11.

Ph Ph Ph

. Ph Ph
1,10-dibromodecane or
1,12 dibromododecane
Ph O OH Dry Acetone, 70 °C, 72 hrs, excess of K,CO;
PH O O Ph

Ph

.
1.7 n=10,12

1.44 or 1.45

Schemel.11: Synthesis of Porphyrin Cio dyad (TPP-O-(CH2)10-O-TPP) 1.44 and C,, dyad (TPP-O-
(CHy)1,-O-TPP) 1.45.

1.6.3.2 Hetero arrays of porphvrins:

Porphyrin hetero arrays have garnered attention because of their wide-ranging applications in
fields like photonics and catalysis, among others. Scientists are exploring methods to create
these arrays by using coupling reactions and coordination chemistry to achieve unique molec-
ular structures; a few examples are outlined below. An effective method involves using por-
phyrin boronates such as 1.46 to create connected Por - arrays like 1.48 by the Suzuki coupling
technique as shown in Scheme 1.12. In this procedure, Porphyrin boronate 1.46 reacts with
bromoporphyrin 1.47 using a palladium catalyst, like Pd (PPh3)s, leading to dyads of porphy-

rins being formed.
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R! R?

Rlsigi\é + BrR3

R! R?
1.46 1.47

Suzuki
coupling

Rl RZ
1 2
R' 148 R

Scheme 1.12: Synthesis of meso-meso-linked porphyrin 1.48 using Suzuki coupling.

Palladium-catalysed C—C coupling has been utilised to synthesise a series of symmetrical and
unsymmetrical porphyrin arrays linked by alkyne and phenyl acetylene moieties, which pro-
vide structural diversity and flexibility.

The synthesis of an exemplar asymmetrical alkyne-linked dyad is depicted in Scheme 1.13 and
an example of the synthesis of linear trimers via copper-free Sonogashira coupling is shown in
Scheme 1.14, which demonstrates the potential of this approach in the production of complex

molecular structures. Also, Figure 1.26 further illustrates examples of unsymmetrical alkyne-

linked dimers 1.55 and 1.56.>°

R! R
R2 H + Br R*
R! R’
1.49 1.50
Copper-Free
Sonogashira
coupling
R! R?
R! R’

1.51

M' & M?=2H or Zn(Il)

Scheme 1.13: Synthesis of asymmetrical alkyne-linked dyad.
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R!
Linker + Br
R!

R2
Br

R2

1.53

1.52
Copper-Free
Sonogashira
coupling

R! R? R!
LinkerLinker
R! R? R!

1.54

M! & M? = 2H or Zn(II) or Ni(Il)

Linker = or -- —

Scheme 1.14: Synthesis of linear trimers by copper-free Sonogashira coupling.

1.55 (20%) 1.56 (33%)

Figure 1.26: Other examples of unsymmetrical alkyne-linked dimers 1.55 and 1.56.

Anabuki et al.>® achieved the direct meso-alkynylation of B, B'-dipyridyl porphyrin using sev-
eral alkynyl lithium reagents. The B, '-dipyridyl groups significantly improve the nucleophilic
addition of the reagents by multiple coordination. This method allowed the synthesis of meso-

ethyne-bridged di-porphyrin 1.60, as shown in Scheme 1.15.

Ar Ar

LiHMDS R
= - s Li—= Ar
m Ar THF l w
0°C, 3hrs

Ar Ar
1.57 1.58

1.60

Scheme 1.15: Synthesis of meso-ethyne-bridged di-porphyrin (Ar = 3,5-di-tert-butylphenyl).

Senge and Feng®’ attempted to examine the relative reactivity of porphyrins at both the free
meso and B positions with RLi. The researchers used 5,15-disubstituted free base porphyrins

21| Page



Introduction Chapter 1

(1.61a, b) as the starting materials, which can be readily synthesised by the reaction of
dipyr-romethane with the alkyl or aryl aldehydes.

Subsequently, Senge and his colleague included these porphyrins in the RLi addition sequence,
which included the hydrolysis step, resulting in the identification of 5,10,15-trisubstituted
por-phyrins (1.62), as seen in Scheme 1.16. Senge and Feng®’ successfully synthesised meso-

meso linked bis porphyrins 1.63 with a good yield, as seen in Scheme 1.17.

RrR! 1. R’Li
2. H,0
@ 3.0DQ R?
—_—
Rl
R! 1.62
1.61 ¢.R'=R>-Bu
a.R!'=Bu d. R'=Bu; R?>=Ph
b.R'= Ph e.R'=R?=Ph

f. R'=Ph; R>=Bu

Scheme 1.16: Synthesis of 5,10,15-trisubstituted porphyrins.

R! R!
R! 2
2.0DQ
R! R!

1.63
d.R'= Bu; R?=Ph

Rl
Lol e.R'=R?=Ph
- f. R!=Ph; R?>= Bu
a. R'=Bu R! R!
b. R'=Ph
@ : “ ﬁ N
R! R!
1.62 1.64
d.R!= Bu: R2= Ph d.R'=Bu; R?=Ph
e. R'=R2=Ph e.R'=R?>=Ph
f. R!= Ph; R2= Bu f. R'=Ph; R?>= Bu

Scheme 1.17: Synthesis of directly linked dimers with mixed meso-substituted porphyrins.

Chen and colleagues created linear porphyrin arrays by synthesising them with iodine reagents,

like Phl (OCOCF) (PIFA) or Phl (OAe) (PIDA), as demonstrated in Schemes 1.18 and 1.19.%®

Ar Ar Ar
PIFA Or PIDA
R — > R R
CHCly
Ar Ar Ar
1.66

1.65
M= Zn, Cu, Ni, Pd
Ar=Ph, p-Cl-CzH,-
R= Ph, p-Cl-CgH,-, p-CF3-C4Hy-. p-CH30-CgHy-, p-CH;-CgH,-, Br

Scheme 1.18: Synthesis of meso-meso-linked linear porphyrin dyad using PIFA or PIDA.
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Ph

R __PIFA
~cuo,

Ph
1.67

Scheme 1.19: Synthesis of dimeric porphyrins with PIFA.

1.6.3.2.1 Porphyrin—phthalocyanine combinations:

The first reported covalent bonding of porphyrins and phthalocyanines in heteroarrays was
achieved by Maillard and his colleagues in 1986.%° The synthesis process commenced by the
treatment of hydroxyporphyrin 1.69 with nitrophthalonitrile 1.70, followed by condensation
with 4-tert-butylphthalonitrile 1.72 in the presence of zinc powder. This reaction produced dy-
ads 1.73 and 1.74, as illustrated in Scheme 1.20.%%°

o fifééiogﬁ L imameon
Scheme 1.20: Product of mixed porphyrin-phthalocyanine dyads 1.73 and 1.74.

1.7 Homoleptic double- and triple-decker complexes:

1.7.1 Lanthanide metals and contraction effect:

Lanthanide characteristics are in part dictated by the size of the positive ion in an oxidation
state of Ln™, which is a more common state than Ln** and Ln*2. Lanthanides have been exten-
sively studied in the creation of TDs, because they provide the necessary size and acceptable
oxidation state. Numerous heteroleptic and/or homoleptic double-decker and triple-decker
compounds may be produced using these rare earth metals. The lanthanides decrease in ionic
radius from lanthanum (1.03 A) to lutetium (0.86 A), as the atomic number increases. Inner
shell electrons protect outer shell electrons from nuclear charge, ensuring they remain unaf-
fected, as shown in Figure 1.27 and Tablel.l. In addition, lanthanides may also form (1:1)

complexes with porphyrinoids. Lanthanide ions are bigger than the cavities of Por and Pc
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ligands; therefore the metal centres are above the planar macrocycles, as shown in Figurel.28.

37,38, 61,62,63

G- CJ .

Lanthanide Contraction

[
»

Size Decreased

Figure 1.27: Lanthanide contraction in La, Pr and Nd; decrease in the ionic radius for each Ln** ion

from left to right across the series.

:—N.N— —
Figure 1.28: Lanthanides’ location on porphyrin and Pc molecules.

Table 1.1: Selected Properties of lanthanides and their ions:

Neutral M Tonic
Atomic Num-
- Name Symbol Valence Valence Radius
er
Electrons Electrons M™%, A)

57 Lanthanum La [Xe] 5d'6s? - 1.03 A
58 Cerium Ce [Xe] 4£15d'6s? 4f! 1.02 A
59 Praseodymium Pr [Xe] 4135d%6s? 4f2 0.99 A
60 Neodymium Nd [Xe] 4£*5d%6s? 4f3 0.98 A
61 Promethium Pm [Xe] 4£35d%6s? 4 097 A
62 Samarium Sm [Xe] 4£°5d°6s? 4 0.96 A
63 Europium Eu [Xe] 4175d%6s? 4f6 095 A
64 Gadolinium Gd [Xe] 4£75d'6s? 4f7 0.94 A
65 Terbium Tb [Xe] 4£°5d%s A 0.92 A
66 Dysprosium Dy [Xe] 411°5d%s> 4 091 A
67 Holmium Ho [Xe] 4f!15d%s? 4f10 0.90 A
68 Erbium Er [Xe] 4f125d%6s? 4f11 0.89 A
69 Thulium Tm [Xe] 4f135d%6s2 412 0.88 A
70 Ytterbium Yb [Xe] 4f145d%6s? 4f13 0.87 A
71 Lutetium Lu [Xe] 4f'*5d'6s Al 0.86 A
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The magnetic properties of matter are defined by how atomic magnetic moments work within
matter. There are three types of properties, diamagnetic (DM), ferromagnetic (FM) and para-
magnetic (PM), which are distinguished by the way these atomic magnetic moments interact
with each other and respond to external magnetic forces. Lanthanides stand out as a group of
materials due to their electronic structures and diverse magnetic characteristics that have
proven valuable for use in applications as molecular devices. When diamagnetic materials
come into contact with a magnetic field, they tend to generate a magnetic field in the opposite
direction. In these materials each electron is paired up within its orbit, resulting in a magnetic
moment of zero in the absence of an external magnetic field.

However, when an external magnetic field is present, it triggers an opposing field within the
material, leading to a weak repulsion. Accordingly, La and Lu have diamagnetic properties and
serve as common examples of such materials. In contrast, ferromagnetic materials display their
characteristics because they have unpaired electrons. If the magnetic field is powerful enough,
the whole material could become magnetised and keep its properties even when the external
field is removed, such as in gadolinium.*® Also, the lanthanides are known to be paramagnetic
because they have their 4f orbitals partially filled and hence have unpaired electrons. Paramag-
netism differs along the series according to the number of 4f electrons that are unpaired.

The homoleptic porphyrins’ and phthalocyanines’ double- and triple-decker complexes with

lanthanide metals are shown in Figure 1.29.

* s qM@_
* ﬂ RN M
Por-D.D Pc-D.D “
Por-T.D
Pc-T.D
Homoleptic
B P
I Por

Figure 1.29: Structure of homoleptic porphyrin or phthalocyanine double- and triple-decker com-
plexes.

1.7.2 Svnthesis of homoleptic phthalocyanine double- and triple-decker complexes:

Sandwich metal bis-phthalocyanine complexes were first synthesised by Russian scientists in
1965. The synthesis of bis-phthalocyanine complexes may be classified into three groups ac-

cording to the nature of the starting molecule.>
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Homoleptic double-decker complexes are often synthesised using the template method or by
metalating the uncoordinated ligand. Kirin and Moskashev® synthesised and characterised the
first lanthanide bis-phthalocyanines. They reacted a combination of phthalonitrile and lantha-
nide acetates at 280—290 °C for 40-90 min, which led to the formation of bis-phthalocyanine

complexes, and the yield of these complexes ranged from 10 to 15%, as shown in Scheme 1.21.

R

R
R N R
NS

N

N K=Y
Réﬁqv TR
NC]@R LnX R YR
—_—— Ny
NC R |

R L“ R
1.29 R /Ny R
Y YK
NN

R’é/\N\%}R

R 1.75 R

Scheme 1.21: Synthesis of homoleptic double decker 1.75.

The homoleptic triple-decker complexes were first described by Russian researchers® in 1967.
The study conducted at 280+290 °C for 1 to 8 hrs produced compounds with double-decker

complexes, including binuclear tris-phthalocyanine complexes PcsLn; (Ln = Pr, Nd, Er, Lu).

N N R R
R N _g NN N
R 175 R R N R
R 176 R

R=H, O(CH,CH,0),, Ln=La, Pr, Nd, Sm-Lu.Y. X=0Ac, Cl

Scheme 1.22: Synthesis of homoleptic double and triple deckers 1.75 and 1.76.

1.7.3 Svnthesis of homoleptic porphyrins double- and triple-decker complexes:

Combinations of bis(2,3,7,8,12,13,17,18-octaethylporphyrinato), tris(2,3,7,8,12,13,17,18-oc-

taethylporphyrinato) with europium (III) and cerium (III) metals were used to synthesise
Eu(OEP),, Eu2(OEP); and Ce(OEP),, Cex(OEP)3, homoleptic porphyrin double- and triple-
decker complexes. As illustrated in Figure 1.31, Buchler ef al. successfully synthesised these
complexes by heating a solution of H2(OEP) and Eu(acac);.H:0 in 1,2,4-trichlorobenzene
(TCB) under nitrogen for 20 hrs.

The double- and triple-decker complexes were then isolated using an alumina column.

Eu(OEP). double-decker was obtained as a dark blue solid with a 79% yield, while Euz(OEP)3
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triple-decker was obtained in a lower yield of 16%.°¢57 The same process was used to synthe-
sise Ce(OEP), DD and Cez(OEP);TD. Ce (OEP), DD was obtained with a 55% yield, while
Ce2(OEP);TD was obtained with a 35% yield (Figure 1.30).

Triple decker Double decker
M= Eu or Ce

Figure 1.30: Homoleptic double and triple deckers.

1.8 Heteroleptic double- and triple-decker complexes:

Tetrapyrrole derivatives with mixed porphyrin and phthalocyanine macrocycles are called het-
eroleptic complexes, and different isomers are theoretically possible, as shown in Figure 1.31

for triple deckers.®®

Por-Pc-T.D - Pc

Heteroleptic - Por

Figure 1.31: Structure of heteroleptic porphyrin-phthalocyanine triple-decker complexes.

Heteroleptic sandwich compounds with porphyrinto or phthalcayinato ligands were first re-
ported in 1986, with increased attention since 1990. Syntheses of novel porphyrin and phthal-
ocyanine triple-decker complexes have been achieved using various methods.

The first technique, “one-by-one deck construction of triple-decker”, includes the reaction of
Ln(acac);.nH2O with porphyrin to form a stable complex, followed by a reaction with phtha-

lonitrile to generate the planned double-decker complexes (Scheme 1.23).%°
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Furthermore, mixes of triple-decker complexes [Por]>[Pc]Ln2 and [Por][Pc]oLn2 were synthe-

sised directly from the corresponding double-decker complexes and the [Por]Ln(acac); precur-

sor.”0-71

M(acac);nH,0 ?
- Phthalomtrlle +

Pn TCB or Octanol (3 DBU
/\/\ ?
A2

_—

--O

Pc Metal

Scheme 1.23. One-pot synthesis with two steps using different starting materials.

The second method, known as the one-pot procedure, improved the synthesis of heteroleptic
double- and triple-decker (porphyrinato)(phthalocyaninates) of various lanthanides (La, Eu).
This method involves beginning with porphyrin, phthalonitrile, and lanthanide acetylacetonate,
and utilising a high-boiling-point alcohol as the solvent. A yield of 30% was obtained by re-
fluxing tetrakis-meso-(4-methoxyphenyl)-porphyrin, 4,5-dicyanobenzo-15-crown-5, lantha-
nide acetylacetonate, and DBU in 1-octanol. This leads to the symmetric heteroleptic triple-
decker compound.”"”> Whereas the double-decker complex 1.79 was synthesised as a green
product with a yield of 12—35%, the triple-decker complex 1.80 was produced as a brown prod-
uct with a yield of 15-30% (Scheme 1.24).

Double-decker

MeO 1.80
Triple-deker

Scheme 1.24: Tsivadze and et al., general protocol for TD formation.

Lu and colleagues” found that the yield of mixed triple-decker rare earth complexes

M;[Por](Pc). is influenced by the metal ionic radius and successfully produced and analysed
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mixed triple-deckers. The reaction of Hz[Por] and M(acac);H2O in TCB was monitored using
UV-vis spectroscopy under N> reflux. The metal-free Hy[Por] was transformed into the half-
sandwich rare earth complex M[Por](acac) within 4-5 hrs, resulting in a red solution.

The solution was cooled under nitrogen and then double-decker M(Pc), was added. The mix-
ture was heated for 12 hrs, resulting in a dark green solution, and it was purified using column
chromatography and precipitated into MeOH, affording the triple-decker complex. Nine TD
complexes with A2B type structures (Schemel.25) were synthesised, with yields up to 58% of
Lno[Por](Pc)> obtained for Eu, Sm, Gd, Tb, Dy and Pr, while Ce; and La> TD produced lower
yields.”

Nen

é’ "\N/%

TCB

OH

1.81 1.82
M|[TO(OH)PP](acac) MPc,

M= La....... Dy except Pm R= CgH,;,0

1.83
l'l‘O(OH)I’P = 5-(4-hydroxyphenyl)-10, 15, 20-tris(4-octyloxy)porphyrinato l

M,[TO(OH)PP](Pc),

Scheme 1.25: Synthesis of new mixed rare earth triple-decker complexes with A>B type [5-(4-hy-
droxyphenyl)-10,15,20-tris- (4-octyloxyphenyl) porphyrinato] and phthalocyaninato ligand.

Yang et al.™

succeeded in increasing selectivity forming a terbium (III) triple-decker complex
[(TNP)Tb (Pc)Tb(TNP)] by first generating the half sandwich complex Tb(III)(TNP)(acac) and

reacting it with LizPc in refluxing 1, 2, 4-trichlorobenzene, as shown in Scheme 1.26.

W
Tb(TNP)(acac) + Li,Pc ree
i
—""—
Q»" y O
- o &
N

Scheme 1.26: Synthesis of a triple-decker compound of terbium (I1II).

The resulting compound demonstrated good solubility in common organic solvents such as
chloroform (CHCIs), dichloromethane (CH2Cl2), and toluene. It was purified through column
chromatography, yielding the final product with a 20% recovery.
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The single-crystal X-ray of the terbium (III) TD complex is shown in Figure 1.32 and shows
that each porphyrin is a single atropisomer with the naphthalenes oriented away from the cen-

tral Pc.”*

Figure 1.32: XRD crystal structure of [(TNP)Tb(Pc)Tb(TNP)].”
Reproduced with permission from (1.32).

Birin et al.” have described a strategy to synthesise the heteroleptic lanthanide (porphy-
rinato)(phthalocyanines) by allowing the free-base porphyrin, phthalonitrile, and lanthanide
acetylacetonate to reflux in 1-hexanol with DBU for a day, as shown in Schemel.27. Unsub-
stituted and substituted porphyrins, in addition to unsubstituted and substituted phthalocya-

nines, were employed (Figure 1.33).

Por

-
-

Por

X CN
+ ]@[ + Ln(acac); L
X CN Hexanol

1.86

- [ ]

Porphyrin Phthalocyanine Lanthinde metals

Scheme 1.27: Synthesis of heteroleptic lanthanide TD complexes.

X X
Ar. Ar X X
~-Ns
“NH N<
N, N
Ar Ar N HN
f\ x N2 >:<
X X
X X

X = fused 15-crown-5, (15C5),Pc
X= OBu, (Buo)gPc

X= OMe, (MeO)gPc

X=H, Pc

Ar =R =Ph,TPP
Ar =R = 4-MeC¢H,, TPP

Ar =R = 4-'BuC¢H,, TBP
Ar =R = Mes, TMP

Ar =R = 4-BrC¢H,, Br,TPP|
Ar=Ph,R =H, DPP

Figure 1.33: Ligand designation used by Birin ef al.

Birin and team’” successfully produced lanthanum and neodymium (III) triple-decker com-

plexes, with tetra(4-bromophenyl) porphyrinato and tetra(15-crown-5) phthalocyaninato
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ligands, with 63% and 55% yields respectively. Neodymium (III) triple-decker [BrsTPP]
[(BuO)sPc] was obtained in 56% yield; however the Neodymium (III) triple-decker [BrsTPP]
[(MeO)sPc] was obtained in only 6% yield. The reaction of unsubstituted phthalocyanine with
Br4TPP revealed that the TD was not formed in this attempt with neodymium metal salt.

The study of mixed sandwich phthalocyanine and porphyrinato europium triple-deckers, con-
ducted by Xia Zhang, Lihong Liu et al.”® proposed a TD complex as shown in Scheme 1.28.
The triple-decker design was formed by coordinating Eu* ions with Pc(OPh)s molecules, re-
fluxing metal-free tetra-pyridyl porphyrin and Eu(acac);.nH2O under N> and isolating and re-
crystallising the desired TD 1.89 product.

D
0

oq
ZO
VG

Eu(acac);.H,O

TCB reflux 2 hrs, under Ny, at 210 °C @ §N N:(\ Q

- ’z
) &
= a [
V4
n

oq
G@ﬁ@G@’

@@

@gﬂ}p@éﬁ

1.88

Eu,[Pc(OPh)g
Double-decke!

E

(TPyP)Eu,[Pc(OPh)gl,
Triple-decker

Scheme 1.28: Synthesis of (phthalocyaninato)(porphyrinato) europium complex (TPyP)Eu;[Pc
(OPh)s]».

Xia Zhang et al.”’ produced Euz[Pc (OPh)s]2(MPyPP) following the above procedure but using
a different porphyrin unit. The mixture of Eu[Pc (OPh)s]2, metal-free MPyPP, and Eu(acac)s.
nH>O was refluxed in TCB for 2 hrs under N2, and the product 1.91 was isolated and gained in
34% yield, as shown in Scheme 1.29.

ac)y.H,O

Eu,[Pc(OPh)g],
Double-decker

S-pyridyl-10, 15, 20-triphenylp

, 10, 16, 17, 23, 24-octa ) aloc; -
................................................................................. (MPYPP)Eu,[Pc(OPh)gl,

Triple-decker

Scheme 1.29: Synthesis of TD complex (MPyPP)Eu,[Pc (OPh)s]» 1.91.
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The Cammidge group®*** has developed a methodology for producing high yields of hetero-
leptic triple-deckers with a bridge. This method uses a dyad intermediate to control the synthe-
sis processes, initially linking two porphyrin units with an n-alkyl chain. For hosting unsubsti-
tuted phthalocyanine and two lanthanide atoms, n-decyl was determined as an appropriate

length for creating (Por-Pc-Por “ABA”) triple-decker 1.92, as shown in Scheme 1.30.

2 eq M(acac);.-H,0

By
"

Where M =La

Scheme 1.30: Procedure for ABA triple-deckers incorporating unsubstituted phthalocyanine devel-
oped by Cammidge ef al.

The Cammidge group successfully grew crystals that confirmed the ABA arrangement, as

Qﬁ“ *:2{3‘%

shown in Figure 1.34.

(.(\C*)- FD— S
Cvﬁ—(\-,f:-)___c { > —(‘ =
O \\ /C—o-—o“

La1(
Cﬁ? = “‘C}‘O\J

Figure 1.34: XRD structure showing the Pc located between di-porphyrin (“ABA”).>
Reproduced with no need for permission in Figure (1.34).

1.9 The significant applications and uses of multi-decker complexes:

The characteristics of sandwich complexes can be tailored by choosing metals and macrocyclic
ligands impacting their spectroscopic traits and redox properties. The versatility of TD com-
plexes renders them appealing for uses like single-molecule magnets (SMMs) and thin-film

transistors (OTFT) mentioned briefly below.

1.9.1 Application of double- and triple-decker complexes in single-molecule magnets:

Double and triple deckers have been utilised as molecular magnets due to their structural and
electronic characteristics. Development of dysprosyium in single-molecule magnets (SMMs)
is particularly noteworthy.*>’8 The powerful magnetic characteristics of dysprosium result from

the electronic distribution; it is difficult to change the direction of magnetism (spin reversal),
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and this ensures that the magnetism remains for a long period (slow relaxation). This is im-
portant to maintain stable magnetic behaviour, which is what is required in SMM applica-
tions.”

These factors play a role in the properties of single-molecule magnets. The characteristics of
the SMM could be altered by changing the types of ligands and the structure of the complexes.’
An analysis carried out as a case study by researchers reviewed the properties of triple-decker
compounds containing yttrium and dysprosium ions, placed in-between ligands like phthalo-
cyanine and porphyrin. These structures (dysprosyium-dysprosyium 1.93, yttrium-dys-
prosyium 1.94, and dysprosyium-ytrium 1.95) showed properties that varied depending on how
metals were paired and coordinated geometrically. Only complexes like 1.93 and 1.94 demon-
strated SMM behaviour, while 1.95 complex did not display any useful traits. The group studied
the structure of dysprosium compounds using X-ray crystal diffraction analysis to understand
their composition and features, as shown in Figure 1.35. Interestingly, they found that the ar-

rangement of the macrocycles impacted the properties of SMMs.

non-SMM Swmm Field-induced
SMM

@ 0 O

0=10°

+ + +
M & @ @
0=25°

Figure 1.35: Mixed triple decker of (phthalocyaninato) (porphyrinato) with (Dy—Dy) 1.93, (Y—Dy)
1.94, and (Dy-Y) 1.95.%
Reproduced with no need for permission in Figure (1.35).

A second example in SMM applications was the dysprosium-containing heteroleptic double-
decker complexes shown in Scheme 1.31. In this study, three sandwich-type dysprosium com-
plexes, namely Dy(Pc)(TCPP) 1.96, Dy(Pc)(TPP) 1.97, and Dy(Pc)(TBPP) 1.98, consisting of
a dysprosium ion between phthalocyanine and porphyrin ligands and meso-attached phenyl
substituents, (e.g. cyano-phenyl, phenyl, and tert-butylphenyl groups), Dy (III) (Pc)(TCPP)
1.96, was prepared by refluxing a mixture of HoTCPP and Dy(acac);.nH>O in octanol under
nitrogen for 4 hrs. After a brief cooling, LioPc was added, and the resulting mixture was heated
to reflux for a further 4 hrs under N». After cooling, the solvent was removed and then purified

by chromatography on a silica gel column with CHCl5 as the eluent.®!
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[R= CN, H, C(CH3);]

{Por =TCPP, TPP, TBPP; Pc = unsubstituted phthalocyaninate
TCPP=5,10,15,20-tetrakis(4-cyanophenyl)porphyrinate.
TPP=5,10,15,20-tetrakis(phenyl)porphyrinate.
TBPP=5,10,15,20-tetrakis[(4-tert-butyl) phenyl]porphyrinate}

Scheme 1.31: A molecular schematic of the sandwich-type mixed (phthalocyaninato)(porphyrinato)
double-decker complex 1.96, wherein R may be (CN, H, or C(CHz3)s.

=3 < 3 : / side

Figure 1.36: The molecule structure of Dy (Pc)(TCPP) double decker 1.96. 8!
Reproduced with permission from (1.36).

1.9.2 Utilisation of triple-decker structure in organic thin-film transistors (OTFT):

Organic thin-film transistors (OTFTs) are versatile low-cost devices used widely in applica-
tions. Using porphyrins and phthalocyanines in such transistors can boost semiconductor char-
acteristics such as charge mobility. When they are integrated into triple-decker structures, there
have been advancements observed in how electric charges move within the devices. The ar-
rangement of the macrocycles enhances the alignment of m orbitals to facilitate the movement

of charges in the semiconductor materials.

(TPP)Eu,[Pc(OPh)g],
Triple-decker
Ambipolar semiconductor

Figure 1.37: Organic thin-film transistors based on heteroleptic triple-decker structures.
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2. Results and discussion:

2.1 Introduction to the aims of the project:

The Cammidge group successfully synthesised a series of connected multi-decker structures.!
In the approach, two porphyrins are connected by a flexible carbon-chain spacer (decyl and
dodecyl linker) selected to prevent the synthesis of intramolecular porphyrin-porphyrin double-
decker complexes and then connected to phthalocyanine to form a triple decker. By using this
simple method and precursor, this procedure achieved high yields (Scheme 2.1).

These complexes have properties useful for several potential applications in materials sciences,
such as their optical, physical, spectroscopic, electrical, and electrochemical characteristics;
they also have vast potential in multibit molecular information storage, sensors, nonlinear op-

tical materials, nanomaterials, and single-molecule magnets.>

Scheme 2.1: Previous observation from our group.!

The first goal of this project was to extend this work, replacing the molecule of Pc with other
porphyrinoid cores, such as octaethylporphyrin 2.1 and protoporphyrin (IX) 2.2, resulting in
the heteroleptic (Pn-La-OEP-La-Pn) 2.3 and (Pn-La-PPN-La-Pn) 2.4 triple-decker structures

shown in Scheme 2.2.
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+ 2eq Ln(acac);H,0, Ln = La, Nd and Pr
Solvent

2eq Ln(acac);H,0, Ln = La, Nd and Pr

Solvent

TD (ABA)

Scheme 2.2: Initially planned routes to linked porphyrin TDs.

If successful, the second goal of this project was to incorporate porphyrins in the bridge by
reacting protoporphyrin and TPP-OH to produce porphyrin triad 2.13, as shown in Scheme
2.3.

OH
CHO @/ =
+ HN Propionic acid
@ * oHC D —_—
2.6 2.7 2.8

refux , 30 min

~
/
O DCC 2.11
DMAP 2.12
+ Dry DCM
o
OH
22 ¢’on

Scheme 2.3: Final planned routes to form porphyrin triad 2.13.

The final stage, linking the porphyrin triad with 2 eq. of Ln and 1 eq. of another molecule of

2.1, would yield the assemblies as shown in Scheme 2.4.
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Scheme 2.4: Final planned route to form porphyrin triple-decker 2.14.

2.2 Svnthesis of p-hvdroxyphenyl-10.15.20-triphenyl-porphyrin TPPOH:

The TPPOH was prepared by using a modified version of Adler’s methodology,*® by using
(2:2) and (3:1) benzaldehyde 2.6 and 4-hydroxybenzaldehyde 2.7, respectively. Propionic acid,
benzaldehyde 2.6, and 4-hydroxybenzaldehyde 2.7 were combined and heated to reflux. The
mixture was further refluxed after adding freshly distilled pyrrole 2.8 dropwise.

Methanol was added once the mixture had cooled. The crude was placed in the refrigerator
overnight to form a precipitate comprising mostly the desired TPPOH 2.9 (5-p-hydroxyphenyl-
10,15,20- triphenyl-porphyrin) and tetraphenyl porphyrin 2.10 as a side product (Scheme 2.5).

Scheme 2.5: Synthesis of TPP-OH 2.9.
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o » TPPOH
29

Scheme 2.6: Mechanism of TPP-OH formation.

We used the group’s method to separate TPPOH 2.9,° by using a silica gel column. The first
purple fraction TPP 2.10 was collected by using DCM: Pet-ether (1:1). After no more purple
solution eluted, the solvent system was changed to 100% DCM to recover all TPP-OH frac-
tions. The yield was only 1.2-2%, indicating that further attempts to improve the yield of
TPPOH were justified. The results are presented in Table 2.1.
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Table 2.1: Attempts to improve the yield of TPPOH 2.9:
En- | 2.6 Eq, (g) | 2.7 Eq, (g2) | 2.8 Eq, (g) | Propionic-acid | Reflux- Addition of 2.9 Yield %
try ml Time of 2.9
1. 2,(5.3) 2,(6.1) 4,(6.7) 200 1 hr one time 1
2. 2,(5.3) 2, (6.1) 4,(6.7) 200 15 min one time trace (0.1)
3. 2, (10.6) 2,(12.2) 4,(13.4) 400 1 one time no TPPOH iso-
lated
4. 3,(7.96) 1,(3.05) | 4,(6.94) 250 30 min dropwise 1.6
5. 3,(3.97) 1,(1.52) 4, (3.14) 200 45 min dropwise 4.05
6. 3,(7.96) 1,(3.05) | 4,(6.94) 150 30 min Dropwise 1.44
7 — 9 min
7. 3,(3.97) 1,(152) | 4,319 200 1 one time 4.13
8. 3,(7.96) 1, (3.05) 4, (6.94) 200 1 Dropwise 1.2
9, 3,(17.5) 1, (7) 4, (14.95) 460 1hr 30 min one time 5.1
10. 3,(15.92) 1(6.1) 4,(13.42) 400 1 dropwise 4.24

2.2.1 Attempts to prepare and speed up the separation of TPPOH:

Table 2.1 shows 10 attempts to prepare TPPOH 2.9, varying solvent amount and distilled pyr-
role addition, and using (2:2) and (3:1) ratios for 2.6 and 2.7, respectively. The experiment
involved adding four equivalents of distilled pyrrole 2.8 in various ways, including dropwise
and all-at-once, and refluxing all entries, with reaction times ranging from 15 to 90 min. In
attempt (4), the reaction mixture was divided into two equal flasks to investigate the impact of
the lack of propionic acid after the end of the reaction by examining the yield after precipitation.
One was placed directly with methanol after cooling to precipitate. In the other, MeOH was
added after evaporating half of the acid. We noticed that removing part of the acid after the end
of the reaction did not increase the yield. Reaction 9 provided a high yield (5.1%) of TPPOH
2.9 when using the high quantity of reacting materials 2.6, 2.7, and 2.8 in 460 ml of propionic
acid. The original method ® was initially employed for a column chromatography, with a solid
phase length of 6 cm and DCM: Pet-ether (1:1) solvent to collect side product TPP 2.10 and
then 100% of DCM to recover the desired product 2.9. The system is effective but takes 8 hrs
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to isolate 2.9, prompting numerous attempts using various solvent systems to reduce this time.
A combination of dichloromethane/petroleum ether (3:7) and THF/petroleum ether (1:1) was
used; however, it failed to produce a pure fraction and required two columns for the separation
of TPPOH.” The secondary solvent system, using THF: Pet-ether (1:9 v/v) as an eluent, re-
quired an additional column to isolate TPPOH.®

The optimum solvent solution identified for isolating TPPOH 2.9 was (3:1) and (4:1) DCM:
Pet-ether, with TPP 2.10 recovered as the first fraction. The second fraction created a 250 ml
mixture of 2.10 and 2.9. The polarity was increased to 100% for pure TPPOH, as shown in the
TLC plate in Figure 2.1. This proved superior to the reported system,’ as it took only 3 hrs, as
opposed to 8 hrs.

= ——> TPP 2.10

[ ] > TPPOH 2.9

Figure 2.1: TLC shows the fractions of the TPPOH reaction in the (3:1) DCM:Pet-ether eluant.

We recommend a refluxing time of 30 min for normal quantities, 1 hr for double quantities,
and 90 min for high scales. In terms of ratio, (3:1) produced a good amount of 2.9, as shown
above in Table 2.1. A 2:2 ratio of starting materials causes a low yield of TPPOH due to the

potential for side products, as shown in Figure 2.2.

Figure 2.2: Possible side products from a 2:2 aldehyde ratio reaction.

As discussed above, the modifications to isolate the TPPOH have a big impact on time, effec-
tiveness, and solvent consumption. To minimise solvent consumption and expedite TPPOH
purification time, the solid phase’s length is limited to 10 cm. The solvent system used to isolate

2.9 should have an (Rf) of 0.21-0.4. Distilled pyrrole can be added at once or drop by drop
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without affecting the reaction. The monohydroxy porphyrin TPPOH 2.9 was obtained in 5.1%
yield and was characterised by using 'H NMR and UV-vis spectroscopy.

The '"H NMR spectrum showed a signal from the OH group in the para position, which has a
chemical shift of 5.18 ppm. The protons in the porphyrin ring a, b, ¢, d, and e were in the
aromatic range and were more deshielded. Signals for e and c clearly indicate formation of the
unsymmetrical TPPOH. The shielded amino protons of the macrocycle resonate at -2.77, as

shown in Figure 2.3.

-

z
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.MUM
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2.02=
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f1 (ppm)

Figure 2.3: '"H NMR spectrum of TPPOH 2.9.

Porphyrins exhibit characteristic absorption spectra in the near-UV and visible regions, which
is attributed to their m-conjugation system. This conjugation system considerably decreases the
energy gap between the highest occupied molecule orbital (HOMO) and the lowest unoccupied

%10.1L12 can be observed around

molecule orbital (LUMO). As a result, some absorption bands
400 nm, which are referred to as (B) bands, and weaker absorption bands may be noticed in
the range between 500 and 750 nm, which are referred as Q bands. The TPPOH 2.9 showed
the two types of characteristic bands; the B band is at 418 nm, while the Q bands are 515, 550,

591, and 648 nm, as shown in Figure 2.4.
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Figure 2.4: UV-vis spectrum of TPPOH 2.9 in DCM.

The second product that formed from the TPPOH 2.9 reaction as a side product was TPP 2.10
in 19% yield, and the '"H NMR spectrum of TPP is shown in Figure 2.5. The 2.10 molecule is

more symmetrical than 2.9.

YWY 1 | JL

11981

8.00 —=
8.37 =

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
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0 -1.5 -20 -25 -3.0 -35 -4.(
f1 (ppm)

Figure 2.5: "H NMR spectrum of TPP 2.10.

The UV-vis spectrum is almost identical to that of TPPOH: the B band is at 417 nm, while the
Q bands are at 514, 549, 590, and 648 nm, as shown in Figure 2.6.%1%11:12
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Figure 2.6: UV-vis spectrum of TPP 2.10 in DCM.

2.3 Alkylation of TPP-OH:

As shown in Scheme 2.7, there are two potential methods for preparing the required porphyrin-

porphyrin dyad 2.5. Pathway a was chosen for synthesising the porphyrin dyad, which was
directly synthesised using a well-established alkylation method for creating multi-porphyrin
arrays.®!3!%In method b, the product is synthesised sequentially by reacting one equivalent of
TPP-OH 2.9 with an excess of dibromodecane to make a monosubstituted porphyrin 2.15. This
is then reacted with another equivalent of TPP-OH to generate the final product Cio dyad 2.5.

One- pot reaction

K,CO;4

TPPor(c;:;r\_\—\_\

2.15 Br

f\@i%o\
®
O AN O m O
25
¢

Scheme 2.7: Preparation of di-porphyrin 2.5 in two ways a and b.

Although the process of creating the dyad may seem straightforward, managing the unwanted
by-products has proven to be a significant challenge. The selection of base, solvent, tempera-
ture, and reaction duration all influence the outcome of this reaction.

The dyad reaction gave a low yield and took a long time, which caused us to make many at-
tempts to improve the yield. We have made many attempts to form a Cio-dyad by the one-pot

reaction using different conditions, as shown in Table 2.2.
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Table 2.2: Attempts to improve the yield of Cjo-dyad 2.5:
En- | 29, | 1,10 Dibromo- Solvent e
Base/ (g) Temp./ Time Yield of
try () decane, (g)
2.5
1. 0.2) (0.048) K2CO3/ (0.4582) Dry-acetone, At 70 °C for 48 hrs in (0.051),
(10) ml a sealed tube ~ (23%).
2. (0.466) (0.111) K>CO3/ (1.23) Dry-acetone, 9 days at 70 °C, in (0.22),
(8) ml a sealed tube ~ (43%).
3. 0.3) (0.07) K>CO3/ (0.85) Dry-acetone, 18 days at 70 °C, in (0.13),
(8) ml a sealed tube ~ (39%).
4. (0.25) (0.0595) K>CO3/(0.329) Dry-acetone, 12 days at 70 °C, in (0.15),
(6) ml a sealed tube ~ (54%).
5. (0.1) (0.024) K2CO3/ (0.6) DMA, (6) ml 3 days. reflux at 165 °C, (0.05),
Under N, ~ (45%).
6. (0.27) (0.06) K,COs, / (1.062) Dry-acetone, At 70 °C, 18 days gave (0.17),
(12) ml pure dyad, in a sealed = (56%).
tube
7. 0.3) (0.07) K>COs/(1.12),18- Dry-acetone, 2 weeks at 70 °C, in (0.165),
crown-6/(0.11). (12) ml a sealed tube ~ (49%).
8. (0.22) (0.052) K»CO3/(0.22) Dry-acetone, 10 days at 70 °C, in a (0.12),
(10) ml sealed tube (49%).
9, (0.235) (0.056) K>,CO3/(0.52) & Dry-acetone, Week at 70 °C, catalyst (0.19),
18-crown-6/(0.1) (8) ml cause to decrease the =~ (72%).
time of reaction, in a
sealed tube
10. 1) (0.24) K>2CO3/ (0.44) Dry-acetone, 12 days at 70 °C, in a (0.984),
(12) ml sealed tube =~ (88%).
11. (1.6) (0.38) K>COs/(0.52) DMF, (23) ml At 70 °C, for 2 hrs. and (1.15),
2 hrs. at 90 °C, Under =~ (64%).
N2
12. (0.6) (0.143) K>COs3 / (0.66) DMF, (17) ml At 70 °C, for 2 hrs. and (0.3),
3 hrs. at 90 °C, Under ~ (45%).
N»

Twelve attempts were made to form the Cio dyad 2.5, varying the conditions to improve the

process. The first attempt yielded the lowest (23%), despite following the same conditions as

previous work, "¢ except that we added the reactants in a sealed tube. Some improvements were
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noted in attempts (2), (3), (4), (6), and (8), as the use of a sealed tube addressed the issue of the

evaporation of the solvent caused by the tiny quantity of acetone utilised (6—12 ml). A 56%
yield of pure dyad was achieved after 18 days.

In an attempt (9), we achieved a significant improvement in yield. After 7 days, 72% of pure
dyad was produced due to the use of 18-crown-6 as a catalyst, resulting in a shorter reaction
time, while in attempt (7), we added the same catalyst after a week from starting the reaction
and the reaction took around two weeks to complete.

Experiment (10) utilised a high-scale reaction involving 1,10 dibromodecane and excess
K2CO3 in dry acetone for 12 days at 70 °C, resulting in a yield of 88% of the dyad. In (5), (11),
and (12), we used DMA and DMF as solvents instead of dry-acetone due to their higher boiling
point. In an attempt (5), the yield was 45% after 72 hrs. The reaction was analysed using TLC
after 24 hrs, revealing the dyad as a distinct spot, weak elimination side product 2.16, and clear
monosubstituted porphyrin 2.15. The reaction was stopped after 72 hrs due to the strong spot

corresponding to elimination product 2.16.

Elimination product
2.16

Figure 2.7 Porphyrin dyad 2.5 and expected side products 2.15 and 2.16.

The time needed for a good yield was around three days. The optimisation of di-porphyrin
preparation and isolation attempts using DMF as a solvent was conducted in attempts (11) and
(12). In attempt (11), TPPOH 2.9 was reacted with 0.5 eq. of 1,10 dibromodecane and excess
K2CO3 in DMF for 2 hrs at 70 °C and 2 hrs at 90 °C, yielding 64% of the desired product 2.5.
In attempt (12), we used a smaller scale and reacted TPPOH with 1,10 dibromodecane and
excess base in DMF, taking 2 hrs at 70 °C and 3 hrs at 90 °C, yielding 45%. Reactions (11)
and (12) were concluded when the colour changed from reddish brown to bright purple, indi-

cating the end of the reactions, as shown in Figure 2.8.
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BRC10Dyadlin]DE L
Figure 2.8: Dyad Cio 2.5 reaction in DMF at the start and end of reaction in attempts (11) and (12).

In attempt (5), the solvent was evaporated, DCM added and washed. Column chromatography
was used for purification, with a (3:1) ratio of DCM: Pet-ether. The first fraction was
(TPPOC10H19) 2.16, while the second fraction was dyad 2.5. Increasing the polarity to 100%
DCM enabled the recovery of unreacted TPPOH 2.9, and the TLC of these attempts is illus-
trated in Figure 2.9.

== ———> Elimination product 2.16
— ———> Dyad 2.5

— ——1—> monosubstituted product 2.15

@ ——TPPOH2Y9

_'=—> Dyad on the baseline 2.5
Figure 2.9: TLC showing fractions in attempt (5) during the reaction.

The dyad was found to stick on the baseline in attempts (5), (11), and (12); some quantity was
recovered by using DCM: THF (9:1) and gradually increasing the polarity of the solvent sys-
tem. The low solubility of the dyad 2.5 was unavoidable due to it crystallising in the column,
although many types of solvents were used, even THF. The overall yield of target product 2.5
in attempts (5), (11), and (12) did not increase to more than 64% due to the formation of a by-
product 2.16. Eventually, we developed a purification protocol that avoided chromatography
and used recrystallisation only.

Figure 2.10 shows the 'H NMR spectrum of the C1o dyad. The triplet signal at 4.28 ppm is for
protons that are near the oxygen atom from the aliphatic chain of the dyad. There is no triplet

signal at 3.37 ppm (CH>-Br), indicating that monosubstituted porphyrin 2.15 is absent. The
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shielded four amino protons of the macrocycle have resonance at -2.77 ppm due to the ring

current effec

t.14
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Figure 2.10: "H NMR spectrum for Cy dyad 2.5 in CDCls.

The Cio dyad UV-V spectrum has a B-band around 419 mm, while the Q-bands are 516, 551,
591, and 648 nm, as shown in Figure 2.11. We also checked MALDI-TOF-MS of pure 2.5.

Absorbance

C,p -Dyad

550 600 650 700 750

Wavelength (nm)

Figure 2.11: UV-vis spectrum of Cjo dyad in DCM.

In summary, the optimal reaction conditions involved 12 days of refluxing the mixture in ace-

tone, adding water, filtering the precipitate, and recrystallising to produce a purple solid prod-

uct with 88% yield. We were also able to prepare the dyad by a two-step reaction. We formed

2.15 in a first stage by reacting one equivalent of TPPOH 2.9 with 1.2 eq. of 1,10 dibromodec-

ane in dry-acetone in the presence of K2COs3 for 34 hrs.

Using column chromatography over silica gel with THF: Pet-ether (1:3 v/v) and then recrys-

tallising from DCM/MeOH produced 42% of 2.15. It was then possible to form the dyad (20%)

by reacting TPP-OCoBr with another equivalent of TPPOH and an excess of K2COs3 in dry-
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acetone for 72 hrs. The UV-vis spectrum of 2.15 showed the expected similar peaks, with B
band at 418 nm and Q bands at 516, 551, 593, and 651 nm, as shown in Figure 2.12.

(TPP-OC,,Br)

[=]
=]

-0.1 400 450 500 550 &00 650 700 750

| — (TPP-OCL0Br) |

Figure 2.12: UV-vis spectrum of (TPP-OC,oBr) 2.15 in DCM.

The '"H NMR spectrum of 2.15 showed two (2H) triplet signals at 4.25 ppm and at 3.44 ppm,
indicating the monosubstituted porphyrin, as shown in Figure 2.13. Also, we checked MALDI-
TOF-MS of pure 2.15.
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Figure 2.13: "H NMR spectrum of TPP-OCoBr 2.15 in CDCls.

Based on the information shown in Table 2.3, we also made four efforts to synthesise the por-

phyrin Ci2-dyad 2.17.
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Table 2.3: Attempts for the formation of C;>-dyad 2.17 in different conditions:

Entry. | 2.9,g | 1,12-dibromo-do- Base/g Solvent, Temp. / & Weight g
decane, (g) ml time of reac- of 2.17,
tion Yield
1. (0.259) (0.067) K>CO3/(0.398) | MEK, (10) | Under N, At 80 0.051,
and Potassium °C, 29 hrs ~ (17%),
iodide / (0.137)
2. (0.260) (0.068) K,CO3/ MEK, (10) | Under N, At 80 (0.154),
(0.3994), Potas- °C, 6 days ~ (52%)
sium iodide
(0.14)
3 (0.94) (0.245) K>CO;/(1.44) | MEK, (25) | Under N, At 80 (0.754),
and Potassium °C, 2 days and = (70%)
iodide / (0.5) 19 hrs
4 (0.94) (0.025) K,CO3/(0.137) | Dry-ace- At 70 °C, 8 (0.501),
tone (8) in days =~ (47%)
a sealed
tube

The process of creating Ci2 Dyad is straightforward, but managing unwanted by-products was
also challenging.®!'*!* Use of TPPOH and 1,12-dibromododecane in MEK solvent under N»,
K>CO3, and potassium iodide, resulting in a desired product of Ci>-dyad at a 17-70% yield in
the three first attempts and took around 29-144 hrs. The elimination side product 2.18 consist-
ently occurred for reactions (1), (2), and (3). Utilising a catalyst to speed up the reaction rate
led to a 70% yield of the desired product 2.17. Longer reaction durations of around 144 hrs
resulted in an increase in the yield of the elimination product 2.18.

In an attempt (4), dry acetone was used at 70 °C with K2COs3, and the desired product yield was
47% in 8 days. KI was not used for the reaction. The "H NMR spectrum of Ci2-dyad is shown
in Figure 2.14. The 4H triplet signal at 4.26 ppm are the protons that are near the oxygen atom
from the aliphatic chain of 2.17. There is no triplet signal at 3.37 ppm (CH2—Br), indicating
that monosubstituted porphyrin 2.19 is absent. The shielded (4H- amino protons) of the mac-

rocycle have resonance at —2.76 ppm due to the ring current effect.!*
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Figure 2.14: '"H NMR spectrum of Cj,-dyad 2.17 in CDCls.

2.4 Synthesis of metal-free phthalocyanine:

Metal-free phthalocyanine 2.21 is crucial for lanthanide triple-decker synthesis and is easily
synthesised. After reviewing the literature, the general method mentioned by Galanin and

Shaposhnikov was chosen due to its high yield, as shown in Scheme 2.8.!%16

N N@
CN 1.PeOH/Li  )»NH N=
2. AcOH N Y
CN * A€ N HNX

N N’

H,Pc
221

2.20

Scheme 2.8: Synthesis of metal-free phthalocyanine 2.21.

We succeeded in preparing the metal-free phthalocyanine 2.21 by dissolving phthalonitrile 2.20
in 1-pentanol, adding excess lithium metal, and refluxing for another hour. Acetic acid was
added to quench the reaction, removing excess metal. Methanol was added to precipitate the
desired Pc as a dark blue solid with a 49% yield.

Figure 2.15 demonstrates the formation of metal-free phthalocyanine as shown by UV-vis spec-
tra; the HoPc has a B band and two Q bands: 377, 654, and 690 nm. Due to the Pc’s 2.21 very
limited solubility in organic solvents, it was not possible to achieve '"H NMR spectra and addi-

tional characterisation.
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Absorbance

Wavelength(nm)

Figure 2.15: UV-vis spectrum of metal-free phthalocyanine 2.21 in THF.

2.5 Formation of triple decker by using unsubstituted phthalocyanine:

Cammidge’s group has recently successfully prepared tripledeckers by linking porphyrin dyads
with Pc. The best length to employ was found to be n-decane.!® Previous studies have suc-
cessfully created the heteroleptic triple-decker porphyrin to phthalocyanine, utilising both
multi-step and single-step synthetic approaches.!”!%!1

The multi-step process was chosen in prior investigations due to its ability to provide a better
product yield, as stated by the Cammidge group.'® The bridged porphyrins prefer to choose the
porphyrin-phthalocyanine-porphyrin triple-decker arrangement (ABA) 2.22, as shown in

Scheme 2.9.

‘Where M = La

Scheme 2.9: Procedure of Cammidge group for formation of bridged TD 2.22.

Following the method of Lucas,!® the first attempt to synthesise compound 2.22 first used a
metalation stage, which involved refluxing lanthanum (III) acetylacetonate hydrate with Cio-
dyad 2.5 in octanol under nitrogen for 16 hrs. Pc 2.21 was added and the reaction was prolonged
for 18 hrs.

We checked this reaction by MALDI-TOF-MS, as shown in Figure 2.16, and it shows many
peaks of side products 651 La-Pc 2.23, 738 unknown, 1163 La-Pc; 2.24, 1186 unknown, 1811
m/z unknown, and triple-decker 2.22 at 2182 m/z. The solvent was distilled off, and the prod-
uct was obtained by column chromatography, using a DCM: Pet-ether eluent, as a dark brown

solid with a meagre yield of around 3%, as shown in Table 2.4.
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Figure 2.16: MALDI-TOF MS result for reaction in attempt (1) following previous work.

We made many attempts to improve the yield of the triple decker by using different methods,

solvents, reaction times, and equivalences of reactants. We used sealed tubes and normal con-

ditions under N> or Ar. Because of the challenges associated with octanol removal, experiments

were also attempted using pentanol as a solvent.

Table 2.4: Attempts for the formation of triple-decker Pc with La 2.22.
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En | 25,¢g Eq of 2.21, | Solvent ml Temp. Time, Method | 2.22, g,
try La/(acac) | Eq,g hrs (%)
38
1 0.02 | 2,(0.0124) | 1,(0.01) | 3, Octanol At 195 °C under 34 2-steps 0.001/
N2 under N> | = (3%)
2 0.02 | 2,(0.0124) | 1,0.007 | 3,Pentanol | At 165 °C, 20 hrs 26 One pot, Trace
and 6 hrs at 170 ina 0.0023/
°C sealed = (8%)
tube
3 0.02 | 2,(0.0124) 1, 3, Pentanol At 165-170 °C 21 1-Step, 0.002/
(0.007) ina = (6%)
sealed
tube
4 0.12 2.2, (0.08) 1.1, 6, Pentanol At 170 °C 27 Step- very
(0.05) wise, in Trace
a sealed
tube
5 0.054 | 2,(0.036) | 1,(0.02) 12, At 140 °C 24 Step- Trace
Pentanol wise,
Under
N»
6 0.05 3.5, 1.5/ 15, Pentanol At 140 °C 34 One pot trace
(0.055) 0.3) 6 drops reaction
DBU and
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degassed
by bub-
bling Ar.
7 0.053 | 2,(0.0357) | 1,(0.02) | 4, Pentanol At 165 °C 34 Ina Trace
sealed amount
tube
8 0.1 2, (0.0623) 1, 15, Octanol at 200 °C for 32 50 2-step Decom-
(0.036) hrs metalation- Under posed
stage. N»
At 200 °C-re-
fluxed, after add-
ing Pc forl8 hrs
9 0.123 | 2, (0.083) 1, 15, Octanol at 200 °C 82 2-step (0.1)/
(0.045) Under | =(50%)
N,

The second attempt produced a triple decker by reacting 2.5, 2.21, and La(acac); in pentanol
at 165 °C for 20 hrs. The presence of TD 2.22 was noticed, and raising the temperature to 170
°C for 6 hrs strengthened the spot. TD was produced with around 8% yield in this attempt. The
third attempt involved a one-pot reaction, with a temperature range of 165—-170 °C for 21 hrs,
resulting in only 6% of 2.22. Attempts 4, 5, 6, and 7 were less successful, producing only trace
amounts of the desired product 2.22.

In attempt 6, Ar was bubbled through the reaction following recommendations of Birin al.,?
but likewise produced only very low yields and many by-products, as shown in Figure 2.17,

which were 1159 LaPc; 2.24, 1281 unknown, 1394 Cio-Dyad 2.5, 1536 La-dyad 2.25, and La-
Pc-TD 2186 m/z.

1354 644079
1129 951249) '
LI Sy 2186 7745
1364 4421
1159 95[049)
1281 THTH) M TTiE)

1536 8Ti85)

Figure 2.17: MALDI-TOF MS result for attempt (6) to form 2.22.

In the 8th attempt, we used a long time for the metalation step for dyad 2.5 and La metal in a

stepwise reaction of around 32 hrs, then added Pc, and we found only the starting materials
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demonstrated in TLC. We confirmed this situation by MALDI-TOF MS, as shown in Figure
2.18.

510.77)607)
1391 91)7224)
511.8301264)
: 1394 33 167)
519 291849
o 139904475}
\

54D 15{r141)

Figure 2.18: MALDI-TOF MS result after 52 hrs in attempt 8.

However, the 9" attempt proved more successful because, in this attempt, we achieved a 50%
yield of 2.22. We followed Lucas,!® except for the time of reaction. We increased the reaction
time from 34 hrs to 3 days and 10 hrs.?’ In this attempt, the MALDI-TOF-MS also showed
many side products: 1164 2.24, 1532 2.25, 1730 unknown, 1928 unknown, and La-TD 2.22, as

shown in Figure 2.19.

1928 99{r248}
1927 89{r401)

1930 02{r350)

2180 404371)
1926 67 {r300)
1931434280

2183 01{r329)

1925 78{r237} 2184 45(r253)

2185 26{r200}
1924 79{r173}
1532 05(r295) 3

1164 .08{r1363) 1529 95{r136}

2176 78{r113)
1923 11{r115}

1730 64{595)
| ]

Figure 2.19: MALDI-TOF MS result after 3 days and 10 hrs in attempt (9).

An earlier investigation by the Cammidge group'® provided a description of the 'H NMR spec-
tra of 2.22. As shown in Figure 2.20, the typical signal at -2.7 ppm has been seen to be absent,
which suggests that there is no metal-free porphyrin. A single triplet for the alkoxide peak (-
O-CH>) at around 4.6 ppm indicates that both ends of the aliphatic chain are placed in an iden-

tical environment (symmetrical molecule).
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Figure 2.20: Analysis of '"H NMR spectrum of the lanthanum triple-decker 2.22 complex in CDCl;.

The TD UV-vis spectrum is shown in Figure 2.21 and exhibits a broad absorption at 360 nm,

characteristic of a sandwich-like complex, a strong absorption at 423 nm in the porphyrin zone,

and bands at 486, 549, and 603 nm."*¢ The results agreed with the expected spectra of structures
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of this type of triple-decker 2.22, where the Pc is between two porphyrin units ([Por]La [Pc]La
[Por]).

TD-Pc with La
0.3
0.25
0.2
0.15
0.1
0.05

340 440 540 640 740 840

——TD-Pc-La Metal free Pc

Figure 2.21: UV-vis spectra of TD 2.22 and metal-free Pc 2.21.

2.6 Metalation studies on porphyrins and Cio-dvad with lanthanide metals,

La and Gd:

2.6.1 Dvyad-metalation: Time-dependent study of absorption spectra:

This section attempts to determine the exact time the metal binds with di-porphyrins. Owing to
the extensive m-conjugated structure, porphyrins and metalloporphyrin exhibit intense absorp-
tion features in the near-UV and visible regions. These bands are sensitive to various factors,
including the ligand structure and the type of metal centre.?!*> To monitor the effect of adding
metal to ligand at different time intervals, we added La(acac);.H>O (0.099 g, 0.31672 mmol)
to a refluxing solution of the Cio-dyad 2.5 (0.06g, 0.0428 mmol) in octanol, and the absorption
spectra were collected labelled as (zero, 1, 12) hrs respectively, as shown in Figure 2.23 .

In the next phase of the experiment, La(acac)s.H,O was added to the mixture on the following
day (after overnight) and refluxed for the next 12 hrs (total 24 hrs). We found that the reaction
sample after 24 hrs had a cloudy appearance compared with the dyad 2.5 sample in the same
solvents (octanol and dry DCM), as shown in Figure 2.22.

We collected the next set of spectra labelled as 24 hrs for (La-dyad) 2.25, as shown in Figure
2.23. It is to be noted that the total number of bands remains the same as dyad 2.5, indicating
the presence of free ligand cores. Therefore, we added Gd- salt to the mixture at different time
intervals, as shown in Figure 2.24. Interestingly, the addition of the second metal (Gd) led to a
reduction from four to three bands at 521, 559, and 601nm, as shown in Figure 2.24, indicating

the inclusion bonding between Gd and the Cio-dyad 2.5.
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Figure 2.22: Samples of reaction on the right side have a cloudy sample (reaction sample) while
the left side was a pure dyad 2.5.

La-0 hr

La-1 hr

La-Overnight
051 La-24 hrs

0.01
430 480 530 580 630 680

La-1 hr La-Overnight La-24 hrs

—La-0 hr

Figure 2.23: Samples of reaction La-Dyad 2.36 in mixed solvents, octanol and dry DCM.

La-Gd- 0 hr
La-Gd-12 hrs
0.15 La-Gd-15 hrs as a total

0.1

0.05

430 480 530 580 630 680
= La-Gd-Ohr La-Gd-12 hrs La-Gd- 15 hrs as a total

Figure 2.24: Samples of reaction La-Gd-Dyad in mixed octanol and dry DCM.
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Figure 2.25: Samples of reaction Ln-Dyad in mixed solvents octanol and dry DCM at zero hr.

There are a number of credible explanations for these observations. Alhunayhin and Soobrattee

238 did not monitor metalation via UV-vis spectroscopy as there was hydrolysis during the

sample preparation process for UV-vis. In other words, metalated products have low stability.

Additionally, we suggest that the metalation product may not be visible in the UV-vis spectra

due to its low solubility, resulting in a cloudy sample, as shown in Figure 2.22.

We suspected that the insoluble product is the bridged Por-La-Por double decker (2.25). Fi-

nally, adding different types of lanthanide metal may produce soluble metal derivates, resulting
in the appearance of the peak for the Gd-dyad (likely 2.26) in both UV spectra and MALDI-
TOF MS, as shown in Figures 2.24 & 2.25. It was not isolated and only proven by MALDI-

TOF-MS, as shown in Figure 2.26.

258(r167)

BBYTT
BTG

88375

2.26

emical Formula: CogH7,GdNgO,
Exact Mass: 1552.52
Molecular Weight: 1552.97

2915311585

158027963

Figure 2.26: MALDI-TOF MS analysis of the final sample of Ln-Dyad reaction and displays the
expected compound Gd-dyad in MALDI-TOF MS.

2.7 Synthesis of lanthanum porphyrin Cio-dvad 2.25:
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We attempted to prepare La-Dyad 2.25 to achieve characterisation. In the first attempt, the
reaction was performed on a good scale by reacting 1 eq. of porphyrin dyad with 1.1 eq. of
lanthanum acetylacetonate hydrate in the presence of DBU, heating in the pentanol at 180 °C
in a sealed tube. In this reaction, we checked TLC after 12 hrs, 2, 3, and 5 days total reaction
time. Three spots stuck to baseline, mostly La-Dyad 2.25 plus unknowns at 733 and 762 m/z,

as shown in Figure 2.27.

o
1.1eq La(acac); La
—_—

X Pentanol Ph
in sealed tube, 5 days
A/
o

Scheme 2.10: Procedure of formation of La-Dyad 2.25.

— ——— » Cjy-dyad 2.5

g ; ———t——> Three spots stuck in the baseline two unknown at 733 and 762 m/z, while the most amount of La-dyad

Figure 2.27: TLC during the reaction after 12 hrs, in 1:6 THF: Pet-ether.

1528.55{r397}

762.80{r307}

733 29{r2563} 1394.32{r361}

To0 =0 =) =0 =) =0 1000 1050 1100 1150 1200 1z50 1300 1350 1300 1450 1500 1550

Figure 2.28: MALDI-TOF MS of di-porphyrin + La reaction after 12 hrs.
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The solvent was distilled off, and the solid residue was found to not dissolve well in any
solvents, even THF. This observation is consistent with the UV-vis study but made the
product impossible to purify by column chromatography. MALDI-TOF-MS was checked
after the reaction, and the expected peak at 1534.46 m/z was observed, as shown in Figure
2.29. We were not able to obtain satisfactory 'H NMR spectroscopic data, even after addition
of hydrazine,>* due to the low solubility. Many attempts have been made to recrystallise the
desired product 2.25 to create an XRD structure. We used DCM: MeOH, DCM: Ethanol, Iso-
propanol, Chloroform: MeOH, DCM, and Hexane. In all recrystallisation attempts, we dis-
solved the solid 2.25 in solvents in a water bath and heated it, but all the attempts failed.

1534.46(12363.05)
1535 51{r1947 .25}

1533.46{r2372.98)

1536.56{r392.64)

1638.01{r258.67}

2.25

1 5398?“—1 4855} ChﬂuicE:l] Fu}(l;ula‘: f;;;[;;.aﬁ';&

Molecular Weight: 1534.63

Figure 2.29: MALDI-TOF MS of La-dimer porphyrin 2.25.
1534.36{r3454.8}

1533.37{r3636.8}

1535.35{r3301.6}

1536.34({r2323.8}

1521.77{r1254.6} 1531.72{r136.6} 1542.28{r2466.1} 1552.28{r2081.2}

1520 1522 1524 1526 1528 1530 1532 1534 1536 1538 1540 1542 1544 1546 1548 1550 1552 1554

Figure 2.30: Negative-reflectron mode MALDI-TOF MS for a new product 2.25.

2.8 Selective synthesis of bridged porphyrin-Pc triple deckers with lantha-

num metal:

When synthesising heteroleptic triple deckers, many factors must be considered, including

whether single- or multi-step techniques are used. For example, a simple, flexible chain
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connecting porphyrins facilitates the assembly of the (ABA) TD when simple Pc is employed
as the third macrocycle. Scheme 2.11 shows our target structure of a bridged Ln-triple-decker

2.3 with OEP 2.1 replacing Pc.

&
@

+ La(acac);H,0
_—
Solvent

Scheme 2.11: Synthesis of La-OEP-Co-dyad triple-decker 2.3.

Exchanging Pc for OEP proved to be much less straightforward than expected, and many at-
tempts to produce the desired TD were made using different techniques, solvents, temperatures,

and timings, as set out in Table 2.5, and considerable variation in the outcomes was observed.

Table 2.5: Attempts for the formation of closed La-porphyrin TD with C;o-dyad 2.3:

Entry | Eq.2.5 [Eq.2.1(g) Eq. La-metal, g Solvent(ml) Temp. |Time, [Reaction
(2) °C hrs
1, (0.1) 1, (0.04) 2, La(acac)s, (0.0623) Pentanol, 4 165 46 Stepwise

methanesulfonate (I11),

(0.151).
1, (0.1) 1, (0.04) 2, La(acac)s, (0.062) Pentanol, 8 170 108 One-pot
1, (0.044) 1, (0.017) 2, La(acac)s, (0.0273) Pentanol, 3, DBU 165 40 One-pot
1, (0.07) 1, (0.03) 2, La(acac)s, (0.05). Pentanol, 3 165 72 One-pot
1, (0.0636) 1, (0.024) 2, La(acac)s, (0.0396). | Pentanol, 12, under 140 24 One-pot
N
1, (0.1) 1.1, (0.04) 2, La(acac)s, (0.0675). Pentanol, 6 165 24 One-pot
1, (0.042) 1, (0.02) 2, La(acac)s, (0.0261). Pentanol, 4 165 120 One-pot
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9, 1, (0.1) 0.9, (0.034) |2, La(acac)s, (0.0674). Pentanol, 6 180 161 One-pot

10. 1, (0.0437) 1, (0.017) 2, La(acac)s, (0.027) Octanol, 10, under 200 34 Stepwise
N

11. 1, (0.1) 1, (0.038) 4, La(acac)s, (0.1246) Octanol, 10, under 200 72 One-pot
N

12. 1, (0.01) 1, (0.0038) |3.9, La(acac)s, (0.013) [Octanol, 5, under N» 200 144 One-pot

and
1,2.21
(0.0037)

13. 1, (0.1) 1, (0.038) 2, La(acac)s, (0.0623) |Hexanol, in a sealed 175 34 One-pot
tube

14. 1, (0.1) 1, (0.038) 2, La(acac)s, (0.081)  |Octanol, 5, and drops 195 34 One-pot

of DBU in a sealed

tube

In the first attempt, we reacted 1 eq. of 2.5 and 2 eq. of La(acac)s;-H20 in pentanol at 165 °C in

a sealed tube for 13 hrs. After that, 2.1 was added to the reaction mixture and the system was

heated for 33 hrs. A drawback of this stepwise reaction is the generation of side products such

as La-Dy 2.25 and La;-OEP; 2.27, which caused no formation of the desired porphyrin triple-

decker. In the second attempt, we reacted 1 eq. of 2.5 and 6 eq. of La trifluoromethanesulfonate
(IT) in pentanol with of DBU in a sealed tube for 3 hrs at 139 °C. After that, we added 1 eq. of
OEP 2.1 and increased the temperature to 165 °C for 30 hrs. We checked TLC and found two
unknown spots plus a La-Dyad 2.25 spot. In Figure 2.31, MALDI-TOF-MS showed the peak

of La-dyad 2.25 at 1539 plus an unknown at 770 m/z. TD was not achieved in this attempt, and

we suggested that the low temperatures and metalation step were unproductive.
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Figure 2.31: MALDI-TOF-MS showing the unknown product and La-dyad peak at 1539.40 m/z.

The one-pot reaction in the third attempt, which included the reflux of 2.5, 2 equivalents of
La(acac);.H20 and one equivalent of OEP 2.1 in pentanol at 170 °C in a sealed tube for 4.5
days, was unsuccessful. The fourth attempt, using 2.5 and 2 eq. of La(acac)s;-H-O, one equiva-
lent of 2.1, and several drops of DBU in pentanol in a sealed tube at 165 °C for 1.5 days also
failed to produce the desired product. In this attempt, by-products were again identified, in-
cluding La-dyad at 1530 m/z 2.25 and an unknown product at 770 m/z, in addition to unreacted
starting material OEP 2.1.

Although TD started to form during the initial 17 hrs of the 5th attempt, using 1 eq. of 2.1 and
2.5 with 2 eq. of La(acac)s in pentanol, the method did not produce a good yield of the triple
decker. Likewise, neither did the 6th nor 7th attempt. However, the 8™ attempt was more prom-
ising. This technique used 1 eq. of 2.1 and 2.5 with 2 eq. of La(acac); in pentanol at 165 °C for
5 days in a sealed tube and produced a low yield, so we tried to improve this by increasing the

time to 120 hrs. La-TD 2.3 formed, as shown in Figure 2.32.
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1834 54{r552) 2208 _88{r613}

Figure 2.32: MALDI-TOF-MS of promising reaction indicating triple decker 2.3.

We used a size exclusion column (THF the first time and DCM on the second attempt) to sep-
arate TD 2.3, but all these attempts failed to give pure products. In the 8" attempt, recrystalli-
sation using (1:1) DCM: MeOH, in Figure 2.33, MALDI-TOF-MS showed the peak of La-
OEP; 2.27 at 1876 plus an unknown at 671 m/z.

671 74{r390}

1876.36{r378)

672.88(1333)
1862.290r509)

1849 124475}

657.97{H196}
655.74(179}

1834 5401352}
669.604r929)
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Figure 2.33: MALDI-TOF-MS shows the side products unknown at 671 m/z and 2.27.

Efforts were made to purify TD 2.3 without column chromatography, but a tiny amount of side
product, La,-OEP3 2.27, remained and couldn’t be removed. Further, all recrystallisation at-
tempts were unsuccessful, and column chromatography was required. Our 9™ attempt initially
appeared successful, as when we reacted 1 eq. of 2.5, 2 eq. of La(acac)s, and 0.9 eq. of 2.1 in
pentanol at 180 °C in a sealed tube, the TLC showed the spot of TD after 17 hrs. After 120 hrs,
TLC showed a very dark reddish-brown spot of 2.3, plus 2.27 in burgundy colour, and a dark
olive-green spot close to the baseline likely to be double-decker 2.25. After one further day, the
spot of La-TD was very faint, while 2.27 and dyad-La 2.25 were in good quantity. By 6 days
and 17 hrs, the 2.3 had wholly decomposed. The 10™ attempt, following previous Cammidge
work, produced only a trace amount of the desired product TD 2.3. Still, the side products 2.27
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and 2.25 and some unreacted starting materials 2.1 were present. Neither the 11" nor 12" at-
tempts produced any positive results. In the former case, since a temperature of 200 °C was
used for 3—6 days, this may have decomposed the TD product. In the latter case, only the start-

ing materials were found, as shown in Figure 2.34.

1392 76{r196}

1391 48{r164}

1300.55{r120}

1396164101}

530.40{r3836}%

532 13{r2842}

500 &on o =00 =
el

Figure 2.34: MALDI-TOF-MS of the 12" attempt showing unreacted starting materials 2.1 and 2.5.

We added Pc 2.21 in the 12" reaction, but there was no TD formation, leading to the abandon-
ment of the reaction. The 13th and 14th attempts also failed to give significant quantities of
TD. In summary, first, high-boiling-point solvents such as octanol and hexanol were unsuitable
for TD porphyrins. Second, DBU may be best avoided in the La-Por-TD 2.3 reaction as it
causes the formation of La-dyad 2.25 as a significant product. Third, the metalation stage in
the stepwise reaction must be 16 hrs and no more because we found 24-34 hrs led to a decom-
position reaction.

Finally, we found the best equivalents of reactants was (1:0.9:2) (dyad: OEP: La(acac)s;.H,O
respectively), and the time to obtain porphyrins TD in a good yield was five days at 180 °C,

while leaving the reaction for longer caused decomposition of La-TD.

2.9 Attempts to improve the vield of lanthanum porphyrins triple decker:

2.9.1 Attempt to produce La-Por-TD by using Na metal:

We dissolved 0.0012 grams of Na metal in pentanol before adding all reactants® from 1 eq. of
2.5, 2 eq. of La(acac); H>O, and 1 eq. of 2.1 in the solvent. After heating at 180 °C in a sealed

tube, with regular TLC checks, it was left overnight, as shown in Scheme 2.12.
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(O
Na+ La(acac);H,0
+ - P .
Pentanol 180 °C
o

TD(ABA)

Scheme 2.12: Synthesis of the La-porphyrins TD 2.3 by using Na metal.

After 48 hrs, TLC was used to check the reaction, revealing two starting materials, OEP 2.1
and Cio-Dyad 2.5, and three new spots. After 96 hrs, TLC analysis showed that the desired
triple decker 2.3 was not achieved; only a very faint spot of 2.5 and four spots of by-products
were observed. The MALDI-TOF-MS and TLC were checked after four days, and we found
unreacted starting material Cjo-dyad 2.5. In Figure 2.35, the peak of La-dyad 2.25 was at 1529
and Lay-OEP3 2.27 at 1873 m/z, plus an unknown at 764 m/z. A very faint, unknown new spot
was at 2067 m/z, as shown in Figure 2.35.

1529 04{r312}

2067 55{r261)

764.28{r165}
| 1396.73{r201}

Li.

1873.70{r331} |

Figure 2.35: MALDI-TOF-MS shows lanthanum triple-decker reaction with sodium pentoxide/penta-
nol.

2.9.2 Formation of bridged La-TD using the dry La(acac)3:

In this experiment,”® we aimed to minimise the moisture by subjecting La(acac); to a drying
process under vacuum conditions at 80 °C for 8 days. We reacted dyad-Cio 2.5 with two equiv-
alents of dried lanthanum(acac); in pentanol at 165 °C in a sealed tube for 3 hrs. 1 eq. of OEP
2.1 was added. After 17 hrs, a strong spot with a burgundy colour was observed corresponding
to La-OEP; 2.27, while unreacted spots 2.5 and 2.1 were also found. We left the reaction for
4 hrs; a faint spot of TD 2.3 was observed and most of the dyad spot had gone.
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We stopped the reaction after 45 hrs as a total reaction time, and the solvent was evaporated.
A product corresponding to the desired TD 2.3 was isolated in a trace amount. We concluded
that two attempts to improve the yield by reducing the moisture in the reactions of porphyrins
triple-decker 2.3 did not yield any positive results. We concluded this for both the above at-
tempts: the first attempt, using sodium metal, gave another new product but in a small yield

that was difficult to purify, while the second attempt gave TD in a very low yield.

" 2eq Anhydrous La(acac);
_—
Pentanol 165 °C

Scheme 2.13: Synthesis of the La-porphyrins La-Por-TD 2.3 by using dry metal salt.

2.9.3 Checking the stability of homoleptic porphyrin triple-decker Laz2-OEP3 and po-

tential production of La-TD 2.3:

This attempt investigated the stability of the side-product La,OEP3 2.27, formed at the begin-
ning of TD 2.3 reactions. TLC indicated its formation, which showed that it decreased when
the reaction continued for a longer time, with the appearance of new spots in which the desired
product was observed. As shown in Scheme 2.14, we reacted 2.1 with La(acac); in TCB under
N reflux.?’-?

It took only an hour before it was possible to observe that the colour had changed from bur-
gundy to dark brown. After a further 19 hrs, the TLC revealed two spots. The first spot was
burgundy in colour. It was identified as La,-OEP3 2.27 since unreacted OEP 2.1 is dark pink.
The TLC result remained unchanged after a further 3 hrs. On prolonged reflux, however, new
spots (TLC) and products (MALDI-MS) started to appear, notably at 531 2.1, 1202 m/z La-
OEP> 2.28, and La,OEP3 2.27 at 1874 m/z as significant peaks. There was also an unknown

peak at 1440 and 669 m/z, as shown in Figure 2.36.
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leq Dyad 2.5

- e =

Pentanol at 165 °C, 48 hrs

La(acac);H,0
[ ——h
TCB, under Ny, 41 hrs

Scheme 2.14: Synthesis of OEP triple-decker with La and its further reaction with porphyrin dyad.
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Figure 2.36: The synthesis of TD using a checked stability of 2.27 reaction after 24 hrs.

After the reaction was stopped after one day and 17 hrs (41 hrs), TLC showed a fourth unre-
acted spot of 2.1, 2.27 as a strong, burgundy-coloured spot. The third and fourth spots indicated
the presence of side products La-OEP; 2.28, and unknown at 669, 1440 m/z, but these were
very faint spots. Once the reaction had been stopped and cooled, MeOH was added, and the
mixture was left overnight, and the resulting precipitate was filtered off.

It turned out to be primarily unreacted 2.1 and side products, while the solution was a mixture
of 2.27 and 2.1, making it necessary to isolate the homoleptic triple decker using column chro-
matography. The desired compound, 2.27, was found in the last fraction. It was possible to
recrystallise this using DCM: MeOH. The crystal was dark black at a yield of 5%, and TLC
showed one spot of 2.27, which has a dark burgundy colour, as expected for this TD of 2.27.
The '"H NMR spectrum in toluene is shown in Figure 2.37. The external -CH3 groups appear at
around 1.15 ppm as a triplet peak, while another triplet signal at 2.74 ppm is seen for internal
CH3s. The external diastereotopic protons for 2-CH appear at 3.49 ppm and 3.92 ppm and both

are doublet quartet signals. The internal CHz is a quartet at 4.25 ppm. The internal meso-protons
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are at 8.40 ppm are a singlet signal, and the external meso-protons at 8.49 ppm are also a singlet

signal.?’
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Figure 2.37: '"H NMR spectrum of (La,-OEPs) 2.27 in toluene-ds.

MALDI-TOF-MS was checked after isolation of 2.27, and the expected peak at 1874.87 m/z

was observed, as shown in Figure 2.38.

1874.871[7589.96}

1873.84{18025.75}

1875.87{r8041.12}

1876.88{r9014.53}
1872.82{r8661.03}

Chemical Formula: C,qgH 3,La,N
Exact Mass: 1874.88
Molecular Weight: 1876.14
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Figure 2.38: MALDI-TOF-MS of (La,OEP3), exact mass and molecule weight 2.27.

La,OEP3 was reacted with 1 eq. of 2.5 in pentanol at 165 °C in a sealed tube. After 48 hrs, TLC
showed a faint spot of OEP 2.1, Cio-dyad 2.5, La-TD 2.3, and the baseline spot was dark purple.
This gave a clear indication that the TD formation is an equilibrating process at this tempera-

ture(Figure 2.39).
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Figure 2.39: The synthesis of TD using 2.27 after 48 hrs.
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A further TLC after 18 more hrs, however, indicated that the desired product 2.3 had disap-

peared while the spot of 2.5 had returned as a major component. We conclude that the goal of

creating the desired product La-TD 2.3 with a good yield was not achieved. However, a small

amount of TD formed after 48 hrs, but it was decomposed after 66 hrs, being the total time in

this reaction.

2.10The modification of the synthesis of lanthanum triple decker from the

original method:

2.10.1 Optimisation of the reaction conditions for the formation of TD 2.3: TD synthesis

was optimised with varying stoichiometry and reaction time (Table 2.6).

Table 2.6: Attempts for the synthesis of La-TD 2.3.

En- Eq, g, Eq, g, 2.1 La(acac); | Temp, °C Time, Yield (%) of La-TD and
try 2.5 days La,-OEP; 2.27 respec-
tively
1. 1,(0.1) |0.9,(0.0343) | 2,(0.0622) 180 4 7and 11
2. 1, 1.1, (0.059) | 2.2,(0.0471) 165 5 5and 29
(0.1395)
3. 1,(0.1) 1,(0.038) | 2,(0.0622) 180 5 6 and 12
4. 1,(0.1) |0.9,(0.0343) | 2, (0.0622) 165 7 8and 11
5, 1, 0.9, (0.0378) | 2,(0.0743) 180 5 12 and 7
(0.114)
6. 1, (0.1) 1.3, (0.0496) 2,(0674) 165 7 2 and 9
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In the 1% attempt, we reacted 2.5 with two equivalents of La(acac)s and 0.9 eq. of OEP 2.1 in
pentanol at 180 °C for 4 days in a sealed tube. After 4 days, the TLC showed a strong spot of
TD 2.3, a spot of the side product 2.27, and an OEP spot. This attempt gave 7% of 2.3 (MALDI-
MS) and the side product of 2.27 in 11%. On the 2™ attempt, we applied the conditions devel-
oped by the Cammidge group, except that the reaction time was increased from 24 hrs to 5
days. We heated 1 eq. of 2.5 and 1.1 eq. of 2.1 in pentanol overnight at 165 °C. After that, we
added 2.2 eq. of La(acac); to the mixture and refluxed it for 5 days. This reaction showed no
real improvement and gave the desired TD (5%) and side product 2.27 (29%). The 5™ attempt,
giving the highest yield (12%), used 1 eq. of Cio-dyad 2.5, 0.9 eq. of OEP 2.1, and 2 eq. of
La(acac); in pentanol at 180 °C for 5 days. We conclude that the equivalence of reactants should
be (1:0.9:2), 2.5, 2.1, and Ln(acac)s, respectively, in pentanol. The formation of La-Por-TD
requires considerable time, not less than 5 days and not more than 7 days, at 180 or 165°C,
respectively.

Microwave irradiation®® was also briefly investigated as an alternative. While this proved effi-
cient for synthesis of OEP TD 2.27 (18% after 4 hrs), reactions only gave trace quantities of
the desired TD.

2.10.2 Optimisation of the purification procedure for the formation of TD:

TD 2.3 proved very hard to isolate in pure form by chromatography. Many different systems
were tried, but they mostly gave 2.3 contaminated with small quantities of OEP and/or un-
known impurities. We eventually isolated pure product TD 2.3 as a reddish-brown solid using
the solvent system (3.3:100) EtOAc/Hexane. The first fraction was side product 2.27.

The second fraction was unreacted OEP 2.1, while the third fraction was the reddish-brown
desired product. The final fraction was La-dyad 2.25, which is olive green in colour. TLC for

this separation stage of La-TD is shown in Figure 2.40.

— |+ La0EP; 227

— 1 » OEP21

— 5 [a-TD 2.3
C__> La-Dyad 2.25

Figure 2.40: TLC shows four main spots in La-TD 2.3 using ethyl acetate: hexane or pet-ether
(3.3:100) as an eluent.
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The MALDI-TOF MS reveals a peak at 2204.48 m/z, which aligns with the anticipated desired
product of a triple-decker structure 2.3 (ABA), as shown in Figure 2.41.

2204 48
2205 46
2203.48
2206.52
2207 .50
2200 =202 2204 2208 zZz0s 2310 TD (ABA)

mez

Figure 2.41: MALDI-TOF-MS confirms the formation of La-TD 2.3.

"H NMR and 2D spectra were obtained in CDCI; (Figures 2.42 and 2.44). However, we found
the La-triple-decker spectrum to be complex and very different from the previous spectra ob-
tained for ABA triple deckers incorporating Pc.!® It was immediately clear that our formulation
of structure 2.3 could not be correct and that a different TD structure was formed in these
reactions. Spectra for the previous triple deckers in our group'*® clearly showed their symmet-
rical arrangement (ABA) in which the alkoxide peaks (-O-CH>) at around 4.6 ppm appear as
one triplet, which means that both ends of the aliphatic chain are in an identical environment
(symmetrical molecule). In our TD (2.29), we found that two complex signals for alkoxide
peaks (O-CH») were present in the spectrum, as shown in Figure 2.42.

The first (O-CHz) (a’) appears as two broad signals at ~ 4.27—4.33 ppm; this indicates that the
two protons are in different environments and rotation is restricted. The other alkoxide peak
(O-CH>) (a) showed as a simple triplet signal at 4.65 ppm with J = 6.2 Hz. These two signals
of alkoxide protons have different environments that confirm that TD 2.29 has an asymmetric
structure. Further evidence is provided by the appearance of the ethyl chains on the OEP. The
16 H for CHz groups in OEP ring 2.1 have two signals (2 x CH). Again, if the isolated molecule
had the OEP sandwiched between the TPP units, we would expect a single signal. We conclude
that the OEP is on the exterior of the triple-decker structure. The eight internal protons (as-
sumed) for (CH) appear as a broad signal at 6 3.57 ppm, while the other eight external protons
for (CH) appear as a well-resolved dq signal at 6 3.27 ppm with J = 15.6 and 7.8 Hz.
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Figure 2.42: '"H NMR spectrum of La-TD in CDCl; provides evidence of the asymmetrical character
of the molecular environment, which confirms the production of 2.29.

An expansion of the aromatic range is shown in Figure 2.43. There are well-resolved signals
and some that are broad, probably due to restricted rotation, but all signals are accounted for in
relation to the proposed AAB structure of 2.29.

Like in other known examples, protons on the ortho and meta positions of the meso-phenyls
are in different environments depending on whether they are oriented towards the outside of
the molecules on the inside of the outer porphyrin, or on the inner porphyrin oriented towards
either the TPP or OEP. The meso-H in the OEP ring appears as a sharp singlet signal at 8.41
ppm, integrating to 4H. The signals can be correlated using 2D COSY NMR spectroscopy, and

this is shown in Figure 2.44.
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Figure 2.43: '"H NMR spectrum for 2.29 in CDCls.
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Subsequently, we managed to crystallise the new La-triple-decker product 2.29, confirming its

T T

9 8 7 6 5 4 3 2
f2 (ppm)

g
o -
-

Figure 2.44: COSY experiment showing cross peaks in compound 2.29.

structure, by using many attempts with different solvent systems, such as DCM Ethanol, DCM,
Chloroform, and Isopropanol. We found that an excellent solvent system was (1:1) DCM:
MeOH by slow evaporation. Also, we recrystallised the side product of 2.27 using EtOAc/Hex-
ane or DCM: Pet-ether or hexane (1:1). The preliminary conclusion from this unexpected result

is that there is a steric hindrance of the porphyrin cores because there are substituents in the
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beta-positions (ethyl groups), CH2CH3. The OEP core cannot easily be accommodated inside
the TD, which prevents symmetrical TD formation that has an ABA arrangement. We managed
to grow a crystal that confirmed the (BAA) structure of La-TD 2.29 from DCM: MeOH, as
shown in Figure 2.45, but we found a disorder in the chain and ethyl group when the crystal
structure was solved by our collaborator, Dr David Hughes. Figure 2.45 shows the structure,
and it is interesting to note that each ring is distorted from planarity, and this puckering is most

pronounced in the top (bridged) porphyrin.
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Figure 2.45: The XRD structure of TD 2.29.

The UV-vis spectrum of TD 2.29 is shown in Figure 2.46 and has unique absorbance peaks
that are different from the starting materials Cio-dyad 2.5 and OEP 2.1 and indicate pi-overlap

in the TD structure.’'*?
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Figure 2.46: UV-vis absorption shows that the new compound TD(La) 2.29 differs from the starting
materials 2.1 and 2.5, indicating an overlap between components.

2.10.3 Synthesis of lanthanum triple decker with C12 porphyrin dyad:

We decided to examine the impact of chain length on forming La-triple-decker structures using
metal-free OEP 2.1, using a longer bridging chain. We used the Ci2-porphyrin dyad 2.17, which
was synthesised from 1,12-dibromoundecane in the same optimised conditions as porphyrin
dyad 2.5. In this case, we reacted 1 eq. of Ci2-porphyrin dyad 2.17 with 2 eq. of lanthanum
acetylacetonate and 0.9 eq. of 2.1 in a one-pot reaction and refluxed in pentanol for 4 days to

produce TD 2.30, as shown in Scheme 2.15.

Scheme 2.15: Synthesis of La-TD 2.30 using the original process (Por-core ratio, temperature).

A TLC and MALDI-TOF-MS for this reaction showed that the desired triple-decker 2.30 at
2230 m/z was achieved while the starting materials were absent. Three unknown side products
were present at 638, 668, and at 1857 m/z, while the homoleptic OEP triple-decker 2.27 was
also a side product spot in the TLC (Figures 2.47 & 2.48).
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Figure 2.47: TLC showing four spots in La-TD using ethyl acetate: Hexane or pet-ether (3.3:100) as
eluent.
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Figure 2.48: MALDI-TOF-MS of the reaction mixture of La-TD 2.30.

We used ethyl acetate: Hexane or pet-ether (3.3:100) as eluent to isolate the desired product,
and recrystallisation from DCM: MeOH gave pure La-TD 2.30 as a reddish-brown solid in
17% yield alongside La,OEP; (8%) in a dark burgundy solid.

The 'H NMR spectra of La-Cio-dyad-TD 2.29 and La-Ci>-dyad-TD 2.30 are almost identical,
confirming the (BAA) arrangement of macrocycles. When run in CD2Cly, the peaks for the 2 x
CH of the ethyl CH> groups are seen as a very broad signal in both samples of 2.29 and 2.30
(Figure 2.49). Therefore, we conclude that chloroform is the best solvent for analysing a sample
of the La-OEP-TD compared to DCM. The MALDI-TOF MS reveals a peak at 2232.58 m/z
for 2.30 TD, as shown in Figure 2.50.
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Figure 2.49: '"H NMR spectrums of La-TD 2.30 and La-TD 2.29 in CD,Cl..
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Figure 2.50: MALDI-TOF-MS confirms the formation of La-TD 2.30.

2.11 Synthesis of the BAA TDs with different lanthanide metals:

2.11.1 Triple decker with neodyvmium:

We created the Nd-Por-Cio dyad triple decker using the previously applied conditions to pro-
duce La-TD 2.29. In this attempt, we reacted 1 eq. of 2.5, 0.9 eq. of 2.1 and 2 eq. Nd(acac);H,O

in pentanol in a sealed tube at 180 °C, as shown in Scheme 2.16.

2.1

Nd(acac);.H,O
Pentanol

Scheme 2.16: Synthesis of Nd-TD 2.31.

The reaction was completed after 5 days, and, after workup, the product was purified by chro-
matography using ethyl acetate: hexane or pet-ether (3.3:100) as eluent to purify the desired
product and recrystallisation from DCM: MeOH to give a pure Nd-TD 2.31 as a reddish-brown
solid in a 7% yield, and Nd>OEP; 2.32 (10%) as a burgundy solid. Both were recrystallised
from ethyl acetate: Hexane or DCM: MeOH.

While the starting materials were not present in TLC, we found additional unknown side prod-
ucts in the crude mixture, including unknown products 629, 671, and 1835.60 m/z, while the

homoleptic Nd-TD 2.32, was a first spot in the TLC at 1878.24 m/z, as shown in Figure 2.51.
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Figure 2.51: MALDI-TOF-MS of side products in Nd-TD 2.32 reaction.

The 'H NMR spectra for Nd-triple-decker 2.31 were obtained in CD,Cly, as shown in Figure
2.52. The magnetic properties of neodymium metals in compound 2.31 broaden the signals and
add to the complexity of the spectra. Nevertheless, the 'H NMR spectrum is consistent with
the proposed BAA structure 2.31. 2D NMR analysis was attempted (Figures 2.53 & 2.54) and
allows identification of the CHz adjacent to CHs in the OEP ring that has two types of protons:
external and internal (2-CH) protons, which were at = 2.66 ppm for the external and ~ 3.23

ppm for the internal protons, respectively. They appeared as broad singlet signals. The CHz =

1.21-1.11 ppm.
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Figure 2.52: '"H NMR of Nd-TD 2.31 in CD,Cl,
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A more detailed 2D NMR analysis was attempted, allowing the identification of OEP 2.1 peaks
and, tentatively, some other signals. The 2D NMR analysis of TD 2.31 supports the identifica-
tion of the coupling of (2-CH) internal and external protons with CH3 in OEP ring 2.1 in 2.31

molecules.
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Figure 2.53: COSY experiment showing a cross peak in compound 2.31 in CD,Cl,.
MALDI-TOF-Ms of TD 2.31 showed a peak cluster at 2212.13 m/z (Figure 2.54). Subse-
quently, we attempted crystallisation using many different solvent systems, such as DCM: Eth-
anol, DCM, Chloroform, Isopropanol, and DCM: MeOH, but all attempts failed due to the

small crystal size or disorder.

89|Page



Results and discussion Chapter 2

2212.1326{r3794}

2213|1351{r4107)

2211.1785{12844}
2216,1825{r3999)

2217.1972{r4906}

2218.2036{r3401)

2221.2240{r4526}
2209.2082{r3759}

Chemical Formula: C,3,H, 5N 1;Nd,0,
Exact Mass: 2210.77
Molecular Weight: 2216.98

. zzroé ey e 22\10 . . ! ! 22\15 . ! . ! 22|20 . i ! 22|25 .
m/z

Figure 2.54: MALDI-TOF-MS of Nd-TD 2.31.

The indication of TD formation can be detected by UV-vis and is shown in Figure 2.55; TD

2.31 exhibits an essentially identical spectrum to the corresponding La derivative.?!-*2
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Figure 2.55: UV-Vis absorption of Nd-TD 2.31, 2.5 and 2.1 in DCM.
The homoleptic compound OEP-Nd-TD 2.32 was also isolated and recrystallised from ethyl

acetate: Hexane/pet-ether or DCM: MeOH. MALDI-TOF-MS (Figure 2.56) showed a cluster
at 1879.59 m/z.
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Figure 2.56: MALDI-TOF MS for Nd,-OEP; 2.32.

The 'H NMR spectrum was run in toluene-ds for homoleptic TD 2.32 and is shown in Figure
2.57.%
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Figure 2.57: '"H NMR of Nd-TD 2.32 in toluene-ds.

2.11.2 Triple decker with praseodymium:

Pr-triple decker 2.33 was synthesised using the same conditions as for La-Por-TD by reacting

1 eq. 0f 2.5, 0.9 eq. of 2.1 and 2 eq. of Pr(acac);H20 in pentanol at 180 °C for 5 days, as shown
in Scheme 2.17.
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Scheme 2.17: Procedure to produce the Pr-TD 2.33.

Analysis of the TLC spots by MALDI-TOF-MS revealed an unknown impurity at 673.18, and
the homoleptic Pr-TD 2.34 at 1879.31 m/z plus a peak for unreacted starting material OEP 2.1
at 534.34 m/z, as shown in Figure 2.58.
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Figure 2.58: MALDI-TOF-MS of side product mixture from the Pr-TD 2.33 reaction.

Separation was achieved by column chromatography using a solvent system (3.3:100)
EtOAc/Hexane mixture. The first fraction, ProOEP3 2.34 (11%), appeared as a dark burgundy
material; the second fraction was unreacted OEP, while the third fraction was the desired prod-
uct, Pr-TD 2.33 (8%). '"H NMR and 2D spectra are shown in Figures 2.59 & 2.60. The magnetic
properties of praseodymium metals in compound 2.33 broaden the signals and add complexity
to the spectra. Spectra taken at elevated temperatures in TCE showed little improvement, as

shown in Figure 2.61.

92| Page



Results and discussion Chapter 2

Dec21-2023-100169116.30.fid i
Research Group ANC 4
TD-Pr-C10

/s ////// [ Y

T LS A A LN U S A
58 R 2 8 ~8x 28 8 ® R’
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 -4.(
f1 (ppm)
Figure 2.59: '"H NMR of Pr-TD 2.33 in CD,Cl..
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Figure 2.60: COSY experiment showing a cross peak in compound 2.33 in CD>Cl.
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Figure 2.61: '"H NMR spectra of Pr-TD 2.33 inTCE-d, using different temperatures of 40, 50 and 60
°C.
MALDI-TOF-MS confirmed the formation of Pr-Cio dyad triple decker as expected at
2208.0012 m/z, as shown in Figure 2.62.

2208.0012{r6204}

2206.9431{r6373)}
2209 ,0647{r6063}

2210/1261{r6690}

2211/1063{r6340}

2212l4a374{r5334}

2210 2215 2220
msz

2205
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Exact Mass :2208.77

Figure 2.62: MALDI-TOF-MS of Pr-TD 2.33.

We managed to grow a crystal that confirmed the (BAA) structure of Pr-TD 2.33 from DCM:
MeOH: Isopropanol, as shown in Figure 2.63. The data confirm the BAA arrangement, but
there is a lot of disorder in the chain and the OEP, preventing further detailed analysis of the

structure.
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Figure 2.63: XRD structure for Pr-Ciodyad triple decker 2.33

The indication of TD formation can be detected by UV-vis, and as shown in Figure 2.64, TD

2.33 exhibits an essentially identical spectrum to the corresponding La derivative.?!-*
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Figure 2.64: UV-vis absorption spectrum for TD 2.33, 2.5 and 2.1 in DCM.
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2.11.3 Synthesis of praseodymium-Ciz porphyrin dvyad triple decker 2.35:

TD 2.35 was prepared following identical conditions to that for the Cio derivative (Scheme
2.18). The desired product was obtained in 13% yield alongside the homoleptic Pr.-OEP3 2.34
(9%). It was immediately apparent from the characterisation data that the longer chain dyad

also produced the BAA arrangement.
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Scheme 2.18: Synthesis of Pr-TD 2.35.

"HNMR spectroscopy was carried out (Figure 2.65). Although similar to the Cjo derivative
(confirming the BAA structure), as we mentioned earlier, the magnetic properties of praseo-
dymium metals in compound 2.35 broaden the signals and add to the complexity of the spectra,

with several signals appearing upfield of 0 ppm.
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Figure 2.65: '"H NMR of Pr-TD 2.35 in CD>Cl..
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We managed to grow a crystal from dichloromethane, methanol, and isopropanol through slow
evaporation that confirmed the structure of Pr-TD 2.35, and the XRD-structure of TD 2.35
(BAA) is shown in Figure 2.66.
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Figure 2.66: XRD structure for Pr-OEP-C,,.dyad triple-decker 2.35 (part structure shown in top
view).

The X-ray crystal structure was analysed by our collaborator, Dr David Hughes, who provided
the following comments. The triple-decker porphyrin molecule was clearly identified, as seen
in Figure 2.66, from both the front and side aspects of the images. The three porphyrin mole-
cules are organised on parallel planes, connected in a sandwich arrangement by praseodymium
atoms. Each Pr atom is eight-coordinate, bonded to four central nitrogen atoms in porphyrin
molecules.

Their coordination pattern is square antiprismatic, with the N4, N(1), N(11), N(21), N(31)
square plane rotated approximately 10.8° about the Pr...Pr vector from the corresponding plane
of N(81), N(91), N(101), N(111). The bridge connecting two porphyrin rings is located at the
para position C(40) of one phenyl ring and the para position C(70) of a neighbouring phenyl
ring, and the distance between O(121) and O(131) is 6.95 A. The view along the Pr...Pr vector
(showing the chloroform molecule of Cl(82-84) in the foreground, ethyl and phenyl substituent
groups are not shown) clearly shows the offset arrangement of the three rings. MALDI-TOF-
Ms of TD 2.35 showed a peak cluster at 2235.50 m/z (Figure 2.67).
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Figure 2.67: MALDI-TOF-MS of Pr-TD 2.35.

2.11.4 Conclusion:

The synthesis of triple deckers with lanthanide paramagnetic metals has been achieved, but
the characterisation was much more complicated than for the previous lanthanum triple decker.
It appears that the twisted ethyl groups of the OEP ring in all the triple deckers we created make
steric hindrance with porphyrin dimers 2.5 and 2.17, and resulted in the BAA arrangement
instead.

We thought that when we expanded the chains of porphyrin dimer, we might reduce the steric
hindrance in the structure of the TDs, to enable formation of the ABA model, but this was not

realised. The analysis of the crystallography proved the (BAA) model structure.

2.12_Attempts to produce triple deckers using other porphyrins with lantha-

num metal:

We investigated different porphyrin cores, such as protoporphyrin (IX) 2.2, protoporphyrin IX
dimethyl ester 2.37, octamethyl porphyrin 2.38, and tetraphenyl porphyrin 2.10, in attempts to
make other triple-decker (ABA or BAA) structures.

2.12.1 Protoporphyrin ( IX):

Cio-dyad 2.5, 2 eq. La(acac);H»0 and 1 eq. protoporphyrin (IX) 2.2 were mixed in pentanol in
a sealed tube and heated at 165 "C (Scheme 2.19), and the reaction was monitored over 6 days.
A mass corresponding to double-decker La-Dyad 2.25 was observed (olive-green spot with

mass 1534.29 m/z, as shown in Figure 2.68), but there was never any evidence for a TD.
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The same outcome was observed when we repeated the reaction using the same procedure but
with the DBU as a base and when we changed the metal source from La(acac);H>O to

La(OTf)s.
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3 ﬁ
Ph o
2.2
HO,C
+
P o

/

Ph CO,H

La(acac);H,0
— 2,
Pentanol

P

h
h
Ph
2.5

Formed a double decker (La-dyad)
Not formed TD (ABA)

Not formed TD (BAA)

Scheme 2.19: Attempt to synthesise the desired La-TD 2.4 (ABA).

1534 50{rL.00)

ISSABHAO0 1530850000

an 15300 15310 15320 15330 15340 15350 1530 15370 15380 15350 15400
i
1534 29{- 358.96)
1532 78{r 344 07) 1535.39{r351.84)
153688 27163)
an 15300 15310 15320 15330 15340 15350 15380 15370 15320 15380 154000

I

Figure 2.68: MALDI-TOF-MS of La-Dyad 2.25 (bottom) with its theoretical prediction (above).

2.12.2 Protoporphyrin I X dimethyl-ester:

We reacted Cio-dyad 2.5 with 2 eq. La(acac)s and 1 eq. of protoporphyrin IX dimethyl ester
2.37, and the mixture was dissolved in 6 ml of pentanol in a sealed tube. The mixture was
allowed to reflux at 180 °C for 5 days, monitoring throughout. Unfortunately, the outcome was

the same as for protoporphyrin, with evidence for double-decker La-Ciodyad 2.25 but no TDs.
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We noted in both cases the very low solubility of the protoporphyrin IX dimethyl ester, and it

is possible that this prevents efficient TD formation.

Ph

PhO
Me0OC

Ph COOMe

Ph + La(acac);H,0

Pentanol

Ph

2.5 o 2.25

Formed a double decker (La-dyad)
Not formed TD (ABA)

Not formed TD (BAA)
Scheme 2.20: Attempted synthesis of TD with protoporphyrin IX dimethyl ester and porphyrin
dimer 2.5.

2.12.3 Octamethyl porphvrin:

Cio-dyad 2.5, 2 eq. of La(acac)3.H>0, and 0.9 eq. of octamethyl porphyrin 2.38 were dissolved
in 6 ml of pentanol in a sealed tube and heated for 5 days at 180 °C, monitored by TLC. A new

triple-decker spot was observed in TLC but in a low quantity.

P
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P

La(acac); H,0
— 3 2,
Pentanol

h
h
Ph
h
Ph
2.5

Ph
P

Not formed TD (ABA)

formed TD (BAA)

Scheme 2.21: Procedure to synthesise La-octamethyl porphyrin triple decker(s) with Cio-dyad 2.5.

MALDI TOF-MS of the reaction mixture was taken (Figure 2.69), and the desired porphyrin
TD mass was observed (2092.32 m/z). Unreacted OMP 2.38 (which also has low solubility)
was observed at 421m/z 2.38, and many unknown side products were also observed at 565 and

1588 m/z. The reaction showed no further improvement and was stopped.
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Figure 2.69: MALDI-TOF-MS of the sample of reaction after 5 days.

We isolated the TD by using DCM: Pet-ether (1:1 v/v) as the first solvent system for column
chromatography, then changed the solvent system to (3:1) DCM: Pet-ether. The fourth fraction
was the lanthanum TD, which was dark brown-green and gave a trace amount. The 'H NMR
spectrum (Figure 2.70) shows very broad signals and, at this stage, cannot be fully analysed.
However, the signal at = 4.56 ppm could be for OCH> as a triplet peak, indicating that the two
extremities of the aliphatic chain have the same environment (symmetrical molecule). There
was insufficient time to repeat this synthesis and obtain larger quantities of the TD.

However, this will be a valuable study for future work now that TD formation has been demon-

strated.

OCH,

JU U\UJ N -
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Figure 2.70: 'H NMR spectrum OMP La-TD of octamethylporphyhrin with Co-dyad 2.41 in
methylene chloride-d2.
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MALDI-TOF-MS shows a cluster at 2091.67 m/z, which proves that a La-TD was formed, as

shown in Figure 2.71.

2091.67{r697.19}
2092.76{r553.82)

2090.27{r498.00}
2094.35{r417.31}

Chemical Formula: C,4H,q,La,;N;,0,
Exact Mass: 2092.64
Molecular Weight: 2094.09
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Figure 2.71: MALDI-TOF-MS of expected structure of OMP La-TD.

2.12.4 Tetraphenvl porphyrin:

Following the same process, we reacted Cio-dyad 2.5, 0.9 eq. TPP 2.10 and 2 eq. of
La(acac);H2O in 6 ml of pentanol at 180 °C in a sealed tube and refluxed the mixture for 5
days, monitored by TLC. MALDI-TOF-MS indicated the two starting materials, TPP 2.10 and
Cio-dyad 2.5 plus unknown 751 m/z and homoleptic TD La,TPP3 2.43 at 2115 m/z. The desired
product of TD at 2286.18 m/z was also seen, as shown in Figure 2.72.

Ph Ph
" @ O ¢
Ph
Ph 2.10
Ph + La(acac);H,0

Pentanol
" O

TD (ABA)

TD (BAA) Formed

Scheme 2.22: Procedure to synthesise La-TD-TPP with Cjo-dyad.
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Figure 2.72: MALDI-TOF-MS of the reaction mixture after 12 hrs.

No further change was observed after 5 days. The crude dark brown-greenish solid was chro-
matographed on a silica gel column using DCM: Hexane (3:2 v/v), and the third main dark
green-brown fraction contained the desired compound as indicated by the MALDI TOF-MS
peak corresponding to 2287.42 m/z (Figure 2.73). However, there was insufficient time to pu-
rify this sample further and obtain clean NMR data to establish its structure.

2287.42{13504.02}
2288.48(13297.75}
2286.37{13420.28}
2290.57{r3400.10}
2291.62{r351.54}
2284.04{r137.90} et oo st "

2% 2291 292 =8 e 295 2% Molecular Weight: 2286.27

Figure 2.73: MALDI-TOF-MS of La-TD from TPP.

To conclude this part, we have identified that porphyrins like OEP behave differently to simple
phthalocyanine in reactions with our linked porphyrin dimers: while Pc exclusively locates
itself in the middle of the TD, the more hindered porphyrins lie only on the outside. Other
porphyrin derivatives form TDs using the conditions developed in this work, but the low quan-

tities and time restrictions have prevented their full characterisation.

103|Page



Results and discussion Chapter 2

2.13 Synthetic route for triad synthesis:

The project’s second aim was a synthesis of triads for later use in triple-decker assemblies.
We reasoned that the triad could be conveniently made by Steglich esterification between pro-

toporphyrin (IX) 2.2 and TPP-OH 2.9, as shown in Scheme 2.23.3%

DCC 2.11
DMAP 2.12
Dry DCM

Scheme 2.23: Procedure to synthesise triad porphyrin 2.13.

In this reaction, we used two methods, one at room temperature and another at 31-33 °C, and
we found similar results. In the first attempt, we reacted 1 eq. of protoporphyrin (IX) 2.2 with
2.2 eq. of TPPOH 2.9 and 0.1 eq. of DMAP with 2 eq. DCC in dry DCM at room temperature
for 3 days under nitrogen. The reaction formed many unknown side products — 554, 1134, 1179,
and 1819 — and unreacted starting material at 634 2.9, while there was a trace amount of por-
phyrin triad 2.13, which was indicated by the MALDI-TOF-MS 1789.58 m/z.

In the second attempt, we used the same eqs of reactants, but we increased the reaction
temperature from room temperature to ~30 °C for 15 min. After that, we changed the tem-
perature to 38 °C for 3 hrs, then left the reaction between 31-33 °C overnight. The outcome
was similar, with a faint spot corresponding to the desired trimer visible on TLC. However, all
attempts to isolate it proved unsuccessful, in part because of the difficulty in separating from

urea side products.
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Figure 2.74: MALDI-TOF-MS of triad porphyrin reaction at 31-33 °C.

2.14 Conclusions and future work:

We developed a procedure for the formation of lanthanide porphyrin triple deckers by using
(2, 1, 0.9) equivalents for lanthanide, a dimer of porphyrin, and octaethylporphyrin, respec-
tively; overall, this appears to be a very promising strategy for building up more complex arrays
of TDs. In the synthesis of the starting materials, such as TPPOH 2.9 and dyad 2.5 or 2.17
(where a large part of this project’s time was committed), it proved somewhat challenging to
achieve adequate yield and isolation of the products, but the results are sufficiently conclusive
to give confidence that TD formation is smooth and that unsymmetrical TD is formed with
OEP 2.1. This BAA arrangement is in direct contrast to the previously obtained results em-
ploying Pc, where the ABA arrangement is exclusively observed.

As we mentioned, the TD with the TPP 2.10 ring was produced, but in a trace amount and with
the likely BAA arrangement due to steric hindrance, while the lanthanum triple-decker with
OMP 2.38 ring could be the ABA isomer, indicated by the two extremities of the aliphatic
chain having the same environment (symmetrical molecule). There was insufficient time to
repeat this synthesis and obtain larger quantities of the TD, but the demonstration of TD for-
mation and arrangement will provide a valuable pathway for future research. Also, we formed
the porphyrin triad 2.13, but we struggled to isolate it, and we failed to achieve a pure sample.
For future work on the porphyrin triad, we suggest changing the conditions of the reaction,
especially by using DIC instead of DCC, because it was challenging to remove DCU from the
product. Also, we suggest using two solvents, such as dimethyl sulfoxide and dichloromethane
(1:1, V/V DMSO: DCM¥®), to try to dissolve the protoporphyrin (IX) reactant because, as we
mentioned previously, protoporphyrin (IX) 2.2 has a very low solubility
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3. Experimental Methods:

3.1 Physical measurement:

'H NMR spectra were recorded either at 400 MHz on an Ultrashield Plus™ 400 spectrometer
or 500 MHz on a Bruker Ascend™ 500 spectrometer in 5 mm diameter tubes using deuterated
Chloroform, DCM, DMSO, Acetone, Toluene, and TCE. Signals are recorded using residual
solvent as a reference and are expressed in ppm. The coupling constant J is provided in Hertz
(Hz). All spectra were taken at ambient temperature, apart from the octaethylporphyrin triple-
decker with Pr which used three different temperatures to improve the signal of the product.
Column chromatography was performed at ambient temperature using Fluka or Merck silica
gel 60 (70-230 mesh) at ambient or low pressure, and the ratios were given as v/v. Thin layer
chromatography (TLC) was performed on Merck aluminium-backed silica gel 60 F254 coated
plates and visualised by a UV light at 254 nm. Direct sample deposition was used to record
mass spectra on am Axima MALDI-TOF device. Melting points were observed and recorded
using a Reichert Thermovar microscope with thermobaric-based temperature control. UV-Vis

spectra were collected using a Perkin-Elmer UV-Vis spectrometer Lamda XLS.

3.2 Reagents, solvents and reaction conditions:

Unless otherwise noted, all reagents and solvents were analytical grade, commercially re-
ceived, and used without purification. Unless otherwise noted, SLR-grade solvents were used
without drying. Magnesium sulphate dried organic layers. A reduced-pressure Biichi rotatary

evaporator evaporated solvent.
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3.3 Svnthesis 5-(p-hydroxyphenyl)- 10, 15, 20 triphenyl porphyrin*> 2.9:

2.9

The technique proposed by Adler,*> was followed using a combination of aldehydes but with
several modifications. Both p-hydroxybenzaldehyde 2.7 (1eq, 7.0 g, 57 mmol) and benzalde-
hyde 2.6 (3eq, 17.5 g, 172 mmol) were dissolved in propionic acid (460 ml) and subjected to
reflux. Freshly distilled pyrrole 2.8 (4eq, 15 g, 215 mmol) was added once to the refluxing
liquid and refluxed for 1.5 h. Upon reaching room temperature, the crude mixture was selec-
tively precipitated with MeOH (400ml) and filtered under suction to provide a purple solid.
The crude precipitate underwent purification using column chromatography, employing a col-
umn length of < 8 cm. Isolation was achieved by using (3:1) DCM: Pet-ether to remove TPP
2.10 fraction, then by increasing the polarity of the solvent system gradually to (4:1 then 100%
DCM) to remove all TPPOH 2.9 to gain (1.836 g, 5.1%) yield. M.P. >350 °C.

"H NMR (400 MHz, Chloroform-d) & 8.88 (d, J = 4.5 Hz, 2H), 8.84 (d, J = 4.5 Hz, 6H), 8.23 —
8.19 (m, 6H), 8.08 (d, J = 8.5 Hz, 2H), 7.80 — 7.71 (m, 9H), 7.22 (d, J = 8.5 Hz, 2H), 5.18 (s, 1H)
-OH, -2.77 (s, 2H) -NH.

MS (MALDI-TOF) : m/z = 630.94 [M*]. UV-vis (DCM)/nm: 418, 515, 550, 591 and 648.
Chemical Formula: C44H30N4O.

3.4 Svynthesis of tetraphenyl porphyrin 2.10:

2.10

The compound was collected as a side product from a previous reaction and obtained as a
purple solid at (6.450 g, 18 %)."H NMR (400 MHz, Chloroform-d) & 8.85 (s, 8H), 8.22 (d, J =
7.8 Hz, 8H), 7.80 — 7.72 (m, 12H), -2.77 (s, 2H). M.P. > 350 °C. (MALDI-TOF): m/z = 614.22
[M*]. Chemical Formula: C44H30N4. UV-vis (DCM)/nm: 417, 514, 549, 590, 648.
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3.5 Synthesis of porphyrin Ci dvad (TPP-O-(CH»)10-O-TPP) 2.5:

2.5

Two good methods to prepare 2.5 were found, the first condition gave the best yield with a long
time, around two weeks and needed only recrystallisation to get a pure product of 2.5, while
the second condition gave a good yield with a short time but needed a column chromatography
to collect a pure Cio-dyad.

1. A mixture of 1,10-dibromodecane (leq, 0.24g, 0.79 mmol) and TPP-OH 2.9 (2eq, 1.0 g, 1.6
mmol) was prepared in dry acetone (12 ml). KoCOs (0.44 g, 3.1 mmol) was added to the solu-
tion, and the combination was heated at 70 °C for 12 days in a sealed tube. Subsequently, the
solvent was removed, and the residue was dissolved in DCM and washed with water. The or-
ganic layer was evaporated and purified by two slow and careful recrystallisation from a mix-
ture of DCM: MeOH, resulting in the pure product 2.5 as a solid with a purple colour (0.984g,
88%).

2. A mixture of 1,10-dibromodecane (1eq, 0.38 g, 1.3 mmol) and TPP-OH 2.9 (1.6 g, 2.5 mmol)
was prepared in DMF (23 ml) and K»,COs (1.5eq, 0.52g, 3.7 mmol) was added, and the combi-
nation was heated at 70 °C for 2 hrs and 90 °C for another 2 hrs. In this reaction, we noticed
the reaction is finished when the colour of the reaction changes from reddish brown to bright
purple. The crude reaction was mixed with 250 ml of water and 25 ml of MeOH, and the solid
was sonicated for 15-30 min. After filtering, we recovered the solid and purified the Cio-dyad
using (3:2) DCM: Pet-ether. (TPPOC0H19) 2.16 was the first fraction, and the target product
2.5 was the second (1.15 g, 64%). ML.P. > 300 °C.

"H NMR (500 MHz, CDCls): § 8.89 (d, J=4.5 Hz, 4H) and 8.83 (d, J= 4.5 Hz, 12H) Hp; 8.21
(dd, J =7, 2 Hz, 12H) HoPh; 8.12 (dd, J= 7, 2 Hz, 4H) HoPh’; 7.78 — 7.71 (m, 18H) HmPh
and HpPh; 7.29 (dd, J=7, 2 Hz, 4H) HmPh’; 4.28 (t,J = 6.5 Hz, 4H) O-CHz-; 2.05 — 1.99 (m,
4H); 1.71- 1.65 (m, 4H); 1.53 (s, 8H) ; -2.76 (s, 4H) NH. MS (MALDI-TOF): m/z =1399.59
[M*]. UV-vis, (DCM)/nm: 419, 516, 551, 591 and 648. Chemical Formula: CogH78NgO.

109 |Page



Experimental Methods Chapter 3

3.6 Synthesis of 5-(10’-bromo-decyloxyphenyl)-10,15.20-triphenyl porphy-
rin (TPP-OCBr)2.15:

TPP-OH 2.9 (leq, 0.1 g, 0.159 mmol) and (1.2eq, 0.057 g, 0.190 mmol) 1,10-dibromodecane
and K>COs (2.5¢eq, 0.055 g, 0.3975 mmol) were dissolved in dry-acetone (15 ml) and the mix-
ture reacted together at 70 °C for 34 hrs in a sealed tube. The crude mixture was then precipi-
tated with 50 ml of distilled water and filtered. The solids obtained were washed with MeOH
to recover a purple solid. After column chromatography of the solid over silica gel using THF:
Pet-ether (1:3) (v/v) as eluent and recrystallisation from DCM/MeOH, the title compound was
obtained pure (0.0576 g, 42%). M.P. > 300 °C.

"H NMR (500 MHz, CDCI3) & 8.89 (d, J = 4.5 Hz, 2H) and 8.84 (s, 6H) Hp; 8.22 — 8.19 (m,
6H), 8.12 (dd, J=2.0, 6.5 Hz, 2H) Hopr; 7.82 —7.70 (m, 9H) and 7.28 (dd, J=2.0, 6.5 Hz, 2H)
Hpprnand Hypr 3 4.25 (t, J =7 Hz, 2H) O-CHz, 3.44 (t, /=7 Hz, 2H) -CH»-Br, 2.01 — 1.96 (m,
2H), 1.91 — 1.86 (m, 2H), 1.64 — 1.60 (m, 2H), 1.50 —1.35 (m, 10H), -2.75 (s, 2H) -NH.
MALDI-TOF: m/z=850.53 [M*]. UV-vis, (DCM)/nm: 418, 516, 551, 593 and 651 nm. Chem-
ical Formula Cs4H49BrN4O.

3.7 Synthesis of porphyrin Ci;-dvad (TPP-O-(CH»)12-O-TPP) 2.17:

2.17
A mixture of 1,12-dibromododecane (1eq,0.244g, 0.744 mmol) and TPPOH 2.9 (2eq, 0.937¢,

1.487 mmol) was dissolved in MEK (25 mL). An excess of potassium carbonate (7eq, 1.44 g,
10.41 mmol) and a catalytic amount of potassium iodide (2eq, 0.494 g, 2.974 mmol) was added
to the mixture and refluxed under N> for 67 hrs. The product was purified by column chroma-

tography on silica gel using DCM: Pet-ether (3:2) (v/v) as eluent. The second fraction was Ci2-
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dyad 2.17 and recrystallization from DCM/MeOH gave the titled compound as a purple solid
(0.754 g, 70%). M.P. 312-315 °C.

'H NMR (500 MHz, CDCls) & 8.89 (d, J= 4.5 Hz, 4H) and 8.83 (d, J = 4.5 Hz, 12H) Hg; 8.21
(dd, J=8.5, 1.6 Hz, 12H) Hops; 8.11 (d, J = 8.5 Hz, 4H) Hops’; 7.80 —7.68 (m, 18H) H,.pr and
Hppr; 7.28 (d, J= 8.5 Hz, 4H) Hypi’; 4.26 (t, J = 6.4 Hz, 4H) -O-CH; ; 2.02 — 1.96 (m, 4H) -
CH»-; 1.68 — 1.62 (m, 4H); 1.53 (s, 12H) -CHa-; -2.76 (s, 4H) -NH. (MALDI-TOF-MS): m/z
= 1428.65[M*]. UV-Vis (DCM)/nm: 418, 515, 550, 591 and 647. Chemical Formula:
Ci00Hg2N30Os.

3.8 Svnthesis of metal-free phthalocyanine!>!6 2.21:
%\\N:‘Ng—
N N HN A
§. n %

2.21

Using lithium as a template, a standard method is followed. A solution of phthalonitrile 2.20
(0.5 g, 4 mmol) in 1-pentanol (6 ml) was heated to 120 °C, then lithium (0.05 g, 7.2 mmol) was
added, and the reaction proceeded for 1 hr. Next, (10 ml) of acetic acid was added and refluxed
for another hour. Next, the reaction mixture was cooled to room temperature, methanol (110
ml) was added to precipitate the result, and the pure phthalocyanine solid was recovered by
vacuum filtering (0.253g, 49%).

M.P. > 300 °C. MS (MALDI-TOF): m/z = 514.15 [M*]. UV-Vis, (THF) / nm: 377, 654, 690.
Chemical Formula: C32H1sNs. Further characterisation was not possible because of the signif-

icant insolubility in organic solvents.

3.9 Svnthesis of triple-decker!° 2.22:
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In use 2.5 (0.123 g, 0.0879 mmol), with 2 eq. of La(acac);H>O (0.0767 g, 0.1758mmol) and 1
eq. of phthalocyanine 2.21 (0.045 g,0.0879 mmol) in octanol at 200 °C under N, all mixture
refluxed together for 3 days and 10 hrs. The solvent was evaporated by distillation under a
vacuum. The resultant products were then isolated using column chromatography, employing
silica gel as the stationary phase. The obtained solids were then isolated using column chroma-
tography using silica gel and eluted with a mixture of dichloromethane and hexane (3:2 v/v) as
eluent, the first fraction containing the title product of 2.22 and it has a greenish-brown colour.
Discovered a new solvent system (1:1) Toluene: Hexane as eluent in alumina oxide that isolates
Lanthanum triple-decker 2.22. The TD was the first greenish brown fraction containing the

desired product 2.22, and we recovered all a dark greenish brown solid (0.1g, 50%).

'"H NMR (500 MHz, CDCI3) § 10.08 (d, J = 7.2 Hz, 2H) Hoirs’; 9.99 (t, J = 7 Hz, 6H) Hoips;
9.36 (dd, J =5, 3 Hz, 8H) Hpcl; 8.48 — 8.40 (m, 6H) Hoors; 8.29 (dd, J =5, 3 Hz, 8H) Hpc2;
7.98 (d, J = 6.5 Hz, 2H) Hoors’; 7.86 — 7.77 (m, 6H) Hyipn; 7.31 (d, J =4 Hz, 4H) Hp; 7.26 —
7.21 (m, 18H) Hpg and H,ps ; 6.87 (d, J= 6.0 Hz, 2H) Huirs’; 6.73 (d, J = 7THz, 2H) Huori’; 6.64
(t, J =7 Hz, 6H) Huorr; 4.59 (t, J =7 Hz, 4H) -O-CH>- ; 2.33 — 2.23 (m, 4H) -CH>-; 1.92 (s,
8H) -CH»- ; 1.81 (s, 4H) -CHz-. MS (MALDI-TOF): m/z =2184.42. UV-vis, (DCM)/nm: 360,
423,486, 549, 603. Chemical formula: C30HgooLazN1605.

3.10 Synthesis of lanthanum double-decker 2.25:

2.25
We prepared La-Cio-Dyad 2.25 by using 1 eq. of dyad 2.5 (0.12 g, 0.0858 mmol), 1.1 eq. of
La(acac);.H20 (0.045g, 0.0943 mmol), 1 ml from DBU in 5 ml pentanol in a sealed tube at

180 °C, reacted together for 5 days. The solvent was evaporated by distillation under a vacuum.
'H NMR & UV-vis are not achieved due to the low solubility of the compound 2.25, as a dark
olive-green solid (0.769 g, 58%). MALDI-TOF: m/z =1534.46 [M*]. CosH75LaNgO».
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3.11 Synthesis of homoleptic porphyrin triple-decker?’-2%2°2.27:

2.27
Octaethyl porphyrin 2.1 (0.3 g, 0.561 mmol) and La(acac);H20 (0.96 g, 2.2 mmol) were reacted

in TCB (50 ml) at reflux together for 1 hr. We observed that the colour of the reaction changed
from burgundy to brown, and left the reaction to reflux for 41 hrs as the total reaction time.
Stopped the reaction after it got cold, then added MeOH and left it overnight. After that, the
solid was filtered off and collected, which mainly consisted of unreacted 2.1 and side products,
while the solution was a mixture of 2.27 and a tiny amount of OEP. The solvent system was
(3:2) DCM: Pet-cther as eluent to isolate La>-OEP3 by column chromatography on silica gel.
The third fraction was the desired compound TD, which has a dark burgundy colour. Recrys-
tallised 2.27 by using (1:1) DCM: MeOH and gave a dark black crystal (0.09 g, 5%).

'H NMR (500 MHz, Toluene-ds) & 8.50 (s, 8H) external-meso-H, 8.41 (s, 4H) internal-meso-
H, 4.25 (q,J=7.8 Hz, 16H) internal-8-CH>, 3.93 (dq, /= 15.8, 7.8 Hz, 16H) internal-CH, 3.48
(dq, J=15.6, 7.8 Hz, 16H) external-CH, 2.75 (t,J= 8.0 Hz, 24H) internal-CHs, 1.15 —1.04 (t,
48H) external-CH3. MS-(MALDI-TOF): m/z = 1874.87. Chemical formula: CiogH132La>Ni2.
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3.12 Synthesis of Lanthanum porphyrin triple-decker 2.29:

Prepared using procedure (A) for La-porphyrin triple-decker:

Cio-dyad 2.5 (0.114 g, 0.0814 mmol) was mixed with 2 eq. (0.077 g, 0.163 mmol) of lanthanum
(II) acetylacetonate hydrate and 0.9 eq. of Octaethyl porphyrin 2.1 (0.039 g, 0.073 mmol) in
5 ml pentanol at 180 °C for 5 days in a sealed tube. After that, the solvent was removed under
a stream of nitrogen. The crude was separated by column chromatography through silica gel
using EtOAc/Hexane (3.3:100 v/v) as eluent, and the third fraction was a desired product of
2.29 containing the title product was collected as a reddish brown solid (0.021g, 12%).
Prepared using procedure (B) for La-porphyrin triple-decker:

Cio porphyrin dyad 2.5 (0.1055 g, 0.0754 mmol) was mixed with 2 eq. (0.0712 g, 0.151 mmol)
of lanthanum (I1I) acetylacetonate hydrate and 0.9 eq. of OEP 2.1 (0.0363 g, 0.0678 mmol) in
5 ml pentanol at 165 °C for a week in a sealed tube. Then, the solvent was removed under a
stream of nitrogen. The crude separated by column chromatography through silica gel using
EtOAc/Hexane or EtOAc/Pet-ether (3.3:100 v/v) as eluent, and the third fraction was a desired
product of 2.29 containing the title product was collected as reddish brown solid (0.0117 g,
7%). Recorded the 'TH NMR sample of 2.29 in two different solvents, Chloroform-d & Meth-
ylene Chloride-d> as shown below:

'H NMR (500 MHz, Chloroform-d) & 8.82 (d, J = 7.3 Hz, 2H), 8.78 (d, J= 7.3 Hz, 1H), 8.71
(dd, J=8.1, 2.4 Hz, 1H), 8.59 (br s, 4H), 8.45-8.28 (m, 13H), 8.25 (d, J = 7.3 Hz, 3H), 8.18
(dd, /= 8.1, 2.4 Hz, 1H), 8.12 — 8.08 (m, 1H), 8.05 (dd, /= 7.3, 2.6 Hz, 3H), 8.03 (d, /= 3.0
Hz, 1H), 7.95-7.89 (m, 3H), 7.89 (d, J=2.7 Hz, 1H), 7.85 (t, /= 7.2 Hz, 3H), 7.63 — 7.50 (m,
8H), 7.49 (d, J=2.7 Hz, 1H), 7.47 (d, J=2.9 Hz, 1H), 7.46 — 7.38 (m, 4H), 7.18 (t, J=7.5 Hz,
3H), 6.79 - 6.76 (m, 1H), 6.53 (t,J= 8.6 Hz, 4H), 4.65 (t,J=6.2 Hz, 2H), 4.33 (br s, 1H), 4.27
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(brs, 1H), 3.57 (d, /= 13.5 Hz, 7H), 3.27 (dq, J=15.6, 7.8 Hz, 8H), 2.37 — 2.26 (m, 2H), 2.06
(brs, 2H), 1.95 (br s, 2H), 1.79 (br s, 4H), 1.71 (br s, 6H), 0.95 (br s, 24H).

'H NMR (500 MHz, Methylene Chloride-d>) & 8.83 (d, J = 7.1 Hz, 2H), 8.80 (s, 1H), 8.71 (d,
J=17.6 Hz, 1H), 8.53 (s, 4H), 8.45 — 8.16 (m, 14H), 8.15 — 7.76 (m, 14H), 7.71 — 7.31 (m,
14H), 7.23 (t, J= 7.4 Hz, 3H), 6.83 (d, J = 8.1 Hz, 1H), 6.65 — 6.50 (m, 4H), 4.65 (t, J= 6.5
Hz, 2H), 4.35 (br s, 1H), 4.28 (br's, 1H), 4.12 - 2.76 (br s, 16H), 2.30 (d, /= 9.8 Hz, 2H), 2.05
(brs, 2H), 1.94 (br s, 2H), 1.79 — 1.71 (2 x br s, 10H), 1.27 — 0.84 (br s, 24H).

A compound of 2.29 (118 protons) was observed. (MALDI-TOF): m/z = 2204.48 m/z.
Chemical formula: Ci34Hi1sLa2N120,. UV-vis, (DCM)/nm (log €): 398(5.8), 506(4), 595(3.8),
654(3.7), 730(3.9).

3.13 Synthesis of Lanthanum porphyrin triple-decker 2.30:

Ci2 porphyrin dyad 2.17 (0.078 g, 0.055 mmol) was mixed with 2 eq. (0.052 g, 0.11 mmol) of
lanthanum (III) acetylacetonate hydrate and 0.9 eq. of octaethylporphyrin 2.1 (0.026 g, 0.05
mmol) in 5 ml from pentanol at 180°C for 3 days and 16 hrs in a sealed tube. Then, the solvent
was removed under a stream of nitrogen. The crude was separated by column chromatography
through silica gel using EtOAc/Hexane (3.3:100 v/v) as eluent, and the third fraction was a
desired product of 2.30 containing the title product was collected as a reddish brown solid
(0.0211g, = 17%).

'"H NMR (500 MHz, Methylene Chloride-d>) & 8.79 (s, 3H), 8.66 (s, 2H), 8.60 — 8.18 (m, 16H),
8.14 (d, J=7.7 Hz, 1H), 8.10 (d, J = 7.7 Hz, 1H), 8.04 (d, J = 8.5 Hz, 2H), 7.99 — 7.81 (m,
8H), 7.71 — 7.29 (m, 16H), 7.23 (d, J = 8.4 Hz, 4H), 6.78 (s, 1H), 6.58 — 6.46 (m, 4H), 4.63 (t,
J=6.3 Hz, 2H), 4.28 (2 x br s, 2H), 3.89 — 2.60 (br s,16H), 2.27 (br s, 2H), 2.01 (br s, 2H),
1.92 (brs, 2H), 1.75 (d, J= 7.1 Hz, 4H), 1.60 (br s, 10H), 1.07 (br s, 24H).
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A compound 2.30 (122 protons) was observed. (MALDI-TOF): m/z = 2232.58 m/z). Chemical
formula: Ci3sHi22La2N120;.

3.14 Synthesis of Neodyvmium porphyvrins triple-decker 2.31:

Cio-porphyrin dyad 2.5 (0.1g, 0.071 mmol) was mixed with 2 eq. (0.063 g, 0.14 mmol) of
Nd(acac)sH20 and 0.9 eq. of octaethylporphyrin 2.1 (0.0343 g, 0.064 mmol) in 5 ml pentanol
at 180°C for 5 days in a sealed tube, solvent was removed under a stream of nitrogen. The
crude was separated by column chromatography through silica gel using EtOAc/Hexane
(3.3:100 v/v) as eluent, and the third fraction was a desired product of 2.31 containing the title
product was collected as a reddish brown solid (0.011 g, = 7%).

'H NMR (500 MHz, Methylene Chloride-d>) & 8.49 (2x br s, 3H), 8.17 (s, 1H), 8.07 (s, 3H),
7.77 (s, 1H), 7.71 (s, 2H), 7.64 (s, 1H), 7.31 (s, 3H), 7.01 (s, 3H), 6.86 (s, 1H), 6.63 (s, 3H),
6.52 (d, J=10.7 Hz, 5H), 6.19 (s, 1H), 6.05 (s, 1H), 5.98 (s, 3H), 5.56 (s, 1H), 5.28 (s, 1H),
5.22 (s, 5H), 4.60 (s, 4H), 4.47 (s, 2H), 3.91 (s, 4H), 3.85 (br s, 2H), 3.76 (s, 3H), 3.67 (s, 2H),
3.57 (brs, 2H), 3.48 (s, 3H), 3.23 (br s, 8H), 2.66 (br s, 8H), 2.04 (s, 4H), 1.67 (s, 4H), 1.41 (br
s, l0H), 1.21 — 1.11 (br s, 24H).

A compound of 2.31 (118 protons) was observed. Chemical formula: C134H118Nd2N1202. MS-
(MALDI-TOF-MS): m/z = 2212.13 [M*]. UV-vis, (DCM)/nm (log ¢€) :398(4.8), 506(4.2),
593(3.8), 649(3.6), 776(3.4).
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3.15 Synthesis of homoleptic Neodymium triple-decker 2.32:

2.32

Compound 2.32 was collected as a side product from a previous reaction and obtained as a
burgundy solid as a first fraction by column chromatography through silica gel using
EtOAc/Hexane (3.3:100 v/v) as eluent in 10%. 'H NMR (500 MHz, Toluene-ds) & 5.53 (s, 8H),
3.21 (dq, J=15.5, 7.8 Hz, 16H), 3.01 (s, 4H), 2.62 (dq, J = 14.8, 7.6 Hz, 16H), 1.92 (q, J=5
Hz, 16H), 1.40 (t, J = 7.2 Hz, 48H), 0.54 (t, J = 7.0 Hz, 24H). MALDI-TOF MS m/z 1879.59
[M*]. Chemical formula: CiosH132Nd2Nio.

3.16 Synthesis of praseodymium triple-decker 2.33:

2.33
Cio porphyrin dyad 2.5 (0.1 g, 0.071 mmol) was mixed with 2 eq. (0.063 g, 0.14 mmol) of Pr

(acac);H>0O and 0.9 eq. of octaethylporphyrin 2.1 (0.0344 g, 0.06 mmol) in 5 ml pentanol at
180°C for 5 days, solvent was removed under a stream of nitrogen. The crude was separated
by column chromatography through silica gel using EtOAc/Hexane (3.3:100 v/v) as eluent,

and the third fraction was a desired product of 2.33 containing the title product was collected
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as a reddish brown solid (0.011 g, 7%). 'H NMR (500 MHz, Methylene Chloride-d2) § 9.29 —
9.12 (m, 3H), 8.97 (d, J = 8.5 Hz, 1H), 7.74 (s, 1H), 7.37 (t, /= 9.9 Hz, 3H), 6.87 (d, /= 8.4
Hz, 1H), 6.44 — 6.31 (m, 5H), 6.17 (s, 1H), 6.04 (s, 2H), 4.95 (d, /= 6.9 Hz, 3H), 4.89 — 4.75
(m, 8H), 4.40 (d, J = 7.5 Hz, 2H), 3.93 (s, 2H), 3.52 (d, /= 7.7 Hz, 1H), 3.38 (d, /= 7.1 Hz,
2H), 2.48 — 2.42 (m, 2H), 2.33 (2x br s, 7H), 2.06 — 1.98 (m, 2H), 1.67 (s, 14H), 1.30 (s, 12H),
1.25 (s, 13H), 0.89 — 0.81 (m, 8H), 0.78 — 0.67 (m, 7H), 0.63 — 0.50 (m, 5H), 0.45 (s, 1H), 0.38
(s, 1H), -0.97 — 1.16 (m, 4H), -1.57 — - 1.91 (m, 7H).

(MALDI-TOF): m/z = 2208.77 m/z. Chemical formula: C134H118Pr2N1202. UV-vis,(DCM)/nm
(log €) :399(5.8), 506(3.98), 595(3.81), 645(3.30), 753(3.5).

3.17 Synthesis of praseodymium triple-decker 2.35:

2.35
Ci2 porphyrin dyad 2.17 (0.1021g, 0.072 mmol) was mixed with 2 eq. (0.063g, 0.14 mmol) of
Pr (acac)3;H>0 and 0.9 eq. of octaethyl porphyrin 2.1 (0.0345 g, 0.064 mmol) in 5 ml of pentanol

at 180°C for 5 days. The solvent was removed under a stream of nitrogen. The crude was
separated by column chromatography through silica gel using EtOAc/Hexane (3.3:100 v/v) as
eluent, and the third fraction was a desired product of 2.35 containing the title product was
collected as a reddish brown solid (0.020 g, 13%).

'H NMR (500 MHz, Methylene Chloride-d2) § 9.36 —9.30 (2 x br s, 3H), 9.14 —9.05 (2 x brs,
3H), 7.43 —7.41 (2 x br s, 2H), 7.34 (s, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.56 — 5.97 (m, 13H),
5.05-4.73 (m, 12H), 4.40 (dd, J=17.3, 7.4 Hz, 3H), 4.14 (s, 2H), 4.01 — 3.82 (m, 4H), 3.52
(d,J=7.7Hz, 1H), 3.38 —3.26 (m, 2H), 2.43 (t, /= 6.6 Hz, 10H), 2.05 (s, 1H), 1.93 (s, 1H),1.76
(s, 11H), 1.41 — 1.17 (m, 14H), 0.97 (s, 2H), 0.39 - 0.58 (m, 13H), 0.58 (s, 6H), 0.34 — 0.31 (2
x br s, 4H), -1.13 (s, 4H), -1.62 — -1.90 (m, 7H). MS (MALDI-TOF):m/z= 2235.50 [M*].
Chemical formula: C136H122P12N1203.
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3.18 Synthesis of Lanthanum triple-decker 2.41:

2.41

Cio porphyrin dyad 2.5 (1g, 0.071 mmol) was mixed with 2 eq. of La (III) acetylacetonate
hydrate (0.068 g, 0.14 mmol) and 0.9 eq. of octamethyl porphyrin 2.38 (0.027g, 0.064 mmol)
all dissolved in 6 ml of pentanol in a sealed tube. The mixture was set up to reflux at 180 °C for
5 days the solvent was removed by distillation under reduced pressure, and the crude was sep-
arated by column chromatography through silica gel using (1:1), increased to (3:1) DCM: Pet-
ether respectively to collect the fourth fraction was a desired product 2.41 in a small amount.
We collect the desired product of TD 2.41 (trace) as reddish-brown material."H NMR is not
achieved due to a trace amount of desired product 2.41. MS(MALDI-TOF): m/z = 2091.67
[M]. Chemical Formula: Ci26Hi02La:N120.

3.19 Synthesis of Lanthanum triple-decker 2.45:

245

Cio-dyad 2.5 (0.1g, 0.071 mmol) was mixed with 2 eq. of La (III) acetylacetonate hydrate
(0.068g, 0.14 mmol) and 0.9 eq. of tetraphenyl porphyrin 2.10 (0.0394g, 0.064 mmol), all

dissolved in 6 ml of pentanol in a sealed tube. The mixture was set up to reflux at 180 °C for 5
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days then solvent was removed by distillation under reduced pressure, and the crude was sepa-
rated by column chromatography through silica gel using (3:1) DCM: Pet-ether to collect the
third fraction of desired product 2.45 a dark greenish brown material in trace yield. '"H NMR
is not achieved due to complicated signals in the diluted sample and very broad signals, espe-
cially in the aromatic range in the spectrum. MS(MALDI-TOF): m/z = 2287.42 [M"]. Chemical
Formula: Cy4,H¢La;N;,0,.
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4. Appendices:
Crystal structure analysis of [C10 H20 O20)-(Ca4s H27 N4 La)2-(C36 Has N4)], ca C2

Crystal data: Ci3s Hiig Laz Ni2 Oa, ca C, M = 2230.24. Triclinic, space group P-1 (no. 2), a
=15.9006(7), b =16.9764(8), c = 21.3450(11) A, a = 80.029(4), P = 85.050(4), y = 71.193(4)
°,V=5368.94) A3. Z=2,Dc=1.380 g cm™, F (000) = 2296, T = 99.97(12) K, p(Cu-Ka) =
65.4 cm™!, M(Cu-Ko) = 1.54184 A.

The crystal was a purple cuboid. From a sample under oil, one, ca 0.16 x 0.21 x 0.37 mm, was
mounted on a small loop and fixed in the cold nitrogen stream on a Rigaku Oxford Diffraction
XtaLAB Synergy diffractometer, equipped with Cu-Ka radiation, HyPix detector and mirror
monochromator. Intensity data were measured by thin-slice w-scans. Total no. of reflections
recorded to Omax = 72.5°, was 11127 of which 7455 were unique (Rint = 0.025); 6423 were
'observed' with I > 201. Note: the number of possible reflections is 20205; only a minor portion

of the complete dataset has been recorded.

Data were processed using the CrysAlisPro-CCD and -RED (1) programs. The structure was
determined by the intrinsic phasing routines in the SHELXT program (2A) and refined by full-
matrix least-squares methods, on F's, in SHELXL (2B). Most of the non-hydrogen atoms were
refined with anisotropic thermal parameters; there are regions of disorder in the molecule, e.g.,
in the bridging O(CH2)100 group and in two of the ethyl groups, where atoms were refined
isotropically. Very few hydrogen atoms were located in difference maps; all hydrogen atoms
were included in idealised positions and their Uiso values were set to ride on the Ueq values of
the parent carbon atoms. At the conclusion of the refinement, wR> = 0.147 and R; = 0.058
(2B) for all 7455 reflections weighted w = [6*(Fo?) + (0.1003 P)? + 6.1691 P]"! with P = (F,> +
2F:%)/3; for the 'observed' data only, Ry = 0.051.

In the final difference map, the highest peak (ca 0.6 eA~) was near La (2).

Scattering factors for neutral atoms were taken from reference (3). Computer programs used
in this analysis have been noted above and were run through WinGX (4) on a Dell Optiplex
780 PC at the University of East Anglia.
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Legends for Figures

Figure 1. View of a molecule of the Lax-triple-deck complex, indicating the atom numbering

scheme. Thermal ellipsoids are drawn at the 50% probability level.

Figure 2. Details of the ‘loop’ between adjacent porphyrin planes; the disorder in this region

has not been fully resolved.

Notes on the structure

The molecule is very similar in shape to that of the praseodymium complex below.
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Crystal structure analysis of (Pr: triple-decker porphyrin with O(CHz)12-O
link), plus solvent molecules

Crystal data: Ci3s6 Hi22 N12 O2 Pra, ca (Cg39 N3.os Cl720 ), M = 2640.16. Monoclinic, space
group P21/c (no. 14), a = 24.9526(2), b = 24.080(3), ¢ = 21.5688(3) A, B = 100.0578(10) °, V
=12,761.1(3) A3. Z =4, Dc = 1.378 g cm™, F(000) = 5422, T = 100(2) K, p(Cu-Ka) = 77.0
cm™!, M(Mo-Ka) = 1.54184 A.

The crystal was a purple block. From a sample under oil, one, ca 0.05 x 0.08 x 0.17 mm, was
mounted on a small loop and fixed in the cold nitrogen stream on a Rigaku Oxford Diffraction
XtaLAB Synergy diffractometer, equipped with Cu-Ka radiation, HyPix detector and mirror
monochromator. Intensity data were measured by thin-slice w-scans. Total no. of reflections
recorded, to Omax = 70.0 °, was 94,481 of which 23,815 were unique (Rint = 0.055); 19,448

were 'observed' with I > 2o,

Data were processed using the CrysAlisPro-CCD and -RED (1) programs. The structure was
determined by the intrinsic phasing routines in the SHELXT program (2A) and refined by full-
matrix least-squares methods, on F?'s, in SHELXL (2B). In the principal (porphyrin) molecule,
the non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms
were included in idealised positions and their Uiso values were set to ride on the Ueq values of
the parent carbon atoms. Solvent molecules, mostly chloroform, were located, disordered, at
each end of the triple-decker complex molecule and many more difference peaks were observed
and included as partially occupied carbon or nitrogen atoms in the refinement process, but their
parent molecules were not fully identified. At the conclusion of the refinement, wR> = 0.186
and Ry = 0.075 (2B) for all 23,815 reflections weighted w = [6*(Fo2) + (0.1206 P)* + 12.658 P’
P'with P = (F,? + 2F?)/3; for the 'observed' data only, R; = 0.062.

In the final difference map, the highest peak (ca 1.5 eA~) was near Pr(2).

Scattering factors for neutral atoms were taken from reference (3). Computer programs used
in this analysis have been noted above, and were run through WinGX (4) on a Dell Optiplex

780 PC at the University of East Anglia.
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Legends for Figures

Figure 1. View of the Pr» triple-decker porphyrin with an O(CH>)120 link, with adjoining
chloroform solvent molecules, indicating the atom numbering scheme. Thermal

ellipsoids are drawn at the 20% probability level.

Figure 2. View along the Pr...Pr vector showing the chloroform molecule of C1(82-84) in
the foreground and the Cl(72-74) molecule almost hidden in the background.
The ethyl and phenyl substituent groups are not shown.

Notes on the structure

The triple-decker porphyrin molecule was clearly identified and refined and is shown in Fig-
ures 1 and 2. The three porphyrin derivative molecules are arranged in parallel planes which
are linked in a sandwich arrangement and connected through the praseodymium atoms. Each
Pr atom is eight-coordinate, bonded to the four central nitrogen atoms of a pair of porphyrin
molecules; the coordination pattern of both Pr atoms is square antiprismatic; the N4 square
plane of N(1),N(11),N(21),N(31) is rotated ca 10.8 ° about the Pr...Pr vector from the corre-
sponding plane of N(81),N(91),N(101),N(111).

The loop linking two of the porphyrin rings runs from the para position C(40) of one phenyl
ring to the para position C(70) of a phenyl ring of a neighbouring porphyrin ring. The
O(CH2)120 link appears well defined and consists of a chain with a trans-(cis-trans-trans)s-cis

conformation.

The solvent molecules have not all been identified; most show disorder. There are partially
occupied chloroform molecules at each end of the stack of porphyrin molecules, each arranged
with the C-H bond directed towards the centre of the N4 group of the porphyrin molecule and
the Pr atom; the C(971)...Pr(2) and C(981)... Pr(1) distances are 4.353 A and 4.261 A and the
shortest C(chloroform)...N distances are C(971)...N(91) at 3.469 A and C(981)...N(1) at
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Appendices

3.425 A. These major CHCIl; molecules are overlaid by minor chloro compounds, either more
chloroform or perhaps CH>Cl> molecules. And beyond these molecules there is a further par-
tially occupied CHCI3 molecule and an assortment of lighter atoms designated as either C or N

atoms, with a range of occupancy factors, but of unrecognised molecules.
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