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Abstract

Sandwich double and triple decker complexes of phthalocyanine, porphyrins or a mixture of
both exhibit particular n-w interactions responsible for their special physical, spectroscopic and
electrochemical properties. These properties make them especially suitable for applications
such as such as field effect transistors, nonlinear optical materials, sensors, molecular magnets,

and multibit molecular information storage, unlike the mono-metallic macrocycle counterparts.

This thesis describes various methods for the synthesis of porphyrin-phthalocyanine-
tetrabenzotriazaporphyrin triple decker complexes. These triple deckers contain either an
unsymmetrical or a symmetrical dyad. The unsymmetrical dyad contains a porphyrin and a
tetrabenzotriazaporphyrin molecules linked together by a flexible decyl and dodecyl chain
while the symmetrical dyad consists of two tetrabenzotriazaporphrin molecules linked together
by a decyl chain. Phthalocyanine and different lanthanide metals such as La, Nd, Eu, were
incorporated into the sandwich structure. The synthetic challenges are discussed, and the
eventual successful methods described, the ‘one pot’ reaction was found to be the most efficient.
Spectroscopic analysis such as MALDI-TOF MS, NMR and UV-Vis were used to identify and
determine the structure of the synthesised triple deckers. When La salt was used in the
synthesis, the results obtained from both unsymmetrical C19 and Ci1> dyad were similar but
differ from the known the porphyrin-phthalocyanine-porphyrin triple decker. It is found that
the phthalocyanine unit is not in the middle of the sandwich and lies on the outside next to the
Por unit rather than the tetrabenzotriazaporphrin unit. X-Ray crystallography analysis would
give a conclusive result, however so far suitable crystals were not grown successfully. Many
attempts to synthesise the La triple decker using the symmetrical dyad and phthalocyanine
proved to be unsuccessful, instead, a double decker was formed. An unexpected result was
obtained from the Nd triple decker synthesis where one of the fractions has its units orientated
as follows porphyrin-phthalocyanine-tetrabenzotriazaporphrin, while the UV-Vis of the other
fraction was similar to the newly synthesised La triple decker. The Eu triple decker has its units
oriented similar to one of the fractions of Nd triple decker that is exclusively porphyrin-

phthalocyanine-tetrabenzotriazaporphrin.



Access Condition and Agreement

Each deposit in UEA Digital Repository is protected by copyright and other intellectual property rights,
and duplication or sale of all or part of any of the Data Collections is not permitted, except that material
may be duplicated by you for your research use or for educational purposes in electronic or print form.
You must obtain permission from the copyright holder, usually the author, for any other use. Exceptions
only apply where a deposit may be explicitly provided under a stated licence, such as a Creative
Commons licence or Open Government licence.

Electronic or print copies may not be offered, whether for sale or otherwise to anyone, unless explicitly
stated under a Creative Commons or Open Government license. Unauthorised reproduction, editing or
reformatting for resale purposes is explicitly prohibited (except where approved by the copyright holder
themselves) and UEA reserves the right to take immediate ‘take down’ action on behalf of the copyright
and/or rights holder if this Access condition of the UEA Digital Repository is breached. Any material in
this database has been supplied on the understanding that it is copyright material and that no quotation
from the material may be published without proper acknowledgement.



This thesis is dedicated to my beloved parents
Cader Soobrattee and Nassima Soobrattee
&

My sister

Farihah



Acknowledgements

This thesis would not have been possible without the guidance of the almighty God. The
journey from laboratory work till writing of this thesis has been a great experience and has the
contributions of many people. I have depended upon countless acts of support, generosity and

guidance.

I owe sincere and earnest thankfulness to my supervisor, Professor Andrew Cammidge for his
valuable and constructive suggestions throughout this project. His useful critiques and
willingness to give his precious time are much appreciated. This thesis would not have been
possible without his guidance and support during all the time of research and writing up of this

thesis.

I am really grateful to Dr. Isabelle Fernandes for her unlimited help. She has been abundantly
helpful and supported me throughout the course. I would also like to express my appreciation
to Dr Chris Richard for his commitment. I also thank Dr. David Hughes for X-Ray
crystallography service. I would also like to thank Dr Philip Wilson and Dr Andreas Baumeister
for MALDI trainings. I also thank Dr Colin Macdonald, Dr Matthew Wallace and Dr Trey Koev

for their generous time regarding NMR.

I am also grateful to the teaching, technical and administrative staff, of the school of chemistry

at UEA for their help throughout my degree.

I would like to express my deepest appreciation to Dr Norah Alsaiari. Her friendship and
support during the challenging times in the lab have always been motivating and helpful. I am

also thankful to Dr Ahad Alsahli, Ibtesam Mashnoy, Ala Alturk and Muteb Alshammari.

I would like to extend my sincere thanks Dr Paul Mcdermott, Dr Christopher Hamilton, Dr
Randa Zoglam and Dr Leoni Palmer from the pharmacy department at UEA. In a way or
another they contributed to my skills and personal developments as a teaching assistant for the

undergraduates.

I would also like to thank my parents and I wish to express my greatest gratitude and without
them, I would not have had the strength to complete my PhD. Their encouragement, love and
support are without bounds. I would like to extend my appreciation to my sister who has helped
me throughout the course and never failed to support me in the highs and lows, for having

always believed in me and for being always present when needed.

v



Abbreviations

Ac acetate
AcOH Acetic acid
acac acetylacetonate
aq aqueous
Ar aromatic/ aryl
br broad
BINAP 2,2'-Bis(diphenylphosphino)-1,1’-binaphthalene
Bn benzyl
Cat. Catalyst
conc. concentrated
CDCls Deuterated chloroform
Cio decane
°C Degrees Celsius
d chemical shift in ppm
d doublet
Da Dalton
DABCO 1,4-Diazabicyclo[2.2.2]octane
DBN 1,5-diazabicyclo[4.3.0]non-5-ene
DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DCM Dichloromethane
DD Double decker
DDQ 2,3-Dichloro-5,6-dicyano-1,4- benzoquinone
DMAE Dimethylaminoethanol
DMF N, N-dimethylformamide
DMSO Dimethylsulfoxide
DzPz Tetradiazepinoporphyrazine
Et.O diethylether
eq. equivalent
etal. Et alii
Et ethyl
Grams
h Hours



HOMO

HCI

J

K

Ln

LiIHMDS
LUMO

m

M (in structures)
MALDI-TOF
Me

MeOH

npn

OMe

min

mmol

m.p.

MW

Ppm
Py
RT

SAP
SP
SMM

Highest occupied molecular orbital
Hydrochloric acid

Coupling value

Kelvin

Lanthanide

Lithium hexamethyldisilazide
Lowest unoccupied molecular orbital
multiplet

Metal

matrix-assisted laser desorption/ionisation-time-of-flight
methyl

Methanol

Naphthalonitrile

methoxy-

minute(s)

millimole

melting point

Microwave

Nuclear Magnetic Resonance
ortho

porphyrin

para

Petroleum Ether
Phthalocyanine

phenyl

Parts per billion

parts per million

pyridine

Room Temperature

singlet

Square-antiprismatic
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Single Molecule Magnets
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t-Bu

TBDAP
TBP
TBTAP
D

TCB
TEA
THF
TFA
TLC
TPP- OH
UV-Vis

tertiary butyl

triplet
TetraBenzoDiAzaPorphyrin
TetrabenzoPorphyrin
TetraBenzoTriazaPorphyrin
Triple Decker
1,2,4-tricholorobenzene
Triethylamine
Tetrahydrofuran
Trifluoroacetic acid

Thin Layer Chromatography
5,10,15-tris-phenyl-20-(p-hydroxyphenyl) porphyrin
Ultraviolet-visible

Watt(s)
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Introduction Chapter 1

1. Introduction

1.1 Porphyrins

The word Porphyrin is derived from the Greek word porphura which means purple. Porphyrins
are deeply pigmented organic molecules made up of linked pyrrolic units, forming a
macrocycle.! These units are linked together by 4 unsaturated =CH-H groups known as methine.
Porphyrins play an essential role in biochemical processes, they are present in chlorophyll in
green plants and haemoglobin in animals.?® In these biochemical processes they are involved

in enzyme catalysis, oxygen transfer and storage, electron transfer and other processes.*®

H )

CH,
7 CH,4 H,C
CH, -
/) 3
H3C“I. CH3
H;C CH; CH, CH, CH,
HsC X
3 0™ o OCH,
2
0™ “on o~ OH 5
1
Heme Chlorophyll a

Figure 1.1: Naturally occurring porphyrins.

1.1.1 Nomenclature of Porphyrins

According to IUPAC convention, the 2, 3, 7, 8, 12, 13, 17 and 18 positions are commonly
referred to as the S-positions. The a-positions on the other hand are numbered as 1, 4, 6, 9, 11,
14, 16 and 19. The positions 5, 10, 15 and 20 are identified as the meso positions.®® The two
nitrogen atoms bonded to the hydrogen atoms are positioned at 21 and 23 (figurel.2). The
meso—substituted porphyrins are artificially made while the g-substituted porphyrin is widely

present in natural products (figure 1.3).°
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3 4 5 6 7
2 8
1 9
20 10
19 11
18 12

17 15 13

Figure 1.2: Structure of free base porphyrin (3) and the IUPAC numbering.

R R
R R
R R
R 22 R
R R R
p-substituted porphyrin Meso—substituted porphyrin

Figure 1.3: Structure of g-substituted and meso-substituted porphyrins.

1.1.2 Aromaticity

The porphyrin core has a planar structure and is highly conjugated molecule and exibits many
resonance forms.!° The macrocycle is a 7 system of 22 m electrons of which 18 m electrons form
a delocalisation system on the ring according to the Huckel rule of aromaticity (4n+2
delocalised m electrons). Some studies from *C-NMR and X-ray evidence suggest that the 16
membered ring of the 18 & electron systems is more favoured for the delocalisation pathway in

the porphyrins (figure 1.4).1
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Figure 1.4: Delocalisation of 18 = electrons on the porphyrin core.

1.1.3 Synthesis of porphyrins

Inspiration from the fascinating functions of porphyrin molecules in living organisms and their
ability to bind to metals led to the study of the synthetic porphyrins in 1935.%2 Rothemund
investigated the synthesis of meso-tetrasubstituted porphyrin, by reacting acetaldehyde and
pyrrole in methanol. In 1941," he altered the reaction conditions by heating a mixture of
pyrrole and benzaldehyde in pyridine in a sealed flask at 220 °C for 48 hours. The yield
obtained for the blue crystals of the meso- tetraphenyl porphyrin was less than 10%, such a low
yield was attributed to the severe reaction conditions. It was found that the main meso-
substituted chlorin by-product was formed which under oxidative conditions could be

converted to the product (scheme 1.1).

Ph Ph
CHO
N H'
;\ // + Ph Ph + Ph Ph
DDQ
Ph v Ph

6 7

Scheme 1.1: Synthesis of 5,10,15,20-tetraphenyl porphyrin.

In 1967, the procedure to synthesise the meso-substituted porphyrin was modified by Adler,
Longo and co-workers'* in this alternative method the reaction was carried out in acidic

conditions and in the presence of air (scheme 1.2).



Introduction Chapter 1

H
N 0 acid, air
\ /] * u
reflux
4 5

Scheme 1.2: Adler’s procedure.

Different solvents and a range of concentrations of the reactants were investigated resulting in
a yield of 30-40%. The concentration of the by-product chlorin was reduced compared to the
Rothemund synthesis.!? It was noticed that when the reaction was carried out in propionic acid,
the reaction was faster, but a lower yield was obtained compared to acetic acid, but the product

was easily crystallised in the former acid.

The Lindsey method®® involves a ‘two step- one flask’ reaction for the synthesis of meso-
substituted porphyrins. The reaction is carried out under gentle conditions such that equilibrium
is achieved during the condensation reducing possible side reactions. The reaction requires a
condensation of pyrrole with aldehydes in chloroform or dichloromethane in the presence of
acid catalyst, TFA or boron trifloride etherate, and under inert atmosphere and room
temperature (scheme 1.3). A stoichiometric amount of DDQ or p-chloranil is added to oxidise
the initially formed porphyrinogen.*>1®

IIiI] Chloroform
EEEE—
\ /] +

BF;0(Et),
4 5 RT, 1h

Scheme 1.3: Two-step one-flask room-temperature synthesis of porphyrins.
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1.1.4 UV-Vis spectroscopy of porphyrin

As previously mentioned in the introduction about the characteristics of porphyrins, these
structures are highly conjugated m-electron systems that leads to the intensity and colour of
porphyrins. They are able to absorb in two distinct regions of the visible spectrum, one near

the ultraviolet and the other in the mid-visible region.

Research conducted on the porphyrins has demonstrated that changes in the conjugation
pathway and the symmetry of the compound would influence the UV-Vis absorption spectrum.
Gouterman has presented a four-orbital model [two highest occupied 7 orbitals and two lowest
unoccupied n* orbital] in order to decipher the absorption spectra of porphyrins. According to
this theory, the absorption bands in porphyrin spectra are caused by the transition between two
HOMOs and two LUMOs (figure 1.5).17 The energies of these transitions alter in presence of
substituents on the ring and the identities of the coordinating metal.

(A) (B)

;E g ;( €gy ~ LUMO +1
b J
J
m egx A A LUMO

=
az a1
’ = Q |a| B |B
a1tu HOMO
azu HOMO -1
€gx gy

Figure 1.5: Porphyrin HOMOs and LUMOs. A) Gouterman’s Orbital representation. B) Energy

level transitions of the orbitals according to Gouterman’s theory.

For a free base porphyrin which has a Don symmetry, its electronic absorption spectrum consists
of two distinct regions. A transition from the ground state to the second excited state (S0-> S2)
is called the Soret band or B band. The range of the absorption is between 380-500 nm but this
depends on whether it is a - or meso- substituted porphyrin. The second region is a weaker
transition to the first excited state (S0->S1) and ranges between 500—700nm is known as the Q
bands (figure 1.6).18
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Figure 1.6: Typical UV-Vis spectra for (a) a free-base porphyrin and (b) a porphyrin—metal
complex.®

Metalloporphyrins however simplify the UV-Vis spectrum. Two Q bands are produced instead
of four Q bands as a higher Dan symmetry is involved but the Soret band is barely affected.!

1.2 Phthalocyanine

Another analogue of these macrocyclic tetrapyrrole compounds is the phthalocyanine (Pc). In
Pc, the 4 methine groups (=CH-H) from the porphyrin are replaced by 4 imine groups (-N=C)
i.e the Pc contains 4 isoindole units which are linked by nitrogen atoms known as aza-bridges.
Phthalocyanine is a ring system consisting of 18 m electrons which is delocalized over alternate
carbon and nitrogen atoms. As a result, this delocalisation systems gives the molecule unique
physical and chemical properties.%?

Phthalocyanine

Figure 1.7: Structure of Phthalocyanine (Pc).
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1.2.1 Synthesis of Phthalocyanine

Phthalocyanine is prepared through the cyclotetramerization of different phthalic acid
derivatives such as phthalimide, phthalic anhydride, phthalonitrile and diiminoisoindoline
(scheme 1.4).2* Phthalocyanine was first synthesised in the early 20" century by Braun and
Tcherniac when o-cyanobenzamide was heated in ethanol, resulting in a blue substance (Pc).?
The common method for preparation of phthalocyanines and their complexes is using
phthalonitriles and by heating with a metal template, such as lithium in high boiling point
solvent such as alcohols. It was found that by using phthalonitriles as precursor is that they are
easy to handle and produced phthalocyanines and their complexes in good yield. Other
precursors such as phthalimide and other phthalic acid derivatives often give unreliable results.
This method was studied by Linstead.?® Heating phthalonitrile with catalytic amount of DBU
or DBN in the presence of metal salt resulted in Pcs or metal Pcs in high yield, while weaker
bases such as piperidine and TEA gave a low yield of the compounds.?4?°

CN

©iCN

phthalonitrile

10
[0}

COOH
Metal salt
NH Base, A COOH
0 Metal salt
A phthalic acid
hthalimide
P m Metal salt 11
15

Urea, A

Metal salt

CH;3NO, A \
o Metal salt Br
CuCN, A
Metal salt
O A Br

0 O-dibromobenzene

(0] 12

phthalic anhydride
14 (j\)L NH,
CN

O-cyanobenzamide

13

Scheme 1.4: Main synthetic routes for preparing phthalocyanines.
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There are structural similarities between phthalocyanine and porphyrins and this led
researchers to further investigate the physicochemical properties of Pc.?6-28 This proved to be
challenging as the unsubstituted phthalocyanines are mostly insoluble in many organic solvents.
To overcome this problem, chemists devised new methods to functionalise the Pc ring by
introducing substituents onto the benzene ring. This caused a substantial increase in the
solubility of new compounds and thus they can be analysed. A lesser studied modification
involves the replacement of the imine bridging group by one or several methine moieties which

lead to the formation of hybrid structures (figure 1.8).%°

\ @ \ N\
NS AN \ NH N=
\iNH N=

N\ /N \ N HN
I;I HN / / N\ | N =
N\ =
NN
Tetrabenzoporphyrin (TBP) Tetrabenzotriazaporphyrin trans-tetrabenzodiazaporphyrins
Phthalocyanine 17 (TBTAP) (TBDAP)
9 > 18 19

Porphyrin
3

cis-tetrabenzodiazaporphyrins Tetrabenzomonoazaporphyrin
(TBDAP) (TBMAP)

20 21

Figure 1.8: Phthalocyanine/ porphyrin hybrids.

1.3 Tetrabenzotriazaporphyrins (TBTAP)

The hybrid molecule TBTAP is structurally related to both Pc and tetrabenzoporphyrin (TBP).
The only difference is that one aza-nitrogen of the Pc ring has been replaced by a methine
group as shown in figure 1.9. The hybrid molecule, TBTAP combines the properties of both
phthalocyanine and TBP. It combines the stability, robustness and intense long-wavelength
electronic absorptions seen in phthalocyanines. In addition, the TBTAP can be functionalised
at the meso-carbon which leads to a variety of possibilities that the TBTAP can undergo, further

functionalisation or the ability to link to other moieties and surfaces.?®
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\ NH N=
N N +—> Meso carbon
\ /
I{I HN
>
X L)
Phthalocyanine Tetrabenzoporphyrin (TBP) Tetrabenzotriazaporphyrin
(TBTAP)
9 17 18

Figure 1.9: Phthalocyanine/ porphyrin hybrids.

1.3.1 Synthesis of TBTAPs

Synthesis and isolation of TBTAP from a mixture of products proved to be very challenging,
hence reviews of this molecule in literature are scarce. In 1937, Cu-TBTAP was successfully
synthesised and isolated by Helberger and von Rebay.*° Phthalonitrile (1,2-dicyanobenzene)
with o-cyanoacetophenone in an equimolar ratio in the presence of copper (I) chloride were
mixed and heated in quinoline (scheme 1.5). The resulting mixture was left to cool and upon
addition of pyridine, a violet crystal of compound 22 was obtained. The authors did not report
the UV-Vis spectrum of the product.

Scheme 1.5: The first synthesis of Cu-TBTAP by Helberger and von Rebay.

Linstead and co-workers® used a modified procedure to synthesise Cu-TBTAP using the
condensation product from the reaction of 1,3-diiminoisoindoline and malonic acid to yield 23
which was subsequently reacted with phthalonitrile to form the product 22 (scheme 1.6). The

compound was characterised by UV-Vis spectroscopy.

10
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HO,C
N J
@ + NH
CN

10 23

Scheme 1.6: Lindstead’s synthesis of Cu-TBTAP using 23 as a precursor.

Phthalimidine acetic acid 24 or 3-methylene phthalimidine 25, which is prepared by heating
acid 24 in water at 80 °C, served as a source of methine bridge.*? Phthalonitrile was reacted
either with 25 or its carboxylic derivative 24 at 250 °C with copper salt (scheme 1.7). A 30%
yield of complex 22 was achieved by Dent under similar conditions.®? The author observed that
when 3 moles of phthalonitrile, 1 mole of Phthalimidine acetic acid and 1 mole of copper
chloride was used, this yielded 70 — 80% of Cu-TBTAP with small amount of copper
phthalocyanine as an impurity. When a 1:3 ratio of phthalonitrile to phthalimidine acetic acid
was used, the desired product (Cu-TBTAP) was not formed. Using methyl-phthalimidine
acetate instead of phthalimidine acetic acid still proved to be unsuccessful.

N
X A
CO,H CH, < N
CN / CuCl or CuCl, N N=
©: + NH Or NH ————®» N cd N

N .7 N/

CN 250 °C NN
o) o) \
10 24 25

22

Scheme 1.7: Dent’s synthesis of Cu-TBTAP using phthalimidine derivatives.

In 1939, Linstead and co-workers® investigated the reaction between phthalonitrile and
organometallic compounds. Mg-TBTAP was synthesised in a two-step procedure. The first
step involved the reaction between phthalonitrile and the organometallic reagent in low boiling
ethereal solvent. The second step involved distilling off the solvent and heating the residue at

200 °C in a high boiling point solvent such as quinoline, cyclohexanol or a-naphthyl methyl

11
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ether. Following an acid work-up, 40% yield of a green pigment was obtained (scheme 1.8).
Evidences from X-ray diffraction and several quantitative oxidations, metal-free

tetrabenzotriazaporphyrin 18 was identified.?

1) MeMgl, Et,0, 20 °C \
CN 2)200 °C
> N N
CN 3) H,0 N  HN
. 4) H,S0, !\ | _ /!

Scheme 1.8: General synthetic route for metal-free TBTAP.

Unsubstituted tetrabenzotriazaporphyrin derivatives are insoluble in organic solvents as
observed by many authors. TBTAP molecules which are unsubstituted at the meso- carbon are
partially soluble in most organic solvents. However, Mg and Cd complexes are found to be
more soluble than any other metal complexes. The procedure developed by Linstead and co-
workers®'was modified so as to incorporate substituents at the meso-position. Magnesium
complex 26 of meso-(p-tolyl) TBTAP derivative was formed. To afford the free ligand,

complex 26 was demetallated using concentrated HCI (scheme 1.9).

x >N\
DME, \ -

©:CN 1) 4-MeCH,CH,MgCl, THF HCI (conc.) NN
N N
CN  2) tetralin, A 20°C S

N |
o (T
Me
26 27

Scheme 1.9: Synthesis of the MgTBTAP-(p-tolyl) and its demetallation.

Leznoff and McKeown,* used various Grignard reagents in the preparation of meso-substituted

TBTAPs from sterically hindered phthalonitriles. A 15% yield of meso-

12
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phenyltetrabenzotriazaporphyrin was obtained from the reaction of phthalonitrile with
benzylmagnesium chloride at 200 °C for 22 h in quinoline (scheme 1.10). Separation of the
free macrocyclic ligand from unsubstituted phthalocyanine was tedious because of low
solubility of the former compound in most organic solvents. However, its metallated

magnesium complex can be isolated.

CN 1) BaMgCl, Et,0
>
CN 2) quinoline, A

10

Scheme 1.10: Synthesis of Mg-TBTAP-Ph by Leznoff.

A modified version of the synthesis of tetrabenzotriazaporphyrins by introducing substituents
with long hydrocarbon chains at the meso-position of the macrocycle was also carried out by
Leznoff and co-workers.®* The reaction was performed using alkyl magnesium halides and
unsubstituted phthalonitrile in diethyl ether at 20 °C. The ether was eventually distilled off and
the reaction mixture was subsequently heated to 120-185 °C in quinoline. The Mg complexes
29 a-d were purified by chromatography and were finally demetallated by heating in acetic
acid for 2 h and then recrystallised in toluene. Treatment of the free ligands 30 a-d with a large
excess of zinc acetate in a DMF and toluene system afforded the corresponding zinc complexes
31 a-d. The zinc complexes were finally recrystallised from diethyl ether. The authors
confirmed that introducing the alkyl substituents at the meso-position facilitates the purification

process of both free macrocycles and their complexes (scheme 1.11).

13
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N
/ S
CN 1) RCH,MgCl, Et,0 7 AcOH, A
> N —_—
CN 2) quinoline, A ) 2h
10
(@) R=n-CsHy,
(b) R=n-CoHg
(¢) R=n-C3Hy;
(d) R =n-C;Hz;s
Z
/ Zn(OAc),
—_— N
DMF, PhMe
J NH A,20h

Scheme 1.11: Synthesis of meso-alkyl substituted TBTAP derivatives.

Galani and co-workers®=® prepared a series of Mg and Zn complexes of meso-substituted
TBTAP. Refluxing 1,3-diiminoisoindoline 32 with a carboxylic acid which has a CH2 group
adjacent to the carboxy group and either ZnO or MgO as template agent at 290-300 °C
produced a series of hybrid molecules. The yield of the tetrabenzotriazaporphyrin was less than
10%. The highly stable Zn complex bearing phenyl-substituted tetrabenzotriazaporphyrin
could not be demetallated. The authors noticed that when the ratio of carboxylic acid to 1,3-
diiminoisoindoline increases, the formation of complexes with more methine bridges was
favoured. Complexes with more nitrogen bridges formed when the amount of carboxylic acid
used is lowered. The yields of tetrabenzotriazaporphyrin derivatives 28 and 33 were 8.5% and

5%, respectively (scheme 1.12).

14
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NH

cis- TBDAP
PhCH,CO,H, MO
NH + trans-TBDAP
290 - 300 °C, 1h
NH TBMAP

32

28 M = Mg
33M="7n

Scheme 1.12: Metal-TBTAP-Ph complexes reported by Galanin.

Galani and co-workers investigated the effects of using different aliphatic acids and the
condensation of 1,3-diiminoisoindoline 32 in the presence of ZnO. These reactions yielded Zn
complexes 34 a-c and only meso-alkyl tetrabenzotriazaporphyrins were isolated with yields no

more than 27% (scheme 1.13).%’

N
NH \ A TN
RCH,CO,H, ZnO, NaOH NS
NH > N Zn N
\ .7 N/
N N

290 - 300 °C, 1h

NH
32

(a) R=Et
(b) R= n-C6H13
(©) R=n-C|,Hj;s 34a-c

Scheme 1.13: Galanin’s synthesis of meso-alkyl-TBTAPs.

In 2011, Tomilov and co-workers,* tried the mixed condensation of arylacetonitriles 35 with
unsubstituted phthalonitrile in the presence of magnesium powder. Heating of the reaction from
240-300 °C resulted in the formation of magnesium complexes of meso-aryl substituted 36 a-
e with the only by-product magnesium phthalocyanine. The authors found another way of
initiating the reaction through microwave irradiation of starting materials. The benefit of this
process is that a higher yield of TBTAP was achieved in a short period of time. A demetallation

15
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process involving sulfuric acid under mild conditions was employed. Under these conditions,

meso-phenyl-substituted TBTAP was prepared in a 98% yield 37 a (scheme 1.14).

\ \ \
CN N NH N=
@[CN Mg 240 - 300 °C H,S0O4 (conc.)
+
CN or MW, 600 W

35

20 °C, 1 min

(a)R=H

(b) R =2-Me
(¢) R=3-Me
(d) R =4-Me
(e) R =4-OMe

Scheme 1.14: Aryl acetonitriles for the synthesis of meso-substituted TBTAPs.

A main drawback to produce metal-free tetrabenzotriazaporphyrins from complexes containing
Zn (I1) as central ion is that the demetallation process proved to be unfavorable.®® However,
Tomilova and co-workers were first to report the quantitative demetallation of Zn-TBTAP
under non-traditional conditions, by heating the complex 33 in an ionic liquid i.e., pyridinium
hydrochloride to afford the free ligand 37 a (scheme 1.15).%°

\
é N ; Py. HCl, Py \é NH é

120°C,3-4h
O g

33 37a

Scheme 1.15: Non-traditional conditions for ZnTBTAP-Ph demetallation.

Cammidge and co-workers*® carried out the tetramerization of 3,6-di(n-hexyl) phthalonitrile 38
b in n-pentanol using metallic lithium (scheme 1.16). A mixture of phthalocyanine and a dark
green fraction was obtained in a ratio of 95: 5. This by-product was identified as substituted
octaalkyl-tetrabenzotriazaporphyrin, np-(n-hexyl)s H-TBTAP 39 b. When an excess of lithium
was used (from 2.1 eq to 19 eq) a better yield of TBTAP was obtained in the ratio of 77: 23

16
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(phthalocyanine: TBTAP). Using a higher boiling point solvent such as octanol increases the
formation of TBTAP (53: 47 phthalocyanine: TBTAP). The authors performed *C labelling
experiment and found that the solvent used in the reaction is responsible for the introduction
of methine group at the meso-position (scheme 1.16). Clearly, the incorporation of the 13C label
from the solvent involves a cleavage of the alkyl chain. Under the same conditions, the
formation of TBTAP is dependent on the substituents present on the phthalonitrile. 3,6-
Disubstituted phthalonitriles, 38 a, ¢ and d respectively resulted in a mixture of phthalocyanine
and TBTAP. Whereas 4-tbutylphthalonitrile and 4,5-di(n-hexyl) phthalonitrile results only

their corresponding phthalocyanines.

1) Ll, H-CnH2n+1OH
(n=50r8)
2)H*

-
’

CN

CN

R
38a-d R \
1) Li, n-C;H, 5" CHQOH A NH
+
(a) R = CHj; 2)H
(b) R =n-CeH,;
(¢) R =n-CgH,;
(d) R =n- CjoHy;

Scheme 1.16: Synthesis of np-(alkyl)sH.TBTAB complexes.

Cammidge and co-workers devised an improved version of the synthesis meso-phenyl
substituted TBTAPs reported by Leznoff.®®* The reactions of 2-, 3- and 4-bromobenzyl
magnesium chlorides (41 a-c) and phthalonitrile gave the corresponding macrocycles 42 a-c.
In their investigations, using quinoline as solvent, fewer impurities were present, and the

complexes were more readily isolated (scheme 1.17).4
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MgCl
{j ©:CN quinoline Br
+ >
=
Br/ CN 220 °C
(a) 2-bromophenyl
4l1a-c 10 (b) 3-bromophenyl

(c¢) 4-bromophenyl

Scheme 1.17: Synthesis of Mg-TBTAP complexes from the isomeric series of bromobenzyl

magnesium chlorides.

The favourable outcome from the above experiments led the researchers*? to attempt

introducing bulky substituents at the meso-position of the TBTAP macrocycle (scheme 1.18).

The reactions used various organomagnesium compounds with 3,6-dihexyl phthalonitrile 38 b,

similar to Leznoff’s synthesis. 3,6-Dialkyl phthalonitrile was dissolved in either ether or THF

and the Grignard reagent was subsequently added. The low boiling point solvent was distilled

off and finally the mixture was heated to a high temperature in quinoline in order to obtain the

desired products. However, from all the trials, only unsubstituted methine derivatives of

TBTAP complex was formed. Clearly substituents at the meso-position cannot be

accommodated when bulky 3,6-disubstituted phthalonitriles are used.

1) R'CH,MgCl, Et,0,

A, 30 min

R
CN
CN
R
38b
R= n-C6H13

2) quinoline, 200 °C

>

(@R'=H
(b)R'=Me
(¢c)R'=Bn

(d) R'=n-CigH3
(¢) R"=n-CyH /g
() R'=Ph

N
|

R
N

R N
N,
Mg

\
N
\

R
NN
/N\ R
N
N\ /)
N

R

Scheme 1.18: Attempts to introduce bulky substituents at the meso-position of np-TBTAP

macrocycles from various G

rignard reagents.
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The reaction of 4,5 dialkylphthalonitriles 44 with benzyl magnesium chloride using similar
conditions produced the substituted magnesium complex 47 in low yield (scheme 1.19). This
result is consistent with the data obtained by Leznoff and Mckeown, where they used various

organomagnesium reagents and phthalonitriles.*2

\
1) R°’CH,MgCl, EtzO N
A, 30 min /

R:©:CN
R CN 2) quinoline, 200 °C

44 R = 2-ethyhexyl
45 R = C8H17

46 R = 2-ethylhexyl; R’ =H
47 R = 2-ethylhexyl; R’ = Ph
48 R = C8H17; R’=H

Scheme 1.19: meso-Substituted Mg-TBTAP complexes using 4,5-dialkylphthalonitriles.

Cammidge and co-workers*® reported a modern synthetic approach for the preparation of
TBTAP with a functionalized phenyl group at the meso-carbon. The method generated a higher
yield of magnesium TBTAP and avoided the undesirable hybrid complexes. The synthesis of
the magnesium TBTAP first involved the formation of the precursor aminoisoindoline by
following the procedure developed by Hellal and co-workers.* Under microwave irradiation,
the intermediate 51 was synthesized from a copper-free Sonogashira coupling between terminal
aryl alkyne and 2-bromo benzimidamide hydrochloride. The amidine salt 50 was produced
from the treatment of 2-bromo benzonitrile 49 with lithium bis(trimethylsilyl)amide
(LiIHMDS) in THF followed by quenching with isopropanol/HCI (scheme 1.20).%°

NH.HCI NH,
@CN 1) LiN(SiMe3), NH, Pd, Ar—— {
? N
Br 2) HCI Br MW {
Ar
49 50 51

Scheme 1.20: General synthesis of aminoisoindoline.
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The first attempt to synthesise the magnesium TBTAP was to react the diiminoisoindoline 32
and aminoisoindoline 51 in high boiling solvents such as quinoline, DMEA, DMF or diglyme
in the presence of magnesium bromide as a template agent. The desired meso-phenyl TBTAP
was formed along with magnesium phthalocyanine and self-condensation product of the
aminoisoindoline 53. This unsatisfactory result led the Cammidge group to modify the reaction
synthesis and therefore they used a less reactive precursor i.e phthalonitrile rather than
diiminoisoindoline 32. This substitution gave a better outcome with an enhanced yield of 40%
of the magnesium meso-aryl substituted TBTAP derivatives 52 a-c (scheme 1.21).%3

NH
@EENH SN
NH, NH  MgBr,, diglyme )\ N\ , ] NS
N + 32 —_— > N Mg / Ar 4+ N  HN
N DABCO \ N / \
\ A )
Ar CN NS Ar Af
.« X
CN 52 53
10 (a) Ar = 4-OMe-Ph

(b) Ar=3-OMe-Ph
(¢) Ar=3,5 OMe-Ph

Scheme 1.21: Improved protocol for the synthesis of meso-aryl TBTAPS.

Inspired by the satisfactory results of the Cammidge group, Torres and co-workers*
synthesised new TBTAP with an anchoring carboxy-phenyl group at the meso-carbon. In the
presence of magnesium salt, aminoisoindoline 54 and 4-tert-butylphthalonitrile 55 were
reacted and a 20% vyield of the magnesium TBTAP 56 was obtained. During the
macrocyclization reaction, the methoxy carbonyl group hydrolyses and thus no further reaction
was required to form the product 56. A transmetallation reaction was successfully carried out

in the presence of zinc acetate to form the corresponding TBTAP 57 (scheme 1.22).45
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Zn(OAc),

160 °C

Scheme 1.22: Synthesis of TBTAP with an anchoring carboxy-phenyl group.

Further research to determine the type of hybrid molecule from the TBTAP synthesis was
carried out by Cammidge and co-workers.*”#® In the study, benzosubstituted starting materials
were used. In one example, the 2,3-naphthalonitrile (npn) (B) and the initiator aryl-
aminoisoindolene (A) were reacted to target compound 58 (an “ABBB” TBTAP). However,
TBTAP 59 which was surprisingly found to be the dominant product in the reaction (scheme
1.23). The product is an Ar-ABBA TBTAP type of molecule. The outcome of the reaction can
be controlled somewhat by the stoichiometric ratio of the starting materials. Research is still
ongoing to understand the formation of the unexpected product 59. As a result of the extensive

n-system, red-shifted Q-band absorption at 709 and 681 nm was observed.*?

NH,
CN
CN \
Ar
npn 51a

Scheme 1.23: Synthesis of TBTAP hybrid.
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1.4 Metallated porphyrins

Normally porphyrins are synthesised as the free-base form and metal ions are subsequently
inserted into the cavity. When a metal ion such as M™ is bonded to the porphyrin HzPor (as

shown in equation below) forms MPor (™2* and the two inner imino protons are dissociated.
Y A PorH, <«——»  MPor(™2* + 2H*

Metals which meet the required criteria such as size and charge can perfectly fit into the central
core of the planar macrocyclic ring system. As a result, regular metalloporphyrins are formed
which are kinetically inert complexes. Such metalloporphyrins are important and play
essentials roles in biological systems.***° In the majority of the naturally occurring
metalloporphyrins, the metal ion is located within the plane of the tetrapyrrolic ligand because
they fit the size of the cavity. The radii of these metal ions range between 55-80 pm which
correspond to the sphere in the porphyrin core surrounded by the four pyrrolic nitrogens (figure
1.10).

Q)

Figure 1.10: Schematic representation of regular metalloporphyrin.

It is observed that if the ionic radii of the metal ion are too large (80-90pm) to fit into the core
of the macrocycle, they are outside the ligand plane, resulting in a distorted structure known as

the sitting atop (SAT) metalloporphyrin (figure 1.11).

o

B~

Figure 1.11: Schematic representation of SAT porphyrin.

The non-planar structures have special photochemical and photophysical features caused by
the size of the metal centre.5>%? Hence, it is possible to form sandwich type complexes with
porphyrins and/or phthalocyanine (Pc). These novel structures are formed with lanthanide

metals.
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1.5 Sandwich type complexes
1.5.1 General introduction

Over the last few decades, there has been a huge resurgence in the study of sandwich- type
complexes. The mixed (phthalocyaninato) (porphyrinato) rare earth complexes can produce a
large number of homoleptic and or heteroleptic double- and triple- decker compounds which

have been successfully synthesised.>3->°

A range of metal ions can be inserted in the central core of cyclic compound such as porphyrins,
phthalocyanines, napthalocyanine and other tetrapyrrole derivatives.®* The nature of these
tetrapyrrole ligands and the size of the metal ions directly influence the outcome of the
sandwich- type structures. It is observed that lanthanides generally form stable complexes with
the tetrapyrroles. These metal ions, usually in the Ln3* state, however are located above the
plane of the macrocycles. They act as a linker between the units of porphyrins and
phthalocyanine, thereby forming double- and or triple- decker sandwich-type
compounds.>®®%®1 These molecules are fascinating as they are employed in molecular

machinery nanotechnology and sensors.

1.5.2 p-oxo-nitrido-bridged dimers

Porphyrin or phthalocyanines linked together by an oxygen or nitrogen molecule commonly
known as p-0x0%%® or p-nitrido® bridged dimers are potential candidates for designing

molecular gears (figure 1.12).

The synthesis of the bridged dimers has proved to be extremely challenging with
unsymmetrical core skeletons bearing diamagnetic and oxophilic metal ions. Consequently,

studies on the molecular rotation of bridged dimers are rather limited.®
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60 d

Figure 1.12: Deckers of porphyrin and phthalocyanine linked by oxygen or nitrogen,®26>6¢

To overcome this problem, double-decker based on porphyrins, phthalocyanines and related
macrocycle bridges using lanthanides metals in place of the oxygen and nitrogen are ideal
candidates as they possess unique features, such as, stability, ease of synthesis, and visual

responses which are easily detected by microscopy techniques.®267

1.6 Synthesis of Homoleptic complexes

Generally homoleptic rare earth complexes such as double- and triple- decker compounds can
be obtained via two methods. The first method involves the cyclo tetramerization of the
required phthalonitriles in the presence of rare earth metal salts using an organic base like DBU.
Alternatively, compounds such as Li>Pc or HoPc are reacted with the metal salts in a high
boiling point solvent such as octanol. Both methods resulted in the formation of double decker

and a low yield of the triple decker (scheme 1.24).68.5°

AR .,
LY /s
CN PN //N{\
pBU M o ya—
+ M(acac);nH,O ——— 3 /M\ + 2 i
[N .
CN Octanol NN Phthalocyanine
N\ /7
M
ZR\Y
RN
/7 \

Scheme 1.24: Preparation of homoleptic double and triple decker complexes.
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In the example below, Dubinina and co-workers were able to selectively synthesise and isolate
double and triple decker of octaphenylphthalocyanine using terbium as rare earth metal.”® The
double decker was obtained from either the 1,2-dicyano-4,5-diphenylbenzene 62 or from the
substituted phthalocyanine 61 depending on the reaction conditions. The yield of the double
decker 63 product obtained from the substituted dicyano compound 62 was 26% while a yield
of 64% was achieved by using the substituted phthalocyanine 61. When the reaction

temperature was increased, a mixture of double and triple deckers was obtained. The triple

decker 64 was isolated in a 77% yield (scheme 1.25).
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Scheme 1.25: Synthesis of terbium (I11) double and triple deckers.”

In the following section, other chemical reactions leading to the synthesis of double and triple

deckers will be described.
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1.6.1 Double deckers from phthalimide

In 2021, Galani and co-workers synthesised and characterised three homoleptic bis-
tetrabenzoporphyrin complexes (Gd, Er, Lu). In their approach to the synthesis of double
deckers, they used an intermediate known as (E, Z)-3-((3-hydroxy-3-methyl-3H-isoindol-1-yl)
methylene)isoindolin-1-one 65 which is obtained from the condensation reaction as per scheme
below. The author claimed that the methyl moiety is derived from the acetate component. The
intermediate is then made to react with the metal chloride form of Gd, Eu and Lu at a
temperature of 350 °C for an hour to produce the homeleptic double deckers in yields less than
40%. MALDI-TOF analysis showed no peaks beyond 1840 Da implying that homoleptic triple
deckers were not formed during the course of the reaction (scheme 1.26)."

OH
1). Zn(OAc), - 2H,0, Me mcl,-6H,0,
0o 230°C,05h O N NaOAc:3H,0,
2). H,S0,4,20°C, 1h 350°C, 1h
Ej:«\(NH A —— 2>
o) O NH
0
15 65
(@ M=Gd
(b) M=Eu
(c) M=Lu

Scheme 1.26: Synthesis of homoleptic double decker complex.”

1.7 Heteroleptic double decker from Li2Pc

Generally the synthesis of heteroleptic double deckers can be achieved by using a preformed
Li-Pc and subsequently mixing with the other macrocycle unit to form the mixed compound.>®
The synthesis of a heteroleptic terbium double decker was achieved by Chen and co-workers."
Initially, Tb(acac)z-nH2O and Hx{Pc[N(CsHo)2]s} were mixed in a high boiling point solvent
such as octanol followed by the addition of LioPc. The double decker

(Pc)Th{Pc[N(CsHo)2]s} 68 was analysed by MALDI-TOF MS with m/z 2202 and the yield
obtained was 37.9% (scheme 1.27).
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Scheme 1.27: Synthesis of bis(phthalocyaninato) rare earth (111) double-decker complex.

1.7.1 Heteroleptic double decker from phthalimide

Galani and co-workers synthesised heteroleptic double deckers. They used an intermediate 3-
[(E,2)-{(E,Z)-3-[(1-hydroxy-1-methyl-1H-isoindol-3-yl)methylene]isoindolin-1-

ylidene}methyl]-1H-iso-indol-1-one 69 obtained from the precursor phthalimide as shown in
the scheme below. The intermediate was then reacted with 2-methylquinoline and 3-
methyleneisoindolin- 1-one 70 in the presence of zinc oxide for 4 h and finally treated with
H2S04 to yield the tetrabenzoporphyrin. In a one-pot procedure, the tetrabenzoporphyrin was
reacted in an excess of lanthanide chloride salts in quinoline for 2 h. An excess of phthalonitrile
was then added to the mixture which was refluxed for another 4 h to yield the sandwich

heteroligand complexes in 54-65% (scheme 1.28)."*
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0} 1) 2-methylquinoline,
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Scheme 1.28: Synthesis of heteroleptic double decker complex.”

1.7.2 Heteroleptic double decker with diazepine unit

In 2021, a series of new heteroleptic rare earth double decker compounds composed of
electron-withdrawing  tetradiazepinoporphyrazine  (DzPz) and  electron-donating
phthalocyanine (Pc) macrocycles were designed and synthesised (scheme 1.29). The DzPz is
made by fusing 1,4-diazepine heterocyclic rings and a porphyrazine core and the resulting
macrocycle forms stable intermolecular interactions. Rare earth metals such as La, Eu and Lu

were explored.”

The synthesis of the heteroleptic compounds was not straightforward and different routes were
explored. Synthesis of the single-decker complexes of the DzPz consistently proved to be

unsatisfactory due to the tendency of compound to form robust intermolecular contacts.’™

Therefore, single-decker complex [B“PcLn(acac)] 73 of the Pc was prepared by following
published procedure.” They used Lu metal as template for exploring two different strategies.
In the first method, the reaction mixture of a cyclotetramerization of 1,4-diazepine-2,3-
dicarbonitrile 74a and B“PcLu(acac) was refluxed in n-hexanol. This reaction resulted in the
formation of the target heteroleptic double-decker and also unwanted heteroleptic triple-decker
complexes of various compositions. The purification of the compound was challenging, and a
18% vyield of the target product was obtained. In the second pathway, the macrocycles of

BUpclu(acac) and ®BYP"DzPzH, 74b were made to react in the presence of o-dichlorobenzene
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and DBU (scheme 1.29). This gave a higher selectivity for the formation of the target
compound without any of the unwanted triple decker complexes. The yield of Lu 75a and Eu
75b heteroleptic complexes were 62% and 42% respectively while a low yield of 10% was
obtained for La complex 75c. This low yield can be explained by the fact that during the course
of the reaction, single-decker dissociates to from side products such as homoleptic complexes
(BY""DzPz),La and (BUPc),La.”

N—/ R
r,"\‘ CN\/ "‘\ — -f‘_: N—:;%""-\
y ‘O / 74a R*( ! N { +—R
N -] N < S =7 __= N
CN Nr-"\ N ’N
R N, | J ~N
()ln=L N Q;N\ ’;‘S N
i)Ln=Lu = —
R—& =~ N = >—R
LN N

R

(i) Ln = Lu, Eu, La R
EUPan (acac) _fr,
N
p— NH ;: :é

/

R =nBu; R= —’\~.\ ) tBu HN
N R-,., /N* X h N= /

Ln = Lu (a), Eu (b), La (c) 'E'“P“Dsz Ln(®“Pc)
(i) CgH430H, reflux R ’E”F“DszHu R 1):75a(18%)
(i) 0-DCB, DBU, reflux 74b (WI) 75a(62%),75b(42%),75¢(10%)

Scheme 1.29: Synthesis of heteroleptic double decker complex.”

The diazepine unit (see above scheme) which is attached to the porphyrazine core increases the
tendency for interligand interactions in the DzPz moiety by a combination of both hydrogen
bonding and n-stacking. Furthermore, based on their spectroscopic data, a dimeric compound
is formed due to the outward reorientation of the diazepine unit, as shown in the model below
(figure 1.13). They concluded that by changing the peripheral substituents on the cores and the
Ln(I1I) ion, supramolecule based on intermolecular assembly can be obtained in a controlled
fashion and therefore have potential applications in molecular magnets and materials based on

charge transfer.
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the free base
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Figure 1.13: DFT-optimized structures of the heteroleptic double decker complex.”

1.7.3 Heteroleptic double decker with functionalised phthalocyanine

Martynov and co-workers developed and synthesised a new heteroleptic double decker of
terbium bis-phthalocyanine. An ethoxy substituent is attached on the periphery of the benzene
rings on the Pc and on one of the benzene ring of the Pc core, a diethylene glycol moiety with
a terminal OH group and a methoxy group are attached (scheme 1.23).7
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,;_éj_ou N _ﬂr\‘@_()ﬂ
- JEL
P EtO
_HN 0~ F§ Th(A,B)
(19%)
+ Th(Ag) and Th(AgB;)

Scheme 1.30: Synthesis of heteroleptic double decker complex.”

Two routes to synthesise the double decker were explored. The first pathway was to condense
phthalonitrile B with an excess of phthalonitrile A in the presence of magnesium metal in
boiling pentanol. The metal was then removed from the resulting complexes by addition of
trifluoroacetic acid to yield a mixture of phthalocyanines HoAxBa4_x, where x = 0—4. An attempt
to isolate macrocycles of H.A4 and H2As3B from the mixture by column chromatography was

unsuccessful despite the fact that the presence of an ethoxy group on the free Pc core should
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enhance the solubility. The second pathway involves condensing the phthalonitrile A and B in
1-hexanol in the presence of terbium (I11) acetate and DBU. The data obtained from MALDI-
TOF mass spectrometry showed that the resulting mixture contained a mixture of products that
is Tb(As), Th(A7B), and Tb(AsB2) which were successfully isolated as they were more soluble.

In both pathways, they used an excess of phthalonitrile A so as to prevent the formation of

compounds with more than one diethylene glycol group on the molecule.

In order to expand the potential applications of the double decker Th(A7B), other modifications
were carried out by removing terminal OH group to an iodine atom and finally to a thioacetate
moiety (scheme 1.31). The double decker with the terminal OH can be used in hybrid materials
as it can be fixed on surfaces which are modified by carboxylic acid moieties as they have
found in a previous study.’” The nanoparticles of the complex containing the thioacetate moiety
can be attached onto the surface of noble metals following the hydrolysis of the thioester bond
(scheme 1.31).78
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Scheme 1.31: Scheme of the functionalization of terbium (I11) bis-phthalocyaninate (Aas)
Th(AsB-OH).”®

1.8 Synthetic methods for triple deckers

In the previous section, some of the synthetic pathways for the formation of double deckers
also lead to the formation of the homoleptic triple deckers. In the following section, other
methods for the selective synthesis of triple deckers will be discussed.
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1.8.1 Homoleptic butoxy- and crown substituted triple deckers of phthalocyanine

In 2022, Martynov and co-workers developed a series of homoleptic butoxy- and crown
substituted triple deckers of phthalocyanine (figure 1.14).”® The authors adapted a reported
synthesis of BuO- and 15C5-substituted ligands to produce Tb(Ill) and Y(III)
trisphthalocyaninates, the reaction of H[(BuO)sPc] or Hz[(15C5)sPc] with the metal
acetylacetonates in refluxing solvents such as 1-octanol or 1-chloronaphthalene yielded in 20%

and 50% of the target triple-deckers after 4 hours and 1.5 hours of reaction respectively.8%8!

Additionally, they were able to enhance the synthetic techniques, enabling quicker processes
and produce higher yields of the target triple decker. The authors discovered that changing the
solvent mixture of 1,2,4-trichlorobenzene (TCB) and 1-octanol to a 9:1 vol. ratio resulted in
90% and 68% yields of Th2[(BuO)sPc]s and Th2[(15C5)4Pc]s, respectively. In the case of
Y(I) yields of 75% and 79% were recorded, respectively and the reaction times were

shortened to half an hour.”
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Figure 1.14: (a)—Structural characteristics d and &, which determine coordination surrounding
of lanthanide ion sandwiched between two Pc ligands; (b,c)—staggered (s-) and gauche (g-)

conformations of Pc ligands in sandwich complexes; (d)—trisphthalocyaninates.”

Both UV-Vis spectra of triple-deckers (figure 1.15) of are 15C5- and BuO- complexes were

compared as depicted in the diagram below. In the case of the BuO- substituted complex, the
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data obtained from both solvents benzene and dichloromethane clearly shows a difference in
the spectra with regards to the shape of the bands and the intensities. While UV-Vis spectra of
the homoleptic triple decker of the 15C5- complex in both solvents showed that the shapes and
positions of Q- and Soret bands were exactly the same. They concluded that the phthalocyanine
cores bearing the BuO- substituents are in staggered conformations in toluene or in gauche
conformations in chloroform. In contrast to the complex bearing the 15C5- substituents in both

solvents, they are conformationally invariant and occurs in the staggered form.

In another investigation, they studied this phenomenon on the homoleptic Eu triple deckers of

15C5- and BuO- complexes and their observations were reproducible with the above study.%?
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Figure 1.15: UV-Vis spectra of the homoleptic triple decker.”

To confirm this phenomenon in the solid state, they attempted to obtain single crystals of both
homoleptic triple deckers of the BuO- and 15C5- complexes and were unsuccessful. As the
complexes bearing the BuO- substituents were too soluble in both aromatic and halogenated

alkanes solvents, while the 15C5- complexes were barely soluble in aromatic solvents.
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1.9 Synthesis of heteroleptic triple decker complexes

In 1986, Moussavi and co-workers® first reported sandwich complexes of the type Ln,Pca[T(4-
OCHz3)Por]. There are several approaches for the synthesis of these novel structures involving

porphrin and phthalocyanine.8+-8

The so-called ‘one pot’ reaction is often used to synthesise these supramolecular compounds.
The metals salts, HoPor and M(Pc). are heated under reflux in a high boiling point solvent as

shown in the scheme below.

’
e
NS
N |

H,Por + MPc, BAEAN AN Porphyrin
Miseaoit0 2 LI :
TCB \\\\ /:// AN //,’
M M ya—
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Phthalocyanine

Scheme 1.32: The ‘one pot” synthesis of heteroleptic triple-deckers.?"8

Another synthetic method known as the ‘raise-by-one storey’ can be carried out by reacting the
M(acac)z.nH20 and the porphyrin molecule to form a ‘half-sandwich’ complex, M(Por)(acac).
A mixture of the heteroleptic triple deckers was obtained by the cyclo tetramerization of
phthalonitrile with the M(Por)(acac). Jiang and co-workers® found this pathway to be
particularly suitable for the preparation of heteroleptic bis(phthalocyanine) and mixed

phthalocyanine and porphrin deckers complexes.

The ‘raise-by-one storey’ method can be used as a template to synthesise these triple deckers
under different reaction conditions. Once the ‘half-sandwich’ complex of M(Por)(acac) is
produced, it is added to a previously synthesised M(Pc)2 or (Pc)M(Por) or dilithium

phthalocyanine as shown in schemes (1.33, 1.34) below. 85:90-92
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Scheme 1.33: Birin’s synthesis of the heteroleptic triple deckers.®®

It is also possible to synthesise hetero-dinuclear mixed phthalocyanine or porphyrin rare earth
triple-decker compounds using the above methods.®?

 _—
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Scheme 1.341: Two steps one pot synthesis with LizPc as starting material.>>%-9
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In an investigation by Ishikawa and co- workers synthesised triple decker (figure 1.16)
involving a mixture of porphyrin (H2T(p-OMe)PP) and phthalocyanine (Pc) in the presence of
the terbium ion (Th*") which was refluxed in TCB for 12 h. After purification a 4.2% yield of
the target compound [(Pc)Tb (Pc)TbT(p-OMe)PP)] was achieved. The authors did not report
any scrambling nor mixing of products from the synthesis. Crystals for X-ray analysis were

grown from a dichloroethane solution.*®

As depicted in the figure 1.16, the two Pc ligands are at an angle of 45° to one another, resulting
in a SAP (square-antiprismatic) coordination site. According to the authors, with the
coordinating nitrogen atoms of the central Pc and those of T(p-OMe) PP in eclipsed positions
which gave rise to a SP (square-prismatic) coordination site which is not found in double-

decker complexes.

The coordination site of two terbium ions has D symmetry with a distance of 3.6 A. The Tb®*
ions in the SAP and SP and the f-f interactions between the metal ions combined two sharply
different magnetic sites in the strongly coupled single-4f-ionic SMMs. This allows the
molecules to exhibit a slow magnetic relaxation, characteristic of a single molecule magnet
(SMM) and is clearly dependent on the geometry of the coordination site. Their results are in
accordance with other reported investigations on the relationship between the twist angle and
the behaviours of the SMM.%

Figure 1.16: The Crystal structures of [Th,Tb]. Views from (a) side, (b) top and (c) bottom.%
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1.9.1 Synthesis of heteroleptic sandwich complexes using microwave procedure

Jin and co-workers attempted to synthesise Por-Pc-Pc triple decker in a high boiling point
solvent such as dichlorobenzene. They adopted a raise-by-one-storey approach which was

unsuccessful with bulky groups on the phthalocyanine. 8

In a different approach, the same group used microwave activation procedure and the synthesis
of a series of complexes and yields of 22-38% were achievable. Prior to the formation of the
target triple decker compound, the double decker i.e M(RsPc)z2 is formed first by the reacting
4-(2,5,5-trimethyl-1,3-dioxan-2-yl) phthalonitrile in the presence of the M(acac)s.nH.O, DBU
and refluxed in pentanol. A mixture of the substituted meso- porphyrin and M(acac)s.nH20 in
o-dichlorobenzene was irradiated in a microwave followed by the addition of the pre-made
double decker. The picture below shows the summary of the reaction pathway. An advantage
of this method is that the formation of undesirable macrocyclic compounds is very low and

therefore the target complex was easily isolated (scheme 1.35).84

R1 )
M(acac)y nH,0 W3R,
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M(acac); nH,0
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Rz =n-Cq1Hz3, R3 = H, M = Gd (38%)
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R
2 Rj = Ry = n-Cy1Haa, M = Gd (33%),
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3 Rp = R3 = n-CygHag, M = Tb (22%)

Scheme 1.35: Microwave-mediated synthesis of lanthanide porphyrin/phthalocyanine triple-

deckers with bulky substituents.8

1.9.2 Heteroleptic butoxy- and crown substituted triple deckers of phthalocyanine.

In the previous section, Martynov and co-workers’ synthesis of homoleptic butoxy- and crown
substituted triple deckers of phthalocyanine using rare earth metals such as terbium, europium
and ytterium was described. However, they were unable to get any crystals for the X-ray
analysis due to solubility of the compounds. To overcome this problem, a more successful
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investigation was carried out whereby they combined both types of phthalocyanine cores (i.e
BuO- and 15C5-) resulting in single heteroleptic triple decker, [B4s]M[B4]M[C4] (scheme
1.35).%” Novel heteroleptic triple-decker complexes of yttrium (111) and terbium (I11) were

prepared.®’

Initially, the crown substituted phthalocyanine and the metal acetylacetonate were mixed
together in only TCB to yield the monophthalocyaninates [C4]M(acac) as an intermediate. This
intermediate was then made to react with the pre-formed double decker of the butoxy
phthalocyanine (scheme 1.36). This procedure resulted in a low yield of the target triple decker
while homoleptic triple decker of the intermediate M2[Ca]s was formed preferentially. An
alternative pathway was followed which involves the addition of the pre-formed double decker
to the crown phthalocyanine and M(acac)s-nH20 in a mixture of TCB and n-octanol. Careful
monitoring of the reaction using UV spectroscopy showed that the reaction is completed in 10
minutes. The yields of the triple decker complexes of Y(I1I) and Tb (111) were 66% and 58%
respectively.®” The complexes were easily isolated from the unreacted M[Bs]2 and the
homoleptic side product M2[Cs]s due to the combination of nonpolar BuO- and polar 15C5-

groups.
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Scheme 1.36: Synthesis of heteroleptic triple decker complex.®’

Single crystals of [B4]M[B4]M[C4] were successfully grown and upon X-ray analysis, the
authors found out that the Pc ligands were in a staggered conformation giving rise to both metal
ions in a square-antiprismatic environment when solvated with toluene. However, when
solvated with dichloromethane only one of the metal ions (which is in between the Pc ligands

bearing the BuO- and the crown substituents) is in a square-antiprismatic environment and the
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other metal ion holding the Pc ligands bearing BuO- substituents changed to a gauche
conformation as depicted in the figure 1.17. 'H-NMR analysis also confirmed that these
conformations are maintained in the solution. As the symmetry of the triple decker changes
from staggered to gauche, therefore, one can manipulate the magnetic characteristics of the

lanthanide trisphthalocyaninates by means of solvation-induced conformational switching.®’
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Figure 1.17: Coordination surrounding the lanthanide ion sandwiched between two Pc ligands;

staggered and gauche conformations of Pc ligands in sandwich complexes.

1.9.3 Heteroleptic crown substituted and unsubstituted phthalocyanine triple deckers

The heteroleptic triple decker (scheme 1.36) was synthesised by refluxing the metal-free tetra-
15-crown-5-phthalocyanine, lanthanum bisphthalocyaninate La (Pc)2and terbium(lll)
acetylacetonate in 1-chloronaphthalene and the vyield of the target compound
(Pc)Tb[(15C5)4Pc] Th(Pc) was 19%.% Complex, [(15C5)4Pc]M[(15C5)4Pc]M(Pc) resulted
in a 38% vyield. They followed the “raise-by-one-storey” technique whereby the target
heteropletic triple decker complex was synthesised by adding another deck to the double-
decker complex [(15C5)4Pc]Tb(Pc). This synthesis was carried out in refluxing solvents of a
mixture of TCB and OcOH for 10 minutes. After purification, target compound was isolated
in 80% yield (scheme 1.37).%°
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Scheme 1.37: Synthesis of heteroleptic triple decker complex.®®

The choice of using the crown substituted phthalocyanine is based primarily on their previous
SMM  of the triple of
[(15C5)4Pc]M*[(15C5)sPc]M(Pc) where M and M* is Tb or Y.%7 In this complex,
(Pc)Tb[(15C5)4Pc]Tb(Pc), both metals are arranged in an asymmetric heteroleptic

studies  on heterometallic decker  complex

configuration, which the authors stated would lead to improved SMM characteristics.

Crystals of (Pc)Tb[(15C5)4Pc]Tb(Pc) were grown from a solution of o-dichlorobenzene and
n-hexane (figure 1.18). From the crystallographic data, the To—Tb distance was 3.46 A which
is shorter than the sum of the VVan der Waals radii of the two terbium atoms corresponding to
4.74 A. A twist angle of 42.6° was measured between the outer and inner decks which is
consistent with the value they obtained with a previous study, confirming a D4g Symmetry. This
angle is in the range of other double-deckers of terbium (I11) phthalocyanines which exhibits
SMM behaviour.®

They studied the magnetic susceptibility of (Pc)Tb[(15C5)4Pc]Tb(Pc) and the data revealed
the presence of ferromagnetic coupling between the two Tb'" ions and the short Tb-Tb distance

contributes to an enhancement of f-f interactions.%
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Figure 1.18: X-ray crystal structure of heteroleptic triple decker complex
(Pc)Tb[(15C5)4Pc] Th(Pc). Views from (a) side, (b) top.®

1.10 Heteroleptic Heteronuclear Tb (I111) and Y (111) Trisphthalocyaninates

In the previous studies, Martynov and co-workers were investigating the effects of:

1) changing the heteroleptic ligand in the presence of the same metal

2) changing the heterometallic ions in the presence of the same ligand.

The same authors further investigated the effects of changing both the metal and the ligand in
heterometallic heteroleptic complex. Two new compounds with Tb(lll) and Y(IIl) with

phthalocyanine core bearing BuO- [B] and 15C5- [C] as substituents were synthesised.

The synthesis of [B4]M[B4]M*[C4] (where M # M* are Tb or Y) complex was carried out in a
stepwise procedure. The initial step involved the synthesis the homoleptic double decker unit
of M[B4]2.%" In the second step the butoxy substituted M[Ba]2 phthalocyanine, where M is
either Tb or Y, was mixed with the metal-free of 15C5- substituted phthalocyanine Hz2[C4] and
with the other metal acetylacetonate M*(acac)s-nH>O (where M* =Y or Tb) in boiling solvent
mixture of 1,2,4-trichlorobenzene and 1-octanol. The target complexes were isolated and
purified from unreacted starting double-deckers and the sole by-product homonuclear
trisphthalocyaninates M*2[Ca]s. The yields of [B4]Y[B4]Tb[C4] and [B4]Tb[Ba] Y[Ca] were
65% and 74% respectively (scheme 1.38).1%
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Scheme 1.38: Synthesis of heterometallic heteroleptic triple decker complex.1®

The complexes were characterised by UV-vis in a halogenated and aromatic solvents such as
dichloromethane and toluene respectively. Both complexes displayed less intense Soret and
N-bands at 362 and 293 nm and well-resolved intense Q-bands at 643 and 696 nm in toluene.
The spectra of the complexes in CH2Cl», showed differences in the Soret and N-bands with a
decrease in the intensity of the Q-bands as shown in the figure 1.19.

To account for the above differences in spectra, the authors proposed that these complexes are
switched by solvation whereby in the conformers where both metal centres are square
antiprismatic, is stabilised in toluene. In CH2Cl> however, the metal centres M and M* are in

a distorted prismatic and antiprismatic environment, respectively.

The above results are consistent with their previous work. The *H-NMR spectra of the
complexes [B4]Y[Ba4]Tb[C4] and [B4]Tb[B4]Y[Ca4], showed signals distributed over a wide
range of chemical shifts due to paramagnetic nature of the Tb** ion. The magnetic susceptibility
is sensitive to the switching conformation in the presence of Th(l1l) ions. These outcomes open
up a new avenue for manipulating the magnetic properties of phthalocyanine-containing

lanthanide complexes.®
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Figure 1.19: UV-Vis spectra of the triple decker complex.1®

1.10.1 Heteroleptic heteronuclear porphyrin and phthalocyanine triple decker complex

Jiang and co-workers synthesised heteroleptic heterometallic triple decker using
octa(phenoxyl)phthalocyanine,  Pc(OPh)sand  meso-tetrakis(4-chlorophenyl)porphyrin,
TCIPP with dysprosium and or yttrium as the spin carrier.%

Synthesis of the target triple decker (TCIPP)M[Pc(OPh)s]M'[Pc(OPh)s] where M—M' = Dy—
Dy, Y-Dy, Dy-Y was achieved in a stepwise procedure. Initially the single decker complex of
M(TCIPP)(acac) was obtained by mixing the metal-free porphyrin (76) with the
[M(acac)z]-nH20. This intermediate (77) was then added to a preformed bis(phthalocyaninato)
rare-earth complex [Pc(OPh)s]M'[Pc(OPh)g] in boiling TCB for 4 h. After purifications, the
yields of 50%, 43%, 75% were recorded for the complexes of
(TCIPP)Dy[Pc(OPh)s]Dy[Pc(OPh)s], (TCIPP)Y[Pc(OPh)s]Dy[Pc(OPh)s],
(TCIPP)Dy[Pc(OPh)s] Y[Pc(OPh)s] respectively (scheme 1.39).1%% The authors did not report

any scrambling nor mixing of products from the synthesis.

Scheme 1.39: Synthesis of heteroleptic triple decker complex.'%
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Crystals for X-ray crystallographic analysis of the three triple deckers were grown from a
solution of methanol and chloroform. The short distance between M-M’ in all the three
complexes was 3.586(3)—-3.605(3) A which results in a magnetic dipolar interaction. The twist
angle between the outer porphyrin and the inner phthalocyanine ligand was found to be 9.64—
9.90°, adopting a more (pronounced) distorted square-antiprism (SAP) geometry. While the
angle between the two phthalocyanine cores was 25.12—-25.30° giving rise to a distorted SAP

octa coordination geometry as depicted in the figure 1.20.

Figure 1.20: Molecular structure of the complex and the twist angle around the two metals.!%

The same authors then investigated the magnetic properties of the three complexes to determine
whether the effects of the coordination geometry around the metal ion and the f—f interaction
between the two metal ions have an impact on the magnetic susceptibility. They found that
when the sandwich system of Dy—Dy, Y—Dy, and Dy—Y were subjected to magnetic field-
induced SMM, SMM, and non-SMM respectively, the coordination geometry of the spin
carrier gave rise to the magnetic properties and not the f—f interaction between the metal ions.*

1.11 Supramolecular deckers

In recent years, there has been a huge interest to develop multi-decker compounds that is,

quadruple-, quintuple-, sextuple- decker types of compounds using rare-earth metals 1%2-10

In 2021, Jiang and co-workers'® designed and synthesised a sextuple-decker complex
composing of heteroleptic phthalocyanine heterometallic samarium—cadmium compound,
[(Pc)Sm(Pc)Cd(Pc*)Cd(Pc*)Cd(Pc)Sm(Pc)] 79 where Pc and Pc* are unsubstituted
phthalocyanine and 2,3,9,10,16,17,23,24-octakis(n-pentyloxy)phthalocyanine as depicted in
the picture below. A preformed double decker, Pc-Sm-Pc!%® was added to a mixture of
Cd(OAC)2-2H20 and HoPc* in TCB. After purification and recrystallisation, a dark-blue crystal
of the product was formed in a 15% yield (figure 1.21).
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Figure 1.21: Molecular model of sextuple-decker complex 79 and angles between the

ligands.%

The authors found that for the (Pc)Cd(Pc), (Pc)Cd(Pc*) and (Pc*)Cd(Pc*) subunits in complex
79, the rotation angles between the adjacent phthalocyanines are 39.90°, 42.81° and 42.11°,
respectively. This suggests that the ligands surrounding the metal ions Sm and Cd are in square-
antiprismatic polyhedron. The intrinsic conjugated nature of the complex 79 has led the
researchers to investigate in both the solution and gel glass forms of this complex and they

showed third-order nonlinear optical properties.

1.11.1 Supramolecule from a dimerization of triple decker

In 2020, Martynov and co-workers first reported a single-crystal X-ray diffraction
crystallographic characterization of a supramolecule composed of two heteroleptic crown-

substituted trisphthalocyaninates.%’

In order to design this supramolecule, the triple decker [(15C5)4Pc]Y(Pc)Y(Pc)], which
consists of two phthalocyanine units and a crown substituted phthalocyanine is first synthesised
followed by the addition of potassium tetraphenylborate resulting in a dimerization product.

The resulting compound is a six decker with four rare earth metal ions without any additional
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bridging groups at the core. Dark blue crystals were formed by using gradual diffusion of a
KBPh, solution in acetonitrile into a solution of [(15C5)4Pc]Y(Pc)Y(Pc)] in a solvent mixture

of chloroform and 20% methanol (scheme 1.40).

N
> N~
TLD'M Supramolecular
K*-induced
dimerization

[(15C5)4Pc] Y (Pc)Y(Pc)]

2[(15C5)4Pc] Y (Pc)Y (Pc)-4K*
Scheme 1.40: Synthesis of the dimerise product from [(15C5)4Pc]Y (Pc)Y (Pc)].1%

The X-ray crystallography data (figure 1.22) of the dimerisation product showed, the distance
between Y---Y distance was 3.485(2) A, which is similar to other reported homonuclear triple
decker of phthalocyanine with M---M distance of 3.5 A.5"1% This distance is essential for the
strong ferromagnetic coupling between the metal ions. The intramolecular distance between
Y1---Y1' was found to be 13.174(2) A. The outcome of their study is that this dimeric

compound can be potentially used in supramolecular magnetic materials.’

3.485 A

6.249 A [13.174 A

Figure 1.22: Molecular structure of the dimerised product.*®’
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1.12 Sandwich complexes of TBTAP

In 2013, Pushkarev and co-workers®® were the first to report sandwich-type complexes bearing
tetrabenzotriazaporphyrin ligands. The group successfully synthesised homoleptic (Ph-
TBTAP):Lu 80 a, (Ph-TBTAP).Eu 80 b, and heteroleptic (tetrabenzotriazaporphyrinato)
(phthalocyaninato) lutetium derivative (Ph-TBTAP)LuPc 81 a, (Ph-TBTAP)EuPc 81 b, in
good vyields. Prior to the formation of these double deckers, the preformed zinc meso-phenyl
TBTAP was demetallated to form the free ligand which then underwent a complexation
reaction with M(I11) acetylacetonate in a high boiling point solvent such as n-hexadecanol to
yield the homoleptic double decker. During the course of the reaction, the authors isolated a
small quantity of the Eu triple decker sandwich 82 (figure 1.23). They found that the yield of
the triple decker significantly increased upon changing the concentration, increasing the
temperature and using a higher equivalent of the Ln (l11) salts.!® The heteroleptic dyad was
obtained by reacting the metal-free meso-phenyl TBTAP with preformed lutetium mono

phthalocyanine in 1, 2, 4 trichlorobenzene (scheme 1.41).

Ln(acac);

PcLn(acac); Ne
MeOLi HN
- N

NN MeOLi
TCB ¢ NH n-C,H;;,0H
N—
200 °C 200 °C
37a
81 80
(a)Ln=Lu (a)Ln=Lu
(b) Ln=Eu (b) Ln=Eu

Scheme 1.41: Homo- and heteroleptic lutetium double-decker complexes based on meso-
phenyl-tetrabenzotriazaporphyrin.1®
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Figure 1.23: Isolated triple decker as a by-product from the synthesis of 80b.1%

The synthesis of the sandwich type deckers of TBTAP are very limited in literature. Therefore,

there is a need to expand the scope on the synthesis of such compounds.

1.13 Applications

The design and synthesis of the rare earth double- and triple- decker complexes with porphyrin
and/ or phthalocyanine macrocycles have potential applications in material science and some
applications have been mentioned in the previous sections. The intramolecular 7- & interactions
and f-f interactions of the metal ions have contributed to their optical, spectroscopic, physical,
electrical and electrochemical properties. Previously synthesised sandwich triple-deckers
showed a remarkable number of redox states with reversible electrochemistry and possess low
oxidation potentials. Because of these outstanding characteristics, they have potential use in
multibit molecular information storage, areas of sensors, molecular magnets, field effect

transistors nonlinear optical materials and nanomaterials.51°

1.13.1 Single-molecule magnets (SMM)

Certain molecules have been found to store individual pieces of data and can be used in high
density data storage. A single-molecule magnet (SMM) consists of small molecules and each
molecule behaves as an individual superparamagnet and provides the ultimate limit for data

storage.!*® Compared to traditional recording media, molecule-based media would afford much
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greater storage densities. The distinctive property of SMMs is the occurrence of magnetic

hysteresis at low temperature, so that each molecule behaves as a tiny magnet.

Metals from the lanthanides series contain electrons occupying the f orbitals. Such metals
possess high magnetic susceptibilities which are the origin of their behaviour. Dysprosium to
erbium is classified as the middle-late lanthanides and were found to have the highest magnetic
susceptibilities. Among the series of Ln** ions, Dy** and Th®" are arguably the ions of choice

for preparing high-performance SMMs. %9101

1.13.2 Organic solar cells

Organic solar cells (OSCs) have gained much attention over the past two decades due to their
potential to produce flexible, inexpensive and lightweight devices.

Porphyrin and phthalocyanines macrocycles have been extensively studied in terms of their
ability to absorb and donate electrons for OSCs. Multi-decker molecules of porphyrins and
phthalocyanines are characterised by the presence of their extensive n—x interactions which can
enhance electron delocalization and charge transport making them suitable for OSCs.
Unfortunately, there has been a serious lack of studies on photovoltaic cells produced from
deckers of phthalocyanines and porphyrins in literature. Solar cells which are manufactured
from phthalocyanine deckers may use their unique electronic and optical properties including
broadband absorption at a wavelength higher than 700 nm and high carrier mobility make these

complexes suitable for photovoltaic applications.®%!!

Wang and co-workers investigated the potential capabilities of two previously synthesised
double 83 and triple decker 84 complexes in OSCs (figure 1.24).1*2113 Results from the optical
characterization show that broad band light harvesting is possible with these materials. The
performance of these cells was found to be highly dependent on the relevant decker structures,
the morphology of the active layers, and the cell structures.!*
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Figure 1.24: Heteroleptic double and triple deckers.1!2

For example, Li and co-workers have designed and synthesised a series of highly soluble
sandwich-type protonated mixed (porphyrinato)(phthalocyaninato) double-decker complexes
(85-91) (figure 1.25) bearing different rare earth metal centres. Their results demonstrated that
such complexes were suitable in the development of new photovoltaic materials with

broadband light harvesting capabilities.!*®

The complexes synthesised were used as broadband absorbers and electron donors. As for the
electron acceptor component, the authors wused N,N-bis(1-ethylhexyl)-3,4:9,10-
perylenebis(dicarbox-imide) (PDI) or [6,6]-phenyl-Ce1 butyric acid methyl ester (PCBM). The
authors found that the solar cells in which the PDI was incorporated had a higher power
conversion efficiency. The results from their study showed that on a cell area of 0.36 cm?a
0.82% efficiency was reported when europium double decker was used while a lower
efficiency of 0.59% was recorded for lutetium double decker. The authors are still investigating

other complexes in order to achieve a higher efficiency.
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M"H(TCIPP){Pc(a-OCH,).}
M=Y, Sm, Eu, Th, Dy, Ho, Lu

85- 91
Figure 1.25: Mixed (porphyrinato)(phthalocyaninato) double-decker.

1.13.3 Detection of NO2, NH3 and H2S using sensor based on europium-decker
complexes

Over the last few years, scientists have been focusing on the development of high performance
and precision gas sensors to detect hazardous gases such as H,S, NO2, NHs. Available devices
used inorganic semiconducting materials which only worked at high temperatures. Therefore,
it is essential to develop cheap, light weight organic semiconductors with easier mouldability

of molecular properties, and solution processability and can work at low temperatures.

In 2023, Chen and co-workers synthesised 3 heteroleptic and homoleptic europium double
deckers bearing tetradiazepinoporphyrazine and or phthalocyanine molecules. They obtained
["B“Pc].Eu 92, [BUP"DzPZ]["®'Pc]Eu 73 b and [®B'P"DzPz].Eu 93 (figure 1.26).11

To produce the nanostructures of the compounds they used a solution-based method, known as

the quasi-Langmuir-Shafer (QLS), which led to a well-ordered film.
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Figure 1.26: Molecular structures of ["®YPc].Eu 92, [®“""DzPz]["BUPc]Eu 75b and
[BPhDzPz],Eu 93.11

The three stable double deckers were exposed to the three gases, NO2, NHs, H>S at room
temperature and their conductivity responses were monitored. They found out that at sub-ppm
level, compound 92 responded to NO, and NHz, compound 75 b gave a response to the three
gases while compound 93 responded to NOz and H.S. Of all the three double deckers,
compound [B"""DzPz]["BYPc]Eu 75b gave an excellent sensing response to the three gases with
good sensitivities for NO2, NH3, and H,S. An ultra-low concentration of 20 ppb, 1 ppm, 100
ppb were detected for the three gases NO2, NH3z and H2S respectively with a quick response
time of 1 min for compound 75b.

The same group reported two Eu triple deckers (94 and 95), one of which bears an electron
withdrawing group such as trifluoroethoxy while the other has an electron donating group such
as an alkoxy or polyoxyethylene at the periphery position of the Pc ring (figure 1.27). These
groups were introduced to play an important role in adjusting their HOMO and LUMO levels
for the application of ambipolar organic semiconductors. Both compounds had a higher
detection limit of 0.1 ppm, 3 ppm, 5 ppm for NO2, NH3, H2S respectively. A good sensitivity
was recorded for NO2, NHs, H2S when Eu triple deckers 94 was used. However, the compounds
had a longer recovery time of 2 min and 12 min for 94 and 95 respectively as compared to the

above double deckers.1t’

52



Introduction

Chapter 1

R
L Ro= —$-OCH,CF;

R= s;°yvvv 94 2O AN

95

Figure 1.27: Molecular structures of triple-decker Euz[Pc(OCgH17)g]2[Pc(OCH2CF3)s] 94 and

Euz{Pc[(OC2H4)30CH3]s}2[Pc(OCH2CF3)s] 95.1%

Jiang and co-workers synthesised double decker Eu[Pc(SC2Hs)s]2 (Pc-1), and triple decker

Euz[Pc(SC2Hs)s]s (Pc-2), of ethylthio-substituted phthalocyaninato europium (111) complexes

and their dimer was obtained by combining with double- and/or triple-decker (figure 1.28).18
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Figure 1.28: Schematic molecular structures of Pc-1, Pc-2, Pc-1@Pc-1, Pc-1@Pc-2 and Pc-

2@Pc-2.118

The Pc-2@Pc-2 has an extended n-conjugation and among the five compounds it was found

to be oxidized easily, as a result, it is more sensitive to NO> detection, and it was 4 times higher
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than Pc-1. They found the sensitivity (in % ppm™?) increases in the order of Pc-1 < Pc-2 < Pc-
1@Pc-1 < Pc-1@Pc-2 < Pc-2@Pc-2 for NO2, and Pc-1@Pc-2 < Pc-1 < Pc-1@Pc-1 < Pc-
2@Pc-2 < Pc-2 for NHs. A high sensitivity for NO2 and NHz for the complexes Pc-2@Pc-
2 and Pc-2 were recorded respectively. The limit of detection for NO2 and NH3z were 10 ppb
and 0.48 ppm respectively. Of all the complexes, films of Pc-2@Pc-2 and Pc-2 were the best
gas sensors for organic semi-conductors at room temperature. The results obtained from five
recycling tests of less than 2 min exposure time were reproducible and stable towards 100 ppb
of NO2 gas and 4 ppm of NHa.

The authors then attempted to use these complexes for the potential detection of gases such as
H>S and CO». They reported that no distinct responses were recorded, and they suggested that

this observation is probably due to their weaker electron-donating ability than NHz.*8

1.13.4 Molecular gears

Molecular machines play an important role in many biological processes. They respond in a
very controlled manner to a specific external stimulus with high precision and efficiency.119120
In the last few decades, many researches have been focusing on design and synthesis of
supramolecular machines with a high degree of precision into controlling the motions at the
molecular level involving functionalised porphyrin units.*2%-124 Synthesis of molecules bearing
many motions which are linked and synchronised at the same time is proving to be extremely

challenging and progress in this field has proved to be very slow.

In 2023, Nishino and co-workers designed a molecular gearing compound consisting of cerium
(1V) double-decker of a functionalised porphyrin molecule with triptycene units (figure
1.29).1% Using variable temperature 'H-NMR measurement, the dynamic behaviour was
studied from 213-373 K. The data obtained from the 'H-NMR at room temperature reveals
that the 3,5-dibutoxyphenyl and the porphyrin rings are not rotating while the triptycenes move
freely. At 213 K, the peaks broadened, suggesting that the rotational speed of triptycenes was
slower and was closer to the NMR timescale. A study of the rotational behaviour between the
porphyrin molecules was studied. The peaks corresponding to protons at the f-position on the
pyrrole unit of the porphyrin did not alter at 373 K implying that the relative angle of two

porphyrins coordinating to the Ce ions was maintained even at high temperature and Ce(L )2 has
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a high activation energy for intra-ligand rotation. The data obtained from the NMR analysis
clearly shows that the rotation of both the engaged triptycenes and porphyrins rotation were
independent of each other. The authors are still investigating the possibility of using these

molecules in molecular gear devices.!®

Ce(L),

Figure 1.29: Cerium double decker complex.*?®
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2. Results and Discussion

2.1 Introduction to the aim of the project

The potential application of both double and triple deckers in molecular devices has recently
led to a big leap in research involved in their synthesis. Inspired by the work of Birin and co-
workers,! the Cammidge group? has attempted to synthesise a bis-double decker heteroleptic
structure from a linked porphyrin and phthalocyanine derivatives. This experiment failed to
produce the desired compound; instead triple-decker with porphyrin-phthalocyanine-porphyrin

was predominantly formed as shown in scheme 2.1.3

The Cammidge group reported several complexes of lanthanide-bridged heteroleptic
porphyrin—phthalocyanine—porphyrin triple decker assemblies. It was found that the linking
chain length between the two porphyrins was crucial. For example, hexyl chain was first used
but this did not result in the formation of the triple decker. Successful results were obtained
when the chain length was increased.?

Refluxing the porphyrin dyad 2.1, phthalocyanine and lanthanum acetylacetonate in a high
boiling point solvent (octanol) produced two products and no starting materials were detected.
Separation and analysis of the mixture revealed the formation of bis-triple decker 2.7 and the
bridged triple-decker 2.2. Excess of phthalocyanine led to the formation of 2.7, whereas one

equivalent of phthalocyanine produced only compound 2.2.

Based on this successful outcome, different salts from the lanthanide series with decreasing
ionic radii were selected. Assembly and isolation of the praseodymium 2.3, neodymium 2.4,
samarium 2.5 and europium 2.6 TDs were formed following the procedure mentioned above
(radii Pr¥* = 99 pm, Nd®*" = 98 pm, Sm®" = 96 pm, Eu®*" = 95 pm). The pure triple deckers
obtained gave absorption spectra characteristic of TDs. It was found that the desired triple
deckers could be isolated with ions of atomic radii greater than 94 pm whereas small ions such
as Tb (92 pm), Dy (91 pm) and Yb (87 pm) failed to produce the desired product, which implies

that there is a cut-off point for stability in the constrained assemblies.®
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1) M(acac);. H,O (2 eq)
2) PcH, (1 eq)
Octanol

22M=La
23M=Pr
2.4M=Nd
2.5M=Sm
2.6 M =Eu

3

> d
1) La(acac);. HyO (4 eq)
2) PcH, (10 eq)

Scheme 2.1: Reported synthesis of the triple and bis-triple decker.®

Based on the successful synthesis of the La, Pr, Sm and Eu triple deckers, the Cammidge group
now aimed at synthesising triple deckers using different dyads. The goal of this project is to
expand the scope into the development of new materials which can be used in the production

of advanced electronic devices such as optoelectronics and magnetic devices.

Our main objective was to design and synthesise TDs from two types of dyads,
Q) an unsymmetrical dyad bearing a TBTAP and a porphyrin molecule

(i)  asymmetrical dyad i.e with two TBTAP molecules
Lanthanide metals such as La, Nd and Eu will be incorporated into the sandwich structure. The

desired dyad can be obtained by linking the molecules by long alkyl chain such as a decane

chain as depicted in the scheme below (scheme 2.2).
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Scheme 2.2: Novel heteropletic complexes from symmetrical and unsymmetrical dimers.

In both precursors, the tetrabenzotriazaporphyrin (TBTAP) and the porphyrin designed for this
experiment have a hydroxy phenyl group at the meso carbon to which the alkyl chain will be

attached to form the symmetrical and unsymmetrical dyads (figure 2.1).

NH N\
N
a )fon) a8 O@
N HN
Y0

2.9
2.8
Figure 2.1: The key precursors, TPP-OH 2.8 and TBTAP-OH 2.9 bearing single linking

points.
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2.2 Proposed synthetic route to yield TBTAP-OH 2.9

The scheme below shows a proposed synthetic route to yield the target compound TBTAP-
OH.

Cr
Br

2.10

Scheme 2.3: Proposed synthetic route to yield TBTAP-OH.

Prior to the synthesis of the TBTAP bearing a methoxy phenyl group at the meso-position 2.13,
the precursor 2-bromobenzimidamide hydrochloride 2.11 was synthesised following the
procedure developed by Dalai et al.* The synthesis of the amidine salt was achieved by the
addition of lithium bis(trimethylsilyl)amide (LiIHMDS) to a solution of 2-bromobenzonitrile
2.10 in THF at room temperature. After 4 hours, the reaction mixture was quenched with a
mixture of isopropanol and HCI, precipitating the desired product as an HCI salt. The product
was filtered off and an off-white solid was obtained in a 94% vyield (scheme 2.4). The identity
of the product was confirmed by *H-NMR spectroscopy as the desired amidine 2.11 (figure
2.2).

NH.HCI
©iCN LiN(SiMejs), NH,
THF
Br gl RT Br
2.1 0 2.11

Scheme 2.4: Synthesis of amidine 2.11.
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Figure 2.2: 'H-NMR spectrum of amidine salt 2.11 (500 MHz, MeOD, 25 °C).

2.3 Synthesis of Aminoisoindoline

Aminoisoindoline 2.12 was synthesised following the procedure developed by Hellal and
Cuny.® The amidine salt 2.11, was treated with 4-methoxyphenylacetylene 2.14 using a
palladium catalyst under microwave irradiation (scheme 2.5). After workup a 50% yield of the
desired compound was obtained.

NH.HCI

BINAP
©\)‘\NH2 © o C _ PACI,(MeCN),
Br DBU
Dry DMF
MW, 1 h, 120 °C
211 2.14

Scheme 2.5: Synthesis of aminoisoindoline 2.12.

From the *H-NMR spectrum, the peak around 6.75 ppm is characteristic of the proton of the
alkene group which integrates to 1. The peak around 3.83 ppm is due to the methoxy peak
which integrates to 3 (figure 2.3).
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Figure 2.3: *H-NMR spectrum of (Z)-1-(4-methoxybenzylidene)-1H-isoindol-3-amine 2.12
(500 MHz, CDCls, 25 °C).
2.4 Synthesis of Mg-TBTAP-OMe

The next step was to synthesise the TBTAP compound via two separate pathways as per

scheme 2.6.

Scheme 2.6: Proposed synthetic pathways A and B to yield Mg-TBTAP-OMe 2.13.
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The first attempt to synthesise Mg-TBTAP-OMe 2.13, by pathway A as per scheme 2.6
produced an intermediate 2.17 to which magnesium bromide in a high boiling point solvent

such as xylene was added.

2.4.1 Synthesis of Intermediate 2.17

The first attempt to produce the intermediate 2.17 involved the synthesis of
dimethoxyaminoisoindoline 2.15.” Compound 2.15 was prepared by stirring phthalonitrile 2.16
and sodium methoxide (NaOMe) in methanol at room temperature. After 2 h, the precipitate
was filtered off and washed several times with cold methanol. A white powder in a 57% yield
was obtained. Intermediate 2.17 was prepared as shown in scheme 2.7. A mixture of
aminoisoindoline 2.12, NaOMe and dimethoxyaminoisoindoline 2.15 was dissolved in
methanol and the resulting mixture was refluxed. The procedure was repeated using different
amount and times as per table 2.1.

The isolation and purification of the intermediate 2.17 was carried out as follows: the
precipitate was filtered off and washed with cold MeOH. The resulting residue was collected
and purified by column chromatography using DCM — DCM: AcOEt (1:1) — AcOEt as
solvent gradient. The fractions containing the desired product were combined and the solvent

was removed under reduced pressure. An orange-brown solid was collected.

NaOMe O \N
_
MeOH \
60 °C OCH;
2.12 2.15 2.17

Scheme 2.7: Synthesis of intermediate 2.17 using dimethoxyaminoisoindoline 2.15.

Table 2.1: Attempted conditions for synthesis of dimer via Method (i).2

Entry Solvent Time (h) Yield (%)°
1 MeOH Overnight 20
2 MeOH 2 14
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3 MeOH 4 10
4 MeOH 6 24
5 Dry MeOH 6 12
6° Dry MeOH 6 25

#Reactions conditions: Aminoisoindoline (1.02 mmol), dimethoxyaminoisoindoline (1.15
mmol) NaOMe (1.53 mmol), solvent (5 mL). Plsolated yield. ‘A total of 3 mmol of
dimethoxyaminoisoindoline used, added in portions.

The synthesis of the intermediate 2.17 from dimethoxyaminoisoindoline 2.15 is
straightforward but the yield is poor (Table 2.1, entry 1-6). Therefore, the reaction was repeated
by using a less reactive starting material, phthalonitrile, under different conditions, following
method (ii) as depicted in scheme 2.8. In a typical reaction, the aminoisoindoline 2.12,
phthalonitrile 2.16 and NaOMe were mixed in methanol and the resulting mixture was refluxed.
The results are summarised in table 2.2. After the required time interval, the isolation and

purification was carried out using the same procedure as above.

: g
N=>,/7 ~NH

NaOMe O N

MeOH \

60 °C O OCH,
2.12 2.16 2.17

Scheme 2.8: Synthesis of intermediate 2.17 using phthalonitrile 2.16.

Table 2.2: Attempted conditions for synthesis of dimer via Method (ii).2

Entry Solvent Time (h) Yield (%)°

1 MeOH Overnight 20
2° MeOH Overnight 10
3¢ MeOH 4 9

4° MeOH 4 30
5° MeOH 2 40
64 Dry MeOH 4 10
7¢ Dry MeOH 2 47
8 Ethanol 2 12
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9 THF 3 5

#Reactions conditions: Aminoisoindoline (0.40 mmol), phthalonitrile (0.40 mmol), NaOMe
(0.61 mmol), volume of solvent (5 mL). Plsolated yield. °Reaction was heated at 80 °C in a
sealed tube. YDiluted conditions used. A total of 1.0 mmol of phthalonitrile used, added in
portions. 'Excess of phthalonitrile (1.8 mmol).

Phthalonitrile 2.16 as starting material instead of dimethoxyaminoisoindoline 2.15 gave a
better yield as indicated in table 2.2. In more diluted conditions (Table 2.2, entry 3, 6) the
reaction is unfavourable towards the formation of intermediate. At higher temperatures and
longer periods of time, the ‘trimer’ 2.18 (scheme 2.9) is formed in preference to the dimer
(Table 2.2, entry 2) as the solution turns more brownish. A MALDI-TOF MS analysis on the
brown solution confirmed the formation of the trimer 2.18 with a peak at 611 m/z. After 1 hour
(Table 2.2, entry 4, 7) TLC analysis of the reaction showed the presence of unreacted
aminoisoindoline. The presence of unreacted aminoisoindoline, the dimer 2.17 and the trimer
2.18 in the reaction mixture indicated that there is an equilibrium between the starting materials
and the product 2.17.

2.12 2.16 2.17 2.18
Scheme 2.9: Equilibrium between starting materials and products.

When an excess of phthalonitrile (Table 2.2, entry 4, 5, 7) is used in the reaction mixture, the
yield of the intermediate improved, this also resulted in the formation of a dark blue compound,

phthalocyanine.

In an attempt to increase the yield of the product, the reaction was carried out in other solvents
(Table 2.2, entry 8 and 9). Solvents such as THF and ethanol did not improve the yield of the
dimer. A higher yield of the product was obtained when the reaction was performed under dry
conditions (Table 2.2, entry 7). It should be noted that in both methods (i) and (ii), the reactions
are dependent on temperature, volume of solvent used and the reaction time. Therefore, the

synthesis of the dimer is preferentially carried out using phthalonitrile instead of
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dimethoxyaminoisoindoline at a temperature of 60 °C in dry methanol over a 2 hour period
(Table 2.2, entry 7).

The isolation and purification of the intermediate 2.17 were carried out using the same
technique discussed above. The H-NMR spectrum confirmed the formation of the
intermediate is shown in figure 2.5. The singlet at 7.25 ppm and 3.80 ppm corresponds to the

proton on the alkene and the methoxy group respectively. The assignment of the protons are

Q
|
N

m ° OCH,4

concordant with the structure.

)
g g 3

< <

2121
20-]
2101

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
98 9.6 94 92 90 88 86 84 82 80 78 7.6 74 72 70 68 66 40 3.8 36 34 32 3.0 28 2.6 24 22 20 1.8 16 14 1.2
f1 (ppm)

Figure 2.5: TH-NMR spectrum of intermediate 2.17 (500 MHz, DMSO-ds).

2.4.2 Synthesis of Mg-TBTAP-OMe from the dimer/intermediate.

After the successful synthesis of the intermediate, the next step was to investigate the synthetic
methods to yield the Mg-TBTAP-OMe 2.13 (scheme 2.9).

2.17 2.13

Scheme 2.9: Synthesis of Mg-TBTAP-OMe 2.13 from intermediate 2.17.5
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The ‘one pot’ method was used, whereby the intermediate 2.17 and MgBr. were mixed in
xylene, the mixture was refluxed under an inert atmosphere. The results are summarised in
table 2.3.

Table 2.3: Attempted conditions for the synthesis of Mg-TBTAP-OMe 2.13 from 2.17.2

Entry Time (h) Yield (%)P
1 Overnight 10
2 9 33
3¢ 9 12
4 6 27
5 9 30

4Reactions conditions: Dimer (0.21 mmol), MgBr2 (0.32 mmol), volume of xylene (3 mL).
bIsolated yield. ¢ Volume of xylene (6 mL). ®Volume of xylene (2 mL).

The yield of the Mg-TBTAP-OMe is found to be dependent on concentration of xylene used
as per table 2.3. A more concentrated solution of xylene (Table 2.3, entry 3) resulted in a better
yield of Mg-TBTAP-OMe.

The isolation and purification of the Mg-TBTAP-OMe was carried out as follows: the solvent
was removed under a stream of nitrogen and the reaction mixture was allowed to cool to room
temperature. A mixture of DCM: MeOH was added to the reaction mixture and was finally
sonicated. The crude was purified using two flash column chromatographies. The first column
was carried out using DCM and a red fraction, the aminoisoindoline dimer 2.19 was eluted. A
mixture of DCM: EtsN (20:1), and DCM: THF: EtsN (10:1:4) was used to separate the next
green-blue fraction. Unreacted phthalocyanine remained on the baseline. All the fractions
containing the green-blue material were combined and subjected to a second column, using a
mixture of PE: THF: MeOH (10:3:1) as an eluent, a green and blue fractions were obtained. A
TLC analysis of the green and blue fractions confirmed the presence of Mg-TBTAP-OMe 2.13
and Mg-Pc 2.20 respectively when tested against reference compounds (scheme 2.10). Finally,

a recrystallisation from acetone and ethanol yielded the title product.
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2.17
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Scheme 2.10: Synthesis of Mg-TBTAP-OMe 2.13 and by-products.

The traditional method of synthesising meso-substituted TBTAP was revisited in order to
establish the reproducibility of the reaction conditions and in an attempt to increase the yield

of the product as illustrated in scheme 2.11 pathway B.®

Pathway B

N MgBr,, DABCO, A

CN Diglyme

Scheme 2.11: Synthesis of Mg-TBTAP-OMe 2.13 through Pathway B.

Using the established procedure, a mixture of phthalonitrile 2.16 and MgBr in diglyme was
heated for 10 min under an inert atmosphere.® A solution containing phthalonitrile 2.16 and
aminoisoindoline 2.12 in dry diglyme was added to the above mixture using a syringe pump.
After 1 hour, another solution of phthalonitrile 2.16 and DABCO in diglyme was gradually
added over a 1 h period using a syringe pump. The mixture changed from colourless to deep
green/blue. After heating for a few minutes, a deeper green mixture was eventually obtained.
After 3 h, TLC analysis showed red, green and blue spots corresponding to aminoisoindoline
dimer 2.19, Mg-TBTAP-OMe 2.13 and Mg-Pc 2.20 respectively. Mg-Pc 2.20 was the
dominant product with a yield of 49%, and the Mg-TBTAP-OMe 2.13 was isolated with a yield

of 13% after following the above procedure for isolation and purification.
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In an attempt to increase the yield of Mg-TBTAP-OMe 2.13, a ‘1 pot’ synthesis was performed
in which aminoisoindoline 2.12, phthalonitrile 2.16 and MgBr. were mixed together in different
dry solvents under different conditions as per table 2.4 and was refluxed under an inert

atmosphere.

Table 2.4: Attempted conditions for the ‘1-pot’ synthesis of Mg-TBTAP-OMe 2.13.2

Entry Solvent Time (h) Yield (%)®
1 Diglyme overnight 20
2¢ Diglyme 3 20

Diglyme 3 17

4 Diglyme 6 37
59 Diglyme 6 33
6 Diglyme 12 34
7 Xylene 3 12
gae Xylene 6 18
o Xylene 18 13
109¢ Xylene 18 19

#Reactions conditions: Aminoisoindoline (0.70 mmol), phthalonitrile (2.03 mmol), MgBr:
(1.02 mmol), volume of solvent (2 mL).Isolated yield. SDABCO used in synthesis. “Reaction
was heated at a mantle temperature of 170 °C. ®Diluted conditions used.

When xylene was used, (Table 2.4, entry 8-9) the yield of product was lower. Of all the
pathways attempted, the ‘one pot’ procedure in which the starting materials, aminoisoindoline
2.12, phthalonitrile 2.16 and the metal template MgBr in the absence of DABCO gave the best
result (Table 2.4, entry 4). The by-products aminoisoindoline dimer 2.19, Mg-Pc 2.20 and

phthalocyanine were present.

The *H-NMR spectrum of the product corresponded to the reported structure 2.13 and is shown
in figure 2.6.° There are two protons as doublet at 9.60 ppm and four protons as multiplet in
range from 9.53-9.50 ppm. The aromatic protons on the methoxy phenyl ring appear as
doublets at 8.05 and 7.52 ppm with a total integration of 4. At 4.20 ppm the peak of the methoxy

group appears as a singlet.
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Figure 2.6: 'H-NMR spectrum of Mg-TBTAP-OMe 2.13 with an expanded scale of the
aromatic region (500 MHz, THF-ds, 25 °C).

2.5 Zinc TBTAP-OMe

In an attempt to increase the yield of the TBTAP-OMe, other metals were investigated using
the ‘one-pot’ method. The same methodology was applied as in (Table 2.4, entry 4) in the
synthesis of the Zn-TBTAP-OMe and the results are summarised in table 2.5.

CN
©iCN O N O 7 N~ N N\
+ J x N N / \ . Ne—
2.16 A / N HN \ N S N L7
‘ > NGO N N zi N
OCH; + Diglyme N N \ N \N /
[Zn], DABCO O O

hiass

OCH; H;CO
2.22
2.19
OCH,
221
Scheme 2.12: Synthesis of Zn-TBTAP-OMe 2.21 using different zinc salts.
Table 2.5: Different Zinc salts for the synthesis of Zn-TBTAP-OMe 2.21.2
Entry Metal salts Yield (%)°
1 ZnCl; 5
2 ZnBr; 4
3 Anhydrous ZnCl; 4
4 Anhydrous ZnBr; 5
5 Anhyd rous Zn(CHsCOs2): 5
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6 ZnO 0

@Reactions conditions: Aminoisoindoline (0.20 mmol), phthalonitrile (0.60 mmol), [Zn] (0.40
mmol), Volume of diglyme (2 mL). Isolated yield.

The crude mixture was analysed by MALDI-TOF MS and peaks at 483, 681and 576 m/z was
observed corresponding to aminoisoindoline dimer 2.19, Zn-TBTAP-OMe 2.21 and Zn-Pc
2.22 respectively (scheme 2.12). After isolation and purifications, the yields obtained were
poorer compared to the magnesium salt. Zinc oxide did not produce any Zn-TBTAP-OMe,
therefore the procedure using zinc salts was abandoned.

2.6 Synthesis of Mg-TBTAP-OH

Once the Mg-TBTAP-OMe 2.13 had been successfully synthesised, demethylation and
demetallation steps of the Mg-TBTAP-OMe 2.13 were carried out in order to produce the
TBTAP-OH 2.9, a precursor to the symmetrical and unsymmetrical dyads. Boron tribromide,
(BBr3) was chosen as a demethylating reagent (scheme 2.13) and it can also remove the
magnesium from the central core to form the target compound, TBTAP-OH 2.9. The Mg-
TBTAP-OMe 2.13 was dissolved in dry DCM followed by the slow addition of BBrz solution.
The reaction was continuously monitored by MALDI-TOF-MS for several days and peaks at
641, 627, 619 and 605 m/z were found corresponding to Mg-TBTAP-OMe 2.13, Mg-TBTAP-
OH 2.23, TBTAP-OMe 2.24 and TBTAP-OH 2.9 respectively (figure 2.7). The purification of

this mixture by column chromatography was difficult due to lack of solubility in solvents such

as DCM, EtOAc and THF.
X N\
\ NH N=
Oron " T om
I\\I HN
é%/
2.24

m/z: 619

13 N - / O oH
\ N
m/z: 605
2.9

Scheme 2.13: Attempted demethylation of Mg-TBTAP-OMe using BBrs.
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Figure 2.7: MALDI-TOF MS spectrum of crude product.

The known method was then carried out by using magnesium iodide (Mgl.) as a demethylating
reagent (scheme 2.14).° The Mg-TBTAP-OMe 2.13 and Mgl, was heated at 150 °C in dry
toluene in a sealed-tube, overnight and the mixture was analysed by MALDI-TOF MS and
TLC. Only a single peak at 627 m/z corresponding to Mg-TBTAP-OH 2.23 was obtained
suggesting that the starting material was fully used-up. Then MeOH was added to the reaction
vessel and was stirred at room temperature for 30 min. The solvents were removed under
vacuum and the crude solid was finally purified by column chromatography using PE: THF:
MeOH (10:3:1) as eluent. The purification was easier as the compound was soluble in organic
solvents. A recrystallisation was achieved by acetone and methanol as solvent system to yield

the title green compound.

1) Mgl,,
Dry toluene,
150 °C

2) MeOH

2.23

Scheme 2.14: Demethylation of Mg-TBTAP-OMe 2.13 using Mglo.

2.7 Synthesis of Unsymmetrical dyad

Synthesis of the triple decker (target compound) involves an initial stage in which the
unsymmetrical dyad has to be synthesised. The unsymmetrical dyad consists of a molecule of
TBTAP and TPP with a bridging alkyl chain as depicted in the figure 2.8.
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Figure 2.8: Unsymmetrical dyad.

2.7.1 Demetallation of Mg-TBTAP-OH 2.23

In the first step, a demetallation of the Mg-TBTAP-OH 2.23 was achieved by treating the
sample with concentrated sulfuric acid and then ice-cold water was added. A green precipitate
was obtained. The precipitate was filtered off and washed with MeOH. MALDI-TOF MS
analysis revealed the formation of TBTAP-OH 2.9 and an 80% yield was obtained (scheme
2.15).1° The resulting peak from the MALDI-TOF MS showed 605 m/z for TBTAP-OH 2.9

(figure 2.9).
\: S/\\ N
1) conc. H,SO4 ) NH

- > N\
2) H,0, 0 °C N

Scheme 2.15: Demetallation of Mg-TBTAP-OH 2.23 to yield TBTAP-OH 2.9.
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Figure 2.9: MALDI-TOF MS spectrum of TBTAP-OH 2.9 with its theoretical prediction.
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2.7.2 Synthesis of TPPOH

The second step involves the synthesis of alkylating TPP-OH. Unsymmetrical
tetraphenylporphyrin TPP-OH 2.8 was synthesised using a modified version of Adler’s

methodology,*! using the ratio of reagents shown in the scheme below (scheme 2.16).

3 : 1 : 4
OH
N N g Propionic acid Other
E\; U Reflux, 30 min products
0" H O~ H
2.25 2.26 2.27

Scheme 2.16: Synthesis of unsymmetrically substituted porphyrin 2.8 (TPPOH).2

Benzaldehyde 2.25, 4-hydroxy benzaldehyde 2.26 and propionic acid were mixed together and
heated to reflux. Freshly distilled pyrrole 2.27 was added dropwise to the mixture which was
further refluxed for 30 min. The mixture was allowed to cool, and methanol was added. The
crude was left to precipitate overnight in the fridge. The mixture of porphyrins was filtered off,
and most of the side products were left in the solution. The crude product was purified on a
silica gel column using a mixture of THF and petroleum ether as eluent. The desired fraction
was collected and after a recrystallisation from DCM: MeOH, the monohydroxy porphyrin 2.8

was obtained in a 3.6% yield.

The *H-NMR spectrum of TPP-OH 2.8 is more complex compared to TPP 2.28 (figure 2.11)
as there are more peaks in the aromatic region. This is because the monohydroxy-porphyrin
2.8 is no longer symmetrical; it also shows the broad signal from the OH group at the para
position with a chemical shift of 5.01 ppm. The aromatic protons on the hydroxy phenyl ring
appears at 8.08 and 7.22 ppm with a total integration of 4. The shielded imino protons of the
macrocycle resonate at around —2.77 ppm which is caused by the ring current effect (figure
2.11).

87



Results and Discussion Chapter 2

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 05 -1.0 -15 -20 -25 -3.0 -3.5 -4.0
f1 (ppm)

Figure 2.11: *H-NMR spectra: Top TPP-OH 2.8, bottom of TPP 2.28 (400 MHz, CDCls, 25
°C).

2.7.3 Synthesis of the mono-alkylated TPPO- Cio-Br 2.29

The next step was to synthesise the mono-alkylated TPP-O-C1o-Br 2.29 by reacting the TPP-
OH 2.8 with an excess of 1,10 dibromodecane in the presence of K:CO3z and DMF at room
temperature as reported by the Cammidge group (scheme 2.17).2 The product was purified by
column chromatography and a recrystallisation from DCM: MeOH gave the TPP-O-C10-Br
2.29 in 49% yield.

Br

Scheme 2.17: Synthesis of TPP-O- C10-Br 2.29.
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The *H-NMR spectrum shown in figure 2.12 confirmed the presence of TPP-O-Cio-Br 2.29.
The 2 sets of triplet peaks at around 4.22 ppm and 3.35 ppm corresponding to the protons of

the -OCH.- and -CH2-Br respectively.
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Figure 2.12: *H-NMR spectrum of TPP-O-Cio- )r 2.29 (500 MHz, CDCl3, 25 °C).
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2.7.4 Synthesis of unsymmetrical dyad 2.30 using TBTAP-OH 2.9

The next step was to produce the unsymmetrical dyad 2.30. The demetallated TBTAP-OH 2.9
and TPP-O-C10-Br 2.29 in a 1:1 ratio was reacted in the presence of K2CO3 (scheme 2.18) at

room temperature. Two solvents were tested, acetone and DMF. The reaction was left to stir

overnight.
%N\
NH N=
o 0G0
N HN
ey
2.9 O O

\ NH N==
N ) )° o) &
IYI HN
&N

NS
Q 2.30

Scheme 2.18: Synthesis of unsymmetrical dyad 2.30.
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TLC analysis revealed the absence of new spots. Both reactions were heated to 70 °C in a
sealed tube and was left to stir overnight. TLC analysis for the DMF reaction showed a faint
new spot had formed. This sample was then subjected to MALDI-TOF MS analysis which
confirmed the formation of the desired product with a peak at 1376 m/z along with peaks for
the starting materials TBTAP-OH 2.9 and TPP-O-Cio-Br 2.29. However, the reaction
performed in acetone showed no formation of product and hence this reaction was abandoned.
The reaction with DMF was left to stir for longer with continuous monitoring. After 10 days
the DMF reaction was stopped when no TPP-O-C1o-Br 2.29 could be detected on TLC. The
crude product was then purified by column chromatography. However, the purification of the
product was tedious and lengthy as the sample stuck on the silica although various polar organic
solvents were used such as THF, MeOH and EtOAc. The product was MALDI-TOF MS tested
and a peak at 1376 m/z confirming the presence of TBTAP-O-C1o-O-TPP 2.30 (figure 2.13).

Only trace amount of the product was obtained.

1374.58
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1373.58

1376.26
1374.23
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1377.32

137835 1377.59

1379.60 1381.60
1380 1382

iz iz

Figure 2.13: MALDI-TOF MS spectrum of dyad 2.30 with its theoretical prediction.

From literature, it is known that working with the demetallated form of TBTAP is always time
consuming.*? Therefore, this way of making the unsymmetrical dyad was abandoned. Instead,

a new procedure was attempted in which the demetallation step was left until last.

After the difficulty of producing the unsymmetrical dyad in a quantitative yield, two alternative

synthetic pathways were investigated (scheme 2.19).

In method A, mono-alkylated Mg-TBTAP-O-C10-Br 2.31 is made, followed by the addition of
TPP-OH in the presence of base, KoCOz (scheme 2.19). In method B, mono-alkylated TPP-O
C10-Br 2.29 is produced and was then reacted with Mg-TBTAP-OH in the presence of base,
K2COs (scheme 2.19).
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Scheme 2.19: Two proposed synthetic pathways to yield the unsymmetrical dyad 2.32.

2.7.5 Synthesis of Mg-TBTAP-O-C10-Br

In method A, the mono-alkylated Mg-TBTAP-O-C10-Br 2.31 was first synthesised. Mg-
TBTAP-OH 2.23 was added to an excess of 1,10 dibromodecane in the presence of K>COs
(scheme 2.20). The reaction was first carried out in acetone and DMF at room temperature
overnight (as in the case of synthesising TPP-O-Cyo-Br 2.29). TLC analysis revealed the
absence of the product. Both reactions were heated to a temperature of 55 °C in sealed tubes.
Analysis by TLC revealed that the reaction performed in acetone gave fewer undesirable
products as compared to DMF. In an attempt to reduce the number of undesirable products, the
reaction was out in using anhydrous acetone instead of the reagent grade acetone. This made
no difference to the number of undesirable products. After 19 h, the reaction was stopped, and
the product was isolated by column chromatography using DCM: THF as eluent. A

recrystallisation from acetone: EtOH gave the title compound in a 48% yield.

x N\
Br—(CH,)gBr N
H ———————————>» N\ Mg

AN

Br

K,CO3, Sol, 55 °C

2.23 2.31

Scheme 2.20: Synthesis of Mg-TBTAP-O-C10-Br 2.31.
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The *H-NMR spectrum is shown in figure 2.15. The 2 triplet peaks at around 4.41 ppm and
3.48 ppm correspond to the protons of the -OCH2- and -CH.-Br respectively. The aliphatic
chain protons can be found at 2.08, 1.91 and 1.62 - 1.45 ppm. The positioning of the protons is
shown in the figure 2.15. Analysis by MALDI-TOF MS showed a peak at 847 m/z
corresponding to Mg-TBTAP-O-C10-Br 2.31 (figure 2.14).
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Figure 2.14: MALDI-TOF MS spectrum of Mg-TBTAP-O-C10-Br 2.31 with its theoretical

prediction.
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Figure 2.15: *H-NMR spectrum of Mg-TBTAP-0O-C10-Br 2.31 (500 MHz, THF-ds, 25 °C).
Crystals of complex Mg-TBTAP-O-C10-Br 2.31 suitable for X-ray diffraction were grown

from methanol and THF solution at room temperature (figure 2.16). The magnesium is bonded

to the four nitrogens inside the core and to the oxygen from methanol.
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Figure 2.16: X-Ray analysis obtained for Mg-TBTAP-O-C10-Br 2.31.

Once the mono-alkylated Mg-TBTAP-O-C10-Br 2.31 was produced, the next step was to react

it with TPP-OH 2.8 in the presence of base (scheme 2.21). Different conditions were explored,

and the results are summarised in the table 2.6.

Scheme 2.21: Synthesis of unsymmetrical dyad 2.32 using Mg-TBTAP-O-Cyo-Br 2.31.

Table 2.6: Attempted conditions for the synthesis of unsymmetrical dyad 2.32.

Entry Solvent ~ Temperature (°C) Volume (mL)  Time/days  Yield (%)?

1 Acetone 55 10 21 5
2 Acetone 55 2 10 4
3 DMF 55 10 21 10
4 DMF 70 2 14 15
5 DMF 80 2 14 18
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6P DMF 80 2 14 19
7° DMF 80 2 14 23
8 DMF 80 2 7 21

3Isolated yield. "Potassium lodide (KI) was added to reaction. “Reaction was carried out under
nitrogen atmosphere. Mg-TBTAP-O-C10-Br (0.11 mmol), TPP-OH (0.07 mmol), K-CO3 (0.9
mmol).

Caesium carbonate (Cs.COz) as base was tried out and the yield did not improve. Varying
changes in volume of solvents and temperatures did not significantly increase the yield (table
2.6). In an attempt to increase the yield small amount of potassium iodide (KI) was added
(Table 2.6, entry 6). Analysis by TLC and MALDI-TOF MS of the reaction mixture, showed
peaks at 766 m/z, 783 m/z and 1396 m/z corresponding to Mg-TBTAP-O- C1oH20, Mg-TBTAP-
0-C10H220 and Mg-TBTAP-O-C, -O-TPP 2.32 (the desired product) respectively.

Since the synthesis of the precursors, Mg-TBTAP-OH 2.23 and Mg-TBTAP-O-C10-Br 2.31
required in the formation of the unsymmetrical dyad is time-consuming, a more straightforward
alternative procedure (method B) was explored. This pathway was chosen as the synthesis of
precursors involved, TPP-OH 2.8 and TPP-O-C10-Br 2.8 were less time consuming (scheme

2.22). The results are summarised in the table 2.7.

Scheme 2.22: Synthesis of unsymmetrical dyad 2.32 using TPP-O-C1o-Br 2.28.
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Table 2.7: Attempted conditions for the synthesis of unsymmetrical dyad 2.32.

Entry Solvent  Temperature (°C) Volume (mL) Time/days Yield (%)?

1 Acetone 55 10 21 5)
2 Acetone 55 2 12 5)
3 DMF 55 10 15 6
4 DMF 70 5 10 10
5 DMF 70 2 8 10
6 DMF 80 5 12 34
7° DMF 80 2 7 41
8 DMF 80 2 7 43
9¢ DMF 80 2 7 40
10¢ DMF 80 2 14 36

21solated yield. PPotassium lodide (KI) was added to reaction. Reaction was carried out under
nitrogen atmosphere. TPP-O-C1o-Br (0.14 mmol), Mg-TBTAP-OH (0.08 mmol), K.CO3z (0.9
mmol).

Caesium carbonate as a base was chosen instead of potassium carbonate and the yield did not
improve. As the temperature of the reaction was increased, the yield of the desired product was
also increased (see above entries). In an attempt to increase the yield of the desired product,
some potassium iodide (KI) was added (Table 2.7, entry 7) to the reaction mixture which
clearly had a significant effect. The reaction was performed under an inert atmosphere and the
yield did not improve (Table 2.7, entry 9). The reaction is dependent on temperature and

concentration.

Analysis by MALDI-TOF MS from all of the reaction mixtures in the table above revealed the
presence of the target dyad 2.32, and side products TPP-O-C1oH20 and TPP-O-C1oH220 with
peaks at 1396 m/z, 769 m/z and 786 m/z respectively. As the reaction mixture is left to stir for
a longer period of time, the presence of trace amount of water in the reaction mixture enhanced
the production of the side product TPP-O-C10H220 and thus the yield of the target dyad is
reduced (Table 2.7, entry 10). After several days, TLC analysis revealed the presence of
starting material, Mg-TBTAP-OH 2.23. Thus, an excess of TPP-O-C1o-Br 2.28 was added and
still not all the Mg-TBTAP-OH 2.23 was used up instead this favours the formation of the side
products (Table 2.7, entry 10).
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In both methods A and B the dyad was isolated by column chromatography using a solvent
system of DCM: THF. A dark blue-purple fraction was collected, the solvent was removed and

a recrystallisation performed using acetone and ethanol.

The *H-NMR spectrum of Mg-TBTAP-O-C,,-O-TPP 2.32 is more complex compared to the

monomeric alkylated compounds. A comparison with the *H-NMR spectra of the Mg-TBTAP-
O-C10-Br 2.31 and TPP-O-C10-Br 2.28 shows that the aromatic region for the dyad is essentially

the sum of the two alkylated monomers (figure 2.17).
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Figure 2.17: *H-NMR spectra of Mg-TBTAP-O-C, -O-TPP 2.32, Mg-TBTAP-O-C10-Br 2.31
and TPP-0O-Cy10-Br 2.28 (500 MHz, THF-dsg, 25 °C).

The proton shifts for the TPP-O-C10-Br 2.28 and Mg-TBTAP-0-C10-Br 2.31 have already been
discussed in previous sections. Therefore, the assignments of the protons in Mg-TBTAP-O-
C,,-O-TPP 2.32 will be the same as its monomeric units. The only difference in the 'H-NMR

spectrum of the dyad 2.32 is that, since it is unsymmetrical, 2 triplets are observed at around
4.43 ppm and 4.31 ppm (figure 2.18). The assignment of the protons in the unsymmetrical dyad
can be further confirmed by the COSY NMR (figure 2.19). Analysis from MALDI-TOF MS
confirms the formation of Mg-TBTAP-O-C10-TPP 2.32 (figure 2.20).
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Figure 2.18: Assignment of peaks of *H-NMR spectrum of Mg-TBTAP-O-C, -O-TPP 2.32
(500 MHz, THF-ds, 25 °C).
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Figure 2.19: COSY NMR experiment showing cross peaks in Mg-TBTAP-O-C, ,-O-TPP
2.32 (500 MHz, THF-dg, 25 °C).
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Figure 2.20: MALDI-TOF MS spectrum of dyad 2.32 with its theoretical prediction.

The UV-Vis spectrum of the unsymmetrical dyad 2.32 is shown in figure 2.21. The intense
absorption in the B band at around 420 nm is characteristic of porphyrin. The characteristic Q
bands of metallated-TBTAPs is split because of their decrease in molecular symmetry at around
670 and 650 nm.13.14
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Figure 2.21: UV-Vis spectrum of unsymmetrical dyad 2.32 (in distilled THF).

2.8 Synthesis of unsymmetrical TPP-TBTAP dyad 2.35

After the successful synthesis of the unsymmetrical Cio dyad 2.32, the synthesis of the
unsymmetrical C12 dyad was then attempted following methods A and B previously described
for the synthesis of unsymmetrical C1o dyad. Therefore, the preparation of Mg-TBTAP-O-C12-
Br 2.33 and TPP-O-C12-Br 2.34 was carried out as starting materials (scheme 2.23).
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Br

Scheme 2.23: Two synthetic pathways to yield the unsymmetrical dyad 2.35.

MALDI-TOF MS analysis of the crude product from both pathways A and B showed a peak at
1424 m/z which corresponds to the unsymmetrical dyad. In pathway A, peaks at 794 m/z and
812 m/z corresponding to the side products, Mg-TBTAP-O-Ci2H260 and Mg-TBTAP-O-
Ci12Hz4 respectively. In pathway B the side products were TPP-O-C12H260 and TPP-O-C12Ha4
with m/z of 814 and 796 respectively. Isolation and purification of the unsymmetrical dyad was
achieved by following the procedure previously described, 25% and 51% yields were obtained
from pathways A and B respectively. The peak from the MALDI-TOF MS at 1423 m/z further
confirms the formation of Mg-TBTAP-O-C12>-O-TPP 2.35 (figure 2.22).
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Figure 2.22: MALDI-TOF MS spectrum of dyad 2.35 with its theoretical prediction.

The *H-NMR spectrum of Mg-TBTAP-O-C,,-O-TPP 2.35 is essentially indistinguishable from
that of Mg-TBTAP-O-C, ;-O-TPP 2.32 as shown in the figure 2.23.
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Figure 2.23: 'H-NMR spectra of Mg-TBTAP-O-C, -O-TPP 2.32 (top) and Mg-TBTAP-O-
C,,-O-TPP 2.35 (bottom) (500 MHz, THF-ds, 25 °C).

The expected number of peaks in the Mg-TBTAP-O-C,-O-TPP dyad 2.35 remained
unchanged when compared to Mg-TBTAP-O-C, -O-TPP dyad 2.32. The assignments of the
protons in the unsymmetrical C, dyad are similar to the previously described unsymmetrical
C,, dyad. The only difference is that the total number of protons in the alkyl region of the -

NMR spectrum of the C,, dyad from 2.15-1.47 ppm that integrates to 24.

2.9 Demetallation of the unsymmetrical dyad Cio

In a trial reaction, Mg-TBTAP-OMe 2.13 was dissolved in a minimum amount of concentrated
H>S0O4, stirred and sonicated for a few minutes and the resulting solution was added to ice. The
precipitate formed was filtered off and washed with cold water followed by methanol. The
resulting peak from the MALDI-TOF MS showed 619 m/z for TBTAP-OMe 2.24 (figure 2.24).

A 90% yield of the product was obtained which required no further purification (scheme 2.24).

100



Results and Discussion Chapter 2

Scheme 2.24: Demetallation of Mg-TBTAP-OMe 2.13.
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Figure 2.24: MALDI-TOF MS spectrum of TBTAP-OMe 2.24 with its theoretical prediction.

Following the successful outcome of the demetallation of Mg-TBTAP-OMe 2.13 by
concentrated acid, the same procedure to demetallate the unsymmetrical compound, Mg-
TBTAP-O-C, -O-TPP 2.32 was attempted (scheme 2.25). Although the demetallation was fast

(Table 2.8, entry 1), when the mixture was analysed by MALDI-TOF MS, a peak at 1374 m/z
was obtained indicating the presence of the desired compound 2.36 with a yield of only 15%.
The demetallation is a straightforward process in which the acid is reacting with the
magnesium. Therefore, a higher yield of the desired compound 2.36 would have been expected
with no side products. Such an outcome is probably due to the compound 2.32 being broken

down by the strong acid (Table 2.8, entry 1-3).
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Scheme 2.25: Demetallation of unsymmetrical dyad 2.32.

Table 2.8: Other acids used for the demetallation of unsymmetrical dyad 2.32.

Entry Acid Pka Time (h) Yield (%)?
1 H2S04 -3 0.04 15
2 H2SO4 (6M) -3 0.04 20
3 Acetic acid 4.75 72 40
4 Trifluoroacetic acid 0.00 18 56
5 Glacial Formic acid 3.75 18 66

2]solated yield.

Therefore, the demetallation process was repeated using a weaker acetic acid. Acetic acid was
added to the unsymmetrical dyad and was left to stir overnight at room temperature.® Analysis
by MALDI-TOF MS revealed that there was no conversion to the demetallated dyad. The
reaction was then heated to a temperature of 80 °C for 72 h with continuous monitoring.
MALDI-TOF MS analysis showed the presence of the demetallated unsymmetrical dyad 2.36
(Table 2.8, entry 3). After work-up by following the procedure mentioned above, a 40% vyield
was obtained. Other acids such as trifluoroacetic acid (TFA) and glacial formic acid were also
used. The results are summarised in the table below (Table 2.8, entry 4, 5). Clearly, glacial

formic acid is the best demetallating agent.
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The demetallation of Mg-TBTAP-O-C,,-O-TPP 2.35 was then carried out under the same

conditions as above using glacial formic acid. The isolation and purification were performed
by using the same approach as in the synthetic route already described. A 75% yield of the
unsymmetrical Ci> dyad 2.37 was obtained. The peak from the MALDI-TOF MS at 1402 m/z
further confirms the formation of TBTAP-O-C12-O-TPP 2.37 (figure 2.26).
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Figure 2.25: Structure of TBTAP-O-C,,-O-TPP 2.37.
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Figure 2.26: MALDI-TOF MS spectrum of TBTAP-O-C,,-O-TPP 2.37 with its theoretical
prediction.

2.10 Synthesis of symmetrical TBTAP-TBTAP dyad 2.38

The synthesis of the unsymmetrical dyads (2.32 and 2.35) was successful, the next step was to
synthesise the symmetrical dyad with TBTAP units using two different pathways. (Scheme
2.26).
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Scheme 2.26: Two synthetic pathways to yield the symmetrical dyad 2.38.

In pathway A (scheme 2.26), the mono-alkylated Mg-TBTAP-O-C10-Br 2.31 was added to Mg-
TBTAP-OH 2.23 in the presence of a base, K2COs. This reaction was investigated using
solvents, acetone, DMF and methy| ethyl ketone (MEK) under different conditions as per table
2.8. When the crude mixture was analysed by MALDI-TOF MS, peaks at, 766 m/z, 783 m/z
and 1394 m/z corresponding to Mg-TBTAP-0O-CioH20, Mg-TBTAP-O-C10H220 and Mg-
TBTAP-0O-C10-O-Mg-TBTAP 2.38 respectively were obtained.

After the desired reaction time was achieved, the dyad was isolated by column chromatography
using a solvent system of DCM: THF. A dark green fraction was collected, the solvent was
removed, and the product was recrystallised using acetone and ethanol. A MALDI-TOF MS
analysis of the product shows a peak at 1394 m/z which confirms the presence of Mg-TBTAP-
0-C10-O-Mg-TBTAP 2.38 (figure 2.28). The yields of the product 2.38 are recorded in table
2.8.
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Figure 2.28: MALDI-TOF MS spectrum of dyad 2.38 with its theoretical prediction.

When the synthesis was carried out in acetone in a sealed tube, the yield was poor (Table 2.9,
entry 1-2). Using DMF in a nitrogen atmosphere did not result in a significant change in the
yield (Table 2.9, entry 6). When the reaction was performed at a higher concentration, a 30%

yield was achievable (Table 2.9, entry 7). The results are tabulated below.

Table 2.9: Attempted conditions for the synthesis of symmetrical dyad 2.38 via pathway A.

Entry Solvent Volume (mL)  Temperature (°C) Time (days)  Yield (%)?

1 Acetone 20 55 25 8
2 Acetone 10 65 14 10
3 DMF 10 55 14 20
4 DMF 5 80 12 24
5P DMF 5 70 12 24
6° DMF 5 70 12 25
7 DMF 2.5 70 12 30
8 MEK 2.5 70 12 24

21solated yield. PPotassium lodide (K1) was added to reaction. °Reaction was carried out under
nitrogen atmosphere. Mg-TBTAP-O-C10-Br (0.09 mmol), Mg-TBTAP-OH (0.06 mmol),
K2COs3 (0.9 mmol).

In pathway B (scheme 2.26), Mg-TBTAP-OH 2.22 and half equivalent of 1,10-dibromodecane
were mixed in the presence of base, KoCOs. The results are tabulated below (table 2.10). When
the reaction was performed in acetone, a 9% yield was achieved after 25 days with continuous
monitoring (Table 2.10, entry 1). Although the reaction was heated at 70 °C in a sealed tube,
this did not increase the yield of the symmetrical dyad.
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Table 2.10: Attempted conditions for the synthesis of symmetrical dyad 2.38 via pathway B.
Entry Solvent Volume (mL)  Temperature (°C) Time (days)  Yield (%)?

1 Acetone 10 55 30 9
2 DMF 10 55 14 12
3 DMF 5 70 15 15
4b DMF 25 70 14 24
5¢ DMF 2.5 70 14 25
6 DMF 2 70 14 27

2|solated yield. PReaction was carried out under nitrogen atmosphere. Potassium lodide (K1)
was added to reaction Mg-TBTAP-OH (0.16 mmol), Dibromodecane (0.08 mmol), KoCO3 (1.6
mmol).

Clearly the reaction is dependent on concentration and temperature. When the reaction was
carried out either under nitrogen or in the presence of Kl the yield did not change (Table 2.10,
entries 4, 5). When the reaction is performed in a more concentrated solution (Table 2.10, entry
6), a higher yield is obtained. Analysis by MALDI-TOF MS of the crude product gave similar
results to pathway A.

The 'H-NMR spectrum of Mg-TBTAP-O-C10-O-Mg-TBTAP 2.38 is shown in figure 2.27. The
proton signals in the aromatic region remain unchanged as compared to the Mg-TBTAP-OMe
2.13 previously described. Only 1 triplet at 4.45 ppm was observed which integrates to 4. This

corresponds to the -OCHa- as the molecule is symmetrical.
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Figure 2.27: *H-NMR spectrum of the symmetrical dyad 2.38 (500 MHz, THF-ds, 25 °C).
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The product, Mg-TBTAP-0-C10-O-Mg-TBTAP 2.38 was analysed by UV-Vis spectroscopy
and showed the distinctive split Q-band at 672 and 649 nm as shown in the figure 2.29. A
comparison of the shapes of the bands with those of Mg-TBTAP-OMe 2.13 from literature,®

shows no significant differences.
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Figure 2.29: UV-Vis spectra of symmetrical dyad 2.38 and Mg-TBTAP-OMe 2.13 (in distilled
THF).

2.11 Demetallation of the symmetrical dyad Cio

Following the successful demetallation of the unsymmetrical dyads using weaker acids such as
TFA and formic acid, the same procedure (section 2.8) was used to demetallate the symmetrical

dyad (scheme 2.27).

Scheme 2.27: Demetallation of symmetrical dyad.
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The resulting compound was analysed by MALDI-TOF MS and a peak at 1349 m/z
corresponding to TBTAP-O-C10-O-TBTAP 2.39 (figure 2.30). No other peaks were present
and therefore all the starting material has been used up. After isolation and purification, the

yield obtained from TFA and glacial formic acid were 60% and 56% respectively.
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Figure 2.30: MALDI-TOF MS spectrum of TBTAP-O-C10-O-TBTAP 2.39 with its

theoretical prediction.

A UV-Vis spectrum of the TBTAP-O-C10-O-TBTAP 2.39 run in distilled THF showed the two
distinctive split Q-band at 685 and 647 nm respectively (figure 2.31). A feature between the
metallated dyad and the demetallated dyad is that the splitting (AQ) is higher in the
demetallated dyad and equals 41 nm. While in the metallated the symmetry of the macrocycle
is increased and thus the AQ drops to 23 nm.!* There are no distinguishable differences in the
spectra from the demetallated TBTAP-OH 2.29 and the TBTAP-O-C10-O-TBTAP 2.39.
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Figure 2.31: UV-Vis spectra of demetallated symmetrical dyad 2.39, TBTAP-OH 2.29 and

symmetrical dyad 2.38 (in distilled THF).
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2.12 Synthesis of metal-free phthalocyanine

The metal-free phthalocyanine 2.40 is an important starting material for the synthesis of the
lanthanide triple deckers.

@ N\
CN N HN
~ i
@[ 1) PeOH/ Li N \
CN  2)AcOH JNH  N=
2.16 AN
2.40

Scheme 2.28: Synthesis of metal-free phthalocyanine.

A solution of phthalonitrile in 1- pentanol was heated at a temperature of 120 °C and lithium
metal was added to the reaction mixture. After 1 h, acetic acid was added to the reaction mixture
which was allowed to cool to room temperature. Methanol was added to precipitate the product
(scheme 2.28). Upon filtration, a dark blue solid was obtained. Analysis by MALDI-TOF MS
showed a peak at 514 m/z confirming the formation of the phthalocyanine 2.40 (figure 2.32).
The purity of the phthalocyanine was checked by TLC, no impurities were present. The yield
of the phthalocyanine 2.40 was 50%. Further characterisation was not achieved due to the high

insolubility in organic solvents.
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Figure 2.32: MALDI-TOF MS spectrum for metal-free phthalocyanine 2.40 with its

theoretical prediction.

2.13 Alkylation of TPPOH

In the previous sections, symmetrical and unsymmetrical dyad were synthesised. These are the
precursors to the synthesis of lanthanum triple decker. A comparative spectroscopic analysis
of the newly synthesised TD with previously synthesised La-TPP TD?® will be carried out. This
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section describes the synthesis of a TPP dyad 2.1, a precursor in the assembly of lanthanum

triple decker (La-TPP TD).

The straightforward synthesis of the porphyrin dyad 2.1 was carried out by following a known

alkylation procedure which has been developed for the synthesis of multiporphyrin arrays.*°16

Br-(CH,);o-Br
on e () Oroferto-0O) O
K,CO;4 10
2.1

Scheme 2.29: Synthesis of the porphyrin dyad 2.1.

The *H-NMR spectrum confirmed the formation of the porphyrin dyad and is shown in figure

2.33. The proton signals correspond to those of the porphyrin dyad from literature.®
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Figure 2.33: *H-NMR spectrum of porphyrin dyad 2.1 (500 MHz, CDCls, 25 °C).
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2.14 Synthesis of bridged triple decker.

The synthesis of dyads with both decane and dodecane alkyl chain was successful. The next

step was to investigate the controlled synthesis of heteroleptic triple deckers.

2.15 Synthesis of bridged La triple deckers
2.15.1 Synthesis of the La triple decker using TPP dyad 2.1

For spectroscopic comparison purposes, the synthesis of the triple decker La-TPP TD 2.2 was
reproduced (scheme 2.30). The structure of La-TPP TD 2.2 consists of two porphyrin units
which are linked together by a decane chain and a phthalocyanine molecule which is

sandwiched between the two units.

Q (D

® [ ]

0} N\
o’{CH%o / D
/ \
/ NH N=
+ La(acac);. H,O N” Vi

(2eq)
Q 2.40 (1 eq)
Octanol, A

Scheme 2.30: Synthesis of La-TPP TD 2.2 using symmetrical TPP dyad 2.1.3

In a two-step one pot reaction, the porphyrin dyad 2.1 (1 equivalent) and two equivalents of
lanthanum (I11) acetylacetonate were mixed in octanol and the resulting mixture was left to
reflux at 200 °C. After 4 hours, one equivalent of Pc 2.40 was added to the reaction mixture
and was left to further reflux. A TLC analysis after 19 hours showed the absence of starting
materials. The solvent was distilled off and the resulting solids were recrystallised from a
mixture of DCM: MeOH. Further purification by column chromatography and recrystallisation
of the La-TPP TD 2.2 resulted in a 33% yield.
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Figure 2.34: *H-NMR spectrum of heteroleptic triple decker 2.2 (500 MHz, CD2Cly, 25 °C).

The 'H-NMR spectrum confirmed the formation of the triple decker and was previously
described by the Cammidge group.® It is observed that the characteristic signal at -2.7 ppm is
not present, suggesting there is no metal-free porphyrin. The alkoxide peak (-O-CHy) at around
4.6 ppm appears as a triplet which means that both ends of the aliphatic chain are in an identical
environment (symmetrical molecule). Two signals for the protons on the phthalocyanine are

observed at around 9.30 ppm and 8.30 ppm corresponding to H-Pc1 and H-Pc> respectively.

2.15.2 Synthesis of the La triple decker using TPP-TBTAP dyad 2.36

In the above section, the synthesis of La-TPP TD 2.2 with Pc 2.40 in between the sandwich
proves to be reproducible. Therefore, the next investigation in the synthesis of triple deckers

was to use the phthalocyanine and the unsymmetrical porphyrin-TBTAP dyad.

Following the successful synthesis of La-TPP TD 2.2, the same synthetic approach was adopted
(scheme 2.31). After 19 hours, subsequent analysis by TLC of the reaction mixture showed 4
spots: a greenish-brown spot, a green spot, dark green spot and a spot on the baseline. This
mixture was analysed by MALDI-TOF MS and m/z of 1509, 2160, 3018, 514 m/z were
recorded corresponding to a bridged double decker, a TD, a bis double decker and unreacted
Pc. The solvent was distilled off and a mixture of DCM/ MeOH was added to the dry residue
which was left to precipitate overnight. The mixture was filtered and purified by column
chromatography using a solvent system of DCM/PE. A final recrystallisation using a solvent
system of DCM: MeOH was performed. The yield of the heteroleptic triple decker was 8%.
Analysis by MALDI-TOF MS gave a m/z of 2160 corresponding to the desired triple decker,
assumed to be 2.41 (figure 2.35).
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Scheme 2.31: Synthesis of La-TD, presumed to be 2.41, using unsymmetrical dyad 2.36.
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Figure 2.35: MALDI-TOF MS spectrum of the TD complex with theoretical prediction for
triple decker (assumed to be 2.41).

The *H-NMR spectrum in deuterated DCM was very different to the previous triple decker
(La-TPP TD 2.2) with poorly defined peaks especially in the aromatic region (figure 2.36).
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Figure 2.36: 'H-NMR spectrum of heteroleptic triple decker (assumed to be 2.41) (500 MHz,
CD2Cly, 25 °C).

The sample was then analysed again by more careful TLC and there were clearly at least two

spots. Another column chromatography was performed on the impure sample, and this time
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the desired fraction was collected and the solvent removed rapidly under reduced pressure. A
recrystallisation using DCM: MeOH was then performed. This step was performed to avoid
the slow decomposition of the desired triple decker. However, only a trace amount of the
product was obtained. Further syntheses and isolation protocols were investigated to attempt
to isolate the pure material, unfortunately, in all these cases repeated chromatography led to
lower and lower recovery of the TD suggesting that the desired triple decker, is unstable and
decomposes slowly on silica and possibly also in solution. The solution containing the TD was
kept in the dark. Repeated analysis by TLC showed only 1 spot, indicating that isolation of

pure TD was achieveable.

The reaction was repeated by using a ‘one-pot technique. The unsymmetrical dyad 2.36 (1
equivalent), two equivalents of lanthanum (111) acetylacetonate and one equivalent of Pc 2.40
were refluxed in octanol in an argon atmosphere and monitored by TLC (scheme 2.30). After

4 hours no triple decker was detected, and the reaction was left to reflux overnight.

C;/_ﬁ/, N\\(\gj 2=/
N HN N, N3
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2160 m/z

2.36 (1 eq)

Scheme 2.32: Synthesis of heteroleptic triple decker (assumed to be 2.41) using ‘one-pot’

method.

TLC analysis of the reaction mixture showed 4 spots, identical to the TLC from the previous
approach. The triple decker was isolated and purified by column chromatography using the
same solvent system as in the synthetic route previously described. However, the purification
step was rapidly performed avoiding any source of light. The column was wrapped with

aluminium foil and a fast separation technique was adopted so as to reduce contact time
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between the triple decker and silica and also decomposition by light. All the fractions
containing the desired product were evaporated immediately and combined. The sample was

reprecipitated and a yield of 8% was recorded.

The *H-NMR spectrum of the La-TD (assumed to be 2.41) is shown in figure 2.37. The peaks
in the aromatic region are much clearer. It is observed that there are no peaks in the negative
region of the spectrum. This indicates that there are no metal-free unsymmetrical dyad.
Although complicated, as expected for such low symmetry TDs, the total number of peaks,
their multiplicities and their integrations correlate with the total number of protons in the

expected triple decker.
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Figure 2.37: 'H-NMR spectrum of heteroleptic triple decker (assumed to be 2.41) (500 MHz,
CD2Cly, 25 °C).

2.15.3 Stability of the La-TD formed from 2.36+Pc

The stability of the heteroleptic triple decker (assumed to be 2.41) in solution was investigated
by monitoring an NMR solution (DCM) over 12 days (figure 2.38). Clearly, the aromatic
proton signals did not alter after 12 days, indicating that the heteroleptic triple decker is stable

when isolated.
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Figure 2.38: Stacked 'H-NMR spectra of La- TD (assumed to be 2.41) over 12 days (500 MHz,
CD.Cly, 25 °C), showing no discernable change.

2.15.4 Attempts to increase the yield of La-TD from 2.36+Pc

To determine whether the quality of the octanol affected the outcome of the reaction, a small-
scale approach for the ‘one pot’ reaction was carried out with both normal octanol and freshly
distilled octanol. The distilled octanol was obtained by drying over sodium metal. Both
reactions were carefully monitored by TLC. After 24 hours, TLC analysis and MALDI-TOF
MS of both reactions showed the presence of the triple decker. The reactions were stopped, and
the solvent was distilled off. A mixture of DCM: MeOH was added to each of the reaction
vessels and the mixtures left to precipitate overnight. The isolation and purification were
carried out separately by using the same solvent system as mentioned in the previous section.
The yields were identical in both reactions (8%). Clearly the nature of the octanol does not

affect the outcome of the experiment.

To investigate the effect of temperature on the formation of the triple decker, the unsymmetrical

dyad 2.36, Pc 2.40 and the metal salt were all mixed (in the same ratio as above) in distilled
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octanol at a temperature of 170 °C. After 24 hours, the mixture was analysed by TLC and
MALDI-TOF MS indicated the presence of La-TD (assumed to be 2.41), by-products and
together with some starting material. The reaction was repeated at 195 °C and refluxed for 24
hours. Analysis by MALDI-TOF MS showed the presence of the triple decker and the various
by-products as mentioned in the previous section. No starting material was detected. The La-
TD (assumed to be 2.41) was isolated and purified by column chromatography by using the
solvent system as mentioned in the previous section. At 170 °C, only trace amount of the La-
TD (assumed to be 2.41) was obtained compared to 8% at 195 °C. This clearly shows that the
formation of the heteroleptic triple decker is dependent on temperature of the reaction

mixture, 1017

In an attempt to increase the yield of the product, a stepwise method was adopted. A mixture
of the unsymmetrical dyad (1 equivalent) 2.36 and the phthalocyanine (1 equivalent) 2.40 in
octanol was refluxed at 200 °C for 24 hours so as to increase the solubility of Pc 2.40. This was
followed by the addition of 2 equivalents of the lanthanum (I11) acetylacetonate and the mixture
was further refluxed for 18 hours (scheme 2.32).18 The reaction was carried out using varying
amounts of octanol (varying concentration) with no noticeable change in the yield (8%). The
above method was repeated except that the starting materials were heated at 200°C for 48 hours

with no significant change in the yield (7%).

2.15.5 Characterisation of the isolated La-TD from 2.36+Pc.

Assuming that the La-TD is structure 2.41, the Pc 2.40 is sandwiched between the TPP and
TPTAP units, part of the “sandwich” should structurally be similar to La-TPP TD 2.2 as shown
in figure 2.39. The arrangement of the units in La-TPP TD 2.2 is as follows Por-Pc-Por,3
therefore in La-TD 2.41 the arrangement of the units should be Por-Pc-TBTAP. It is of course
expected that the overall *H-NMR spectra of La-TDs like 2.41 will be more complex than that
of La-TPP TD 2.2 due to their lack of symmetry.
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241 2.2

Figure 2.39: Comparaison between the structures of La-TD (assumed to be 2.41) and La-TPP
TD 2.2

The *H-NMR spectrum of the La-TD (assumed to be 2.41) can therefore be compared to that
of La-TPP TD 2.2.

2.15.6 Comparison between the 'H-NMR spectrum of La-TD (assumed to be 2.41) and
La-TPP TD 2.2

Attempts to crystallise the La-TD (assumed to be 2.41) were unfortunately unsuccessful,
therefore the *H-NMR spectrum is the only reliable tool to confirm whether the orientation of
the units in La-TD (assumed to be 2.41) is similar to La-TPP TD 2.2. Interpretation of the H-
NMR spectrum of La-TD (assumed to be 2.41) proved to be challenging. The *H-NMR spectra
of triple decker La-TD (assumed to be 2.41) and La-TPP TD 2.2 were stacked together as
shown in the figure 2.40. If the arrangements of the units are as in figure 2.39 (compound 2.41),
the Por unit ‘sees’ the Pc unit and therefore the proton signals on the Por unit should remain
essentially unchanged compared to the proton signals of the Por unitin La-TPP TD 2.2. Clearly
there are huge differences in terms of the proton signals. In the *H-NMR spectrum of La-TPP
TD 2.2, the protons on the pyrrole unit (H-Pyrr) of Por unit are located at 7.31 ppm and 7.25
ppm. While the H-Pyrr in the La-TD (assumed to be 2.41) are split and are more downfield
compared to the latter and are positioned at 8.10, 7.97, 7.88 and 7.63 ppm. In the *H-NMR
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spectrum of La-TD (assumed to be 2.41), the protons signals corresponding to the Pc ring are
shifted and resonate at 8.75 ppm and 7.87 ppm corresponding to H-Pc; and H-Pc respectively.
This indicates that the Pc in the La-TD (assumed to be 2.41) is not sandwiched between Por
and TBTAP units, therefore it exists as in a different isomeric form. The possible arrangement
of the units is shown figure 2.41, (triple deckers 2.42 or 2.43).

La-TPP TD 2.2
H-Pyrr
H-Pc \
Jl_ _JL ____4 L,_J l_ﬂ_ L_\__,-Uh
La-TD 2.41
H-Pc

/4 \ H-Pyrr

b

T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
1 (ppm)

Figure 2.40: Stacked *H-NMR spectra of La-TD (assumed to be 2.41) and La-TPP TD 2.2
(500 MHz, CD2Cly, 25 °C).

B IN u

2.41
Not Observed x

Figure 2.41: Plausible structures for the heteroleptic triple decker.
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From the *H-NMR spectrum of the bis-triple decker 2.7 (figure 2.42) with lanthanum it was
found that the Pc is situated above and below the Por unit.®> The chemical shifts of the Pc
protons in the bis-triple decker (8.82 ppm and 7.76 ppm) are closely related to the Pc protons
expected in La-TD 2.42 (8.75 ppm and 7.87 ppm), suggesting La-TD 2.42 is the isomer isolated

2.7

6.3

T T T T T T T T T T T
10.5 10.3 10.1 9.9 9.7 9.5 9.3 9.1 8.9 8.7 8.5 83 8.1 79 7.7 7.5 7.3 7.1
f1 (ppm)

Figure 2.42: 'H-NMR spectrum of bis-triple decker 2.7 (400 MHz, CDCls, 25 °C).3

2.15.7 Comparison between the UV-Vis spectrum of La-TD 2.42 and La-TPP TD 2.2

The UV-Vis spectra of the La-TD 2.42 and La-TPP TD 2.2 are reported in figure 2.43. There
are some significant changes in the absorption bands. This can be an indication that the
orientation of the units in La-TD 2.42 is not similar to La-TPP TD 2.2. The La-TPP TD 2.2
shows a sharp absorption at the porphyrin region of 421 nm as well as a broad absorption at
300 nm typical of sandwich-like complexes in the UV-Vis spectroscopy and there was no
absorption in the phthalocyanine region between 600 and 700 nm.° However, in the La-TD
2.42 the strong, sharp peak in the porphyrin region is not dominant, giving a further good
indication that the porphyrin is not located on the outside of the sandwich complex. In addition,
the UV-Vis spectral features of the TBTAP component, suggest that the TBTAP unit is on the

outside of the TD, again consistent with structure 2.42.
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Figure 2.43: The UV-Vis spectra of the La-TD 2.42 and La-TPP TD 2.2 (in DCM).

2.15.8 Synthesis of La triple decker using TPP-TBTAP dyad 2.37

Before a full analysis of H-NMR of La-TD 2.42 was conducted, the TD using the
unsymmetrical Ci, dyad 2.37 was synthesised (section 2.14.8) and its H-NMR spectra
compared to the *H-NMR spectra of La-TD 2.42. The heteroleptic triple decker (La-TD 2.44)
using the unsymmetrical dyad 2.37 was successfully synthesised using the ‘one-pot’ fashion as

shown in the scheme 2.33.

P
NN
O / \H N’N + i‘za(;:;)aC% o Octanol, A La\
;2 o /3: Vil .
Q @N N ] 2

N )
2.40 (1 eq) éN/‘PN
9

2.44

2.37 (1 eq) Expected compound
2189 m/z

Scheme 2.33: Synthesis of heteroleptic La-TD 2.44 by using ‘one-pot’ method.
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All the starting materials were mixed in octanol and refluxed overnight. Isolation and
purification of the desired complex was achieved by following the same procedure as for the
La-TD 2.42. The crude mixture was analysed by MALDI-TOF MS (figure 2.44 a). The peaks
at m/z 1538, 2189, 3077 and 515 correspond to a bridged double decker, a TD, a bis double

decker and unreacted Pc.

515.48
2189.12
a b c
2189.63 2190.16
51651 [ 218812
[ 219068
327.39 2188.65
2915 sorp AL 219118
10479 | 51752 3076.55 )
»
285.28 1538.89 2192.76 so7hat o5
I 2192.23 e
N\ 219456 219657
" 192 2194 2196

Figure 2.44: MALDI-TOF MS analysis of (a) reaction mixture, (b) pure La-TD 2.44 and (c)
theoretical prediction.

2.15.9 The 'H-NMR characterization of bridged triple decker 2.44 complex

The *H-NMR spectrum of the La-TD 2.44 is shown in figure 2.45 and again proved to be
complex as expected. However, overall, it was considered a better spectrum in terms of clarity

and peak separation.

Absence of
peaks
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Figure 2.45: *H-NMR spectrum of La-TD 2.44 (500 MHz, CD,Cls, 25 °C).

The H-NMR spectra of both La-TD 2.42 and La-TD 2.44 were stacked together and the
expansion of the aromatic region is reproduced in figure 2.46. The most noticeable differences

between both spectra are as follows:
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e The peak at 7.33 ppm in La-TD 2.42 which integrates to 2 protons is spread out in La-
TD 2.44 at 7.34 ppm and 7.49 ppm with both having an integration of 1 proton each
respectively.

e The set of peaks at 7.5 ppm- 7.8 ppm in La-TD 2.44 is separated and shifted in La-TD
2.42.

e Both complexes show a peak at 7.86 ppm although in the case of the La-TD 2.44 the
multiplet is clearly separated.

e Another stark difference is the multiplet peak at around 8.35 ppm is split into two sets
of multiplets in the La-TD 2.44.

e The set of peaks in the La-TD 2.42 from 9.59- 9.38 ppm which integrates as follows,
1: 2: 1: 2 is in contrast with the peaks at around 9.54- 9.27 ppm in La-TD 2.44 which
integrates to 1: 1: 2: 1.

e The proton signals on the Pc units in both La-TD 2.42 and La-TD 2.44 are identical and

resonate at 8.75 ppm and 7.86 ppm. &y}qﬁ/u};g
/
La-TD 2.44 i\ //\\
- La ’

N

T T T T T T T T T T T T T T T T T T T T T
96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 5.6
f1 (ppm)

Figure 2.46: Stacked *H-NMR spectra of La-TD 2.42 and La-TD 2.44 (500 MHz, CD.Cly,
25 °C).

The peaks in the *H-NMR spectrum of the La-TD 2.44 are more spread out compared to La-
TD 2.42, therefore further NMR analysis such as COSY (figure 2.48) and NOESY (figure 2.47)
were conducted on this compound in order to try to identify key signals and interactions to
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provide further evidence for the proposed structure. If the orientations of the units were as
follows Por-Pc-TBTAP, i.e. the Pc in the middle of the TD, a correlation between the protons
of the Pc unit and some on the bridging alkyl chain in the NOESY NMR spectrum would be
expected. However, NOESY NMR could not detect such correlation, indicating that the Pc unit
is not sandwiched between Por and TBTAP. From NOESY NMR spectrum (figure 2.47), there
are correlations that can only correspond to the interactions between “inner” protons on each
of the bridging meso-phenyl units of the Por unit and the TBTAP unit. This observation
confirms our earlier assumption that the Por and TBTAP units are next to each other in the TD.

Based on the integration, the two peaks at 8.74 and 7.86 ppm correspond to the protons on the
phthalocyanine ring. The porphyrin g-protons appear as doublet at around 8.06, 7.98, 7.90 and
7.72 ppm with coupling constant (J = 4.0 Hz) integrating 8. The highly deshielded proton at
8.96 ppm coupled with the proton at around 7.67 ppm, which both integrate to 2 protons, and
are present on the TBTAP unit. The proton at around 6.41 ppm which face towards the methoxy
phenyl ring of the TBTAP moiety and the proton at 7.41 ppm coupled with each other, both
integrating to 2. The two protons on the methoxy phenyl ring of the TBTAP molecule which
are closer to the oxygen both integrate to 1 and are positioned at 7.75 ppm and 5.81 ppm
respectively. The interpretation is further confirmed by COSY NMR as depicted in figure 2.49.
It is most likely that units are as follows Pc-Por-TBTAP. However, X-ray analysis would be

the most conclusive.

(]

75 F1[ppm]

r r T T 1 v
85 8.0 75 70  F2[ppm]

Figure 2.47: NOESY experiment showing cross peaks in La-TD 2.44 (500 MHz, CD2Cl,, 25
°C).
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Figure 2.49: COSY NMR experiment showing cross peaks in La-TD 2.44 (500 MHz, CD.Cl>,
25 °C).
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In the following sections, other TDs using different lanthanide metals such as Nd and Eu will
be synthesised. Metals with very small ionic radii (from Tb to Lu) will not be used. Previous
attempts to synthesise TD using the TPP dyad, and small ions such as Tb (92 pm), Dy (91 pm)
and Yb (87 pm) were unsuccessful. The smaller the size of M3* ions, the greater is the strain
introduced into the chain making the macrocycles more unstable.® The chain prevents rotation,

so meso-phenyls on adjacent macrocycles are forced closer together.

2.16 Synthesis of bridged Neodymium triple decker
2.16.1 Synthesis of the Nd triple decker using TPP-TBTAP dyad 2.36

The sandwich complex of neodymium (Nd) was synthesised and investigated. The heteroleptic
triple decker Nd-TD, presumed to be 2.45, was synthesised using the ‘one-pot’ procedure as

shown in scheme 2.34. All the starting materials are mixed in refluxing octanol.

3 Y e

9

+ Nd (acac); HO ———

N
=)
— o}
= 2eq) Octanol, A Ct/< C O
JNH N (2eq , — /k |
&N% NE\ N, NN

2.40 (1 eq) ? Expected compound

2.36 (1 eq)

Scheme 2.34: Synthesis of Nd-TD presumed to be 2.45 using unsymmetrical dyad 2.36.

After 24 hours TLC analysis resulted in 5 spots, a reddish-brown spot, a green spot, a grey
green spot, a dark green spot and a spot on the baseline (whereas the La-TD 2.42 reaction only
gave four spots). The reaction was continuously monitored using MALDI-TOF MS and peaks
at 3034, 2170, 1512, 514 m/z were recorded corresponding to a bis double decker, a TD, a
bridged double decker and unreacted Pc. At the end of the reaction, the solvent was distilled
off, the crude compound was washed thoroughly with methanol and purified as described for
La-TD 2.42. Column chromatography of the compound was performed, and the different
fractions were analysed by MALDI-TOF MS. It was found that two of the fractions had the
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same m/z of 2170 corresponding to Nd triple decker (figure 2.50), one of which was green and
the other one was grey green in colour, clearly indicating the presence of isomers which was
not expected. After recrystallisation, the yield for the grey green (Nd-TD-G.G) 2.45 and green
(Nd-TD-G) 2.46 fractions were 10% and 12% respectively.

2170.52
2170.36 217036
100

2169.35 216935
2685 || M7252
271.43 © A71.43

2172.43 “ A7243 21679

216632 A7345 50 2166.32 AT

2174.40 27440
4 40
2166

27545 » 217545

2165.33 | 216533

2
2165,
2178.36 1 2178.36

Green (Nd-TD-G.G) 2.45 Grey-green (Nd-TD-G) 2.46 Theoretical prediction.
Figure 2.50: MALDI-TOF MS spectra of complex 2.45 and 2.46 with its theoretical prediction.

The Nd-TD was then synthesised by the stepwise procedure and the reaction was constantly
monitored. The starting materials, the unsymmetrical dyad 2.36 and Pc 2.40 were pre-mixed
followed by the addition of metal salt, Nd (acac)s.H20. The synthesis was repeated using
different volumes of octanol (varying concentration) and reactions times. After 6 h, a TLC
analysis of the reaction mixture confirmed the presence of the isomers however, the starting
materials were still present and therefore the reaction was left to stir for longer. After isolation

and purification, the results were identical to the ones from the ‘one-pot’ preparation.

2.16.2 Comparison between the UV-Vis spectra of Nd-TD-G.G 2.45, Nd-TPP TD 2.4
and Nd-TD-G 2.46

In the previous section, the UV-Vis spectrum of La-TD 2.42 indicates that the units are not in
the orientation of Por-Pc-TBTAP. Therefore, the UV-Vis spectra of the Nd-TD-G.G 2.45, Nd-
TD-G 2.46 and with the known Nd-TPP TD 2.4 were compared as shown in figure 2.51. By
comparing the three spectra, Nd-TD-G 2.46 has absorption bands that are related to the Nd-
TPP TD 2.4 (from 250-450 nm). Clearly, this shows that the orientation of the units in the Nd-
TD-G 2.46 are similar to the Nd-TPP TD 2.4, that is Por-Pc-TBTAP. In addition, the shape of
the bands are consistent with the results obtained by Birin and co-workers for a Por-Pc-Por
complex.t” In Nd-TD-G.G 2.45 the absorption bands are comparable to the La-TD 2.42, clearly
indicating that the orientation of the units in Nd-TD-G.G 2.45 is also Pc-Por-TBTAP. The Pc
Soret bands for the Nd-TD-G.G 2.45 and Nd-TD-G 2.46 are at 348 and 351 nm respectively.®
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They are shifted slightly to the blue as compared to the Nd-TPP TD 2.4 which is at 359 nm.
The Q bands (600 — 700 nm) in all the three complexes are all red-shifted.
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Figure 2.51: The UV-Vis spectra of the Nd-TD-G.G 2.45, Nd-TPP TD 2.4, Nd-TD-G 2.46
and La-TD 2.42 (in DCM).

2.16.3 'H-NMR comparison between Nd-TD-G.G 2.45, Nd-TD-G 2.46 and Nd-TPP TD
2.4

The *H-NMR spectra of Nd-TD-G.G 2.45 and Nd-TD-G 2.46 were compared with previously
reported spectra of heteroleptic complex of Nd-TPP TD? 2.4 as shown in the figure 2.52, and
give some further indications as to the location of the phthalocyanine unit in the two isomeric
complexes. The phthalocyanine peaks in the symmetrical Nd-TPP TD 2.4 appear more upfield
at 5.28 ppm and 4.26 ppm compared to the phthalocyanine peaks in Nd-TD-G.G 2.45 (7.32
ppm and 7.13 ppm). As expected, however, the phthalocyanine peaks in complex Nd-TD-G
2.46 resonate at similar frequencies (5.15 ppm and 3.63 ppm) giving further confidence that
the Pc is in the middle of the sandwich.
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Figure 2.52: Stacked H-NMR spectra of Nd-TD-G.G 2.45, Nd-TPP TD 2.4 and Nd-TD-G
2.46 (500 MHz, CDCl>, 25 °C).

2.16.4 'H-NMR characterization of Nd-TD-G 2.46 complex

To further confirm the hypothesis that the Pc unit is sandwiched between the unsymmetrical
dyad, a literature search was conducted. Analysis of the *H-NMR spectrum of the complex
shown in figure 2.53, as reported by Birin and co-workers,'” shows almost identical positioning
of the proton on the Pc ring as in the *H-NMR spectrum of Nd-TD-G 2.46. The authors reported
that the proton on the Pc ring is upfield at around 3.61 ppm. In the Nd-TD-G 2.46, one of the
protons on the Pc ring resonate at around 3.63 ppm.
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5, ppm
Figure 2.53: The *H-NMR spectrum of the heteroleptic triple decker in CDCls reported by

&
w

Birin and co-workers.’

The interpretation of the *H-NMR spectrum of Nd-TD-G 2.46 is shown in the figure 2.54. In
order to fully interpret the *H-NMR spectrum, other NMR experiment such as COSY was run.

From the integration, the two singlets at 5.14 and 3.64 ppm corresponds to the protons on the
phthalocyanine unit and each integrating to 8. The porphyrin S-protons appear as broad signals
ataround 8.72, 8.32, 7.58 and 7.38 ppm, integrating to 8. The proton at around 3.96 ppm which
is on TBTAP moiety and the proton at 6.03 ppm coupled with each other, both integrating to
2. On the TBTAP molecule, the proton which faces the methoxy phenyl ring resonates at 5.76
ppm. The proton on the methoxy phenyl ring of the TPP unit at 5.90 ppm couples with the
proton at 5.04 ppm. The two protons on the methoxy phenyl ring of the TBTAP molecule
which are closer to the oxygen both integrate to 1 and are positioned at 7.07 ppm and 6.68 ppm
respectively. The proton at 7.88 ppm couples with proton at 6.68 ppm while the proton at 7.74
ppm couples with the proton at 7.07 ppm. The COSY NMR (figure 2.55) experiment further
confirmed the positioning of the assigned protons to the molecule.
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Figure 2.54: *H-NMR spectrum of Nd-TD-G 2.46 (500 MHz, CD,Cly, 25 °C).
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Figure 2.55: COSY NMR experiment showing cross peaks in Nd-TD-G 2.46 (500 MHz,
CD2Cly, 25 °C).
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2.16.5 'H-NMR characterization of Nd-TD-G.G 2.45 complex

The H-NMR spectrum of Nd-TD-G.G 2.45 is shown in the figure 2.56. Other NMR

experiments such as COSY were also run so as to facilitate the analysis.

The two triplets at 3.86 ppm and 3.34 corresponds to the protons on the chain which are next
to the oxygen. The proton at around 5.26 ppm appears as a doublet which faced towards the
methoxy phenyl ring of the TBTAP moiety and the proton at 6.75 ppm as a triplet coupled with
each other, both integrating to 2. This proton further couples to another triplet peak at 6.84
ppm. The latter peak couples to the overlapping peak at 7.12 ppm. The peaks corresponding to
the phthalocyanine units couples at 7.32 ppm and 7.13 ppm respectively. The COSY NMR

experiment shown in figure 2.57 further confirms the assignments of the peaks.
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Figure 2.56: *H-NMR spectrum of Nd-TD-G.G 2.45 (500 MHz, CD,Cl,, 25 °C).
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Figure 2.57: COSY NMR experiment showing cross peaks in Nd-TD-G.G 2.45 (500 MHz,
CDCly, 25 °C).

2.17 Synthesis of bridged Europium triple decker
2.17.1 Synthesis of Eu triple decker using TPP-TBTAP dyad 2.36

Following the unexpected formation of isomers in the synthesis of the TD using neodymium,
the next step was to investigate the effect of the europium on the orientation of phthalocyanine
unit in the complex. Following the logic that La exclusively produced the TD with the Pc
located on the outside of the complex (Pc-Por-TBTAP) but Nd produced a mixture with the Pc
in the middle of the sandwich, the Eu complex was expected to favour this latter arrangement
(Por-Pc-TBTAP). Eu-TD 2.47 was synthesised by a ‘one-pot’ reaction under nitrogen. The

reaction was carried out in octanol and the mixture was refluxed overnight (scheme 2.35).
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Scheme 2.35: Synthesis of triple decker (assumed to be) 2.47 using the ‘one-pot’ method.

TLC analysis indicated a red-brown spot, a green spot, dark green spot and a baseline spot. The
reaction mixture was continuously monitored by MALDI-TOF MS. Peaks at 2897, 2188, 1522
and 514 m/z were recorded corresponding to a bis double decker, a TD, a bridged double decker
and unreacted Pc. After 24 h the products were separated by column chromatography as in the
case of La-TD 2.42 (discussed previously). Only a single TD compound was obtained. Analysis
by MALDI-TOF MS confirmed the green fraction to correspond to Eu-TD, presumed to be
2.47, where phthalocyanine is sandwiched between Por and TBTAP. Recrystallisation of the
green fraction from a mixture of DCM: MeOH, resulted in a yield of 3%. The MALDI-TOF
MS of the Eu-TD, presumed to be 2.47 with its theoretical prediction is shown in figure 2.58.
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Figure 2.58: MALDI-TOF MS spectrum of the Eu-TD 2.47 with its theoretical prediction.

The stepwise method was then used to synthesise the Eu-TD 2.47, but this did not significantly
increase the yield. Increasing the equivalents of the metal salt and the reaction time did not

make any difference to the yield of the triple decker. Other solvents such as 1,2,4-
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trichlorobenzene (TCB) was investigated as the reaction mixture could be heated to a higher

temperature of 215 °C, but with no significant increase in the yield.

The starting materials were mixed in a ‘one-pot’ fashion followed by a mixture of TCB and
octanol as per the synthetic method developed by Martynov and co-workers.'® The mixture
was heated at 205 °C under nitrogen atmosphere for 8 h. Continuous monitoring by MALDI-
TOF MS shows the presence of Eu-TD 2.47 and no starting materials. After the isolation and
purification procedure was followed, an improved 20% yield of the triple decker was obtained.

Increasing the reaction time to 24 h made no significant difference to the yield of the TD.

2.17.2 Comparison between the UV-Vis spectra of EU-TPP TD 2.6 and Eu-TD 2.47

The UV-Vis spectra of the Eu-TPP TD 2.6 and Eu-TD (presumed to be 2.47) is shown in figure
2.59. By comparing the spectra, the absorption bands of the triple decker of Eu-TD 2.47 are
similar to the Eu-TPP TD 2.6. This indicates that the orientation of the units in the Eu-TD 2.47
corresponds to the Eu-TPP TD 2.6 that is Por-Pc-TBTAP. The Pc Soret bands for the Eu-TD
2.47 and Eu-TPP TD 2.6 are at 346 and 356 nm respectively.?’ Both spectra show a sharp
absorption band at the porphyrin region at around 418 nm. The TBTAP bands (600—700 nm)
in Eu-TD 2.47 are consistent with the proposed structure with TBTAP on the outside of the
complex.?’® Most notable is the observation that the spectrum is almost identical to the

corresponding Nd-TD-G 2.46.
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Figure 2.59: The UV-Vis spectra of the Eu-TPP TD 2.6, Eu-TD 2.47 and Nd-TD-G 2.46 (in
DCM).
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2.17.3 The 'H-NMR spectrum of Eu-TD 2.47 complex

The *H-NMR spectrum of Eu-TD 2.47 is shown in the figure 2.60. There are no peaks at —2.27
ppm and —0.29 ppm indicating that there is no metal-free unsymmetrical dyad.

Absence
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Figure 2.60: *H-NMR spectrum of Eu TD 2. 471(‘500 MHz CD2C|2, 25 °C)

2.17.4 *H-NMR comparison between Eu-TD 2.47 and Eu-TPP TD 2.6

The *H-NMR spectra of Eu-TD 2.47 and the previously reported heteroleptic complex of Eu-
TPP TD 2.6 were compared and stacked in the figure 2.61. In the *H-NMR spectrum of Eu-TD
2.47 complex the proton signals for the Pc ring are at 12.6 ppm and 10.76 ppm closely coincides
with the Pc protons of Eu-TPP TD 2.6 at 12.91 ppm and 10.70 ppm. This indicates that the Pc
ring is sandwiched between the porphyrin and TBTAP unit.
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Por-Pc-TBTAP O =0,
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Figure 2.61: Stacked 'H-NMR spectra of Eu-TPP TD 2.6 and Eu-TD 2.47 (500 MHz, CD.Cl,,
25 °C).
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2.17.5 'H-NMR characterization of Eu-TD 2.47 complex

The 'H-NMR spectrum of Eu-TD 2.47 is shown in figure 2.62. Further NMR experiments such
as COSY were also conducted. However, the spectra are complicated and reveal phenomena/
artefacts that are impossible to explain with conventional analysis and are potentially

instrumental features.

The two triplets at 5.18 ppm and 5.08 ppm corresponds to the protons on the chain which is
next to the oxygen. These protons couples with the neigbouring proton at 2.82 ppm as a
multiplet. The two protons on the Pc units resonates at 12.67 ppm and 10.78 ppm. Four of the
porphyrin S-protons were identified and appear at 10.69 ppm and 8.81 ppm. The proton which
faces the methoxyphenyl TBTAP ring resonate at 6.52 ppm which couples to the proton at 7.44
ppm as a triplet. Another triplet at 8.61 ppm couples with the deshielded proton at 9.73 ppm.
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Figure 2.62: *H-NMR spectrum of Eu-TD 2.47 (500 MHz, CD,Cl;, 25 °C).

In the following sections, the synthesis of triple deckers using TBTAP-OMe and using the
symmetrical dyad (TBTAP-O-C10-O-TBTAP) will be explored.
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2.18 Attempted synthesis of triple decker using TBTAP-OMe

The synthesis of TBTAP-OMe double and triple deckers using a modified version of Pushkarev
and co-workers procedure was attempted.!* A mixture of 3 equivalents of the meso-4-
methoxyphenyl TBTAP 2.24 and two equivalents of La(acac)s.H20 in the presence of lithium
methoxide and n-hexadecanol was heated at 220 °C under inert atmosphere for 30 minutes
(scheme 2.36). After a small-scale purification, the MALDI-TOF MS of the residue obtained
showed no presence of the double or triple decker, instead, a peak at 619 m/z was present
indicating the presence of the metal-free ligand 2.24 (starting material).

_ N ﬂom

OMe
% \ 3 N \\?g'/%.,ow
bl La(acac);. H,0 , MeOLi
/ OMe N\\ N
\ O % \ OMe \\/
N \\’?i.,ow
N

\
2.24 2.48

C1¢H330H, 220°C

Scheme 2.36: Attempted synthesis of deckers using TBTAP-OMe.

In another attempt to synthesise the double 2.48 and triple 2.49 deckers, TBTAP-OMe 2.24
and lithium metal in octanol were heated to a temperature of 195 °C for 1 hour followed by the
addition of La(acac)s.H20. The reaction was monitored by MALDI-TOF MS and TLC hourly.
No peaks above 1300 m/z were present indicating that no double and triple deckers were
formed. After 24 h, MgBr> was added to the above reaction and both MALDI-TOF MS and
TLC confirmed the formation of the metallated TBTAP-OMe (Mg-TBTAP-OMe 2.13). This
step was performed so as to retrieve the starting material 2.13.

A different synthetic pathway was carried out in which a mixture of the same equivalences of
starting materials, a 1: 1 volume ratio of octanol and TCB were heated at a temperature of 205
°C in an inert atmosphere (scheme 2.37). The reaction was continuously monitored by TLC
and MALDI-TOF MS. After 9 hours, peaks at 1374 and 2130 m/z corresponding to the double
(DD) 2.48 and triple decker (TD) 2.49 were observed (figure 2.63). The solvent was removed
under reduced pressure and the crude product was purified by using column chromatography,
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eluting the product with 100% DCM followed by a mixture of DCM: Et>O (10:1). The yield of
La-DD 2.48 was 60% while trace amount of the La-TD 2.49 was obtained.

QN{ ‘ Q OMe
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‘ O OMe
ey = \\%:
NH @/\\P/« N\\ N ﬁ

La(acac OQ2e
N\ ) O OMe (acac);. HyO (2 eq)
N HN OcOH/TCB, A \/ \
N\ ! = \ OMe
N
Q N / \ OMe
N

N\N

2.24 2.48

Scheme 2.37: Synthesis of deckers using TBTAP-OMe 2.24.
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Figure 2.63: MALDI-TOF MS spectrum of the reaction mixture.

Attempts to increase the yield of the homoleptic triple decker 2.49 by increasing the amount of
lanthanum salt and increasing the temperature of the reaction did not have any significant effect

on the yield. All these variations failed to produce a significant yield of the triple decker 2.49.

The UV-Vis spectrum of the double decker 2.48 is shown in figure 2.64 and is concordant with
the data reported by Pushkarev and co-workers.'*
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Figure 2.64: UV-Vis spectrum of La-DD 2.48 (in distilled THF).

2.19 Attempted synthesis of bridged triple decker using TBTAP-TBTAP dyad 2.39

The synthesis of the triple decker using the symmetrical dyad 2.39 and phthalocyanine 2.40 (as
shown in scheme 2.38) involves two units of TBTAPs linked by an alkyl chain and a Pc unit.
A mixture of one equivalent dyad 2.39, one equivalent Pc 2.40, and two equivalents of the
lanthanum salt were mixed together in octanol (a ‘one-pot’ synthesis) and heated under reflux
(scheme 2.38).

/N Either Or

a4
N™°N
N )/\‘ : O o V=
a N _N=<= 0 N\.N\ A
Y A T/“N =8 =V
@“\\
La 1/:,
Wy N (R

Decyl chain

2.39 (1 eq) 2.40 (1 eq)

Scheme 2.38: Attempted synthesis of TD using symmetrical dyad 2.39.

The reaction was continuously monitored by both TLC and MALDI-TOF MS. After 8 hours
there was no peak at 2134 m/z indicating the absence of triple decker. However, a peak at 1349

m/z showed the presence of unreacted symmetrical dyad 2.39. The mixture was therefore
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refluxed overnight and subsequent MALDI-TOF MS analysis still showed no evidence for the
target TD. The reaction mixture was left to reflux for 5 days with no appreciable change.
Addition of more lanthanum salt followed by further refluxing for 48 hours failed to produce
any target triple decker. Synthesis of the symmetrical dyad is time consuming and complicated,
therefore any unreacted dyad should be retrieved. This was carried out by re-metallating the
symmetrical dyad by the addition of MgBr2 in the above reaction mixture and refluxing
overnight. MALDI-TOF MS analysis gave a peak at 1395 m/z confirming the formation of the
metallated form of the dyad which was reisolated.

The above synthesis was repeated using chlorobenzene as solvent instead of octanol and the
resulting mixture was heated at a temperature of 150 °C in a sealed tube. A dark green solution
was obtained. However, MALDI-TOF MS analysis showed no presence of triple decker. The

temperature was increased to 180 °C and after 7 days no triple decker could be detected.

In another attempt to synthesise the triple decker, a mixture of the symmetrical dyad 2.39 (1eq)
and Pc 2.40 (1eq) was heated to reflux in 1,2 dichlorobenzene overnight followed by the
addition of the lanthanum salt (2 eq). MALDI-TOF MS once again did not show the presence

of the target triple decker compound.

The reaction was then repeated using other solvents such as 1,2 dichlorobenzene and 1,3,5
trichlorobenzene (TCB) and a 1:1 of octanol and TCB and the reaction mixture was heated at
a mantle temperature of 190 °C, 215 °C and 220 °C respectively for 7 days. MALDI-TOF MS
analysis showed no peak at 2134 m/z, hence absence of the triple decker. However, from the
MALDI-TOF MS (figure 2.66), a peak at 1484 m/z showed the presence of the double decker,
La-DD 2.52 shown in figure 2.65.
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Figure 2.65: Double decker 2.52.

141



Results and Discussion Chapter 2

1484.41

1487.42
1489.43 1491.43
1490 1402

Figure 2.66: MALDI-TOF MS spectrum of the La-DD 2.52 with its theoretical prediction.

Crystals of the double decker 2.52 were grown from a saturated solution of DCM: MeOH and

subjected to X-ray analysis. The resulting structure is shown in the figure below.
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Figure 2.67: Preliminary X-Ray analysis obtained for double decker complex 2.52.

The picture on the right-hand side, a top-view of the double decker complex shows the TBTAP

ligands to be in staggered conformation giving rise to a square-antiprismatic environment.
The UV-Vis spectrum of the La-DD 2.52 is reported in figure 2.68. The splitting (AQ) of the

main absorption maxima is 23 nm which correlates with the study performed by Pushkarev and

co-workers.!*
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Figure 2.68: UV-Vis spectrum of La-DD 2.52 (in distilled THF).

2.20 Attempted synthesis of TD from Pc 2.40 and TBTAP-OMe 2.24

After the failure to synthesise bridged triple decker, the synthesis of heteropletic triple decker
of TBTAP-OMe-Pc-TBTAP-OMe using a ‘one-pot’ procedure was attempted. A mixture of
two equivalents of TBTAP-OMe 2.24, one equivalent of Pc 2.40 and two equivalents
La(acac)s.H20 was refluxed in octanol. The reaction was constantly monitored by TLC and
MALDI-TOF MS and after 3 days no target triple decker was formed (scheme 2.39).
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X N\ O \ \ \
\ NH N= \ NH La(acac); H,0 (2 eq) Q\Y\/Q\N N
N m/z: 2025
\ \ Octanol N\ /
NHN N,, 200 °C
N\ N / \ N7 /
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N\ N
253

2.24 (2 eq) 2.40 (l eq)

Scheme 2.39: Attempted synthesis of TD 2.53 using Pc and TBTAP-OMe.

A modified version of the above synthesis was carried out using TBTAP-OMe metallated with
lithium methoxide, which could possibly increase its solubility in octanol and the mixture was
again refluxed. After 1 hour, the lanthanum salt and the Pc 2.40 were added to the reaction

mixture. After 24 h, the reaction mixture was analysed by TLC and MALDI-TOF MS and there
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was no formation of the target triple decker but only peaks at 1374 m/z and 2132 m/z
corresponding to the La-DD 2.48 and La-TD 2.49. After 5 days, this pathway also failed to
produce any heteroleptic triple decker. Using the same method, other solvents such as 1,2
dichlorobenzene and 1,3,5 trichlorobenzene and a solvent mixture of octanol and TCB in a
volume ratio of 1:1 was employed, and no target compound was observed as confirmed by
MALDI-TOF MS.

In summary, all attempts to synthesise La triple deckers using Pc and TBTAP-OMe precursors
failed to produce the desired product as confirmed by MALDI-TOF MS. Double 2.48 and triple
2.49 deckers of TBTAP-OMe were only produced. The observation is consistent with the
conclusions from the TD synthesis using Por-TBTAP dimers where TBTAP and Pc were not
adjacent in TDs. In all cases TBTAP and porphyrin are adjacent and therefore, in the following
section, the synthesis of triple deckers using TBTAP-OMe and porphyrins will be discussed.

2.21 Synthesis of triple decker complex from TBTAP-OMe 2.24 and TPP 2.28

The synthesis of triple decker shown in scheme 2.40 was carried out by using a mixture of 2
equivalents of TPP 2.28, 1 equivalent of TBTAP-OMe 2.24 and 2 equivalents of the lanthanum

salt and refluxing in octanol for 24 h.
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Scheme 2.40: Synthesis of TD using TPP and TBTAP-OMe.

The reaction mixture was subjected to MALDI-TOF MS analysis, and the result is shown in
figure 2.69.
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Figure 2.69: MALDI-TOF MS spectrum of the reaction mixture

MALDI-TOF MS analysis showed a cluster of peaks which corresponds to the presence of
triple deckers. However, at this stage it was obvious that the selection of TPP as co-reactant
was flawed due to the similarity of the molecular weights of TPP and TBTAP-OMe. The
similarity meant that MALDI-TOF MS could not confidently work out the combination (or
mixture of combinations) of TPP and TBTAP-OMe in the formed TD. This combination was

therefore immediately abandoned, and a different TPP derivative was selected.

2.22 Synthesis of triple decker from TBTAP-OMe and TPP(OMe)4

To facilitate the identification of the triple decker, the above synthesis was repeated using
TPP(OMe)4 (733 m/z) and demetallated TBTAP-OMe (619 m/z). These significantly different

molecular weights made it easier to identify which triple decker (combination) was formed.

2.22.1 Synthesis of TPP(OMe)4 2.56

The TPP(OMe), 2.56 was synthesised according to the Adler-Longo procedure.** A mixture of
p-methoxy benzaldehyde and pyrrole was refluxed in propionic acid for 30 minutes. The
mixture was then cooled to room temperature and methanol was added. The mixture was left
to precipitate overnight in the fridge. After filtration, a purple solid of the title compound was
obtained in a 32% vyield (scheme 2.41).
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Scheme 2.41: Synthesis of TPP(OMe)s 2.56.

2.22.2 Triple decker from TBTAP-OMe 2.24 and TPP(OMe)4 2.56

A mixture of two equivalents of La(acac)s.H20, one equivalent of TBTAP-OMe 2.24 and two
equivalents of TPP(OMe)s 2.56 in octanol was heated under reflux (scheme 2.42). The reaction
was monitored by both TLC and MALDI-TOF MS. It was found that a triple decker was
formed within 24 h.

La(acac);. H,O (2 eq)
OMe ——— = Products
Octanol, A ?

OMe
2.56 (2 eq) 2.24 (1 eq)

Scheme 2.42: Synthesis of TD using TPP(OMe)s 2.56 and TBTAP-OMe 2.24.

Based on the number of equivalences of starting materials used in the synthesis, the dominated
molecular weight of 2356 m/z was expected and should correspond to one of the structures in
figure 2.70.
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Figure 2.70: Plausible triple decker structures from above synthesis.

However, unexpectedly only a high mass peak at 2245 m/z was obtained which corresponds to
a triple decker of TBTAP-OMe 2.24 and TPP(OMe)s 2.56 in a ratio of 2:1. Figure 2.71 shows
the possible structures for such a triple decker.
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Figure 2.71: Plausible triple decker structures from above synthesis.

After the reaction was completed, the solvent was distilled off and DCM was added followed
by MeOH so as to precipitate the product. After filtration the residue was separated by column
chromatography using DCM/Hexane (3:2) followed by 100% DCM. The first fraction was

purple and contained the unreacted porphyrin. The TD of unknown structure (figure 2.71) was
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isolated as the second dark green fraction and a yield of 23% was obtained. Analysis of the
green fraction by MALDI-TOF MS (figure 2.72) confirmed the formation of a TD.
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Figure 2.72: MALDI-TOF MS spectrum of a TD with its theoretical prediction.

2.22.3 The 'H-NMR characterization of triple decker complex 2.60

The dark green fraction was analysed by *H-NMR spectroscopy which allowed identification
of the triple decker as 2.60 (figure 2.73), with the Por molecule sandwiched between two
TBTAP-OMe molecules. The protons were assigned from studying the *H-NMR and COSY
NMR spectra (figure 2.74).

Based on the integration, the two singlets at 4.45 ppm and 4.03 ppm corresponds to the methyl
group (-OCHz) on the porphyrin and TBTAP-OMe molecule respectively. The porphyrin f-
protons appear as a singlet at around 7.96 ppm, integrating to 8. This confirms that there is a
symmetry in the complex and that the porphyrin unit is sandwiched between the two TBTAP-
OMe units. The highly deshielded proton at 8.95 ppm couples with the proton at around 7.67
ppm, which both integrate to 4 protons, and are present on the TBTAP unit. The proton at
around 6.36 ppm which faces towards the methoxy phenyl ring of the TBTAP moiety, and the
proton at 7.40 ppm couple with each other, both integrating to 4. The two inner protons on the
methoxy phenyl ring of the TBTAP molecule both integrate to 2 and are positioned at 7.52
ppm and 7.20 ppm respectively. The two outer protons which coupled to each other are more
shielded and are located at 6.63 ppm and 5.83 ppm respectively. The protons on the methoxy
phenyl ring of the porphyrin molecules are at 8.59 ppm and 7.69 ppm respectively.
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Figure 2.73: *H-NMR spectrum obtained for triple decker 2.60 (500 MHz, CD.Cly, 25 °C).

F5.6

5.8

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

f1 (ppm)

7.6

7.8

8.0

8.2

8.4

8.6

8.8

9.0

9.2

8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 5.9 5.8 5.7 5.6
2 (ppm)

Figure 2.74. COSY NMR experiment showing cross peaks of triple decker 2.60 (500 MHz,
CDCly, 25 °C).

To fully confirm that the desired triple decker complex 2.60 in which the TPP(OMe)4 unit is
sandwiched between the two TBTAP-OMe unit, crystals of the triple decker complex suitable
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for X-ray diffraction were grown from a saturated methanol and DCM solution at room

temperature (figure 2.75).
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Figure 2.75: Preliminary X-Ray analysis obtained for triple decker complex 2.60.

2.23 Synthesis of triple decker from TBTAP-OMe 2.40 and TPP-TBTAP dyad 2.36

In order to establish whether the porphyrin unit of the unsymmetrical dyad 2.36 can be
sandwiched between two TBTAP units in a triple decker, following the unexpected outcome
from the above reaction, a ‘one-pot’ synthesis was carried out using two equivalents of
La(acac)s.H-0, one equivalent of TBTAP-OMe 2.40 and one equivalent of the unsymmetrical
dyad 2.36. The mixture was heated at a temperature of 200 °C in octanol for 24 h (scheme
2.43). MALDI-TOF MS analysis gave a peak at 2265 m/z showing the presence of the TD.
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\ NH N=
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(2 eq) \ N— / OMe \
s

2.40 (1 eq) 2.61

Scheme 2.43: Synthesis of TD 2.61 using unsymmetrical dyad and TBTAP-OMe.

The solvent was removed under high vacuum and a mixture of DCM: MeOH was added to the

flask and was left to precipitate overnight. The residue was filtered off and was separated by
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column chromatography using DCM/Hexane (3:2) followed by 100% DCM. After
recrystallisation from DCM: MeOH, the TD was isolated as a dark green fraction with yield of
10%. In an attempt to increase the yield, the above reaction was repeated using a 1:1 ratio of
octanol and TCB instead of 100% octanol, and the mixture was heated at 205 °C. It was found
that a triple decker was formed within 6 h as confirmed by MALDI-TOF MS (figure 2.76).
After the isolation and purification using the same solvent system for the column
chromatography as above, a 25% yield was achieved. The same synthetic procedure was
carried out for a period of 24 h and there was no increase in the yield.
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Figure 2.76: MALDI-TOF MS spectrum of the TD 2.61 with its theoretical prediction.

2.23.1 The 'H-NMR characterization of triple decker complex 2.61

The *H-NMR spectra of heteroleptic triple deckers 2.60 and 2.61 were stacked together as

OMe
shown in the figure 2.77. @N\”N\
=X
TD 2.60 i

T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0
1 (ppm)

Figure 2.77: Stacked H-NMR spectra of complex 2.60 and complex 2.61 (500 MHz, CD.Cl,,
25 °C).
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While the heteroleptic triple decker 2.61 is different from complex 2.60, there are some
noticeable similarities (and differences) between both spectra:
e Both complexes 2.60 and 2.61 have peaks at 6.64 ppm, 6.37 ppm and 5.81 ppm,
however in complex 2.61 the multiplicity of the peaks is increased.
e The peak at 7.20 ppm in complex 2.60 is split in complex 2.61 at 7.25 ppm and 7.15
ppm.
e The peak at 7.52 ppm in complex 2.60 is shifted in complex 2.61 at 7.47 ppm.
e The singlet at 7.95 ppm in complex 2.60 corresponds to the porphyrin g-protons and is
separated in complex 2.61 at 8.25 ppm, 8.08 ppm, 7.90 ppm and 7.59 ppm.
e The two set of peaks in complex 2.60 at 8.94 ppm and 8.80 ppm is shifted in the

complex 2.61.

The TBTAP-OMe unit is on the porphyrin unit in complex 2.61. The *H-NMR spectrum of
heteroleptic triple decker 2.61 is shown in figure 2.78. The porphyrin S-protons appear as
doublets at around 8.25 ppm, 8.08 ppm, 7.90 ppm and 7.60 ppm with coupling constant (J =
4.0 Hz) integrating to 2 each. The methoxy methyl proton on the TBTAP unit appears as a
singlet and resonates at 4.01 ppm. The protons which are on the TBTAP units resonate at 8.80
ppm couples with the proton next to it at 7.86 ppm. COSY NMR was also conducted in order
to determine the positioning of the peaks to which the protons are associated. There is a strong
influence of the bridging chain which hinders the rotation of the TPP and the TBTAP and

therefore the peaks are not averaging.
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Figure 2.78: *H-NMR spectrum of heteroleptic TD 2.61 (500 MHz, CD,Cl;, 25 °C).
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2.24 Conclusions and future works

Heteroleptic TDs containing a Por, Pc and TBTAP units have been synthesised and fully
characterised for the first time. Controlled synthesis was achieved by linking TBTAP and Por
with a flexible C1o and C12 chain. The synthesis of starting materials whereby a large part of
this project’s time was committed, proved to be somewhat challenging to scale up. However,
spectroscopic analysis such as MALDI-TOF MS, NMR and UV-Vis determined the structure
of the synthesised triple deckers to be significantly different to the arrangement previously
obtained from the known triple decker Por-Pc-Por. Our new work revealed that the Pc unit is
not in the middle of the sandwich and lies on the outside next to the Por unit rather than the
TBTAP unit such that the orientation of the units are as follows Pc-Por-TBTAP when La salt
was used in the synthesis. X-Ray crystallography analysis would give a conclusive result,
however so far suitable crystals were not grown successfully. An unexpected result was
obtained from the Nd triple decker synthesis where one of the fractions has its units orientated
as follows Por-Pc-TBTAP, while the UV-Vis of the other fraction was similar to the newly
synthesised La-TD. The Eu triple decker has its units oriented similar to one of the fractions of
Nd triple decker that is exclusively Por-Pc-TBTAP. Many attempts to synthesise the La triple
decker using the symmetrical TBTAP dyad and Pc proved to be unsuccessful. Instead, a double
decker only is formed. Based on this result, this further proved that the Pc is less likely to be
on the TBTAP unit and that the TBTAP is preferred to be on the Por unit.

Results have provided some surprising selectivities that were not predicted originally. The
observations, particularly the switch between TD arrangements simply triggered by change in
lanthanide, merit further investigation. In particular, future work could investigate whether
selectivity is possible with mixed metals, investigating related strategies that could potentially
deliver controlled synthesis of heteroleptic, heterometallic TDs with three different
macrocycles and two different lanthanides, all in defined locations. This has always been the
long-term goal of this and the group’s parallel projects, and the surprising results from this

study bring us much closer to this ambitious target.
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3.0 Experimental section
3.1 General methods

3.1.1 Physical measurement

The 'H-NMR spectra were recorded either at 400 MHz MHz on Ultrashield Plus™ 400
spectrometer or 500 MHz using a Bruker Ascend™ 500 spectrometer in 5 mm diameter tubes.
Signals are recorded in ppm as d using residual solvent as reference. The coupling constant J
are given in Hertz (Hz).2>*C-NMR spectra were recorded at 101 MHz or 126 MHz using the
above spectrometers. NMR spectra were performed in solution using deuterated chloroform,

methanol, dichloromethane or tetrahydrofuran at room temperature unless otherwise stated.

UV- Vis spectra were taken on a Perkin-Elmer UV-Vis spectrometer Lamda XLS in solvent as
stated.

Mass spectra were recorded on a Shimadzu Biotech Axima MALDI- TOF spectrometer by
direct sample deposition. Characterisation of hybrids by MALDI-ToF-MS mass spectrometry

was achieved by comparison of isotopic distribution to theory.

Thin layer chromatography (TLC) was carried out on a Merck aluminium backed silica gel 60
F254 coated plates and the and the compounds were visualised under short wavelength UV-
light at 254 nm or long wavelength at 366 nm.

Column chromatography was achieved at ambient temperature and pressure or occasionally at
moderate pressure by using Silica Gel Davisil LC 60 A, 40-63 micron of 70-230 mesh (Grace

GM BH & Co). Solvent ratios are given as v:v.

Melting points were measured and recorded using a Reichert Thermovar microscope with a

thermopar based temperature control.

3.1.2 Reagents, solvents and reaction conditions

All reagents and solvents used were of analytical grade and were purchased from commercial

sources and hence used without further purification, unless otherwise stated.
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Petroleum ether is light petroleum of boiling point 40-60 °C. Other solvents were SLR- grade
and used without drying, unless otherwise stated.

Reactions were carried out under an inert atmosphere (argon or nitrogen gas), in most air-
sensitive reactions, argon was preferred.

Brine is a saturated aqueous solution of sodium chloride. Organic layers were dried over
magnesium sulfate or sodium sulfate. Evaporation of solvent was carried out on a Blichi rotator

evaporator at reduced pressure.

3.2 2-Bromobenzamidine hydrochloride (2.11)
NH.HCI

NH,
Br

For the synthesis of 2-Bromobenzamidine hydrochloride, the procedure developed by Dalai et

al. was followed.!

A solution of 2-bromobenzonitrile (4.29 g, 23 mmol) in THF (3 mL) was added to a solution
of LiN(SiMes)2 in anhydrous THF (1 M, 25 mL, 25 mmol). The reaction mixture was stirred
at room temperature for 4 h. A 5M HCI solution in isopropanol (15 mL) was added to the
cooled mixture. The crude reaction mixture was left overnight at 0 °C. The precipitate was
filtered off and washed with diethyl ether to give the title compound as colourless crystals (5.16
g, 92%).

Mp > 250 °C

IH-NMR (500 MHz, CD30D-ds) & 7.82 — 7.79 (m, 1H), 7.62 — 7.53 (m, 3H).

13C-NMR (126 MHz, CDs0OD-ds) 5 168.14, 134.76, 134.50, 133.04, 130.69, 129.25, 120.82.
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3.3 (Z)-1-[(4-methoxy)benzylidene]-1H-isoindol-3-amine (2.12)

The procedure as reported by Hellal and Cuny was adopted.? A mixture of 2-
bromobenzamidine hydrochloride (1.01 g, 4.3 mmol), BINAP (0.13 g, 0.2 mmol) and
PdCl2(MeCN)2 (0.05 g, 0.02 mmol) was sealed in a microwave vessel and was then purged and
refilled with N2 three times. DBU (1.62 g, 1.60 mL, 10.6 mmol), 4-methoxyphenylacetylene
(0.67 g, 0.66 mL, 5.1 mmol) and dry DMF (12 mL) were then added. The resultant reaction
mixture was heated to 120 °C for 1 h by microwave irradiation. The reaction mixture was
allowed to cool to room temperature and was subsequently diluted with ethyl acetate (50 mL)
washed several times with saturated solution of NaHCOs. The organic layer was dried over
MgSO4 and concentrated in vacuo. The residue collected was recrystallised twice from a
mixture of DCM:PE (1:1) to afford the title compound. Other method involves purification by
column chromatography using PE:AcOEt (1:1) then AcOEt as solvent gradient to yield the title
compound as yellow needles (520 mg, 50%).

Mp 155-157 °C (lit. 156157 °C)3
IH-NMR (500 MHz, CDCls3) § 8.07 (d, J = 8.6 Hz, 2H), 7.78 (dt, J = 7.6 Hz, 1H), 7.48 (td, J
=7.5,1.0 Hz, 1H), 7.45 (td, J = 7.5, 1.0 Hz, 1H), 7.35 (td, J = 7.4, 0.9 Hz, 1H), 6.94 (d, J = 8.2

Hz, 2H), 6.75 (s, 1H), 3.84 (s, 3H).

1BC-NMR (126 MHz, CDCl3) & 164.05, 159.56, 142.60, 142.07, 132.00, 130.11, 129.51,
128.77,127.43, 120.26, 119.78, 115.60, 114.36, 55.46.

MS (MALDI-TOF): m/z = 250.67 [M]*

Chemical Formula: C16H14N20; Exact Mass: 250.11 g-mol*

UV-vis (DCM): A max (nm) (g (dm*.mol™*.cm™)) = 371 (3.23-10%)
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3.4 1,1-dimethoxy-isoindol-3-amine (2.15)
MeO OMe

N

NH,

Phthalonitrile (1.01 g, 7.80 mmol) was added to a solution of freshly prepared sodium
methoxide (0.42 g, 7.80 mmol) in MeOH (8 mL).* The mixture was allowed to stir for 2 h at
room temperature. The crude was filtered and washed with ice-cold MeOH, and the white

product was dried under vacuum (170 mg, 57%).

IH-NMR (500 MHz, CDz0D-da) & 7.68 (dt, J = 6.9, 1.2 Hz, 1H), 7.53 — 7.46 (m, 3H), 3.28 (s,
6H).

13C-NMR (126 MHz, CD30D-d4) 5 166.27, 146.75, 134.78, 131.77, 130.83, 123.55, 121.91,
118.77, 51.35, 49.85.

3.5 (2)-1-((1-((2)-4-methoxybenzylidene)-1H-isoindol-3-yl)imino)-1H-isoindol-3-amine/
Intermediate (2.16)

N=" ~NH,
\
(I
\
{ocn

Aminoisoindoline 2.12 (0.10 g, 0.40 mmol), phthalonitrile (0.05 g, 0.40 mmol) and NaOMe
(0.03 g, 0.61 mmol) was dissolved in dry MeOH (4 mL), and the reaction was refluxed.®> After
2 h another equivalent of phthalonitrile and NaOMe was added to the reaction and was further
refluxed for 1 h. The precipitate was filtered and washed with cold MeOH. The residue
collected was purified by a flash column chromatography using DCM — DCM: AcOEt (1:1)

— AcOEt as solvent gradient to collect an orange brown solid (73 mg, 47%).

Mp 169-172 °C
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IH-NMR (500 MHz, DMSO-ds) & 8.28 — 8.23 (m, 2H), 8.00 — 7.90 (m, 3H), 7.72 — 7.66 (m,
2H), 7.45 (td, J = 7.4, 1.2 Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H), 7.32 (td, J = 7.3, 1.0 Hz, 1H), 7.26
(s, 1H), 7.03 — 6.98 (m, 2H), 3.81 (s, 3H).

13C-NMR (126 MHz, DMSO-dg) & 159.63, 146.19, 141.95, 133.91, 133.01, 131.62, 131.26,
128.85, 128.34, 127.05, 122.18, 121.50, 121.37, 119.36, 114.11, 55.23.

MS (MALDI-TOF): m/z = 378.69 [M]*

Chemical Formula: C24H1sNsO; Exact Mass: 378.15 g-mol*

UV-vis (DCM): L max (nm) (¢ (dmi.molt.cm™)) = 449 (3.07-10%), 324 (3.79-10%, 261
(4.32-10%).

3.6 Isolated by-product Trimer (2.18)

OMe MeO

This compound was isolated as a by-product from the previous reaction as a side product and

was obtained as brown solids (25 mg, 20%).

Mp 201-204 °C

IH-NMR (500 MHz, CDCls) § 8.19 (m, 2H), 7.99 (m, 2H), 7.95 (m, 4H), 7.72 (m, 4H), 7.46
(m, 4H), 6.62 (s, 2H), 6.40 (d, J = 8.4 Hz, 4H), 3.43 (s, 6H).

MS (MALDI-TOF): m/z = 612.59 [M+1]*

Chemical Formula: C4oH2sNsO,; Exact Mass: 611.23 g-mol™*
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UV-vis (DCM): % max (nm) (¢ (dm3molt.cm™)) = 477 (1.59-10%), 404 (2.84-10%), 332
(5.34-10%), 265 (5.07-10%).

3.7 Mg-TBTAP-OMe (2.13)3

3.7.1 From One pot method

A mixture of aminoisoindoline 2.12 (0.17 g, 0.70 mmol), phthalonitrile (0.26 g, 2.03 mmol)
and MgBr2 (0.19 g, 1.02 mmol) was mixed in a 25 mL round bottom flask under a nitrogen
atmosphere. Diglyme (2.0 mL) was then added, and the reaction was heated at a mantle
temperature of 215 °C for 6 h. The solvent was removed under a nitrogen stream while cooling.
A 1:1 mixture of DCM:PE (20 ml) was added, and the mixture sonicated and was left in the
fridge overnight. The solid was collected by vacuum filtration and washed with cold MeOH.
The crude compound was purified by flash chromatography. Using DCM—DCM: EtsN
(20:1)>DCM:THF:EtsN (10:3:1) as eluent, the fractions were collected according to their
colours. The second column purified only the green fraction using PE:THF:MeOH (10:3:1) as
eluent. Recrystallisation from acetone and EtOH gave the title compound as purple crystals
(160 mg, 37%).

3.7.2 From Stepwise method

Phthalonitrile (154 mg, 1.2 mmol) and MgBr2 (110 mg, 0.6mmol) were mixed and stirred in
dry diglyme (0.5 mL) for 10 min at a mantle temperature of 220 °C under a nitrogen
atmosphere.® A solution of aminoisoindoline (100 mg, 0.4 mmol) and phthalonitrile (51 mg,
0.4 mmol) in dry diglyme (1 mL) was added dropwise over 1 h using a syringe pump. Finally,
a solution of DABCO (67.5 mg, 0.6 mmol) and phthalonitrile (51 mg, 0.4 mmol) in dry diglyme
(0.5 mL) was added dropwise over 1 h. The reaction was heated at 220 °C for a further 0.5 h

under a nitrogen atmosphere. The solvent was removed under a nitrogen stream while cooling.
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The purification and isolation of the compound is similar to the above procedure.
Recrystallisation from acetone and EtOH gave the title compound as purple crystals (35 mg,
13%).

3.7.3 From Intermediate method

MgBr2 (60 mg, 0.32 mmol) and dimer 2.16 (80 mg, 0.21 mmol) were mixed and stirred in dry
xylene (3 mL) for 9 h at a mantle temperature of 170 °C under a nitrogen atmosphere. The
solvent was removed under a nitrogen stream while cooling. DCM was added and the mixture
sonicated and was left in the fridge overnight. The purification and isolation of the compound
is similar to the above procedure. Recrystallisation from acetone and EtOH gave the title
compound as purple crystals (22 mg, 33%).

Mp > 300 °C
IH-NMR (500 MHz, THF-dg) 5 9.60 (dt, J = 7.6, 1.0 Hz, 2H), 9.53 (m, 4H), 8.22 (m, 4H), 8.05
(br d, J = 8.5 Hz), 7.92 (ddd, J = 7.5, 6.9, 0.7 Hz, 2H), 7.62 (ddd, J = 8.0, 6.8, 1.2 Hz, 2H),
7.52 (br d, J = 8.4 Hz, 2H), 7.25 (br dt, J = 8.0, 0.7 Hz, 2H), 4.20 (s, 3H).

13C-NMR (126 MHz, THF-ds) 5 161.88, 156.47, 156.24, 154.14, 152.79, 143.45, 141.19,
141.09, 140.86, 140.12, 138.21, 135.87, 134.05, 129.94, 129.66, 128.89, 128.11, 127.25,
126.62, 125.96, 125.75, 123.77, 123.56, 123.50, 115.18, 68.27, 67.98, 67.80, 67.69, 67.63,
67.45, 67.28, 67.10, 56.02.

MS (MALDI-TOF): m/z = 641.77 [M]*

Chemical Formula: C4H23sMgNyO; Exact Mass: 641.18 g-mol*

UV-vis (dist. THF): A max (nm) (¢ (dm®mol*.cm™)) = 671 (2.05-10°), 648 (1.22-10°), 594
(2.37-10°), 444 (2.50-10°), 396 (6.59-10°).
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3.8 Condensation product (2.19)

The red fraction isolated as a by-product from the one-pot procedure reaction (94 mg, 56%).°

Mp 203-205 °C (lit. 203-204 °C).
IH-NMR (500 MHz, CDCls) & 13.09 (s, 1H), 8.09 (dt, J = 7.4, 1.1 Hz, 2H), 7.88 — 7.84 (m,
4H), 7.80 (dt, J = 7.6, 0.9 Hz, 2H), 7.51 (dtd, J = 24.6, 7.3, 1.1 Hz, 4H), 6.78 (s, 2H), 6.64 —

6.57 (m, 4H), 3.70 (s, 6H).

13C-NMR (101 MHz, CDCl3) & 165.86, 159.18, 140.34, 139.84, 134.70, 131.29, 130.06,
128.59, 128.04, 122.43, 119.33, 114.76, 114.14, 55.14.

MS (MADLI-TOF): m/z = 484.44 [M+1]*
Chemical Formula: CsHzsN30,; Exact Mass: 483.19 g-mol™

3.9 Zn-TBTAP-OMe (2.21)

A mixture of aminoisoindoline 2.12 (50 mg, 0.20 mmol), phthalonitrile (80 mg, 0.60 mmol)
and ZnCl> (54 mg, 0.40 mmol) was added in a 25 mL round bottom flask under a nitrogen
atmosphere. Diglyme (2.0 mL) was then added, and the reaction was heated at 215 °C for 6 h.®

The solvent was removed under a nitrogen stream while cooling. A 1:1 mixture of DCM:PE
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(20 ml) was added, and the mixture sonicated and was left in the fridge overnight. The solid
was collected by vacuum filtration and washed with cold MeOH. The crude compound was
purified by  flash  chromatography  column. Using DCM—DCM:  EtsN
(20:1)>DCM:THF:EtsN (10:3:1) as eluent, the fractions were collected according to their
colours. The second column purified only the green fraction using PE:THF:MeOH (10:3:1) as
eluent. Recrystallisation from acetone and EtOH gave the title compound as purple crystals
(6.80 mg, 5%).

Mp >300 °C

IH-NMR (500 MHz, THF-ds) 8 9.60 (d, J = 7.5 Hz, 2H), 9.54 — 9.47 (m, 4H), 8.20 — 8.14 (m,
4H), 8.03 (d, J = 7.8 Hz, 2H), 7.90 (t, J = 7.2 Hz, 2H), 7.60 (td, J = 7.4, 6.7, 1.2 Hz, 2H), 7.54
—7.49 (M, 2H), 7.23 (d, J = 8.0 Hz, 2H), 4.19 (s, 3H).

MS (MADLI-TOF): m/z = 681.63 [M]*

Chemical Formula: C4H23N70Zn; Exact Mass: 681.13 g-mol*

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 671 (4.46-10%), 647 (2.40-10%), 595
(4.93-10%), 443 (4.03-10%), 385 (1.27-10°).

3.10 Mg-TBTAP-(4-OH-Ph) (2.23)

Mg-TBTAP-OMe 2.13 (195 mg, 0.30 mmol) and Mgl (422 mg, 1.51 mmol) was dissolved in
toluene (6 mL) and the mixture was refluxed for 48 h.3 After cooling, MeOH (50 ml) was added,
and the mixture stirred for 30 minutes. The solvents were removed under vacuum and the crude
was purified by column chromatography using PE: THF: MeOH (10:3:1) as eluent.
Recrystallisation from acetone and MeOH gave purple crystals (128 mg, 68%).
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Mp 244 °C (dec.)
1H-NMR (500 MHz, THF-dg) & 9.58 (dt, J = 7.6, 1.0 Hz, 2H), 9.51 (m, 4H) 8.94 (s, 1H), 8.17
(m, 4H), 7.92 (brd, J = 8.4 Hz, 2H), 7.91 (br ddd, J = 7.5, 6.9, 0.7 Hz, 2H), 7.63 (ddd, J = 8.0,

6.9, 1.0 Hz, 2H), 7.35 (br d, J = 8.4 Hz, 2H), 7.34 (br dt, J = 8.0, 0.7 Hz, 2H).

13C-NMR (125.7 MHz, THF-dg) 5 159.8, 156.3, 153.2, 152.6, 143.2, 141.6, 141.2, 140.9, 140.3,
134.5, 133.9, 130.1, 129.6, 128.1, 127.4, 127.0, 125.7, 123.4, 123.2, 123.5, 116.4.

MS (MADLI-TOF): m/z = 627.78 [M]*

Chemical Formula: C3sH21MgN-yO; Exact Mass: 627.17 g-mol*

UV-vis (dist. THF): A max (nm) (¢ (dm®.mol™.cm™)) = 671 (2.40-10°), 648 (2.00-10°), 594
(3.91-10%), 444 (4.41-10%), 398 (1.09-10°).

3.11 5-(p-Hydroxyphenyl)- 10, 15, 20 triphenylporphyrin (TPP-OH) (2.8)

For the synthesis of the porphyrin derivative TPP-OH, a modified version of the procedure as
reported by Adler was followed.®

Benzaldehyde (3.82 mL, 3.97 g, 37.4 mmol) and p-hydroxybenzaldehyde (1.52 g, 12.5 mmol)
were dissolved in propionic acid and the mixture was allowed to reflux. Freshly distilled
pyrrole (3.25 mL, 3.14 g, 50 mmol) was then added dropwise. Once the addition was completed,
the resulting mixture was refluxed (at a temperature of 145 °C) for a further 30 min. The
reaction mixture was allowed to cool to room temperature, MeOH (200 mL) was added, and
the mixture was left to precipitate overnight. The resulting purple solid was collected by

vacuum filtration and washed with MeOH. The crude compound was chromatographed on a
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silica gel column using DCM: Pet Ether (1:1 v/v) mixture as eluent. The first pink band
collected was the symmetrical porphyrin TPP. Finally, DCM (100%) was used and TPP-OH
separated out as a dark purple fraction. The title compound was recrystallised from a mixture
of DCM:MeOH as a purple solid (275 mg, 3.6%).

Mp > 300 °C
IH-NMR (400 MHz, CDCls) & 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),

-2.77 (s, 2H).

13C-NMR (126 MHz, CDCl3) 6 155.6, 142.4, 135.6, 134.8, 134.7 127.7, 126.6, 120.2, 120.1,
120.0 113.8.

MS (MALDI-TOF): m/z = 630.55 [M]*

Chemical Formula: C44H30N4O; Exact Mass: 630.24 g-mol*

UV-vis (DCM): A max (nm) (¢ (dm3.molt.cm™)) = 648 (5.18-10%), 591 (5.17-10%), 550
(6.06-10%), 515 (8.58-10%), 418 (1.2-10°).

3.12 Tetraphenylporphyrin (2.28)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (0.93 g, 16%).
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Mp > 350 °C.

IH-NMR (400 MHz, CDCl3) 5 8.85 (s, 8H), 8.22 (d, J = 7.8 Hz, 8H), 7.80 — 7.72 (m, 12H),
277 (s, 2H).

1BC-NMR (126 MHz, CDCI3) & 142.20, 134.59, 127.73, 126.71, 120.16.

MS (MALDI-TOF): m/z = 614.94 [M]*

Chemical Formula: C4sHzoN4; Exact Mass: 614.25 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm3.molt.cm™)) = 648 (5.42-10%), 590 (5.46-10%), 549
(6.13-10%), 514 (8.60-10%), 417 (1.10-10°).

3.13 5,10,15-Tris-[p-(methoxy)phenyl]-20-(4-hydroxyphenyl) porphyrin (2.56)
OMe

Following a modified version of Adler's general procedure,® freshly distilled pyrrole (3.35 g,
50 mmol) was added dropwise to p-methoxybenzaldehyde (6.81 g, 50 mmol) in refluxing
propionic acid (150 mL). After 30 min, the mixture was cooled down to room temperature and
MeOH (200 mL) added. The mixture was filtered and washed several times by MeOH. A
purple solid of title compound was obtained (3.0 g, 32.6%).

Mp > 300 °C
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IH-NMR (500 MHz, CDCls) & 8.86 (s, 8H), 8.15 — 8.10 (m, 8H), 7.31 — 7.27 (m, 8H), 4.10 (s,
12H), -2.75 (s, 2H).

13C-NMR (101 MHz, CDClI3) § 159.53, 135.74, 134.81, 119.88, 112.34, 55.73.
MS (MALDI-TOF): m/z = 735.39 [M+1]"
Chemical Formula: CgHasN4Os; Exact Mass: 734.29 g-mol™

UV-vis (DCM) A max (nm) (¢ (dm®molt.cm™)) = 651 (4.78-10%), 592 (4.77-10%), 556 (5.27
:10%), 520 (5.72-10%), 422 (3.43-10).

3.14 Porphyrin Cio dyad (TPP-O-(CH2)10-O-TPP) (2.1)

O Orofen-0-0) O
10

A mixture of TPP-OH 2.28 (200 mg, 0.32 mmol) and 1,10- dibromodecane (47.6 mg, 0.16
mmol), acetone (20 mL) and K2COs (220 mg, 1.5 mmol) was placed in a sealed tube and heated
at 70 °C for 7 days.” The solvent was removed, and the residue dissolved in DCM and washed
with water. The organic layer was evaporated and was finally purified by two slow and careful
recrystallisations from a mixture of DCM: MeOH, to yield the pure product as a purple solid
(112 mg, 50%).

Mp > 300 °C
IH-NMR (500 MHz, CDCls) & 8.89 (d, J = 4.5 Hz, 4H), 8.83 (m, 12H), 8.21 (dd, J = 7.6, 1.5

Hz, 12H), 8.12(dd, J = 7.6, 1.5 Hz, 4H), 7.77 — 7.70 (m, 18H), 7.29 (dd, J = 7.6, 1.5 Hz, 4H),
4.28 (t, J = 6.5 Hz, 4H), 2.06 — 1.98 (m, 4H), 1.72 — 1.64 (m, 4H), 1.54 (s, 8H), -2.76 (s, 4H);
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13C-NMR (126 MHz, CDCl3) 8 159.2, 142.4, 135.8, 134.7, 134.5, 127.8, 126.8, 125.8, 120.3,
120.2, 120.1, 112.9, 68.51, 31.01, 29.86, 29.75, 26.50.

MS (MALDI-tof): m/z = 1400.80 [M+1].*
Chemical Formula: CesH7sNsO2; Exact Mass: 1399.63 g-mol™

UV-vis (DCM) A max (nm) (¢ (dm®molt.cm?) = 648 (1.06-10%), 591 (1.14-10%), 551
(1.86-10%), 516 (3.84-10%), 419 (9.51-105).

3.15 Metal free phthalocyanine (2.40)

é%%b

Phthalonitrile (0.5 g, 4 mmol) was dissolved in 1-pentanol (6 mL) and the mixture was stirred
and heated at a temperature of 120 °C. An excess of lithium (50 mg, 7.2 mmol) was added to
the reaction mixture which was refluxed for another hour. Acetic acid (10 mL) was then added,
and the mixture was refluxed for another hour. The resulting reaction mixture was allowed to
cool to room temperature and methanol (100 mL) was added to precipitate the product, a dark

blue solid of pure phthalocyanine which was collected by vacuum filtration (255 mg, 50%).

Mp > 300 °C
MS (MALDI-tof): m/z = 514.75 [M]*
Chemical Formula: C3;H1sNs; Exact Mass: 514.17 g-mol*

UV-vis (THF)/nm (log &): 689 (0.68), 654 (0.72), 339 (0.56).
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3.16 5-(p-bromodecanoxyphenyl) -10,15,20-triphenylporphyrin (TPP-O-Cio-Br) (2.29)

Br

TPP-OH 2.28 (0.20 g, 0.32 mmol), 1,10-dibromohexane (0.95 g, 3.17 mmol) and potassium
carbonate (0.44 g, 3.17 mmol) were added to dry DMF (40 mL), and the mixture stirred at
room temp overnight. The crude mixture was then precipitated with distilled water (100 mL)
and was extracted with DCM (3 x 50 mL). The combined organic extracts were dried (MgSOa)
and the solvent removed in vacuo. The product was purified by column chromatography
(eluting with DCM: petroleum ether, 1:1). Recrystallisation from DCM: MeOH gave
bromoalkoxyporphyrin as a purple solid. (0.12 g, 47%).

Mp > 300 °C
IH-NMR (500 MHz, CDCls) § 8.89 (d, J = 4.5 Hz, 2H), 8.84 (s, 6H), 8.22 (m, 6H), 8.12 (dd,
J=20, 6.5 Hz, 2H), 7.77 (m, 9H), 7.28 (dd, J = 2.0, 6.5 Hz, 2H), 4.25 (t, J = 7 Hz, 2H), 3.44

(t, =7 Hz, 2H), 2.01 - 1.96 (m, 2H), 1.90 (m, 2H), 1.63 (m, 2H), 1.39 (m, 10H), -2.75 (s, 2H).

13C-NMR (126 MHz, CDClz) & 159.02, 142.26, 135.63, 134.58, 134.35, 127.70, 126.69,
120.07, 112.76, 68.33, 34.09, 32.88, 29.56, 29.53, 29.50, 29.46, 28.83, 28.23, 26.25.

MS (MALDI-tof): m/z = 851.69 [M+1]."

Chemical Formula: CssHasBrN4O; Exact Mass: 850.31 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm®molt.cm?)) = 651 (5.59-10%), 592 (5.67-10%), 551
(6.37-10%), 516 (8.17-10%), 418 (9.06-10°).
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3.17 5-(p-bromododecanoxyphenyl)-10,15,20-triphenylporphyrin (TPP-O-C12-Br) (2.34)

Br

TPP-OH 2.28 (0.40 g, 0.63 mmol), 1,12-dibromododecane (2.08 g, 6.34 mmol) and potassium
carbonate (0.88 g, 6.34 mmol) were added to dry DMF (80 mL), and the mixture stirred at
room temp overnight. The crude mixture was then precipitated with distilled water (100 mL)
and was extracted with DCM (3 x 50 mL). The combined organic extracts were dried (MgSOa)
and the solvent removed in vacuo. The product was purified by column chromatography
(eluting with DCM: PE, v/v 1:1). Recrystallisation from DCM: MeOH gave
bromoalkoxyporphyrin as a purple solid. (0.51 g, 92%).

Mp > 300 °C

IH-NMR (400 MHz, CDCls) § 8.89 (d, J = 4.8 Hz, 2H), 8.84 (s, 6H), 8.25 (m, 6H), 8.14 (dd,
J=2.0, 6.5 Hz, 2H), 7.80 (m, 9H), 7.29 (dd, J = 2.0, 6.5 Hz, 2H), 4.25 (t, J = 6.5 Hz, 2H), 3.41
(d, J = 6.9 Hz, 2H), 2.02 (m, 2H), 1.91(m, 2H), 1.70 (m, 4H), 1.45 (m, 12H), -2.77 (s, 2H).
13C-NMR (126 MHz, CDCls) & 159.15, 142.38, 142.35, 135.76, 134.71, 134.46, 127.83,
126.82, 120.35, 120.20, 120.08, 112.87, 68.46, 34.23, 33.00, 29.79, 29.76, 29.72, 29.67, 29.65,
29.62, 28.95, 28.35, 26.38.

MS (MALDI-tof): m/z = 879.84 [M+1]*

Chemical Formula: CssHssBrNsO; Exact Mass: 878.34 g-mol*

UV-vis (DCM): % max (nm) (¢ (dm®molt.cm™)) = 647 (5.38-10%), 592 (5.60-10%), 550
(6.49-10%), 517 (8.78-10%), 419 (1.19-10°).
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3.18 Mg-TBTAP-O-C10-Br (2.31)

Mg-TBTAP-OH 2.23 (0.12 g, 0.19 mmol), 1,10-dibromohexane (0.57 g, 1.91 mmol) and
potassium carbonate (0.26 g, 1.91 mmol) were dissolved in acetone (20 mL) and the mixture
was left to stir at 70 °C overnight. The crude mixture was then precipitated with distilled water
(100 mL) and was extracted with DCM (3 x 50 mL). The combined organic extracts were dried
(MgS0O4) and the solvent removed in vacuo. The product was purified by column
chromatography eluting with DCM: THF (20:1). Recrystallisation from acetone/EtOH gave
the title product as a green solid (78 mg, 48%).

Mp > 300 °C

IH-NMR (500 MHz, THF-ds) & 9.60 (d, J = 7.5 Hz, 2H), 9.55 — 9.47 (m, 4H), 8.21 — 8.15 (m,
4H), 8.06 — 8.01 (m, 2H), 7.92 (t, J = 7.2 Hz, 2H), 7.64 — 7.59 (m, 2H), 7.53 — 7.48 (m, 2H),
7.26 (d, J = 8.0 Hz, 2H), 4.41 (t, J = 6.5 Hz, 2H), 3.48 (t, J = 6.8 Hz, 2H), 2.12 — 2.05 (m, 2H),
1.94 — 1.86 (m, 2H), 1.79 — 1.74 (m, 2H), 1.63 — 1.41 (m, 10H).

13C-NMR (126 MHz, THF-ds) & 161.43, 156.61, 153.57, 152.66, 143.60, 141.32, 141.21,
140.99, 140.25, 135.88, 134.14, 130.08, 129.79, 128.23, 127.37, 126.80, 125.90, 123.90,
123.69, 123.62, 115.88, 69.37, 68.39, 30.79, 30.73, 30.68, 29.98, 29.32, 27.42, 26.56, 25.98.
MS (MALDI-tof): m/z = 847.30 [M]*

Chemical Formula: C4gH0BrMgN;O; Exact Mass: 847.23 g-mol™

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 671 (3.37-10°%), 648 (1.95-105), 594
(3.84-10%), 444 (4.15-10%), 398 (1.06-105).
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3.19 Mg-TBTAP-O-C12-Br (2.33)

Mg-TBTAP-OH 2.23 (0.11 g, 0.18 mmol), 1,12-dibromododecane (0.57 g, 1.80 mmol) and
potassium carbonate (0.26 g, 1.91 mmol) were dissolved in acetone (20 mL) and the mixture
was left to stir at 70 °C overnight. The crude mixture was then precipitated with distilled water
(100 mL) and was extracted with DCM (3 x 50 mL). The combined organic extracts were dried
(MgS0O4) and the solvent removed in vacuo. The product was purified by column
chromatography (eluting with DCM: THF (20:1). Recrystallisation from acetone/EtOH gave
the title product as a green solid (80 mg, 52%).

Mp > 300 °C

IH-NMR (500 MHz, THF-dg) 5 9.59 (dt, J = 7.6, 1.0 Hz, 2H), 9.54 — 9.48 (m, 4H), 8.21 - 8.15
(m, 4H), 8.04 — 8.00 (m, 2H), 7.92 (t, J = 7.2 Hz, 2H), 7.64 — 7.59 (m, 2H), 7.53 — 7.49 (m,
2H), 7.26 (d, J = 8.0 Hz, 2H), 4.41 (t, J = 6.5 Hz, 2H), 3.46 (t, J = 6.8 Hz, 2H), 2.12 — 2.03 (m,
2H), 1.91 — 1.84 (m, 2H), 1.61 — 1.55 (m, 2H), 1.54 — 1.32 (m, 14H).

1BC-NMR (126 MHz, THF-dg) & 161.44, 156.56, 153.52, 152.60, 143.55, 141.33, 141.22,
140.99, 140.25, 135.86, 134.14, 130.08, 129.79, 128.23, 127.38, 126.82, 125.91, 123.91,
123.70, 123.63, 115.86, 69.38, 68.10, 34.51, 34.07, 30.90, 30.84, 30.79, 30.74, 30.70, 29.97,
29.29, 27.43, 25.98, 25.81.

MS (MALDI-tof): m/z = 875.45 [M]*

Chemical Formula: Cs:H4BrMgN;O; Exact Mass: 875.26 g-mol™*

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 671 (6.90-10°%), 648 (4.03-10%), 594
(7.96-10%), 444 (8.51-10%), 398 (2.22-105).
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3.20 Unsymmetrical Cio dyad (Mg-TBTAP-O-Ci10-O-TPP) (2.32)

3.20.1 Dyad 2.31 from Mg-TBTAP-O-C10-Br 2.31

A mixture of Mg-TBTAP-O-C10-Br 2.31 (0.1 g, 0.11 mmol) and TPP-OH 2.8 (0.04 g, 0.07
mmol) was dissolved in DMF (2 mL), then an excess of potassium carbonate (0.2 g, 1.4 mmol)
was added, and the mixture was heated to 80 °C for 14 days. The crude mixture was then
precipitated with 50 mL of distilled water and was extracted with DCM (3 x 50 mL). The
organic layer was finally washed with brine solution. The combined organic extracts were dried
(MgS0O4) and the solvent removed in vacuo. The product was purified by column
chromatography (eluting with DCM: THF 20:1). Recrystallisation from Acetone/EtOH gave
the title product as a green-purple solid (35 mg, 23%).

3.20.2 Dyad 2.31 from TPP-O-C10-Br 2.29

A mixture of TPP-O-C1-Br 2.29 (0.12 g, 0.14 mmol) and Mg-TBTAP-OH 2.23 (0.05 g, 0.08
mmol) was dissolved in DMF (2 mL), then an excess of potassium carbonate (0.2 g, 1.4 mmol)
was added, and the mixture was heated to 80 °C for 7 days. The crude mixture was then
precipitated with 50 ml of distilled water and was extracted with DCM (3 x 50 mL). The organic
layer was finally washed with brine solution. The combined organic extracts were dried
(MgS0O4) and the solvent removed in vacuo. The product was purified by column
chromatography (eluting with DCM: THF 20:1). Recrystallisation from Acetone/EtOH gave
the title product as a green-purple solid (80 mg, 43%).

Mp > 300 °C
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IH-NMR (500 MHz, THF-ds) 3 9.59 (dt, J = 7.5, 1.0 Hz, 2H), 9.52 — 9.47 (m, 4H), 8. 81 (d, J
= 4.7 Hz, 2H), 8.23 - 8.18 (d, J = 4.8 Hz, 6H), 8.23 — 8.18 (M, 6H), 8.14 — 8.09 (m,, 4H), 8.05
~8.00 (m, 2H), 7.93 — 7.88 (m, 2H), 7.79 — 7.73 (m, 9H), 7.62 (ddd, J = 8.1, 6.8, 1.2 Hz, 2H),
7.54 — 7.50 (m, 2H), 7.37 — 7.33 (m, 2H), 7.27 (d, J = 8.0 Hz, 2H), 4.42 (t, J = 6.5 Hz, 2H),
4.30 (t, J = 6.3 Hz, 2H), 2.14 — 2.07(m, 2H), 2.06 — 2.00 (M, 2H), 1.80 — 1.76 (m, 4H), 1.68 —
1.57 (m, 8H), -2.80 (s, 2H).

1BC-NMR (126 MHz, THF-dg) & 161.44, 160.50, 156.57, 153.53, 152.63, 143.57, 143.50,
143.46, 141.33, 141.20, 140.98, 140.25, 136.54, 135.87, 135.50, 135.32, 134.14, 130.06,
129.77, 128.75, 128.24, 127.73, 127.38, 126.82, 125.91, 123.89, 123.68, 123.63, 121.35,
121.07, 120.94, 115.88, 113.75, 69.38, 69.08, 68.10, 30.92, 30.88, 30.78, 30.75, 30.74, 27.49,
27.47, 25.98, 25.81, 25.65.

MS (MALDI-tof): m/z = 1396.77 [M]*

Chemical Formula: CesHesMgN1102; Exact Mass: 1396.55 g-mol™

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm?)) = 671 (5.86-10%), 648 (3.52-10°), 616
(7.17-10%), 594 (8.61-10%), 549 (3.54-10%), 514 (5.56-10%), 444 (8.34-10%), 417 (1.32-10°).

3.21 Isolated compound from above reaction (2.62)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (20 mg, 18%).

Mp > 300 °C
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IH-NMR (500 MHz, CDCls) § 8.89 (d, J = 4.8 Hz, 2H), 8.84 (d, J = 3.0 Hz, 6H), 8.22 (dt, J =
7.7, 1.3 Hz, 6H), 8.14 — 8.10 (m, 2H), 7.81 — 7.72 (M, 9H), 7.30 — 7.27 (m, 2H), 4.25 (t, J = 6.5
Hz, 2H), 3.67 (t, J = 6.4 Hz, 2H), 1.98 — 1.92 (m, 2H), 1.61 — 1.58 (m, 2H), 1.52 — 1.45 (m,
2H), 1.35 (m, 10H), -2.76 (s, 2H).

13C-NMR (126 MHz, CDCls) § 159.15, 142.38, 142.35, 135.76, 134.71, 134.46, 127.83,
126.82, 120.35, 120.20, 120.08, 112.88, 68.46, 63.25, 32.97, 29.75, 29.73, 29.65, 29.61, 26.38,
25.92.

MS (MALDI-tof): m/z = 786.63 [M]*

Chemical Formula: CssHsoN4O2; Exact Mass: 786.39 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm®molt.cm?)) = 646 (4.58-10%), 591 (4.72-10%), 551
(5.24-10%), 517 (6.49-10%), 418 (6.73-105).

3.22 Unsymmetrical Ci2 dyad (Mg-TBTAP-O-Ci12-O-TPP) (2.35)

3.22.1 From Mg-TBTAP-O-C12-Br 2.33

A mixture of Mg-TBTAP-O-C12-Br 2.33 (0.10 g, 0.11 mmol) and TPP-OH 2.8 (0.05 g, 0.08
mmol) was dissolved in DMF (2 mL), then an excess of potassium carbonate (0.2 g, 1.4 mmol)
was added, and the mixture was heated to 80 °C for 10 days. The crude mixture was then
precipitated with 50 mL of distilled water and was extracted with DCM (3 x 50 mL). The
combined organic extracts were dried (MgSO4) and the solvent removed in vacuo. The product
was purified by column chromatography (eluting with DCM: THF 20:1). Recrystallisation
from acetone/EtOH gave the title product as a green-purple solid (39 mg, 25%).
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3.22.2 From TPP-O-C12-Br

A mixture of TPP-O-Cy1-Br 2.34 (0.12 g, 0.14 mmol) and Mg-TBTAP-OH 2.23 (0.08 g, 0.10
mmol) was dissolved in DMF (2.5 mL), then an excess of potassium carbonate (0.2 g, 1.4
mmol) was added, and the mixture was heated to 80 °C for 10 days. The crude mixture was
then precipitated with 50 mL of distilled water and was extracted with DCM (3 x 50 mL). The
combined organic extracts were dried (MgSQa4), and the solvent removed in vacuo. The product
was purified by column chromatography (eluting with DCM: THF 20:1). Recrystallisation
from acetone/EtOH gave the title product as a green-purple solid (100 mg, 51%).

Mp > 300 °C

IH-NMR (500 MHz, THF-dg) § 9.59 (d, J = 7.5 Hz, 2H), 9.53 — 9.47 (m, 4H), 8.87 (d, J = 4.7
Hz, 2H), 8.81 (d, J = 4.3 Hz, 6H), 8.21 (dt, J = 7.6, 1.8 Hz, 6H), 8.17 — 8.13 (m, 4H), 8.12 —
8.09 (m, 2H), 8.03 — 8.00 (m, 2H), 7.90 (t, J = 7.2 Hz, 2H), 7.79 — 7.74 (m, 9H), 7.61 (ddd, J
=8.1,6.8, 1.2 Hz, 2H), 7.51 — 7.48 (m, 2H), 7.35 — 7.32 (m, 2H), 7.26 (d, J = 8.0 Hz, 2H), 4.39
(t, J = 6.4 Hz, 2H), 4.28 (t, J = 6.4 Hz, 2H), 2.10 — 2.05 (m, 2H), 2.03 — 1.95 (m, 2H), 1.68 —
1.46 (m, 14H), 1.31 (d, J = 14.8 Hz, 2H).

13C-NMR (126 MHz, THF-dg) 5 161.43, 160.49, 156.57, 153.53, 152.62, 143.57, 143.50,
143.46, 141.33, 141.20, 140.97, 140.25, 136.53, 135.85, 135.50, 135.31, 134.13, 130.05,
129.77, 128.75, 128.24, 127.73, 127.38, 126.82, 125.91, 123.89, 123.68, 123.63, 121.35,
121.07, 120.94, 115.86, 113.74, 69.35, 69.06, 68.39, 68.10, 30.94, 30.87, 30.76, 30.73, 27.46,
26.55, 25.98, 25.81.

MS (MALDI-tof): m/z = 1424.45 [M]*

Chemical Formula: CesH73sMgN1102; Exact Mass: 1424.58 g-mol™

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 671 (6.26-10°), 648 (3.71-10%), 616
(6.87-10%), 594 (8.41-10%), 549 (2.92-10%), 514 (4.92-10%), 444 (8.27-10%), 417 (1.34-10°).
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3.23 Isolated compound from above reaction (2.63)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (18 mg, 16%).

Mp > 300 °C

IH-NMR (500 MHz, CDCls) § 8.89 (d, J = 4.8 Hz, 2H), 8.84 (d, J = 3.0 Hz, 6H), 8.22 (dt, J =
7.5,1.3 Hz, 6H), 8.14 — 8.09 (m, 2H), 7.80 — 7.72 (m, 9H), 7.28 (d, J = 6.9 Hz, 2H), 4.25 (t, J
= 6.5 Hz, 2H), 3.64 (t, J = 6.4 Hz, 2H), 1.98 — 1.85 (m, 2H), 1.64 — 1.56 (m, 4H), 1.52 — 1.45
(m, 2H), 1.35 (s, 12H), -2.76 (s, 2H).

13C-NMR (126 MHz, CDCls) § 159.14, 142.38, 142.35, 135.76, 134.71, 134.45, 127.83,
126.82, 120.38, 120.22, 120.21, 120.09, 112.87, 68.44, 63.21, 32.95, 29.79, 29.78, 29.67, 29.63,
29.60, 26.37, 25.90.

MS (MALDI-tof): m/z = 814.99 [M]*

Chemical Formula: CsgHs4N4O2; Exact Mass: 814.42 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm®molt.cm™?)) = 647 (4.38-10%), 590 (4.61-10%, 550
(5.36-10%), 516 (7.37-10%), 418 (1.01-109).
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3.24 Isolated compound from above reaction (2.64)

This compound was isolated from the unsymmetrical dyad as side product and was obtained

as a purple solid (9 mg, 10%).

Mp > 300 °C

IH-NMR (500 MHz, THF-ds) & 9.60 (d, J = 7.5 Hz, 2H), 9.52 (ddd, J = 8.7, 4.5, 1.6 Hz, 4H),
8.21 —8.15 (m, 4H), 8.04 —8.00 (m, 2H), 7.92 (t, J = 7.2 Hz, 2H), 7.64 — 7.59 (m, 2H), 7.54 —
7.49 (m, 2H), 7.26 (d, J = 8.0 Hz, 2H), 4.41 (t, J = 6.5 Hz, 2H), 3.47 (td, J = 6.4, 4.8 Hz, 2H),
2.12 -2.04 (m, 2H), 1.62 — 1.54 (m, 2H), 1.54 — 1.33 (m, 16H).

13C-NMR (126 MHz, THF-dg) & 161.43, 156.63, 153.59, 152.70, 143.64, 141.31, 141.19,
140.97, 140.24, 135.88, 134.13, 130.06, 129.77, 128.22, 127.36, 126.78, 125.89, 123.88,
123.67, 123.60, 115.90, 69.38, 68.10, 62.72, 34.29, 30.96, 30.92, 30.89, 30.84, 30.80, 30.73,
27.43, 27.16.

MS (MALDI-tof): m/z = 811.84 [M]*

Chemical Formula: CsiHssMgN7O2; Exact Mass: 811.35 g-mol™?

UV-vis (dist. THF): A max (nm) (g (dm®mol*.cm™?)) = 671 (4.09-10°), 648 (2.39-10°), 594
(4.72-10%), 444 (5.04-10%), 398 (1.32:10°).
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3.25 Symmetrical Cio dyad (Mg-TBTAP-O-C10-O-Mg-TBTAP) (2.38)

3.25.1 From Mg-TBTAP-O-C1o-Br (2.31)

A mixture of Mg-TBTAP-0-C10-Br 2.31 (76.1 mg, 0.09 mmol) and Mg-TBTAP-OH 2.23 (37.6
mg, 0.06 mmol) was dissolved in DMF (2.5 mL), then an excess of potassium carbonate (0.2
g, 1.4 mmol) was added, and the mixture was heated to 70 °C for 12 days. The crude mixture
was then precipitated with 50 mL of distilled water and was extracted with DCM (3 x 50 mL).
The combined organic extracts were dried (MgSO4) and the solvent removed in vacuo. The
product was purified by column chromatography (eluting with DCM: THF (20:1).
Recrystallisation from Acetone/EtOH gave the title product as a green solid. (25 mg, 30%).

3.25.2 From Mg-TBTAP-OH (2.23)

A mixture of 1,10-dibromodecane (23.8 mg, 0.08 mmol) and Mg-TBTAP-OH 2.23 (100 mg,
0.16 mmol) was dissolved in DMF (2 mL), then an excess of K2COz (240 mg, 1.6 mmol) was
added and the mixture heated at 70 °C for 14 days. The crude mixture was then precipitated
with 50 ml of distilled water and was extracted with DCM (3 x 50 mL). The combined organic
extracts were dried (MgSQO4) and the solvent removed in vacuo. The product was purified by
column chromatography (eluting with DCM: THF 20:1). Recrystallisation from Acetone/EtOH
gave the title product as a green solid. (30 mg, 27%).

Mp > 300 °C

IH-NMR (500 MHz, THF-dg) 5 9.59 (br dt, J = 7.6, 1.1 Hz, 4H), 9.54 (m, 8H), 8.19 (m, 8H),
8.06 (br d, J = 8.5 Hz, 4H), 7.94 (ddd, J = 7.5, 6.9, 0.7, 4H), 7.63 (ddd, J = 8.0, 6.8, 1.2 Hz,
4H), 7.57 (br d, J = 8.4 Hz, 4H), 7.28 (br dt, J = 8.0, 0.7 Hz, 4H), 4.46 (t, J = 6.5 Hz, 4H), 2.15
(dt, J = 14.9, 6.6 Hz, 4H), 1.86 (m, 4H), 1.70 (m, 8H).
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13C-NMR (126 MHz, THF-ds) 5 161.24, 156.68, 153.60, 152.70, 143.70, 141.29, 141.17,
140.95, 140.23, 134.07, 133.92, 130.05, 129.76, 129.34, 128.20, 127.34, 126.71, 125.87,
123.85, 123.64, 115.93, 68.10, 30.97, 30.91, 30.79, 30.53, 26.55.

MS (MALDI-tof): m/z = 1394.04 [M]*

Chemical Formula: CasHgoMg2N1402; Exact Mass: 1393.48 g-mol™

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 671 (8.90-10%), 648 (5.29-10%), 594
(1.11-10%), 444 (1.20-10%), 397 (3.09-10%).

3.26 By-product from above reaction and from unsymmetrical dyad (2.65)

This compound was isolated from the previous reaction, from symmetrical and unsymmetrical

dyad as side product and was obtained as a purple solid (8 mg, 11%).

Mp > 300 °C

IH-NMR (500 MHz, THF-ds) & 9.59 (dd, J = 7.5, 1.1 Hz, 2H), 9.55 — 9.46 (m, 4H), 8.18 (m,
4H), 8.01 (br d, , J = 8.5Hz, 2H), 7.91 (ddd, , J = 7.5, 6.9, 0.7, 2H), 7.61 (ddd, J = 8.1, 6.8, 1.2
Hz, 2H), 7.51 (br d, 2H), 7.26 (d, J = 8.0 Hz, 2H), 4.41 (t, J = 6.5 Hz, 2H), 3.54 (t, J = 6.4 Hz,
2H), 2.12 (m, 2H), 1.60 (m, 2H), 1.56 (m, 4H), 1.48 (m, 8H).

1BC-NMR (126 MHz, THF-dg) & 161.42, 156.65, 153.62, 152.73, 143.67, 141.30, 141.19,
140.96, 140.24, 134.12, 130.05, 129.77, 128.21, 127.35, 125.88, 123.87, 123.65, 123.59,
115.90, 69.38, 62.74, 34.32, 30.93, 30.89, 30.84, 30.82, 30.73, 27.43, 27.19.

MS (MALDI-tof): m/z = 783.85 [M]*

Chemical Formula: CsH41MgN-O2; Exact Mass: 783.32 g-mol™*
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UV-vis (dist. THF): A max (nm) (¢ (dm®mol-t.cm™)) = 671 (3.11-10°), 648 (1.82-10%), 594
(3.62-10%), 444 (3.90-10%), 397 (1.01-105).

3.27 TBTAP-(4-OMe-Ph) (2.24)

\N\

NH N=

/
N /O
N HN

\ H
S
Mg-TBTAP-OMe 2.13 (0.07 g, 0.11 mmol) was dissolved in a 1.5 mL of concentrated H2SOa.
The solution turned to a brown colour and was then sonicated in ultrasonic bath for 5 min and
the resulting solution was added to into ice. A green precipitate was formed. The precipitate

was filtered and washed with cold water followed by methanol and dried. A green solid was

obtained with no further purification (60 mg, 90%).

Mp > 300 °C
MS (MALDI-tof): m/z = 619.69 [M]*
Chemical Formula: C4H2sN70; Exact Mass: 619.21 g-mol*

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 684 (1.86-10%), 643 (1.13-10%), 617
(4.80-10%), 589 (2.69-10%), 383 (7.23-10%).

3.28 TBTAP-(4-OH-Ph) (2.9)

\N\

NH N=

N
eV
N HN

\H

Mg-TBTAP-OH 2.23 (0.06 g, 0.10 mmol) was dissolved in a 1.5 mL of concentrated H2SOa.

The solution turned to a brown colour and was then sonicated in ultrasonic bath for 5 min and
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the resulting solution was added to into ice. A green precipitate was formed. The precipitate
filtered and washed with cold water followed by methanol and dried. A green solid was

obtained with no further purification (46 mg, 79%).

Mp > 300 °C

MS (MALDI-tof): m/z = 605.21 [M]*

Chemical Formula: CsgH23N70; Exact Mass: 605.19 g-mol™

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 684 (1.66-10%), 643 (1.04-10%), 617
(4.47-10%), 589 (2.59-10%), 382 (6.46-10°).

3.29 Demetallated Unsymmetrical dyad Ci0(2.36)

Mg-TBTAP-O-C10-O-TPP 2.32 (0.02 g, 0.012 mmol) was dissolved in 2 mL of glacial
HCOOH and was stirred overnight at room temperature. Distilled water (30 mL) and the
precipitate was washed several times with water and finally with methanol. A purple-green
solid was obtained with no further purification (0.013 g, 66%).

Mp > 300 °C

MS (MALDI-tof): m/z = 1375.25 [M]*

Chemical Formula: CesH71N1102; Exact Mass: 1374.58 g-mol™*
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UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 685 (2.29-10°%), 644 (1.43-105), 617
(6.04-10%), 591 (4.10-10%), 549 (1.75-10%), 514 (2.69-10%), 45 (1.70-10%), 418 (6.93-105).

3.30 Demetallated Unsymmetrical dyad Ci2 (2.37)

(
%N\
\ NH N=
s
;2\ g 7
C

Mg-TBTAP-O-C1-O-TPP 2.35 (0.023 g, 0.016 mmol) was dissolved in 4 mL of glacial
HCOOH and was stirred overnight at room temperature. Distilled water (30 mL) and the
precipitate was washed several times with water and finally with methanol. A purple-green

solid was obtained with no further purification (0.017 g, 75%).
Mp > 300 °C

MS (MALDI-tof): m/z = 1401.53 [M]*

Chemical Formula: CesH7sN1102; Exact Mass: 1402.62 g-mol*

UV-vis (dist. THF): A max (nm) (e (dm3.mol*.cm™)) = 685 (2.46-10%), 644 (1.56-10%), 617
(6.50-10%), 590 (4.49-10%), 551 (1.93-10%), 515 (2.99-10%), 457 (1.69-10%), 418 (7.90-10).

3.31 Demetallated Symmetrical dyad (2.39)

N AN A
\ NH N= —N HN /
N o+CH21—o O N
\ / O o \ N
)y O

Mg-TBTAP-O-C10-O-Mg-TBTAP 2.38 (0.039 g, 0.03 mmol) was dissolved in 3 mL of TFA

and was stirred at room temperature. The demetallation was monitored by TLC and MALDI-

185



Experimental Chapter 3

TOF-MS until no starting material was left. After 24 h, distilled water (30 mL) was added. The
precipitate was filtered, washed with cold MeOH followed by Et,0 to yield a green solid (0.024
g, 60%).

Mp > 300 °C

MS (MALDI-tof): m/z = 1349.97 [M]*

Chemical Formula: CgsHesN1402; Exact Mass: 1349.54 g-mol ™

UV-vis (dist. THF): A max (nm) (¢ (dm3.mol*.cm™)) = 685 (7.05-10°), 644 (5.23-10°), 618
(3.20-10°), 590 (2.10-10°), 379 (4.40-10°).

Due to high insolubility in organic solvents further characterisation was not possible.

3.32 La-TD (2.42)

The demetallated unsymmetrical dyad 2.36 (30 mg, 0.021 mmol), La (I11) acetylacetonate (21
mg, 0.045 mmol) and metal-free phthalocyanine 2.40 (12 mg, 0.021 mmol) were dissolved in
octanol (4 mL) and was refluxed under a nitrogen atmosphere. The reaction was monitored by
MALDI- TOF MS until all the starting materials have been consumed. After 16 h, the octanol
was distilled under reduced pressure and to the resulting solid a mixture of DCM: MeOH (1:1

v/v) was added and left to precipitate overnight. The precipitate was filtered off and was
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chromatographed on a silica gel column using PE: DCM (2:3 v/v) mixture as eluent. A green
fraction containing the desired compound was collected and recrystallised from a mixture of
DCM: MeOH to yield the product (3.7 mg, 8%).

Mp > 300 °C

IH-NMR (500 MHz, CD2Clz-2) & 9.58 (d, J = 7.2 Hz, 1H), 9.55 (dg, J = 7.0, 1.2 Hz, 2H),
9.50 (d, J = 7.2 Hz, 1H), 9.40 (dt, J = 7.6, 1.7 Hz, 2H), 8.98 (dt, J = 7.3, 1.0 Hz, 2H), 8.88 —
8.82 (m, 3H), 8.78 — 8.73 (m, 8H), 8.40 — 8.30 (M, 6H), 8.17 — 8.12 (m, 2H), 8.10 (d, J = 4.2
Hz, 2H), 7.99 (d, J = 4.3 Hz, 2H), 7.92 — 7.83 (m, 10H), 7.77 (dd, J = 8.4, 2.4 Hz, 2H), 7.69
(ddd, J = 7.3, 6.5, 0.8 Hz, 2H), 7.63 (d, J = 4.2 Hz, 2H), 7.58 (dd, J = 8.0, 2.4 Hz, 1H), 7.42
(ddd, J = 7.7, 6.5, 1.1 Hz, 2H), 7.36 — 7.29 (m, 2H), 7.20 (dd, J = 8.0, 2.9 Hz, 1H), 6.65 (dd, J
=8.1,2.9 Hz, 1H), 6.45— 6.39 (m, 2H), 5.87 (dd, J = 8.1, 2.4 Hz, 1H), 4.63 (t, J = 6.2 Hz, 2H),
4.21 (t, J = 6.1 Hz, 2H), 2.35 — 2.28 (m, 2H), 2.05 — 1.93 (m, 4H), 1.85 — 1.64 (m, 16H).

13C-NMR (126 MHz, CD:Cl»-d>) & 173.88, 173.71, 168.59, 166.95, 165.73, 164.95, 163.18,
162.43, 162.37, 162.04, 155.88, 155.14, 155.00, 154.72, 153.79, 151.55, 151.31, 151.20,
151.16, 151.04, 150.60, 150.52, 149.95, 146.53, 146.19, 143.25, 143.00, 142.88, 141.84,
141.51, 141.08, 140.93, 140.64, 138.30, 136.69, 136.43, 136.27, 136.20, 135.01, 134.24,
133.39, 128.75, 128.28, 128.11, 126.67, 82.49, 68.00, 43.82, 43.39, 42.45, 42.35, 42.27, 41.89,
40.07, 39.64.

MS (MALDI-tof): m/z = 2160.26 [M]*

Chemical Formula: Ci2sHssLazN1902; Exact Mass: 2160.51 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm3.molt.cm™)) = 750 (1.80-10%), 683 (2.15-10%), 640
(5.19-10%), 506 (2.45-10%), 416 (7.84-10%), 403 (8.24-10%), 353 (1.09-105).
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3.32.1 By-product (double decker) (2.66)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (0.38 mg, 1.2%).

MS (MALDI-tof): m/z = 1509.42 [M]*

Chemical Formula: CesHe7LaN1102; Exact Mass: 1509.46 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm®molt.cm?)) = 687 (7.39-10%), 646 (6.96-10%), 553
(1.19-10%), 417 (1.03-10°%), 336 (4.21-10%).

3.33 La-TPP TD (2.2)

In a 25 ml round bottom flask, Cio porphyrin dyad 2.1 (20 mg, 0.0143 mmol) and La (l1)
acetylacetonate (12.5 mg, 0.0287 mmol)) were dissolved in octanol (6 mL). The resulting
mixture was heated to reflux under a stream of argon for 4 h. Metal-free phthalocyanine 2.40

(7.35 mg, 0.0143 mmol) was then added to the above mixture and was left to reflux overnight.
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The octanol was distilled off under reduced pressure and the crude was recrystallised with
DCM/MeOH. The resulting solid was chromatographed on a silica gel column using DCM:
Hexane (3:2 v/v) mixture as eluent. A dark green fraction containing the desired compound
was collected and was recrystallised from a mixture of DCM: MeOH to yield the product (10.4
mg, 33%).

IH-NMR (500 MHz, CD2Clz-02)  10.07 (d, J = 7.2 Hz, 8H), 9.39 (dd, J = 5.3, 2.9 Hz, 8H),
8.52 (t, J = 7.5 Hz, 6H), 8.34 — 8.29 (m, 8H), 8.06 (d, J = 7.5 Hz, 2H), 7.88 — 7.83 (m, 6H),
7.32 (d, J = 4.2 Hz, 4H), 7.31 — 7.26 (m, 7H), 7.26 — 7.23 (m, 10H), 6.87 (d, J = 7.2 Hz, 2H),
6.75 (d, J = 7.8 Hz, 2H), 6.70 (d, J = 6.8 Hz, 6H), 4.60 (t, J = 7.3 Hz, 4H), 2.31 — 2.20 (s,
4H), 1.94 — 1.85 (m, 8H), 1.83 ~1.76 (m, 4H).

UV-vis (DCM): A max (nm) (& (dm3.mol-t.cmt)) = 605 (2.84-10%), 550 (2.64-10%), 484
(4.15-10%), 420 (3.87-10%), 361 (1.58-10°).

3.34.1 Nd-TD-G (2.46)

The demetallated compound 2.36 (40 mg, 0.030 mmol) and metal-free phthalocyanine 2.40 (14
mg, 0.030 mmol) were mixed in octanol and was allowed to reflux under a nitrogen atmosphere
overnight. Then Nd (111) acetylacetonate (26 mg, 0.064 mmol) was added and the reaction was
further refluxed. The reaction was monitored by MALDI-TOF MS until all the starting
materials have been consumed. After 16 hours, the octanol was distilled under reduced pressure
and the resulting solid were washed in MeOH. The residue was chromatographed on a silica
gel column using PE: DCM (2:3 v/v) mixture as eluent. A dark green fraction containing the
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desired compound was collected and recrystallised from a mixture of DCM: MeOH to give the
product (6.5 mg, 10%).

Mp > 300 °C

IH-NMR (500 MHz, CD2Cly-dy) & 8.85 (d, J = 8.4 Hz, 1H), 8.72 (s, 2H), 8.44 (d, J = 7.6 Hz,
2H), 8.34 (s, 2H), 7.89 (d, J = 8.6 Hz, 1H), 7.75 (d, J = 7.8 Hz, 1H), 7.59 (s, 2H), 7.42 — 7.34
(M, 4H), 7.17 — 7.05 (m, 4H), 6.96 (t, J = 7.4 Hz, 2H), 6.90 (t, J = 7.1 Hz, 2H), 6.74 (t, J = 7.1
Hz, 1H), 6.68 (d, J = 7.9 Hz, 1H), 6.32 (t, J = 7.5 Hz, 2H), 6.26 — 6.16 (m, 2H), 6.10 (s, 1H),
6.04 (t, J = 7.8 Hz, 2H), 5.92 (s, 1H), 5.76 (d, J = 7.8 Hz, 2H), 5.15 (d, J = 5.5 Hz, 8H), 5.05
(s, 1H), 4.55 (s, 2H), 4.32 (s, 1H), 3.97 (d, J = 8.4 Hz, 2H), 3.78 (t, J = 7.3 Hz, 2H), 3.63 (d, J
= 5.9 Hz, 8H), 3.56 (t, J = 7.5 Hz, 2H), 1.64 — 1.51 (m, 10H) 1.36 — 1.29 (m, 2H), 1.08 — 1.00
(m, 2H), 0.98 — 0.85 (M, 8H).

13C-NMR (126 MHz, CDClz-d>) & 160.89, 159.15, 158.35, 158.06, 158.02, 155.99, 155.37,
154.97, 153.84, 153.77, 140.53, 138.14, 138.03, 136.88, 136.55, 136.44, 135.65, 135.10,
134.81, 133.65, 132.59, 129.31, 129.10, 128.74, 128.16, 127.51, 126.82, 126.63, 126.41,
126.05, 125.72, 125.39, 125.16, 124.96, 122.70, 122.30, 121.32, 121.28, 117.08, 116.73,
115.06, 111.38, 110.17, 68.31, 30.08, 29.88, 29.70, 29.06, 28.69, 28.66, 28.07, 25.98, 25.84.

MS (MALDI-tof): m/z = 2170.36 [M]*
Chemical Formula: C12sHssN19Nd202; Exact Mass: 2170.52 g-mol*

UV-vis (DCM): % max (nm) (¢ (dm®molt.cm™)) = 670 (4.50-10%), 622 (5.58-10%), 552
(2.83-10), 483 (3.64-10%), 419 (2.18-10°), 351 (1.67-105).
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3.34.2 Nd-TD-G.G (2.45)

The other grey green fraction collected from above synthesis is recrystallised from a mixture
of DCM and MeOH to yield the product (7.8 mg, 12%).

Mp > 300 °C

IH-NMR (500 MHz, CDClo-d2) & 8.47 (d, J = 8.4 Hz, 1H), 8.23 (d, J = 8.0 Hz, 2H), 7.40 —
7.26 (m, 10H), 7.25 — 7.07 (m, 16H), 6.85 (t, J = 7.4 Hz, 2H), 6.76 (t, J = 7.9 Hz, 2H), 6.17 (t,
J =72 Hz, 1H), 6.08 (d, J = 6.9 Hz, 1H), 5.92 (t, J = 7.2 Hz, 2H), 5.73 (d, J = 7.1 Hz, 1H),
5.63 (d, J = 7.0 Hz, 6H), 5.28 — 5.24 (m, 2H), 4.98 (d, J = 6.4 Hz, 1H), 4.44 (s, 1H), 3.86 (t, J
= 6.3 Hz, 2H), 3.35 (t, J = 6.4 Hz, 4H), 3.24 (s, 2H), 3.06 (s, 2H), 2.97 (s, 1H), 2.52 (s, 2H),
2.02 (d, J = 8.0 Hz, 1H), 1.77 — 1.69 (m, 2H), 1.41 (d, J = 7.0 Hz, 4H), 1.24 — 1.10 (m, 10H),
1.06 (s, 2H), 0.91 — 0.83 (m, 2H), 0.77 (s, 2H).

1BC-NMR (126 MHz, CD:Clz-d2) & 162.50, 159.07, 158.79, 158.42, 157.11, 141.82, 140.65,
139.05, 138.87, 136.67, 135.01, 133.95, 131.98, 131.70, 131.52, 129.26, 128.65, 127.86,
127.38, 125.86, 124.60, 124.47, 123.87, 123.58, 123.36, 123.24, 122.40, 122.13, 114.83,
112.93, 111.24, 109.58, 68.01, 67.04, 29.67, 28.35, 27.88, 27.76, 27.66, 27.53, 27.33, 25.16,
25.11.

MS (MALDI-tof): m/z = 2170.84 [M]*

Chemical Formula: Ci2sHs3N19Nd202; Exact Mass: 2170.52 g-mol
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UV-vis (DCM): % max (nm) (¢ (dm®molt.cm™)) = 756 (9.53-10%), 647 (3.50-10%), 518
(2.13-10°), 404 (5.13-10%), 348 (7.41-10°), 292 (3.52-105).

3.34.3 By-product Nd (double decker) (2.67)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (0.75 mg, 1.6%).

MS (MALDI-tof): m/z = 1514.70 [M+1]*
Chemical Formula: Ce3Hs7N1:NdO2; Exact Mass: 1513.46 g-mol™*

UV-vis (DCM): A max (nm) (¢ (dm®molt.cm™?)) = 686 (9.40-10%), 645 (9.14-10%), 545
(1.72-10%), 418 (1.32-10°), 338 (6.17-10%).

3.35 Eu-TD (2.47)

In a 25 mL round bottom flask, the demetallated dyad 2.36 (50 mg, 0.036 mmol), metal-free
phthalocyanine 2.40 (19 mg, 0.036 mmol) and Eu (I11) acetylacetonate (36 mg, 0.080 mmol)
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were mixed in a solvent mixture of octanol: TCB (2:1 v/v) in a total volume of 4 mL and was
allowed to reflux under a nitrogen atmosphere for 8 h. The reaction was monitored by MALDI-
MS until all the starting materials have been consumed. The solvent was distilled under reduced
pressure and the resulting solid was recrystallised in DDM and MEOH. The residue was filtered
off and was chromatographed on a silica gel column using PE: DCM (2:3 v/v) mixture as
eluent. A dark green fraction containing the desired compound was collected and recrystallised
from a mixture of DCM: MeOH to yield the product (16 mg, 20%).

The same reaction was repeated by following the same procedure as above except octanol (4

mL) was used and the reaction was refluxed for overnight to yield the product (2.3 mg, 3%).

Mp > 300 °C

IH-NMR (500 MHz, CD,Cl-d2) & 13.30 (s, 2H), 12.67 (s, 8H), 10.81 (s, 8H), 10.66 (s, 2H),
9.74 (d, J = 8.8 Hz, 2H), 9.56 (d, J = 8.6 Hz, 2H), 8.83 (s, 2H), 8.62 — 8.55 (m, 3H), 8.29 (d, J
= 8.6 Hz, 2H), 8.17 (s, 4H), 7.43 (t, J = 7.2 Hz, 2H), 6.91 (t, J = 7.2 Hz, 3H), 6.82 — 6.78 (m,
2H), 6.51 (d, J = 6.2 Hz, 2H), 6.30 (d, J = 6.8 Hz, 2H), 5.15 (d, J = 6.2 Hz, 4H), 5.09 (t, J = 6.9
Hz, 3H), 5.04 (d, J = 7.0 Hz, 1H), 4.61 (d, J = 6.9 Hz, 2H), 4.18 (s, 2H), 3.78 (s, 3H), 2.81 (dd,
J=16.2, 8.8 Hz, 4H), 2.72 — 2.60 (m, 10H) 2.50 (m, 8H).

13C-NMR (126 MHz, CD2Cl>-d>) & 201.18, 160.20, 158.43, 153.80, 134.94, 133.39, 133.05,
132.66, 131.12, 129.51, 129.43, 128.53, 128.03, 127.10, 126.91, 126.58, 126.51, 126.47,
126.39, 125.81, 125.31, 121.66, 120.61, 120.26, 118.77, 118.48, 117.72, 114.74, 87.52, 71.50,
69.79, 69.47, 68.01, 67.33, 31.98, 31.86, 31.32, 31.07, 30.11, 29.78, 29.31, 27.34, 27.20.

MS (MALDI-tof): m/z = 2188.36 [M]"*
Chemical Formula: Ci2sHssEuz2N1902; Exact Mass: 2187.54 g-mol™

UV-vis (DCM): % max (nm) (¢ (dm3moll.cm?)) = 728 (2.01-10%), 670 (3.28-10%), 618
(4.57-10%), 551 (1.81-10%), 515 (2.18-10%), 485 (2.34-10%), 419 (1.61-10°), 346 (1.22-10°).
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3.35.1 By-product (double decker) (2.68)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (0.93 mg, 1.7%).

MS (MALDI-tof): m/z = 1522.63 [M]*

Chemical Formula: CosHs7EUN1102; Exact Mass: 1522.47 g-mol™

UV-vis (DCM): A max (nm) (& (dm3.mol=t.cm™)) = 685 (3.90-10%), 643 (4.68-10%), 547
(1.47-10%), 407 (9.84-10%), 340 (5.59-10%).

3.36 La-TD (2.44)

FE

The demetallated unsymmetrical dyad 2.37 (30 mg, 0.021 mmol), La (111) acetylacetonate (21
mg, 0.045 mmol) and metal-free phthalocyanine 2.40 (12 mg, 0.021 mmol) were dissolved in
octanol (4 mL) and was refluxed under a nitrogen atmosphere. After 18 h, the octanol was
distilled under reduced pressure and to the resulting solid a mixture of DCM: MeOH (1:1 v/v)

was added and left to precipitate overnight. The residue was filtered off and was
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chromatographed on a silica gel column using PE: DCM (2:3 v/v) mixture as eluent. A green
fraction containing the desired compound was collected and recrystallised from a mixture of
DCM: MeOH to yield the product (4.1 mg, 9%).

The demetallated unsymmetrical dyad 2.37 (40 mg, 0.029 mmol), La (I11) acetylacetonate (27
mg, 0.060 mmol) and metal-free phthalocyanine 2.40 (16 mg, 0.029 mmol) were dissolved in
a solvent mixture of octanol: TCB (2:1 v/v) in a total volume of 5 mL and was allowed to reflux
under an inert atmosphere for 18 h. The solvent was distilled under reduced pressure and the
resulting solid was recrystallized in a mixture of DCM: MeOH (1:1 v/v). The above purification
process was adopted. A green fraction containing the desired compound was collected and

recrystallised from a mixture of DCM: MeOH to give the product (15.6 mg, 25%).

Mp > 300 °C

IH-NMR (500 MHz, CD,Cl-d2) & 9.52 (d, J = 7.3 Hz, 1H), 9.38 (d, J = 7.5 Hz, 1H), 9.36 —
9.33 (M, 2H), 9.28 (d, J = 7.3 Hz, 2H), 8.96 (d, J = 7.3 Hz, 2H), 8.87 — 8.81 (m, 4H), 8.75 (dd,
J=5.3, 2.9 Hz, 8H), 8.43 (dd, J = 8.0, 2.5 Hz, 1H), 8.37 — 8.29 (m, 4H), 8.29 — 8.23 (m, 3H),
8.13 (tdt, J = 7.9, 5.7, 1.2 Hz, 3H), 8.07 (d, J = 4.2 Hz, 2H), 7.98 (d, J = 4.3 Hz, 2H), 7.96 —
7.80 (M, 14H), 7.76 (dd, J = 8.0, 2.8 Hz, 2H), 7.72 (d, J = 4.2 Hz, 2H), 7.71 — 7.65 (m, 4H),
7.50 (dd, J = 7.9, 2.5 Hz, 1H), 7.41 (ddd, J = 7.7, 6.5, 1.2 Hz, 2H), 7.35 (dd, J = 7.9, 2.8 Hz,
1H), 7.24 (dd, J = 8.0, 2.9 Hz, 1H), 6.65 (dd, J = 8.1, 2.9 Hz, 1H), 6.42 (d, J = 7.8 Hz, 2H),
5.84 (dd, J = 8.0, 2.4 Hz, 1H), 4.61 (t, J = 6.4 Hz, 2H), 4.21 (t, J = 6.0 Hz, 2H), 2.33 — 2.26 (m,
4H), 1.99 — 1.89 (m, 6H), 1.84 — 1.65 (m, 10H).

13C-NMR (126 MHz, CD2Cl>-d>) 8 160.11, 159.85, 154.89, 153.23, 151.99, 151.22, 149.41,
148.74, 148.66, 148.41, 142.20, 141.16, 140.96, 140.72, 140.05, 137.80, 137.64, 137.52,
137.43, 136.82, 136.77, 136.22, 132.83, 132.55, 129.54, 129.27, 129.18, 128.06, 127.89,
127.80, 127.33, 127.22, 126.90, 124.58, 122.95, 122.71, 122.54, 122.46, 121.20, 120.53,
119.85, 115.22, 114.32, 112.96, 69.05, 68.57, 30.10, 29.98, 29.43, 29.17, 28.93, 28.70, 28.49,
28.29, 28.23, 26.07, 25.88.

MS (MALDI-tof): m/z = 2189.12 [M]*

Chemical Formula: Ci27Hs7LazN1902; Exact Mass: 2188.55 g-mol™
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UV-vis (DCM): % max (nm) (¢ (dm3molt.cm™)) = 747 (3.93-10%), 686 (7.60-10%), 643
(1.20-10%), 506 (1.81-10%), 417 (2.08-10%), 407 (2.01-10%), 352 (2.43-10%), 292 (1.22-10%).

3.36.1 By-product (double decker) (2.69)

This compound was isolated from the previous reaction as side product and was obtained as a
purple solid (0.45 mg, 1.4%).

MS (MALDI-tof): m/z = 1537.97 [M]*

Chemical Formula: CosH7:LaN1102; Exact Mass: 1537.49 g-mol™

UV-vis (DCM): A max (nm) (¢ (dm3.molt.cm™)) = 686 (2.26-10°), 646 (1.59-10°), 617
(1.02-10°), 590 (1.08-10°), 550 (1.24-10°), 420 (1.37-10°%), 338 (4.12-10°).

3.37 Synthesis of La-DD (2.48)

In a 25 mL round bottom flask, TBTAP-OMe 2.24 (25 mg, 0.040 mmol) and lanthanum (111)
acetylacetonate hydrate (10 mg, 0.024 mmol) were mixed in a mixture of solvents octanol:
TCB (1:1 v/v) and was allowed to reflux for 9 h. The solvent was removed under reduced

pressure and the resulting solids was washed with methanol (50 mL) trice. The crude product
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was then purified over silica gel column chromatography using eluting the product with DCM
(100 %) followed by a mixture of DCM: Et,O (10:1 v/v). The dark green fraction collected
contained the title compound (16 mg, 57%).

Mp > 300 °C

MS (MALDI-tof): m/z = 1372.86 [M]*

Chemical Formula: CgoHssLaN1402; Exact Mass: 1373.30 g-mol™

UV-vis (dist. THF): L max (nm) (¢ (dm®mol*.cm™)) = 676 (2.82-10%), 650 (2.39-10%), 592
(1.57-10%), 483 (9.10-10%), 393 (2.55-10%), 346 (3.93-10%), 267 (2.59-10%).

3.38 Triple decker of TBTAP-OMe (2.49)

This compound was isolated in trace amount from the previous reaction.

MS (MALDI-tof): m/z = 2130.36 [M]*

Chemical Formula: Ci20HgsLa2N210s; Exact Mass: 2130.40 g-mol™
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3.39 Synthesis of La triple decker using symmetrical Ciodyad instead DD (2.52)

%bé%%b

2.40
Solvent, Ny, A | La(acac);. H,0 (2 eq)

\
N
v, O Jr%ﬁ O N

A= IE%/Q
@:»/ ‘& —ARo
\\24\ T

Not Observed
2.50

The La-DD 2.52 was isolated from the attempted synthesis of triple decker 2.50. In a 25 mL
round bottom flask, symmetrical dyad 2.39 (50 mg, 0.037 mmol), Pc 2.40 (30 mg, 0.040 mmol)
and lanthanum (l11) acetylacetonate hydrate (34 mg, 0.078 mmol) were mixed in a mixture of
solvents octanol: TCB (1:1 v/v) in a total volume of 4 mL and was allowed to reflux for 24 h.
The solvent was removed under reduced pressure. The crude was dissolved in DCM and
methanol was added. The precipitate was filtered off and the crude product was then purified
over silica gel column chromatography using eluting the product with DCM (100%) followed
by a mixture of DCM: Et,O (10:1 v/v). The dark green fraction was collected and a
recrystallisation from DCM and methanol yielded the D.D (12.6 mg, 23%).

MS (MALDI-tof): m/z = 1484.77 [M]*

Chemical Formula: CssHsoLaN14O2; Exact Mass: 1484.41 g-mol*

UV-vis (dist. THF): A max (nm) (¢ (dm®molt.cm™)) = 677 (2.51-10%), 655 (1.88-10%), 592
(1.60-10°%), 488 (9.84-102), 421 (2.56-10°%), 404 (2.39-10%), 347 (2.81-10°).
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3.40 Synthesis of TD (2.60) using TBTAP-OMe and TPP(OMe)4

In a 25 mL round bottom flask, the porphyrin TPP(OMe)s 2.56 (50 mg, 0.068 mmol), TBTAP-
OMe 2.24 (21 mg, 0.034 mmol) and lanthanum (111) acetylacetonate hydrate (29 mg, 0.068
mmol) were mixed in octanol (4 mL) and was heated to reflux for 18 h. The mixture was
allowed to cool to room temperature, methanol was then added, and the mixture was left to
precipitate overnight. The product was filtered off and the crude compound was purified over
silica gel column chromatography using a mixture of DCM: Hexane (3:2 v/v) followed by
DCM (100%). The dark green fraction collected contained the title compound (18 mg, 47%).

Mp > 300 °C

1H-NMR (400 MHz, CD2Cl2-02) § 8.94 (dt, J = 7.6, 1.0 Hz, 4H), 8.80 (t, J = 4.4 Hz, 8H), 8.63
—8.56 (M, 8H), 7.96 (s, 8H), 7.92 — 7.86 (M, 8H), 7.71 — 7.64 (m, 12H), 7.53 (dd, J = 8.2, 2.4
Hz, 2H), 7.41 (ddd, J = 7.9, 6.8, 1.1 Hz, 4H), 7.20 (dd, J = 8.2, 2.8 Hz, 2H), 6.65 (dd, J = 8.3,
2.8 Hz, 2H), 6.40 — 6.34 (M, 4H), 5.83 (dd, J = 8.2, 2.3 Hz, 2H), 4.45 (s, 12H), 4.03 (s, 6H).

13C-NMR (101 MHz, CDClz-d2) & 160.48, 160.13, 154.95, 152.00, 151.26, 148.86, 142.19,
139.98, 137.89, 137.48, 136.91, 136.28, 133.57, 133.12, 132.90, 132.30, 129.47, 129.08,
127.69, 126.79, 124.59, 124.19, 122.89, 122.65, 122.45, 120.55, 114.35, 113.76, 113.07, 56.38,
55.87.

MS (MALDI-tof): m/z = 2245.96 [M]*

Chemical Formula: Ci2sHs2LazN1sOg; Exact Mass: 2245.48 g-mol*
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UV-vis (DCM): A max (nm) (g (dm®.molt.cm™?)) = 737 (2.99-10%), 584 (5.12-10%), 643
(1.04-10°), 513 (3.96-10%), 395 (2.09-10°%), 349 (1.55-10°).

3.41 Triple decker (2.61)

In a 25 mL round bottom flask, unsymmetrical dyad 2.36 (25 mg, 0.011 mmol), TBTAP-OMe
2.24 (13 mg, 0.011 mmol) and lanthanum (111) acetylacetonate hydrate (17 mg, 0.04 mmol)
were mixed in a mixture of solvents octanol: TCB (1:1 v/v) in a total volume of 4 mL and was
allowed to reflux for 6 h. The solvent was removed under reduced pressure. The crude product
was then purified over silica gel column chromatography using eluting the product with DCM
(100%) followed by a mixture of DCM: Et,O (10:1 v/v). The dark green fraction collected
contained the title compound (10 mg, 25%).

Mp > 300 °C

IH-NMR (500 MHz, CD2Clz-02) 8 9.57 (d, J = 7.3 Hz, 2H), 9.24 (t, J = 7.0 Hz, 2H), 9.11 (d,
J=7.2Hz, 2H), 8.96 (t, J = 7.1 Hz, 4H), 8.81 (t, J = 5.5 Hz, 8H), 8.37 (td, J = 7.5, 1.5 Hz, 2H),
8.30 — 8.18 (m, 7H), 8.14 — 8.05 (m, 6H), 7.93 — 7.81 (m, 11H), 7.68 (td, J = 6.9, 2.7 Hz, 4H),
7.60 (dd, J = 6.8, 3.5 Hz, 3H), 7.48 (dd, J = 8.0, 2.4 Hz, 1H), 7.46 — 7.36 (m, 6H), 7.26 (dd, J
=8.0, 2.5 Hz, 1H), 7.15 (dt, J = 8.1, 3.3 Hz, 2H), 6.62 (ddd, J = 13.1, 8.1, 2.9 Hz, 2H), 6.37 (¢,
J=8.8 Hz, 4H), 5.80 (ddd, J = 10.5, 8.0, 2.4 Hz, 2H), 4.64 (t, J = 6.2 Hz, 2H), 4.19 (t, J = 6.0
Hz, 2H), 4.02 (s, 3H), 2.36 — 2.27 (m, 4H), 2.03 — 1.93 (m, 4H), 1.85 — 1.65 (m, 12H).

13C-NMR (126 MHz, CD.Cly) & 160.05, 159.75, 159.66, 154.46, 151.58, 150.89, 148.44,
148.05, 147.66, 140.76, 137.83, 137.56, 137.07, 136.50, 135.85, 132.69, 132.32, 132.15,
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131.92, 131.82, 129.02, 128.65, 127.56, 127.29, 127.01, 126.83, 126.40, 124.18, 122.51,
122.28, 122.07, 120.47, 114.08, 68.47, 68.43, 68.37, 55.42, 29.36, 28.29, 28.20, 28.08 27.76,
25.99, 25.47.

MS (MALDI-tof): m/z = 2265.38 [M]*

Chemical Formula: CiasHesla2N1g03; Exact Mass: 2265.56 g-mol™

UV-vis (DCM): A max (nm) (s (dm®molt.cm™) = 740 (8.30-10%), 685 (2.88-10°), 644
(3.99-10°), 617 (2.67-10%), 589 (1.69-10°), 514 (1.24-105), 417 (5.70-10°), 393 (7.44-10°).
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4. Appendix
Crystal data and structure refinement for Mg-TBTAP-O-C10-Br (2.31)

Br

Identification code isabfl1232

Elemental formula C50 H44 Br Mg N7 02, ca
C9.45

Formula weight 992.63

Crystal system, space group Triclinic, P-1 (no. 2)

Unit cell dimensions a = 13.3934(2) A a =

108.1449(17) °

b = 13.4734(3) A B =
101.9951 (14) °

c = 14.5663(2) A v =
95.1688(15) °

Volume 2409.18(8) A3

Z, calculated density 2, 1.368 Mg/m?

F(000) 1025

Absorption coefficient 1.710 mm™!

Temperature 100.01(10) K

Wavelength 1.54184 A

Crystal colour, shape dark blue rhombus
Crystal size 0.46 x 0.22 x 0.06 mm
Crystal mounting: on a small loop, in oil, fixed in cold

N, stream

On the diffractometer:

Theta range for data collection 7.654 to 69.985 °
Limiting indices -16<=h<=16, -1l6<=k<=1l6, -
17<=1<=17
Completeness to theta = 67.684 99.3 %

203



Appendix

Absorption correction Semi-empirical from
equivalents
Max. and min. transmission 1.00000 and 0.36517

Reflections collected (not including absences) 31099

No. of unique reflections 8979 [R(int) for
equivalents = 0.057]

No. of 'observed' reflections (I > 201) 7881
Structure determined by: dual methods, in SHELXT
Refinement: Full-matrix least-squares on F?, in
SHELXL
Data / restraints / parameters 8979 / 1 / 690
Goodness-of-fit on F? 1.053
Final R indices ('observed' data) R; = 0.057, wRy, = 0.161
Final R indices (all data) R; = 0.063, wRz, = 0.165
Reflections weighted:
w = [0%2(Fo?)+(0.1014P)2+1.8884P]" ! where P=(Fo?+2Fc?)/3
Extinction coefficient n/a
Largest diff. peak and hole 0.90 and -0.68 e.A3
Location of largest difference peak near Mg
Table 1. Atomic coordinates ( x 10%) and equivalent isotropic
displacement parameters (A2 x 10%). U(eq) is
defined
as one third of the trace of the orthogonalized Uij
tensor. E.s.ds are in parentheses.
x v Z U(eq)
S.o.f.#
Mg 1462.7(7) 4015.1(7) 8568.4(7) 273(2)
N (1) 2515.6(17) 4601.0(18) 7947.4(17) 254 (5)
C(2) 2718 (2) 4088 (2) 7043 (2) 254 (5)
C(3) 3358 (2) 4857 (2) 6784 (2) 267 (5)
C(4) 3784 (2) 4826 (2) 5971 (2) 306 (6)
C(5) 4380 (2) 5739 (3) 6014 (2) 362 (7)
C(6) 4578 (2) 6676 (3) 6826 (2) 365(7)
C(7) 4148 (2) 6723 (2) 7620 (2) 328 (6)
C(8) 3534 (2) 5811 (2) 7580 (2) 274 (6)
C(9) 2981 (2) 5629 (2) 8282 (2) 255(5)
N(10) 2948.5(17) 6418.8(17) 9109.1(17) 253 (5)
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N(11) 1898.7(16) 5397.7(17) 9781.6(16) 241 (4)
C(12) 2451 (2) 6306 (2) 9770 (2) 250 (5)
C(13) 2434 (2) 7190 (2) 10651 (2) 254 (5)
C(14) 2875 (2) 8252 (2) 10982 (2) 297 (6)
C(15) 2721 (2) 8913 (2) 11865(2) 334 (6)
C(le) 2134 (2) 8512 (2) 12404 (2) 343 (6)
C(17) 1703 (2) 7447 (2) 12078 (2) 305 (6)
C(18) 1857 (2) 6784 (2) 11191 (2) 257 (5)
C(19) 1541.9(19) 5642 (2) 10621.3(19) 233 (5)
N (20 1014.3(17) 4966.4(17) 10932.0(1l6) 241 (4)
N(21) 959.9(17) 3385.9(17) 9539.1(16) 244 (4)
C(22) 766 (2) 3916 (2) 10427.8(19) 241 (5)
C(23) 229 (2) 3164 (2) 10784.1(19) 241 (5)
C(24) -131(2) 3265(2) 11636 (2) 278 (5)
C(25) -618(2) 2356 (2) 11726 (2) 294 (6)
C(26) -736(2) 1362 (2) 10986 (2) 303 (6)
C(27) -378(2) 1262 (2) 10146 (2) 263 (5)
C(28) 113(2) 2168 (2) 10057.0(19) 250 (5)
C(29) 584 (2) 2323 (2) 9290 (2) 239 (5)
N (30) 631.0(17) 1526.8(17) 8498.1(16) 251 (5)
N (31) 1543.1(17) 2520.3(17) 7693.4(16) 247 (5)
C(32) 1065 (2) 1626 (2) 7771 (2) 249 (5)
C(33) 1051 (2) 724 (2) 6909 (2) 267 (5)
C(34) 651 (2) -344(2) 6658 (2) 326 (6)
C(35) 728 (3) -1033(2) 5754 (2) 402 (7)
C(36) 1177 (3) -658(2) 5118 (2) 399 (7)
C(37) 1577 (2) 401 (2) 5362 (2) 328 (6)
C(38) 1519 (2) 1110 (2) 6280 (2) 270 (5)
C(39) 1841 (2) 2259 (2) 6807.2(19) 250 (5)
C(40) 2367 (2) 3001 (2) 6495.9(19) 251 (5)
C(41) 2522 (2) 2612 (2) 5463.3(19) 248 (5)
C(42) 1764 (2) 2673 (2) 4684 (2) 267 (5)
C(43) 1848 (2) 2327 (2) 3706 (2) 259 (5)
C(44) 2736 (2) 1935 (2) 3502.1(19) 248 (5)
C(45) 3503 (2) 1856 (2) 4276 (2) 284 (6)
C(46) 3391 (2) 2185(2) 5245 (2) 292 (6)
0(47) 2931.2(14) 1628.1(15) 2581.8(13) 272 (4)
C(48) 2074 (2) 1487 (2) 1743 (2) 308 (6)
C(49) 2491 (2) 1278 (2) 827 (2) 322 (6)
C(50) 3090 (2) 2283 (2) 793 (2) 341 (6)
C(51) 3511 (2) 2090 (3) -130(2) 352 (6)
C(52) 4053 (2) 3099 (3) -209(2) 373(7)
C(53) 4473 (2) 2890 (3) -1127(2) 365(7)
C(54) 5061 (2) 3873 (3) -1201(2) 352 (6)
C(55) 5471 (2) 3631(2) -2132(2) 350 (6)
C(56) 6101 (2) 4590 (3) -2203(2) 343 (6)
C(57) 6521 (3) 4262 (3) -3119(2) 388(7)
Br 7321.5(2) 5472.4(3) -3267.5(2) 394.3(13)
O (61) 126.1(15) 4215.4(15) T777.8(15) 299 (4)
C(62) -198(3) 3970 (3) 6757 (3) 556 (9)
C(201) 4640(11) -472(8) 4374 (8) 910 (4)
0.5
C(202) 5729(10) 497 (11) 4942 (10) 890 (4)
0.5
C(203) 6191(7) 1525(9) 5246 (8) 900 (4)
0.6
C(204) 5470(30) 150 (40) 4100 (40) 1170 (12) *
0.2
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C(205) 5532(11) -195(12) 3356 (12) 900 (4) *
4 C(206) 5429(9) 307(13) 2854 (14) 1100 (5)
- C(207) 5259(8) 304 (8) 2359 (9) 590 (2) *
- C(208) 5238(8) 342 (6) 1665(12) 800 (3)
- C(209) 5519(9) 555(8) 986 (10) 910 (4)
7 C(210) 6552(13) 842 (12) 1223 (12) 780 (4)*
. C(211) 7012 (4) 879 (4) 1736 (6) 671 (14)
- C(212) 6930(20) 1040 (20) 2470 (20) 1010 (8) *
2 C(213) 6429(13) 284 (11) 2503 (10) 940 (4)
-45 C(214) 6470(30) 840 (40) 3270 (30) 1190 (12) ~*
2 C(215) 6495(17) 1796 (17) 4805(16) 1090 (7)*
. C(216) -2490(20) 2720 (20) 4880 (20) 810 (7)~*
- C(217) -1840(30) 3550(30) 4350 (30) 1190 (10) *
- C(218) -1357(6) 3921 (8) 4096 (6) 790 (2)
o C(219) -471(7) 3689 (6) 4335 (5) 780 (2)
! C(220) -1288(6) 4696 (7) 4847 (6) 750 (2)
.65

# - site occupancy, if different from 1.

* — U(iso) (A% x 10%)

Table 2. Molecular dimensions. Bond lengths are in Angstroms,
angles in degrees. E.s.ds are in parentheses.

Mg-0 (61)

Mg-N (31)

Mg-N (1)
0(61)-Mg-N(31)
0(61)-Mg-N(1)
N(31)-Mg-N (1)
0(61)-Mg-N(21)
N(31)-Mg-N(21)
N(1)-C(9)
N(1)-C(2)
C(2)-C(40)
C(2)-C(3)
C(3)-C(8)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)

2.007

101

101

A e

(2)
2.047(2)
2.050(2

99.
.45(9)
88.

.407
.383
.394

)
24 (9)

59(9)

.63(9)
89.
.358(3)
.379(3
413 ¢
473 (
.399(

(

(

(

19(9)

)
4)
4)
4)
4)
4)
5)
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Mg-N (21)
Mg-N (11)

N (1)-Mg-N(21)
0(61)-Mg-N(11)
N (31)-Mg-N(11)
N (1)-Mg-N(11)
(21) -Mg-N(11)
(6)-C(7
(7)-C(8
(8)-C(9
(9) =N (
N (10
N (11
N (11

C(1

N
C
C
C
C

)
)
)
10)
)-C(12)
)-C(19)
)-C(12)
2)-C(13)
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N (30)-C(32)-C(33)
N(31)-C(32)-C(33)
C(34)-C(33)-C(38)
C(34)-C(33)-C(32)
C(38)-C(33)-C(32)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(37)-C(36)-C(35)
C(36)-C(37)-C(38)
C(37)-C(38)-C(33)
C(37)-C(38)-C(39)
C(33)-C(38)-C(39)
N(31)-C(39)-C(40)
N(31)-C(39)-C(38)
C(40)-C(39)-C(38)
C(39)-C(40)-C(2)
C(39)-C(40)-C(41)
C(2)-C(40)-C(41)
C(42)-C(41)-C(46)
C(42)-C(41)-C(40)
C(46)-C(41)-C(40)
C(41)-C(42)-C(43)
C(201)-C(202)#1
C(201)-C(204)
C(201)-C(202)
C(202)-C(204)
C(202)-C(203)
C(203)-C(215)
C(204)-C(205)
C(205)-C(206)
C(205)-C(207)
C(206)-C(207)
C(206)-C(214)
C(206)-C(213)
C(206)-C(208)
C(207)-C(208)
C(207)-C(213)

121.
1009.
122.
130.
107.
117.
120.
122.
118.
1109.
135.
105.
123.
108.
127.
126.
116.
116.
118.
118.
123.
122.

OMNUTWOYOW UTOO I TN W OO J W o
NN NNONDNNNNDNDNNODDNDNOWNDWWWWNDNWWNDDN

.208 (1
53(5)
.713(2)
13(5)
.359(17)
.97 (2)
.06 (95)
.138(19)
.770(19)
.709(14)
.42 (4)
.53(2)
.71(2)
.022(16)
.54 (2)

7)

PR RPPRPRPRPORRPRRRORRERRERE

C(202)#1-C(201)-C(202)103.6(11)
C(202)-C(201)-C(203)#1 136.9(9)
C(201)#1-C(201)-C(203)101.1(11)
C(204)-C(202)-C(201)#1 136(3)
C(204)-C(202)-C(203) 111(3)
C(201)#1-C(202)-C(203)102.5(13)
C(204)-C(202)-C(215) 89 (3)
C(201)#1-C(202)-C(215)126.6(13)
C(215)-C(203)-C(202) 120.7(18)
C(205)-C(204)-C(201) 114(4)
C(201)-C(204)-C(206) 127(3)
C(204)-C(205)-C(206) 118(3)
C(204)-C(205)-C(207) 129(3)
C(204)-C(205)-C(214) 101(3)
C(207)-C(206)-C(214) 110(3)
C(205)-C(206)-C(214) 92 (2)
C(205)-C(206)-C(213) 102.5(13)
C(214)-C(206)-C(208) 100(2)
C(214)-C(206)-C(204) 87(2)
C(213)-C(206)-C(204) 117.6(16)
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C(42)-C(43)-C (44
0(47)-C(44)-C (43
0(47)-C(44)-C (45
C(43)-C(44)-C (45
C(46)-C(45)-C (44
C(45)-C(46)-C(41
C(44)-0(47)-C (48
0(47)-C(48)-C (49
C(48)-C(49)-C(50
C(51)-C(50)-C (49
C(50)-C(51)-C(52
C(53)-C(52)-C(51
C(52)-C(53)-C (54
C(55)-C(54)-C(53
C(54)-C(55)-C (56
C(57)-C(56)-C(55
C(56)-C(57)-Br
C(62)-0(61)-Mg
C(62)-0(61)-H(61
Mg-0 (61)-H(61)
C(207)-C(214)
C(208)-C(209)
C(209)-C(210)
C(210)-C(211)
C(210)-C(212)
C(211)-C(212)
C(212)-C(213)
C(212)-C(214)
C(213)-C(214)
C(215)-C(216) #2
C(217)-C(218)
C(217)-C(220)
C(218)-C(220)
C(218)-C(219)
C(208)-C(207)-C(
C(208)-C(207)-C (
C(209)-C(208) -C (
C(208)-C(209)-C (
C(211)-C(210)-C (
C(209)-C(210) -C (
C(210)-C(211)-C(
C(210)-C(211)-C (
C(212)-C(211)-C(
C(211)-C(212)-C(
C(213)-C(212)-C (
C(214)-C(212)-C (
C(214)-C(213)-C(
C(212)-C(213)-C (
C(214)-C(213)-C (
C(212)-C(213)-C (
C(214)-C(213)-C(
C(206)-C(213)-C(
C(207)-C(213)-C(
C(214)-C(213)-C(

213
214
213
210
209
212
212
213
209
213
210
210
212
206
207
207
211
211
211
208

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

119.1(2)
124.4(2)
115.9(2)
119.7(2)
120.1(2)
120.7(2)
116.9(2)
107.7(2)
112.2(2)
113.0(3)
113.7(3)
112.9(3)
114.1(3)
112.6(3)
113.6(3)
109.8(3)
111.8(2)
128.0(2)
119(2)
113(2)
1.79(4)
1.230(18)
1.344(19)
0.848(14)
1.71(3)
1.06(3)
1.18(3)
1.50(5)
1.12(4)
1.72(4)
0.98(4)
1.52(4)
1.235(11)
1.260(11)

88.0 (
115.9¢
104.8(
110.8(11)
131.0¢(
104.4 (
127 (2)
109.3(13)
100.0(17)

115.6(19)
114 (2)
136.2(12)
113.6(10)
108 (3)



C(212)-C(213)-C(208) 96.6(17) C(203)-C(215)-C(216)#2 139(2)
C(211)-C(213)-C(208) 82.2(8) C(220)-C(217)-C(216) 129(2)
C(206)-C(214)-C(212) 110(3) C(216)-C(217)-C(219) 127(2)
C(212)-C(214)-C(207) 89 (2) C(217)-C(218)-C(220) 86 (2)
C(213)-C(214)-C(205) 86 (3) C(217)-C(218)-C(219) 109(2)
C(212)-C(214)-C(205) 137(3) C(220)-C(218)-C(219) 98.5(7)
Symmetry transformations used to generate equivalent atoms:
#1 : 1-x, -y, 1l-z #2 : x+1, y, z
Table 3. Anisotropic displacement parameters (A% x 10%4) for the
expression:
exp {-2m?(h%?a*?Ui;; + ... + 2hka*b*Ui;)}
E.s.ds are in parentheses.
U1 U2z Uss U3 Uis Uiz
Mg 347 (5) 236 (4) 298 (5) 106 (4) 187 (4) 54 (3)
N (1) 261 (11) 275(11) 283 (11) 121 (9) 140 (9) 66 (9)
C(2) 239(12) 307 (13) 279(13) 145(11) 121(10) 62 (10)
C(3) 252 (12) 322 (14) 289 (13) 153(11) 115(10) 62 (10)
C(4) 308 (14) 359(15) 314 (14) 154 (12) 156 (11) 51(11)
C(5) 364 (15) 434 (10) 362 (10) 188 (13) 185(12) 25(13)
C(6) 387 (106) 377(106) 391 (1l0) 183 (13) 176 (13) -8(13)
C(7) 339(14) 342 (15) 335(15) 141 (12) 138(12) -1(12)
C(8) 246 (12) 328 (14) 297 (14) 142 (11) 115(11) 51(10)
C(9) 241 (12) 267 (13) 303 (13) 130(11) 114 (10) 37(10)
N(10) 253 (11) 256 (11) 305(12) 133(9) 123(9) 51(9)
N(11) 248 (10) 249 (11) 282 (11) 126 (9) 131(9) 42 (8)
C(12) 244 (12) 234 (12) 311(13) 131(11) 92 (10) 46(10)
C(13) 242 (12) 262 (13) 296 (13) 123 (11) 95(10) 64 (10)
C(14) 300 (13) 270 (13) 364 (15) 139(11) 128 (11) 49 (11)
C(15) 363 (15) 262 (13) 381 (10) 88 (12) 142 (12) 37(11)
C(le) 386 (15) 290 (14) 349 (15) 64 (12) 161(12) 42 (12)
C(17) 332 (14) 283 (13) 329 (14) 99(11) 151(11) 45 (11)
c(18) 247 (12) 243 (13) 301(14) 97 (11) 99 (10) 52 (10)
C(19) 239(12) 233(12) 269 (13) 102(10) 118(10) 52 (10)
N (20) 262 (11) 237(10) 259(11) 96 (9) 117(9) 59(8)
N(21) 272 (11) 229(10) 275(11) 102 (9) 131(9) 55(8)
C(22) 259(12) 253(12) 264 (13) 118(10) 120 (10) 66(10)
C(23) 251(12) 257(12) 262 (13) 123(10) 105(10) 45(10)
C(24) 334 (14) 262 (13) 286 (13) 114 (11) 141 (11) 65(11)
C(25) 335(14) 319(14) 294 (14) 147 (11) 158 (11) 49 (11)
C(26) 331 (14) 292 (14) 337 (14) 162 (12) 125(11) 12 (11)
c(27) 300(13) 256 (12) 267 (13) 121(10) 99 (10) 34 (10)
C(28) 263 (13) 272 (13) 266 (13) 131(11) 104 (10) 70(10)
C(29) 261 (12) 224 (12) 268 (13) 114 (10) 94 (10) 42 (10)
N (30) 295(11) 251 (11) 251(11) 115(9) 110 (9) 60 (9)
N(31) 289 (11) 252 (11) 269 (11) 125 (9) 150 (9) 74 (9)
C(32) 282 (13) 242 (12) 270(13) 110(10) 122 (10) 75(10)
C(33) 309(13) 258 (13) 268 (13) 108 (11) 114 (11) 50(10)
C(34) 406 (15) 279 (14) 331(15) 113(12) 168(12) 42 (12)
C(35) 534 (19) 264 (14) 404 (17) 5(12) 212 (14) -3(13)
C(36) 516(18) 336(15) 338(106) 8(12) 225(14) 27(13)
C(37) 396 (15) 327 (14) 299 (14) 98( 2) 179(12) 58 (12)
C(38) 295(13) 270 (13) 276 (13) 97 (11) 122 (11) 63(10)
C(39) 280 (13) 260 (13) 260 (13) 104 (10) 138(10) 76(10)
C(40) 254 (12) 309 (13) 260 (13) 135(11) 136(10) 92 (10)
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C(41) 269(12) 280 (13) 242 (13) 115(10) 126 (10) 42 (10)
C(42) 252 (12) 280 (13) 309(14) 125(11) 116 (10) 57(10)
C(43) 263(12) 276 (13) 263 (13) 122 (10) 73(10) 34 (10)
C(44) 292 (13) 229(12) 242 (13) 92 (10) 102 (10) 12 (10)
C(45) 252 (13) 347 (14) 293 (14) 117(11) 122 (11) 85(11)
C(46) 277(13) 380 (15) 264 (13) 136(11) 101(11) 101(11)
0(47) 318(10) 299 (9) 221 (9) 92 (7) 109(7) 47(8)
C(48) 318(14) 346 (14) 280 (14) 126 (11) 88 (11) 49 (11)
C(49) 365(15) 340 (14) 293 (14) 130(12) 121(12) 42 (12)
C(50) 343 (15) 388 (16) 323(15) 150(12) 119(12) 23(12)
C(51) 358(15) 407 (16) 341 (15) 179(13) 128(12) 31(12)
C(52) 358 (15) 436 (17) 386 (16) 208 (14) 130(13) 45(13)
C(53) 331(15) 431(17) 403 (16) 219 (14) 132 (13) 42 (13)
C(54) 314 (14) 426 (16) 368(16) 202 (13) 99(12) 42 (12)
C(55) 318(14) 396 (16) 371(16) 174 (13) 103(12) 40(12)
C(56) 303 (14) 427 (16) 384 (16) 226 (13) 129(12) 65(12)
C(57) 434 (17) 417(17) 412 (17) 214 (14) 187 (14) 103(13)
Br 399 (2) 431(2) 426 (2) 212.4(15) 174.2(14) 23.1(14)
0(6l) 343 (10) 305(10) 310(10) 109 (8) 192 (8) 88 (8)
C(62) 630 (20) 590 (20) 510 (20) 193(18) 240 (18) 176 (19)
C(201) 1260(100) 600 (60) 750 (70) 190 (50) -140(70) 620 (60)
C(202) 1060(900 1080(100) 870 (80) 520 (70) 410 (70) 790 (80)
C(203) 530(50) 930 (70) 810 (60) -120(50) -200(40) 320(50)
C(206) 640(60) 1570(130) 1410(120) 990 (110) 180 (70) 280 (70)
C(208) 700(60) 240 (40) 1230(110) 120 (50) 30 (60) -90(30)
C(209) 850(70) 520 (50) 1110(80) 170 (50) -190(60) 200 (50)
C(211) 530(30) 540 (30) 1040 (50) 280 (30) 340 (30) 160(20)
C(213) 1300(120) 810 (80) 730(80) 210 (60) 430 (80) 60 (80)
C(218) 560(40) 930 (60) 760 (50) 170 (50) 110 (40) 160 (40)
C(219) 1030(60) 700 (40) 620 (40) 250 (30) 110 (40) 270 (40)
C(220) 560(40) 840 (50) 750 (50) 90 (40) 220 (30) 100 (40)

Table 4. Hydrogen coordinates ( x 10%) and isotropic displacement
parameters (A? x 103). All hydrogen atoms were
included in idealised positions with U(iso)'s set at
1.2*U(eq) or, for the methyl group hydrogen atoms,
1.5*U(eq) of the parent carbon atoms.

X y z U(iso) S.o.f.#
H(4) 3665 4196 5411 37
H(5) 4667 5728 5467 43
H(6) 5007 7281 6834 44
H(7) 4268 7357 8176 39
H(14) 3271 8518 10613 36
H(15) 3014 9643 12108 40
H(16) 2030 8978 13005 41
H(17) 1314 7179 12450 37
H(24) -45 3935 12141 33
H(25) -875 2408 12298 35
H(26) -1067 751 11066 36
H(27) -465 592 9641 32
H(34) 336 -590 7091 39
H(35) 474 -1768 5567 48
H(306) 1209 -1144 4496 48
H(37) 1883 641 4920 39
H((42) 1168 2960 4825 32
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1308
4102
3912
1749
1545
1908
2954
2627
3674
2932
4008
3556
4630
3889
4940
4596
5649
4879
5909
5658
6680
5938
6969
323
-857
-291
-250(20)

2358
1575
2120
2131

882

981

744
2818
2577
1752
1590
3599
3442
2577
2361
4403
4187
3344
3076
5133
4903
3933
3726
4318
4216
3201

4460 (30)

3182
4138
5766
1850
1661
224
819
808
1395
-730
-121
-226
392
-1727
-1126
-1206
-605
-2727
-2141
-2241
-1599
-3718
-3071
6525
6592
6430

8110 (20)

31
34
35
37
37
39
39
41
41
42
42
45
45
44
44
42
42
42
42
41
41
47
47
83
83
83
30(8)
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E.s.ds are in parentheses.

Torsion angles, in degrees.

Table 5.
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in Angstroms and degrees.

Hydrogen bonds,

Table 6.

< (DHA)

d (D-H)

162.4

4.043(4)
2.699(3)

.10

.98

0

Br#l
N (20) #2

C(62)-H(62B) ..
O(6l)-H(61) ..

172 (3)

1.914(19)

0.791(18)

Symmetry transformations used to generate equivalent atoms:

y, z+1 #2

: o x-1,

#1
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Crystal structure analysis of
[Mg (MeOH) {(CsHaN2)3-CsH4NC-CsHs-O(CH?2)10Br}], ca 9.45(C)

Crystal data:CsoH44BrMgN-7O2, ca 9.45C, M = 992.63. Triclinic, space group P-1 (no. 2), a
13.3934(2), b = 13.4734(3), ¢ = 14.5663(2) A, a = 108.1449(17), p = 101.9951(14), y
95.1688(15) °, V = 2409.18(8) A%. Z = 2, Dc = 1.368 g cm™, F(000) = 1025, T = 100.01(10)
K, n(Cu-Ka) = 17.1 cm™, A(Cu-Ka) = 1.54184 A.

The crystal was a dark blue rhombus. From a sample under oil, one, ca 0.46 x 0.22 x 0.06 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 ®-scans. Total no. of
reflections recorded, to Omax = 70.0°, was 31,099 of which 8979 were unique (Rint = 0.057);

7881 were 'observed' with I > 2.

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). The Mg complex molecule is well-
defined, but several solvent molecules, principally MeOH, were disordered chaotically in the
gaps between layers of the Mg complex. The non-hydrogen atoms of the complex were refined
with anisotropic thermal parameters. The hydrogen atom on O(61) was located in a difference
map and was refined with a distance restraint. The remaining hydrogen atoms in the complex
were included in idealised positions and their Uiso values were set to ride on the Ueq values of
the parent carbon atoms. The disordered solvent atoms were included as carbon atoms in sites
of significance in difference maps, and refined anisotropically or isotropically, varying the site
occupancy to give a fairly even set of thermal parameters across the solvent region. At the
conclusion of the refinement, wR2 = 0.165 and R1 = 0.063 (2B) for all 8979 reflections
weighted w = [02(Fo?) + (0.1014 P)? + 1.8884 P]* with P = (Fo? + 2F¢?)/3; for the 'observed'
data only, R1 = 0.057.

In the final difference map, the highest peak (ca 0.9 eA®) was near the Mg atom.

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 magnesium complex molecule, indicating the atom numbering

scheme. Thermal ellipsoids are drawn at the 30% probability level.
Figure 2. View of the hydrogen-bonded dimer of the Mg complex.

Figure 3. The packing of molecules, viewed along the ¢ axis. Molecules are linked in
pairs through O-H...N hydrogen bonds about centres of symmetry at 0, %2, 1,

etc.

Notes on the structure

The asymmetric unit, i.e. the unique unit, of the crystals is composed of a methanol-
magnesium-phthallocyanine-like complex with several solvent molecules. The magnesium
complex is well-defined and has been refined to convergence, Figure 1. The solvent
molecules, probably all methanol molecules, are randomly disordered and lie in channels
between the complex molecules. The refinement of the solvent region was limited to
assigning partially occupied carbon atoms in sites where successive difference maps show
electron density remaining; these ‘partial-carbon atoms’ were assigned occupancies which
were refined in cycles alternately with their thermal parameters; the aim was to describe the
solvent region with electron density which would relate to a network of solvent/methanol

molecules, but no recognisable pattern was found.

The magnesium centre is five-coordinate with a square pyramidal configuration, Figure 1.
The methanol ligand occupies the apical site, and the N4 coordinating atoms of the
phthalocyanine ring form a good plane; the magnesium ion is displaced 0.4081(14) A from

that mean-plane.

215



Appendix

The unique bridging C-atom in the phthalocyanine ring, C(40), is bonded to a planar phenoxy
group, hence to a decyl chain and terminal bromine atom; the carbon atoms of the all-trans
C1o chain are close to planar and the bromine atom is not far from that plane. The hydroxyl
group of the coordinated methanol ligand forms a good hydrogen bond to N(20) of a

molecule related by a centre of symmetry, thus forming a hydrogen-bonded dimer about that
centre.
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