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Abstract

This thesis is concerned with the development of synthetic pathways towards
tetrabenzoporphyrin/phthalocyanine hybrid macrocycles, specifically TBTAPs
and SubTBDAPs. Initial investigations further explored the latest synthetic
procedures developed by the Cammidge group, which revealed the formation of
unexpected products during previous work. Further development of these pro-
cedures utilizing a variety of control mechanisms successfully facilitated more
selective and higher yielding procedures for ABBA and ABBB TBTAP deriva-
tives, as well as novel ABA SubTBDAP systems. This work revealed new mech-
anistic insights into both macrocyclization pathways.

New intermediates were identified by this work, which were key to under-
standing TBTAP macrocyclization at a mechanistic level. Synthetic pathways
were developed to facilitate access to a variety of new intermediates, which can
be considered to be partially pre-assembled macrocycles. This methodology of-
fers an exciting basis for future work, and may be developed to facilitate the
controlled and step-wise assembly of hybrid macrocycles.

Finally, the newly developed species facilitated the development of new TB-
TAP and SubTBDAP synthetic routes to produce novel macrocycles. These
novel precursors and pathways possess numerous advantages; TBTAPs and Sub-
TBDAPs were obtained in much greater yields than previously possible, new
substitution pattens can now be selectively obtained, and macrocyclization oc-
curs with milder conditions, potentially allowing synthetic access to TBTAPs
and SubTBDAPs bearing thermally sensitive functional groups.
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Chapter 1

Natural and synthetic
macrocycles: synthesis,
properties and applications

1.1 Structure of Porphyrinoids and common hy-
brids

Porphyrinoids are a class of large, macrocyclic compounds that are not only
ubiquitous in nature, but extensively studied in a vast range of scientific and
medical fields. They possess a fascinating range of properties® and ability to
be functionalised and tuned to meet the requirements of various applications.
At the heart of modern porphyrinoid research there are two main classes of
compounds: the naturally occurring porphyrins, referred to as the ‘pigments of
life’, and the synthetic analogues, phthalocyanines (figure 1.1).

(1) 2

Figure 1.1: Structures of porphyrin (Por) (1) and phthalocyanine (Pc) (2).

Porphyrins and phthalocyanines share a defining feature of porphyrinoids,
an extended Hiickel aromatic 7 electron system, delocalised above and below



the plane of the ring.? For Por and Pc the 7 system comprises of 18 electrons,
however many examples of contracted or expanded porphyrinoids exist - all
exhibiting Hiickel aromaticity. These 7 systems give rise to many of the opti-
cal and electronic properties that result in porphyrinoids being so widely and
extensively studied. Subphthalocyanine and superphthalocyanine (figure 1.2)
form 14-m and 22-7 electron systems respectively.®** The size of the 7 system
and functionalisation of macrocycles lend these compounds to extensive tun-
ability and diverse application. These extended, aromatic m systems give rise
to remarkably strong molar extinction coeflicients, excellent thermal and pho-
tochemical stability, as well as exhibiting rare photochemical phenonema such
as two photon excitations and various NLO properties.5~11
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Figure 1.2: Structures of subphthalocyanine (3) and superphthalocyanine (4).

Individually these porphyrinoids have been extensively researched as highly
functional organic materials; driven by the demand for more controllable
systems, hybrid porphyrinoids have received significant attention in recent
years.'2714 These compounds bridge the gap between porphyrin and phthalo-
cyanine type systems by controlling the substitution of meso positions on
the core; porphyrins bear carbon, phthalocyanines bear nitrogen, and hy-
brids a mixture of the two. Shown below (figure 1.3) is a tetrabenzopor-
phyrin/phthalocyanine core, with meso positions labelled and a description of
the resulting hybrid. The inclusion of meso sp? hybridised carbon atoms in
these structures allows easy functionalisation or integration of such macrocycles
to more complex systems.
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Meso Substitution Species
A=B=C=D = Nitrogen Phthalocyanine
A=B=C = Nitrogen, D = Carbon TetraBenzoTriAzaPorphyrin
(TBTAP)
A=B = Nitrogen, C=D = Carbon cis-

TetraBenzoDiAzaPorphyrin
(cis-TBDAP)

A=C = Nitrogen, B=D = Carbon trans-
TetraBenzoDiAzaPorphyrin
(trans-TBDAP)

A = Nitrogen, B=C=D = Carbon TetraBenzoMonoAzaPorphyrinl
(TBMAP)
A=B=C=D = Carbon TetraBenzoPorphyrin (TBP)

Figure 1.3: Tetrabenzoporphyrin/Pc parent structure with the meso positions
labelled. The attached table describes the meso-substitution and species ob-
tained.

While TBTAP was first isolated and characterised in the 1930s during early
developments in phthalocyanine chemistry,'> 17 a lack of controllable synthetic
routes meant that further research was somewhat sporadic. Between 1939 and
the late 1980s various properties of hybrid structures were explored as methods
and instrumentation developed,'® 22 with all research using the original 1939
synthesis from Barrett et al.'” Between 1990 and 2000 some novel procedures to
meso-substituted TBTAPs were developed, opening the door to more interest-
ing derivatives and applications.?3:24 In recent years the Cammidge group has
been at the forefront of developing synthetic routes to these hybrids, publishing
numerous routes to TBTAPs, TBDAPs and TBMAPs over the last decade or
50.25729 Following these synthetic developments, in 2015 the group was able
to produce the first examples of a new hybrid macrocycle that bridges subpor-
phyrins and subphthalocyanines, SubTBDAPs (figure 1.4).3% As with Pc/Por
hybrids, the inclusion of meso sp? hybridised carbon allows functionalisation
and further integration into larger systems.
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Figure 1.4: Subphthalocyanine (5), tribenzosubporphyrin (6), SubTBDAP (7).

1.2 Electronic structure of porphyrinoids

The unique electronic structures of the previously discussed species are re-
sponsible for a wide range of fascinating and useful photochemical and photo-
physical properties. The large, delocalised 7 systems present lend themselves to
very high molar extinction coefficients upon interaction with light. Porphyrins,
phthalocyanines, and subphthalocyanines display similar UV-visible excitation
profiles, consisting of two main regions. These are the Soret band (B band)
and @Q band, which are typically found between 380 - 500 nm, and 500-750 nm
respectively. The presence of two distinct bands were explained by the Gouter-
man four-orbital model.3! First applied in 1959, this model suggests transitions
occur between the two highest energy m orbitals and the two lowest energy
7% orbitals (figure 1.5), giving rise to the multiple strong m — 7n* transitions
observed.

Porphyrinoids display complementary absorption profiles, and a combination
of chromophores from all 3 classes discussed above may effectively cover almost
all of the visible spectrum. Porphyrins display a strong Soret band (350-450 nm),
this complements the Q band of phthalocyanines (600-800 nm), and combined
with the strong Q band displayed by subphthalocyanines (500-600 nm), may
allow efficient harvesting of light throughout most of the 350-800 nm range.32
This makes porphyrinoids extremely interesting candidates for application in
sensitized light harvesting systems, such as dye sensitized solar cells, or syn-
thetic photosynthesis systems. The fast electron and energy transfer processes
associated with these macrocycles further lends porphyrinoids to these applica-
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Figure 1.5: Electronic transitions in porphyrinoids described by the Gouterman
four-orbital model.

tions.

With porphyrinoid chemistry now being a large and diverse field, a compre-
hensive range of options exist with respect to producing electronically 7 linked
systems. Porphyrinoids may be covalently and electronically linked to various
substrates, supramolecular structures, macrocycles, and transition metal com-
plexes. This results in the ability to easily form electronically complex and
useful structures with countless applications, outlined in section 1.5.

1.3 Synthesis

1.3.1 Porphyrins

Porphyrins represent an extremely important family of naturally occurring
tetrapyrrole macrocycles. In nature the ability of porphyrins and derivatives
to bind metals and absorb light is central to their evolutionary integration.
Such examples include the heme cofactor (figure 1.6), which plays a key role in
many cellular processes spanning multiple classes of organism. These include
oxygen transportation, energy metabolism, detoxification and even sensing of
environmental changes.33736 Chlorophyll (figure 1.6) is another porphyrin based
complex that is key to life as we know it, present in almost all plants and
responsible for capturing solar energy and facilitating photosynthesis.3”
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Figure 1.6: Structures of heme B (8) and chlorophyll ¢; (9).

While numerous synthetic procedures for porphyrins exist, the most fa-
mously employed is the condensation of pyrrole and and aldehyde to pro-
duce tetraphenylporphyrins (TPP, scheme 1.1). Initially developed by Rother-
mund, 3839 and later refined further by Adler, Longo and for asymmetric deriva-
tives by Lindsey;4%4! this procedure affords porphyrins easily, quickly and in
adequate yields.

(e}

Propionic acid

H
N
@ RJ'LH A, 30 min

Scheme 1.1: Porphyrin synthesis developed by Rothermund, R = phenyl.

1.3.2 Phthalocyanines

Phthalocyanines, unlike porphyrins, do not occur in nature. These systems
were first discovered and characterised in the early 1900s, as a side product
from the industrial synthesis of phthalimide from ammonia and phthalic an-
hydride.42 This intensely blue material was characterised as iron tetrabenzote-
traazaporphyrin, or iron phthalocyanine, and displayed exceptional thermal and
photochemical stability, lending itself well to use as a colourant. Throughout
the 1930s the work of Dent, Linstead and Lowe yielded the first Pc synthesis
from phthalonitrile, as well as various metallated derivatives and x-ray crys-
tal structures, confirming the molecular configuration (scheme 1.2).43745 Ph-
thalocyanines are still used as colourants to this day, however with advances



in synthetic chemistry their application has become ever more intriguing and
diverse.
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Scheme 1.2: Generic scheme for the synthesis of phthalocyanines.

Phthalocyanines may be synthesised by the macrocyclization of a variety of
isoindoline type materials, commonly 1,3-diiminoisoindolines or phthalonitriles,
in the presence of a template ion to form symmetrical Pcs. Asymmetrical Pcs
are currently prepared by statistical condensation of different isoindoline or
phthalonitrile derivatives, giving a mixture of products and hence poor yield for
the target material. The proposed mechanism for Pc macrocyclization via the

very common sodium alkoxide mediated pathway is shown in scheme 1.3.46
N
=
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Scheme 1.3: Phthalocyanine macrocyclization mechanism proposed by McGaff
et al.46



1.3.3 Subphthalocyanines

First synthesised in 1972 by Meller and Ossko,*” SubPcs have received relatively
little attention compared to phthalocyanines and porphyrins. Discovered by
accident while attempting to form boron phthalocyanine, boron subphthalocya-
nine comprises of 3 isoindoline fragments cyclized and coordinated to a tetra-
hedral boron atom. This smaller ring, combined with the tetrahedral boron
creates a unique, non-planar structure compared to other porphyrinoids,*® as
well as significantly varying optical properties. Currently, no SubPcs have been
synthesised with a template other than boron, which bears an axial ligand. The
bowl like structure of SubPcB-Cl is shown in figure 1.7 below. Like phthalocya-
nines, SubPcs may be synthesised from a selection of isoindoline type species,
but most commonly employed is phthalonitrile (scheme 1.4).

Figure 1.7: Optimised geometry of SubPc¢B-ClI showing the conical conformation
of the macrocycle resulting from the tetrahedral geometry of the central boron
atom.
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Scheme 1.4: The first synthesis of SubPcB-Cl from phthalonitrile and BCl;.47



1.3.4 TBTAPs and SubTBDAPs

Driven by the Cammidge groups’ advances in hybrid chemistry, TBTAPs and
SubTBDAPs can conveniently be synthesised from common starting materi-
als.29 The development of aminoisoindoline precursors (scheme 1.5) has allowed
controllable and easy functionalisation of the meso position for both TBTAPs
and SubTBDAPs; these aminoisoindolines may be reacted with phthalonitrile
in the presence of MgBrs to yield TBTAPs, and boron sources such as BCls or
B(OPh)3 to yield SubTBDAPs.

Ar
_N i) LiN(SiMe3),, NHHCl  — i
~
THF
— > NH, ——>» N
ii) 5M HCl/i-PrOH PdCl,(MeCN), Y
Br Br BINAP
DBU NH;
DMF
Microwave

Scheme 1.5: Synthesis of aminoisoindolines from 2-bromobenzonitriles.

In TBTAP synthesis the role of the aminoisoindoline has been hypothesised
to act as an initiator to the macrocyclization process, attacking phthalonitrile
in sequence to build the open chain oligomer, templated around magnesium.
Elimination of ammonia facilitates the final macrocyclization and aromatisation
step to yield MgTBTAP as shown below (scheme 1.6).28

Ar N Ar NH,
/ Z \
=~ Mg
MgBr2 N/ N=
N +3 —_— | —
/ A P > .
N
NN N
NH,

- NH;

Scheme 1.6: Previously hypothesised sequence of events in TBTAP formation



1.4 Functionalisation methods

The development of porphyrinoid synthesis has enabled a plethora of func-
tionalisation methods, allowing the creation of a diverse range of structurally
and electronically altered porphyrinoids. This tuneability is critical to optimisa-
tion of these species in almost all applications utilising highly functional organic
materials.

1.4.1 Peripheral and non-peripheral substitution

Functionalisation of starting materials in porphyrinoid synthesis can be
utilised to produce functionalised porphyrinoids with interesting properties.
Electron donating or withdrawing groups may be added to alter the electronics
of the macrocycle, increase solubility, reduce symmetry, or even utilise steric
hindrance to alter the macrocycle structure.#® 53 In the example below (fig-
ure 1.8) the presence of non-peripheral phenyl groups significantly distorts the
macrocycle structure and red-shifts the UV-Vis spectrum.

Figure 1.8: An example of a perturbed phthalocyanine, distortion of the macro-
cyclic ring and electron rich phenyl groups red shift the absorbance to the near
IR (790 nm).

Unlike with asymmetric porphyrin derivatives, which have been successfully
synthesised using stepwise approaches,?* asymmetrical Pcs are synthesised by
statistical condensation of 2 or more phthalonitriles. This leads to a large num-
ber of often difficult to separate products, and low yield for the target com-
pound. Asymmetric phthalonitrile derivatives eg. Ro=Aryl, Ri=R3=R4=H
(scheme 1.7), also produce structural isomers, complicating synthesis further.
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R1 R4
Ry _N R4 N=N 7 =N Ry
R, Z Rs R,
—»MX A N l\|/| N 4
______
A
R3 \\N R, \ l\|l / Rs
Ry R N O N R,
Ry R,
Rs Ro

Scheme 1.7: Synthesis of substituted Pcs, R=H, Aryl, Alkyl, Ether, Thiol,
Amine, Halide etc.

An extension of peripheral substitution is annulation of peripheral ring struc-
tures, leading to many highly interesting extended species (figure 1.9). This
strategy can be used to build electronically conjugated, two-dimensional, supra-
molecular frameworks. Particular attention has been received with respect to
the development of metal organic frameworks (MOFs) and covalent organic
frameworks (COFs), which show potential as gas storage solutions. Applica-
tions in OFETs, OPVs, PDT, photocatalysis and many more high technology
fields have also been investigated.?%759

Y V7
NZN 7 N NZN @ N
\ \
- —
NH  HN NH  HN
S S
/ /
N Ny N N No N

Figure 1.9: An example of a peripherally annulated phthalocyanine (para-
tautomer shown).

1.4.2 Metalation and axial substitution

Phthalocyanines, porphyrins, subphthalocyanines and related hybrid struc-
tures all share the common property of being excellent ligands. This allows a
vast range of metals to be inserted into most porphyrinoids, the only exception
being SubPc¢ and SubTBDAP, where currently only boron coordinated species
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have been synthesised. These coordinated metals can be functionalised with
further ligands, be they commonly employed organic ligands, or other macrocy-
cles. This opens a diverse range of options with respect to integration of these
porphyrinoids to other systems, such as multichromophore arrays.

A wide variety of metals spanning the majority of the periodic table may be
inserted into Pcs and Pors. The metal used may be selected to control properties
such as geometry of the complex, electronic and electrochemical attributes, as
well as properties such as spin. The size of metal ion dictates the formation of
planar complexes or distorted sitting-atop (SAT) complexes. Shown in figure
1.10 are example complexes displaying these conformational differences.

e

Figure 1.10: An example of a ytterbium SAT complex (left and center) compared
to the planar magnesium porphyrin (right), conformational differences between
the two are clearly visible.®% (Hydrogens omitted for clarity.)

SAT conformations lend themselves to the formation of double and triple
decker species, with two macrocycles coordinated to a single, large metal ion.
These type of complexes have received significant attention for their potential
applications in molecular machine systems such as molecular gyroscopes, single
molecule magnets (SMMs) and supramolecular assemblies. Shown in figure
1.11 is an example of a porphyrin/phthalocyanine based double decker complex,
again displaying the sitting-atop geometry.

Figure 1.11: Crystal structure of a tetraphenylporphyrin europium phthalocya-
nine double decker compound (hydrogens omitted for clarity).6*

Photocatalytic systems, an example of which is shown in figure 1.12, have re-
ceived significant research effort in recent years due to their potential to afford
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green and low energy synthetic transformations, as well as for fuel production,
pollutant photodegradation etc. As with transition metal catalysis a metal cen-
ter is normally required to bind the target substrate and facilitate the chemical
transformation. The vast array of metals that can be utilised once again allow
wide tuning potential and application.

“
N N
N L _Cl
| Pt\CI
— ,/
N = IN
N

Figure 1.12: An example of a photocatalytic system for hydrogen production.5?

1.4.3 Meso substitution

Porphyrins are commonly synthesised as tetra meso substituted derivatives
from precursors such as benzaldehyde. Asymmetric meso substituted por-
phyrins such as TPP-OH (tetraphenylporphyrin bearing a single meso-phenol
group and 3 meso phenyl groups) may be synthesised by statistical condensa-
tion. In hybrid structures the integration of a meso sp? carbon, with easily
altered aromatic groups from aminoisoindoline precursors provides further op-
tions for functionalisation. Other chromophores may be integrated directly, or
aryl groups containing functional groups to allow further cross coupling reac-
tions may be included. Both of these methods have been developed and utilised
by the Cammidge group in previous studies. Shown in figure 1.13 are examples
of the scope of aminoisoindolines synthesised by previous work, as well as the
first example of a cross coupling reaction involving a TBTAP (scheme 1.8).63

O oo

Figure 1.13: Some examples of aminoisoindoline derivatives previously synthe-
sised.64-65
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Scheme 1.8: The first example of a cross coupling reaction utilizing a bromo
TBTAP derivative.63

1.4.4 Multichromophore arrays and complexes

The range of synthetically accessible porphyrinoids, as well as their versatil-
ity in functionalisation and formation of more complex species, has yielded a
‘toolkit’ for the controlled construction of so called multichromophore arrays.
Multichromophore systems are constructed from electronically linked fragments
serving different purposes. For example, a system could consist of peripheral
‘antenna’ fragments designed to collect solar energy; with electron transfer or
cascade processes ‘funnelling’ energy to a central fragment designed to facilitate
a photocatalytic transformation. These systems obviously require careful design
and tuning to achieve the desired electron transfer characteristics etc, however
a well designed system can achieve incredibly efficient results.

Multichromophore arrays have found application as biomimetic light har-
vesters,%6 non-linear optical materials,®7 functional dyes and fluorophores,%8
energy funnels and cascades,®97% and donor-acceptor pairs.

1.5 Current and potential applications

1.5.1 OPVs

The emerging field of Organic PhotoVoltaics (OPVs) has received extraordi-
nary research effort over the last 20-30 years, with some of the latest advances
opening the doors to highly efficient, cheap, environmentally friendly and easily
manufactured OPV devices with novel properties.”*>72 Some of these properties
include the ability to achieve high power conversion efficiencies (PCEs) from
basically transparent panels.”3

Early OPVs were extremely inefficient compared to their silicon based coun-
terparts of the day; early examples of organic dye based OPVs recorded efficien-
cies as low as a fraction of a percent with porphyrinoids such as chlorophyll and
magnesium phthalocyanine (MgPc).” 1% PCE was achieved for a phthalocya-
nine based OPV in 1986, which represented a significant advance in efficiency,
and paved the way towards OPVs that would eventually compete with silicon
based devices.
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Figure 1.14: A DFT optimised structure of a multichromophore array pro-
duced by the Cammidge group, electronic coupling of the chromophores (Pc
and SubPc) affords absorbance across the entire solar spectrum (hydrogens and
hexyl chains omitted for clarity, grey = carbon, red = oxygen, blue = nitrogen,
pink = boron, blue/grey = silicon).32

Performance in OPVs is influenced and limited by a number of factors such
as low light absorption in the red/IR regions, poor charge transport, and poor
photochemical stability over extended time periods. These problems have been
addressed over the years with the synthesis of highly specialised materials, use
of advanced material combinations to create well matched donor-acceptor (D-A)
pairs, and development of more controlled self assembly or thin film deposition
methods. The requirements for highly efficient organic molecules for OPVs are
strong light absorption and charge transport characteristics;’® these properties
are usually afforded by the presence of delocalised m and 7* systems in the
organic molecule. From these requirements it is logical to conclude that most
porphyrinoids would make excellent candidates as photosensitisers (PS), and in-
deed, porphyrinoids have found themselves at the center of OPV development.
Recently the Cammidge group developed a multichromophore array that effec-
tively absorbs light across almost the entirety of the solar spectrum - a so called
‘black chromophore’, shown in figure 1.14.

The complementary properties of porphyrinoids with themselves and other
common D-A components such as fullerene or other conjugated organics, in ad-
dition to an incredibly diverse suite of functionalisation and integration options,
has facilitated the development of many unique and interesting solutions to the
problems described above. Figure 1.15 shows an example of a multichromophore
array, a porphyrin bearing four naphthalene diimide fragments via electronically
conjoined bridges. The extension of the 7 system pushes absorbance into the
near IR, drastically improving PCEs in the studied OPV from 1% to 5-8%.71
This is a single example of the plethora of ways chromophores can be tailored
to improve a specific system.
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Figure 1.15: An example of a multichromophore array for application in OPV
devices.™

1.5.2 NLOs

The rapidly expanding field of non-linear optics (NLOs) has significantly con-
tributed to the development of countless indispensable optical and electronic
devices that provide the foundations for modern telecommunications, comput-
ing, electronics and more. These devices can be organised into three categories:
development of advanced and specialised lasers, material interactions such as
spectroscopy, machining and analysis, and finally information technology such
as data storage, sensors and signal processing. Early NLO research utilised in-
organic structures such as g-barium borate or potassium niobate, materials that
are still used today; however since 1990 attention has shifted towards organic m
conjugated systems, driven by developments in flexible and versatile chemical
synthesis.”” 89 Naturally, porphyrinoids have received significant attention in
NLO development, where molecular modification can be used to control pri-
mary (NLO susceptibility etc) and secondary (solubility, absorption, stability
etc) NLO properties.4®

1.5.3 Photocatalysis, photochemistry and PDT

Solar radiation is an abundant and renewable source of energy. If effectively
captured on large scale and used not only to produce electricity, but also for
green and efficient chemical transformations; it offers a plethora of solutions to
the problems associated with modern energy and industrial demands. These
include renewable energy production,81783 processing of pollutants or chemi-
cal waste,84786 green chemical transformations, and photodynamic therapies
(PDT) for the treatment of cancers and other conditions.878% Due to their

16



large delocalised 7 systems and fast electron transfer characteristics various
porphyrinoids have found significant application in this field, an example of a
commercial porphyrin based PDT sensitizer is shown in figure 1.16.

Figure 1.16: An example of a dihydrobenzoporphyrin used as a photosensitizer
for PDT.90

The photocatalytic production of hydrogen has been studied extensively due
to its application as a clean and renewable fuel not only in internal combustion
engines, but also electricity producing hydrogen fuel cells. The widespread
application of hydrogen as a fuel would have a huge impact on global greenhouse
emissions. Currently hydrogen is most commonly produced electrolytically, its
cleanliness as a fuel therefore relies on the use of renewably sourced electricity;
photocatalytic production allows the direct production of hydrogen from water
and solar radiation, minimising infrastructure requirements and likely increasing
efficiency.9193

Photocatalytic systems have been shown to efficiently degrade toxic com-
pounds such as phenols, dyes and numerous organic compounds, this could lead
to efficient and passive treatment of waste water from a variety of industrial
processes, significantly reducing pollution and processing costs and complex-
ity.84-86 Photodynamic therapies exploit the ability of porphyrinoids to convert
triplet to singlet oxygen upon irradiation with light. A porphyrinoid combined
with an appropriate delivery method can effectively localise to tumours in a
patient; combined with targeted light irradiation this method provides a precise
way to induce controlled necrosis of target cells with minimal side effects.87-8°

1.5.4 Molecular sensors

Recent increases in pollution and decreases in air quality are factors con-
tributing to the need for effective monitoring and analysis of hazardous gasses
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and chemicals; the development of new sensing materials and organic semicon-
ductors is resulting in increased resolution, sensitivity and versatility. Molecular
sensors can be described by 3 elements: binding and recognition, transduction,
and measurement. Systems may be produced to detect ions, gasses, proteins,
DNA/RNA and other fragments. Recognition and transduction can occur via a
number of mechanisms such as electrochemical, mechanical or optical.®* Shown
in figure 1.17 is an example of a system that can be used to selectively detect
copper ions.

Figure 1.17: Phthalocyanine tetrasulfonic acid is an example of an optical sen-
sor for copper ions, producing a significant spectral and fluorescence change
selectively for copper ions.%®

To facilitate binding of an analyte a good ligand must be present in the
system; macrocycles are often employed for detection of ions and gasses as they
are often not only good ligands, but may also be modified to improve selectivity
or sensitivity. Commonly employed for this type of detection are switchable
fluorophores, where fluorescence emission changes with concentration of the
target ion or gas. This emission may easily be measured and correlated to
concentration.
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1.5.5 SMDMs

In the early 1990s a significant transition metal complex was discovered (fig-
ure 1.18); when cooled with liquid helium this complex retained magnetisation
for extended periods of time, giving rise to the field of single molecule magnets,
or SMMs.%6 As an advance from traditional bulk ferromagnetic materials in
applications such as data storage, SMMs may potentially allow huge increases
in data density compared with traditional data storage technologies. Molec-
ular spintronics is another development with large potential ramifications for
computing and storage densities; this field uses SMM materials to bridge the
disciplines of spintronics and molecular electronics, resulting in the ability to
manipulate and control the spin and charge of molecules in such devices.®”

Figure 1.18: The structure of Mn12-ac, the first discovered SMM system (Mn!!!
= purple, Mn'V = green, carbon = grey, oxygen = red).%¢

Since their inception, lanthanide ions have found themselves at the heart of
SMM research due to their large spin values and easy integration in organometal-
lic complexes. Of particular interest are macrocyclic double and triple decker
compounds enclosing lanthanide ions (figure 1.11); these species may not only
function as molecular gyroscopes, but can also produce SMMs with high spin
and exceptionally high anisotropic barriers, vastly increasing the feasibility of
integration and utilisation in real world systems.?8
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Chapter 2

Investigations into TBTAP
formation

2.1 Introduction

2.1.1 History of synthetic routes to TBTAPs

Over the last few decades developments in the synthetic chemistry of por-
phyrins and phthalocyanines have enabled straight forward synthetic access to
a vast range of increasingly complex functionalised porphyrinoids, with a wide
variety of uses and tuneability for specific applications. Tetrabenzotriazapor-
phyrins (TBTAPs, figure 2.1) represent one class of possible hybrid structures
between porphyrins and phthalocyanines, bearing 3 nitrogen atoms and 1 car-
bon atom at the meso positions as described in section 1.1. While TBTAP
was first discovered and characterised in the 1930s,'® lack of controllable and
reliable synthetic routes significantly hindered further research into these fas-
cinating macrocycles compared to the development enjoyed by porphyrins and
phthalocyanines.

Figure 2.1: The structure of TBTAP, R = H, Ar, alkyl.

Following the work from Fischer in 1936 and Helbeger in 1937 that described
the formation of unknown macrocyclic pigments consisting of four pyrrole rings
linked by a mixture of methine and nitrogen fragments, TBTAP was success-
fully isolated in very poor yield and the structure determined in 1939 by Barrett
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et al.16:99 This procedure utilised the Grignard reagent MeMgl and phthaloni-
trile as reactants. Further mechanistic investigations utilizing methyllithium
as the initiating nucleophile suggested the macrocyclization pathway proceeds
via the formation of a nucleophilic isoindoline analogue that attacks 3 more
units of phthalonitrile until a 4 membered open chain is formed; this undergoes
macrocyclization and aromatization with elimination of lithium amide to yield
TBTAP, the proposed pathway is shown in scheme 2.1.
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Scheme 2.1: Macrocyclization pathway proposed by Barrett in 1939.
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N

This confirmation of structure and a controllable (albeit low yielding) syn-
thetic procedure for TBTAP opened the door to examining various spectroscopic
and electronic properties of these unique species, however it was not until 50
years later that the first examples of meso functionalised TBTAPs were syn-
thesised by Leznoff and McKeown.?® This synthetic route utilised alkyl and
phenyl Grignard reagents to insert functional groups at the meso position of
the resulting TBTAPs (scheme 2.2).
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Scheme 2.2: Leznoff and McKeown’s reported synthesis of TBTAP derivatives,
successfully synthesised derivatives listed below.23

Rq, R and X TBTAP produced

Ry = t-BuO, Ry = Propyl, X = | Ry = ¢-BuO, Ry, = Propyl,
Br M=Mg

Ri1 = tBuO, Rj n- | Ry = t-BuO, Ry = n-
Pentadecane, X = Cl Pentadecane, M=H,

Ri = t-Bu, Ry = n-Pentadecane, | R; = t-Bu, Ry = n-Pentadecane,
X =Cl M=H,

R:1 = H, Ry = n-Pentadecane, X | R; = H, Ry = n-Pentadecane,
=Cl M=Mg

Ry = t-Bu, Ro = Ph, X = CI Ry = t-Bu, Ry = Ph, M=H,

Ry =H, Ry, =Ph, X =ClI Ry = H, Ry = Ph, M=Mg

New procedures were developed for the synthesis of magnesium meso-phenyl
substituted TBTAPs and zinc meso-alkyl substituted TBTAPs by Galanin
et al in 2002 and 2004 respectively.?4190 These procedures utilised car-
boxylic acid derivatives to facilitate the inclusion of a meso carbon atom,
1,3-diiminoisoindoline and metal oxides as template/macrocyclization reagents
(scheme 2.3).
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Scheme 2.3: Galanin et al. synthesis of meso substituted TBTAPs. R = ethyl,
hexyl and dodecyl.

In 2011 the Cammidge group explored and refined the synthesis of hybrid
porphyrinoids from Grignard reagents: it was found that varying the ratio of
MeMgBr gave more selective access to TBTAPs, TBDAPs, TBMAPs and TBPs
from 3,6-dialkyl phthalonitrile derivatives. In contrast the use of 4,5-dialkyl
phthalonitriles resulted in mixtures of Pc and TBTAP (figure 2.2).26

Starting | Ratio Pc-H, TBTAP- | cis- TBMAP-| TBP-H,
material Hs TBDAP- | H,
H,

1 1:4 nd nd nd nd nd

1 1:1 trace 24% 14% trace nd

1 2:1 trace 27% 9% 3% trace

1 3:1 nd 18% 8% 4% 1%

1 4:1 nd trace trace trace 12%

1 5:1 nd nd nd nd 1%

2 2:1 trace 13% 5% 3% 1%
Figure 2.2: Results obtained by Cammidge et al, SM 1 = 3,6-

dihexylphthalonitrile, SM 2 = 3,6-didecylphthalonitrile, ratio = MeMgBr : ph-
thalonitrile.
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In the same year Kalashnikov et al. reported the synthesis of a series of meso-
aryl substituted TBTAPs from phthalonitrile and arylacetonitriles (scheme 2.4).
While this procedure gave new control over the meso substitution, yields re-
mained around 10%.101

NC —\ R

Scheme 2.4: Derivatives synthesised by Kalashnikov et al., R = H, 0-Me, m-Me,
p-Me, p-OMe.

In 2013 the Cammidge group published a new procedure for TBTAP synthe-
sis, utilising aminoisoindoline precursors (scheme 2.5). This synthesis affords
TBTAPs in good yield, with control of meso substitution from the aminoisoin-
doline, and peripheral and non-peripheral substitution from the phthalonitrile.
This procedure has since been refined and optimised to yield a wide range of
functionalised TBTAPs in 20-40% yield.28:29

Ar
/
N
MgBr,
NH, Diglyme, 220°C
E——
DABCO

:: CN
CN

Scheme 2.5: The Cammidge et al. synthesis of TBTAPs afforded by the co-
macrocyclization of aminoisoindoline and phthalonitrile.
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Substituted aminoisoindolines can conveniently be synthesised from the same
1,2-dibromobenzene starting materials as substituted phthalonitriles (scheme
2.6), differing only in the production of 2-bromobenzonitriles for the synthesis
of aminoisoindolines, or 1,2-dibenzonitriles to produce phthalonitriles. The wide
range of commercially available ethynylaryls used in aminoisoindoline synthesis
also allow for a large selection of aminoisoindoline derivatives, and therefore
meso substituted TBTAPs to be easily and selectively synthesised in relatively
high yields (scheme 2.7).

R4
R, Br
Rj Br
/ R4 \
R4 R
R2 Br R2 CN
R3 CN R3 CN
R4 R4
Monocyanation, Dicyanation,
aminoisoindoline precursors phthalonitriles

Scheme 2.6: Pathways to 2-bromobenzonitriles and phthalonitriles.

From 2-bromonitriles aminoisoindolines are synthesised via an initial treat-
ment with LiN(SiMes )2, producing an intermediate amidine hydrochloride upon
hydrolysis with HCl/i-PrOH. This amidine hydrochloride is then coupled with
an ethenylaryl utilizing copper free Sonogashira conditions, an in-situ 5-exo-dig
cyclization produces the final aminoisoindoline product (scheme 2.7).

R, R, NHHCl = Ar R, Ar
4>
R, CN i) LiN(SiMes),, Ry PdCly(MeCN), Rz /
NH,
THF BINAP N
> DBU Z
Rs Br i) 5M HCI/-PrOH R, Br R
DMF \H
R4 R4 Microwave Ry 2

Scheme 2.7: Aminoisoindoline synthesis from 2-bromobenzonitriles.
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2.1.2 Recent application and advances

Despite the relatively low levels of research attention (~100 pieces of literature
relating to TBTAPs since 1930), these remarkable macrocycles have resulted in
many patents and papers relating to their utilisation in high technology and
optoelectronic fields over recent years.

Patented medical applications of TBTAPs and related hybrid porphyrinoids
include use as fluorescent markers/probes for hybridization and immunoas-
says192 and in linked porphyrinoid/anti-cancer structures.?2 In optoelectronic
fields patents have been recently granted relating to the use of TBTAPs as donor
materials in OPVs, absorbers for DSSCs, emitters for red and NIR, OLEDs (fig-

ure 2.3), absorbers for hydrogenations and improved black inks.104-107

Figure 2.3: An example of a platinum coordinated TBMAP complex, this
species displays very strong NIR emission at room temperature.07

Recent studies have also shown the potential of TBTAP type materials in
various other applications such as thin films for liquid crystals and organic field
effect transistors,'98:199 phosphorescent metal complexes for NIR fluorophores
and sensing oxygen,*1? and theoretical as well as experimental studies suggest-
ing good potential for application in DSSCs/OPVs.111

The diverse integration of TBTAPs and related macrocycles in high technol-
ogy and cutting edge applications highlights the adaptability of hybrid species.
As with the advance of evermore controlled and sophisticated Pc and Por syn-
thesis, it can be expected that further development of hybrid synthetic routes
and derivatives will facilitate more specialised and highly specific/tuned appli-
cation.

2.1.3 Recent advances in the Cammidge group

As detailed previously, the Cammidge group have made significant progress
with respect to the development of high yielding procedures for the synthesis
of various hybrid porphyrinoids, with aminoisoindoline precursors being utilised
to produce TBTAPs and SubTBDAPsS in relatively high yields. However it has
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become clear that the macrocyclization of these species is still not well under-
stood at a mechanistic level, with a range of side products produced. Gaining
insight into mechanistic events and steps will aid the development of future
procedures, potentially facilitating better yields, control, and more selective
synthesis of asymmetric derivatives in place of statistical condensations.

Some of the first mechanistic investigations into TBTAP formation from the
Cammidge group focused on the unexpected synthesis of non-peripherally alkyl
substituted TBTAPs from phthalonitriles under conditions that would normally
yield phthalocyanines (scheme 2.8). The only possible source for the methine
carbon in the reaction was from the solvent, and 3C labelling experiments
revealed this to be the source of the meso carbon atom. This unexpected result
demonstrates some of the complexities in the macrocyclization process.

R R
R R R
(i) CHs(CHy)s°CH,OH N=> =N
CN o H
(ii) Li QA 7
(iii) reflux N N
CN (iv) H* \ H /
R > R N 130\ R
\ /[ H
R R

Scheme 2.8: Cammidge et al synthesis of non-peripherally alkyl substituted
TBTAPS, R = C6H13.26

The 2011 investigations by Cammidge et al. provided convenient synthetic
routes to a range of hybrid macrocycles by varying the quantities of Grignard
reagent to phthalonitrile. As detailed previously, higher quantities of Grignard
reagent resulted in more aza bridges replaced with methine bridges in the re-
sulting macrocycles.'12 Therefore, methine bridges were clearly being inserted
by the Grignard reagent, but the exact mechanistic steps that resulted in inte-
gration of carbon bridges remained unknown.

In 2013 the Cammidge group published procedures for the synthesis of TB-
TAPs utilizing aminoisoindoline precursors.2® These precursors are Ar-C ana-
logues of diiminoisoindoline, commonly employed in the synthesis of phthalo-
cyanines. It was reasoned these analogues would have similar reactivity to
diiminoisoindoline and therefore be integrated in the macrocyclization process,
potentially providing easy inclusion of an aryl bearing meso carbon atom. The
first attempt at this reaction utilised aminoisoindoline and diiminoisoindoline,
with MgBr, as a template ion. Unfortunately the self-condensation products
Pc and azadipyrromethene were produced in significant yields. In principle, the
azadipyrromethene can also act as a TBTAP or TBDAP precursor, however

27



various attempts to re-subject the isolated compound to the reaction conditions
have not yielded any macrocyclic products.

AN
o— -0
- D s
Solvent or neat N\
NH, — > N--Mg--N + \ Y
+ \ N ’/\l
N N \
= N
H
N o)

~

Scheme 2.9: The utilization of aminoisoindolines as a TBTAP precursor by
Cammidge et al.2®

By considering the reactivity of the substrates used, the procedure was re-
fined through the utilization of the less reactive phthalonitrile instead of di-
iminoisoindoline. At 220°C the formation of Pc can be significantly reduced
while aminoisoindoline still initiates the macrocyclization with phthalonitrile,
giving a competitive rate of TBTAP formation (scheme 2.9). However the re-
action remains a delicate balance between competing pathways, and the use of
functionally modified reagents can alter the relative yields of products due to
electronic, steric, and/or as of yet unknown factors.

Further improvements to yield were obtained through careful optimisation of
the procedure.?? In an attempt to minimise azadipyrromethene formation, a
1:1 solution of aminoisoindoline and phthalonitrile was added to a solution of
phthalonitrile (3 eq) in diglyme over a period of 1 hour using a syringe pump.
This procedure minimises the concentration of aminoisoindoline in solution and
therefore promotes macrocyclization over homocondensation. Subsequently,
DABCO (1,4-diazabicyclo[2.2.2]octane), is also added to the reaction. It was
found that aminoisoindoline coordinated the central cavity of the MgTBTAP
product, DABCO displaces the aminoisoindoline and allows complete reaction
of the starting material, hence improving yield. These subtle but carefully con-
ceived modifications to the procedure have allowed synthesis the of TBTAPs in
up to 40% yield (scheme 2.10).
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Scheme 2.10: The further optimised Cammidge et al synthesis of TBTAPs af-
forded by the co-macrocyclization of aminoisoindoline and phthalonitrile, util-
ising DABCO and syringe pump addition of reagents.2®

Adaptation to SubTBDAP synthesis

Subphthalocyanines are synthesised in cyclization processes analogous to the
macrocyclization of Pcs; phthalonitrile is used as a precursor and a template
ion utilised to facilitate the polymerisation of phthalonitrile in an open chain
around the template. Once the chain reaches 4 members for Pcs, or 3 members
for SubPcs, macrocyclization and aromatization occurs to form the product.
Literature only describes cyclotrimerization and SubPc formation using boron
as a template ion, all other ions are too large and promote Pc formation.'!3
Given the similarities in the macrocyclizations, a co-macrocyclization utilising
aminoisoindoline and phthalonitrile around boron was the next logical progres-
sion for this new precursor.

SubTBDAP was first successfully isolated and characterised in 2015 from
the cyclotrimerization of aminoisoindoline and phthalonitrile facilitated by
boron trichloride.4 The expected product, SubTBDAP-BCI, was observed by
MALDI-TOF analysis, along with the corresponding SubTBDAP-BOH and
[SubTBDAP-B]* fragments. The instability of the apical ligand is well doc-
umented for SubPc species, and as expected, attempts to isolate the new
SubTBDAP-BCI species resulted in hydrolysis of the apical site if water was
present, or the production of SubTBDAP-BOMe if methanol was used during
workup. This degradation of the target species complicates isolation and purifi-
cation, so the procedure was adapted to include treatment with excess phenol
after the initial reaction period (scheme 2.11). This step converts the apical
position to an -OPh fragment, which is significantly more stable and allowed
satisfactory purification and isolation of the target molecules.
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Scheme 2.11: The Cammidge et al. synthesis of SubTBDAPs utilising
aminoisoindoline precursors, followed by apical substitution of phenol, or di-
rectly through use of B(OPh)3.64

Ar = Axial substituent =
Ph OPh
Ph OMe
Ph OiPr
Ph OBu
p-MeOPh OMe
p-n-pentylPh OPh
p-MeOPh OPh
p-CF3Ph OPh

Figure 2.4: Table
ies.64

of SUbTBDAP derivatives synthesised during previous stud-

As with TBTAP synthesis the aminoisoindoline used controls the substitution
at the meso position, and the straight forward preparation of aminoisoindoline
derivatives allows a wide range of functionalities to be included at the meso
position. During development of the synthesis, the versatility of axial and meso
functionalisation was explored, along with a procedure for direct axial substi-
tution utilizing different borates in the reaction (scheme 2.11). A wide range of
SubTBDAPs were produced, bearing substituted aryl and heterocyclic function-
alites at the meso position, and a variety of alkoxy and phenoxy functionalities
at the axial position (figure 2.4).
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Mixed TBTAP products utilizing substituted phthalonitriles or
aminoisoindolines

With the assumption that the proposed mechanism of aminoisoindoline initi-
ating TBTAP macrocyclization with phthalonitrile was correct, the group pro-
gressed with exploring TBTAPs functionalised at the peripheral positions. This
previous work not only served to produce new TBTAP derivatives, but also to
essentially ‘tag’ each ring of the macrocycle to determine which starting mate-
rial it had originated from. Based on the previously assumed mechanism 3:1
TBTAPs were expected to be produced, with 3 isoindoline units originating
from phthalonitrile, and one from aminoisoindoline as shown in scheme 2.12.

Ar

Ar
N NH
bz 2
Ry / Rz - \ Mg
MgBI’Z N/ N=
N +3 —_— |
R { R ~ A =z
! 2 NN Ri N Ry
NH,
R R,

Ro

Scheme 2.12: The previously hypothesised TBTAP macrocyclization path-
way. New derivatives explored: R = H, OMe, OHx, ODc, 1,1,4,4-
tetramethylcyclohexane and OPh.

Unexpectedly, most experiments produced 2:2 TBTAPs as the major product,
both from substituted phthalonitriles and aminoisoindolines. This suggests an
entirely different reaction pathway to the previous hypothesis, not previously ob-
served due to both the aminoisoindolines and phthalonitriles used being unsub-
stituted, and therefore producing unsubstituted MgTBTAP regardless. These
results suggest the formation of a dimeric species, followed by homocondensa-
tion, and finally elimination of an aromatic fragment from the aminoisoindoline
followed by aromatization. A hypothesised pathway is shown in schemes 2.13 -
2.15.
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Scheme 2.13: Initial condensation of phthalonitrile with aminoisoindoline.

R4

Ar \ NH2
Ar Y
N N=
| NS R
— —
R N R
1 2 Ar \ NH
R R, |N N=
—
Ry N R,
R1 R2

(20) (21)

Z~
~

Scheme 2.14: Homocondensation of two units of the dimer species, forming the
2+2 open chain species, with elimination of ammonia, that macrocyclizes to
form 2:2 TBTAPs.

Scheme 2.15: Macrocyclization of the open chain oligomer presented in the
previous figure.
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This discovery has significant implications for the development of TBTAP
synthesis, and is the first evidence of the possibility of multiple reaction path-
ways in TBTAP synthesis utilising aminoisoindolines. Gaining an understand-
ing of this pathway could allow for better control over reactions, higher yields,
easier access to asymmetric derivatives and the development of new precursors
or controlled synthesis of reaction intermediates.

2.2 Aims of this work

This work aims to explore these apparent multiple reaction pathways in TB-
TAP formation. By altering reaction conditions and parameters it is anticipated
more selective and higher yielding syntheses that favour a single pathway may
be developed. If reaction intermediates can be identified this may allow con-
trolled synthesis of pre assembled porphyrinoids, stepping away from traditional
macrocyclization pathways and the reliance on low yielding statistical conden-
sation of asymmetric derivatives. By gaining understanding of the TBTAP
macrocyclization mechanisms and the role of aminoisoindoline, these unique
macrocycles will see more widespread research and application as enjoyed by
the parent porphyrinoids.

2.2.1 Conditions screen

The most recent iteration of the Cammidge et al. TBTAP synthesis utilizing
aminoisoindoline is a fairly sophisticated procedure. To a preheated solution
(220°C) of phthalonitrile (3 eq) and MgBrs in diglyme, a solution of phthaloni-
trile (1 eq) and aminoisoindoline (1 eq) was added dropwise with a syringe
pump over 1 hr. The mixture was refluxed for 30 min before a final solution of
phthalonitrile (1 eq) and DABCO (1.5 eq) was added over 1 hr. The reaction
was then finally refluxed for a further 30 mins before workup and isolation of
TBTAP.

It was found that by adding the aminoisoindoline slowly, and thus minimising
the concentration and therefore homocondensation of this precursor, the yield
of TBTAP was improved. However addition rate could alter the ratios of inter-
mediates initially present in the reaction, and therefore the dominant pathway
and products. Thus this is a key parameter for further exploration. As well as
addition speeds, the ratios of reagents used are also to be investigated for the
same reasons.

The hypothesis moving into this work was that using a 1:1 ratio of phthaloni-
trile:aminoisoindoline, faster addition rates, or a combination of both strategies
would initially promote the formation of the previously hypothesised ‘dimer’
(20) (scheme 2.13). The large concentration of this intermediate would then
promote 2:2 formation as shown in schemes 2.14 and 2.15. The inverse was also
hypothesised, with slower addition and large excesses of phthalonitrile expected
to favour the stepwise condensation and macrocyclization of 3:1 TBTAPs as
shown in scheme 2.12.
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2.2.2 Metal screen

Currently explorations of aminoisoindoline mediated TBTAP macrocycliza-
tion have only been undertaken with MgBry. Given the likelihood of multiple
possible reaction pathways leading to TBTAPs, and potentially other hybrid
macrocyclic products, the metal used is a key parameter to explore. The role
of metals in these reactions is as a template ion, with the macrocycle being
built around it and the coordination effects reducing the entropic demands of
cyclizing a large macrocycle. The size of the metal ion used and the relative
energies of various coordination geometries is likely to have a significant effect
on the reaction outcome.

2.2.3 Intermediate targets

Identification of intermediate targets is essential to the development of more
controlled TBTAP synthesis; a probable useful material is the condensation
product of aminoisoindoline and phthalonitrile described above that likely leads
to the formation of 2:2 TBTAPs. The aim is that by developing and expand-
ing the suite of precursors and synthetic strategies, a wide range of complex
derivatives will become more accessible via new synthetic methodologies and
species.

2.3 Results and Discussion

2.3.1 Aminoisoindoline synthesis

The first step in these investigations began with synthesising the required
aminoisoindoline reagents, and repeating previously optimised reactions for TB-
TAP formation as control experiments. Aminoisoindolines are readily synthe-
sised from amidines via a Sonogashira coupling followed by a 5-exo-dig cy-
cloisomerization domino reaction; and amidines are easily synthesised from 2-
bromobenzonitriles via treatment with LiN(SiMes)s to form the corresponding
2-bromobenzamidine.

Amidine synthesis

A procedure for the synthesis of amidines was described by Boeré and col-
leagues in 1987 (scheme 2.16), and is a high yielding, straight forward synthesis
from easily accessible 2-bromobenzonitriles and commercially available materials
(1M anhydrous solutions of LiN(SiMez), in THF may be purchased readily).14
This procedure has been employed by the Cammidge group for the synthesis of a
range of structurally and electronically diverse amidines with excellent success.

The reaction proceeds in EtoO or THF readily at room temperature to form
the lithium bis(trimethylsilyl)benzamidine intermediate, this intermediate may
be reacted to form tris(trimethylsilyl)benzamidine derivatives, or hydrolysed
with HC1/i-PrOH to produce the desired amidine hydrochloride salt. The free-
base amidines tend to form oils and waxes, meaning purification must be per-
formed via distillation or column chromatography. The hydrochloride salts are
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Scheme 2.16: Synthesis of amidine hydrochloride from 2-bromobenzonitrile.

advantageous as they readily precipitate from the reaction in high purity and
yield, allowing quick and easy isolation.

Cross coupling mechanism

The next step in the synthesis of these aminoisoindolines is a one-pot palla-
dium mediated, copper free Sonogashira cross-coupling, followed by a cycloiso-
merization, developed by Cuny et al.}'® This one-pot synthesis was carried out
in a microwave reactor vial under microwave irradiation. Amidine hydrochloride
and aryl acetylene are coupled via catalytic palladium utilising BINAP as the
ligand, DBU as base, and DMF as solvent.

R—— R2
PdOL, Ry-X
Ry
|
L—P|d
L
ﬂ R—Pd X
i L
R1—P|d — R,
L \' L J H—R,
B Ry—Pd-X
B+L y—=——R, L

Scheme 2.17: Sonogashira cross coupling cycle adapted from a recent review.'16

L = BINAP, B = DBU, R; = benzonitrile, X = Br.

Microwave irradiation at 120°C facilitates the initial Sonogashira cross cou-
pling described above (scheme 2.17), the intermediate undergoes a 5-exo-dig cy-
cloisomerization in situ to produce the target aminoisoindoline (scheme 2.18).
The reaction selectively produces the Z-alkene geometry, as determined by
NOSEY NMR during the original studies.*'® Aqueous work up and purification
by column chromatography using silica gel yielded the desired aminoisoindolines
in 60-90% yield.
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Scheme 2.18: Domino 5-exo-dig cyclization facilitated under the same reaction
conditions to yield aminoisoindoline and regenerate LoPdCl,.

NMR and characterisation

While a range of aminoisoindoline derivatives incorporating various aryl
functionalities have been previously synthesised by the Cammidge group, for
this work simple phenyl and p-methoxyphenyl derivatives shall be employed.
Utilizing 2-bromobenzonitrile as the amidine precursor, with phenylacetylene
and 4-methoxyphenylacetylene respectively as alkynes. The p-methoxyphenyl
aminoisoindoline is advantageous in that there is a strong and clear methoxy
NMR peak (figure 2.5). When investigating intermediate compounds this will
allow easy determination of the presence of aminoisoindoline fragments. The
identity of the aminoisoindoline was also confirmed by *C NMR and MALDI-
TOF.
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Figure 2.5: 'H NMR spectrum of p-methoxyphenylaminoisoindoline (13), with
the characteristic Z alkene proton at 6.7 ppm, and strong methoxy signal at
3.84 ppm.
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2.3.2 Repeat of TBTAP procedure

With the required aminoisoindolines synthesised easily and in good yields, and
the identity confirmed by 'H NMR, 3C NMR and MALDI-TOF MS, the next
step in investigations was to repeat the previously published TBTAP synthesis
(scheme 2.19).29

MgBr,

Diglyme, 220°C
EE——
DABCO

(15)

Scheme 2.19: Scheme for the repeat of the previously optimised TBTAP syn-
thesis.

Result and yield

The desired TBTAP was successfully synthesised utilising the controlled ad-
dition methodology previously described. After the reaction conditions and
workup the crude product was subjected to silica gel chromatography, which
after recrystallisation of the main green fraction yielded the pure MgTBTAP
(16) product expected.

As well as the expected TBTAP trace quantities of MgPc were produced,
as well as a quantity of the azadipyrromethene homocondensation product of
aminoisoindoline. The yield of TBTAP was somewhat lower than previously re-
ported, around 20%. The reaction was repeated but no significant improvements
to yield were obtained.

Characterisation

The NMR (figure 2.6), UV-Vis (figure 2.7) and MALDI-TOF data is con-
cordant with previously reported data, confirming the successful synthesis of
MgTBTAP (16). The NMR data shows the characteristic de-shielded protons,
a shift caused by ring current phenomena in aromatic macrocycles.'*” The UV-
Vis spectra clearly shows the characteristic Soret and Q bands associated with

18-7 electron macrocycles, Ay ax values also agree with the literature values for
MgTBTAP (16).12
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Figure 2.6: 'H NMR spectrum of TBTAP (16). Note the characteristic
deshielding of some macrocyclic protons caused by ring current phenomena of
porphyrinoids.
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Figure 2.7: UV-Vis spectra of TBTAP (16).
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Aminoisoindoline homocondensation mechanism

The mechanism for the homocondensation of aminoisoindoline is shown below
(scheme 2.20). As well as having a nucleophilic amine, the « carbon is also an
electrophilic center. This facilitates the nucleophilic attack of one molecule by
another, eliminating ammonia to yield the homocondensation product. While
this can be mitigated by slow addition of aminoisoindoline some homocondensa-
tion still occurs, reducing yield. This reaction likely proceeds with coordination
of Mg?t under TBTAP reaction conditions, however may also be synthesised
by reflux in toluene without Mg?™.

(7

Scheme 2.20: Hypothesised mechanism for the homocondensation of aminoisoin-
doline to form azadipyrromethene (17).

2.3.3 Repeat of TBTAP synthesis producing both 2:2 and
3:1 TBTAPs

As previously described recent work within the Cammidge group revealed un-
expected peculiarities during explorations of peripherally substituted TBTAP
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derivatives. Most derivatives synthesised produced exclusively 2:2 TBTAPs,
with the exception of 1,2,3,4-tetrahydro-1,1,4,4-tetramethylnaphthyl deriva-
tives, which produced a mixture of 2:2 and 3:1 TBTAP (scheme 2.21). This
derivative was chosen for this study in an attempt to gain control over the
competing pathways.

MgBr,
DABCO
Diglyme
—>
N
=
Sy

(14)

Scheme 2.21: Scheme for the previous TBTAP investigations revealing the for-
mation of two different TBTAP derivatives. The original study obtained 2:2
TBTAP (18) in 14 % yield, and 3:1 TBTAP (19) in 1 % yield.

The previously optimised slow addition procedure was repeated utilising
6,7-dicyano-1,2,3,4-tetrahydro-1,1,4,4-tetramethylnaphthalene (14) as the ph-
thalonitrile. After the final reflux period the crude was worked up as previ-
ously described. A second column chromatography utilising PE:THF:MeOH
(10:3:1) yielded two green fractions that were isolated and recrystallised from
DCM/MeOH. The first of the two green fractions yielded 7.7 mg of the 3:1
TBTAP (19) (2.0 % yield), and the second fraction 10.3 mg of the 2:2 TB-
TAP (18) (3.0 % yield). The products identities were confirmed by 'H NMR,
MALDI-TOF and UV-vis spectroscopy.

It is notable that the yields obtained vary significantly from the previous
studies results, however the reaction was repeated and the same yields of 3.0
% and 2.0 % for TBTAP (18) and TBTAP (19) respectively were obtained.
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With the harsh conditions required to achieve macrocyclization of TBTAPs it
is possible minor variations in experimental parameters, such as variance in
different temperature probes, could contribute to a drastically reduced rate of
product formation.

Results and yields

As previously described, a mixture of 3:1 and 2:2 TBTAPs were produced
by the reaction in a roughly 2:3 ratio. This procedure and result is therefore
a good place to begin procedural modifications. The yields of both products
are however very low, this may be due to steric or electronic effects. This
is a well known trend in phthalocyanine chemistry, with sterically demanding
or electronically deactivated phthalonitriles requiring higher temperatures or
longer reaction times to achieve good yields of macrocyclization.

NMR

The identities of the 3:1 and 2:2 products were confirmed by NMR and
MALDI-TOF and agreed with previous experimental data. Evidence of the
reduction of symmetry in the 3:1 TBTAP (19) (figure 2.9) is clear in the NMR
spectrum compared to the 2:2 TBTAP (18) (figure 2.8). The aliphatic region
is also complicated in the 3:1 spectrum due to the reduction in symmetry.
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Figure 2.8: 'H NMR spectrum of TBTAP (18), with an expansion of the
aliphatic region. THF-dg was used as the NMR solvent, with a residual sol-
vent peak visible at 1.72 ppm.
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Figure 2.9: 'H NMR spectrum of TBTAP (19), with an expansion of the
aliphatic region. The reduction in symmetry is clearly seen in both the aro-
matic and alkyl regions of the spectrum.
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The UV-Vis spectra (figure 2.10) represent a typical MgTBTAP spectra, a
slight red shift is present due to the tetrahydrotetramethylnaphthyl substituents,
increasing between the 2:2 substituted MgTBTAP (18) and 3:1 substituted
MgTBTAP (19).

1.2
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Figure 2.10: UV-Vis spectra of MgTBTAPs (18) and (19).

2.3.4 All in addition with varying reagent ratios

From the initial procedure, and with clear evidence of two competing reac-
tion pathways, the first modifications were attempted to promote 2:2 TBTAP
formation. It was reasoned that by not using a syringe pump for controlled
addition of aminoisoindoline, and instead adding all reagents at the start of the
reaction, the higher concentration of aminoisoindoline present would react with
the phthalonitrile in a 1:1 ratio. This would produce a large concentration of the
hypothesised condensation product (20) shown in scheme 2.22; and therefore
promote the theoretical 2+2 addition to form tetramer (21), resulting in 2:2
TBTAPs.

Reagent ratios were also an important factor to consider. Large excesses
of phthalonitrile and a relatively low concentration of aminoisoindoline may be
considered analogous to the syringe pump addition method described previously.
To promote the 2+2 condensation the theoretically optimum reagent ratios are
1:1, so this was first to be investigated. 1:2 and 2:1 ratios of aminoisoindo-
line:phthalonitrile were also investigated.
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Scheme 2.22: Hypothesised homocondensation of the condensation product (20)
to yield tetramer (21).

Ratio of aminoisoindo- | Products produced & yield

line:phthalonitrile

2:1 2:2 TBTAP (5.5 %),
azadipyrromethene (85 %)

1:1 2:2 TBTAP (81 %), 3:1 TBTAP
(trace), azadipyrromethene (24 %)

12 22 TBTADP (6.8 %), 3:1 TBTAP
(trace), azadipyrromethene (13 %)

Figure 2.11: Table of results for all in addition of reagents with varying ratios.

Results

6,7-Dicyano-1,2,3,4-tetrahydro-1,1,4,4-tetramethylnaphthalene (14),
aminoisoindoline (13), DABCO and MgBry were suspended in 3 mL of
diglyme and the mixture heated for 3 hours at 220°C in an oil bath, resulting
in a very intensely green material being formed. Purification was performed as
described by the standard procedures. The reactions utilise 1.6 mmol total of
phthalonitrile + aminoisoindoline in varying ratios.

The results presented in figure 2.11 appear to support the hypothesis pre-
sented, with all in reactions all producing exclusively 2:2 TBTAP products.
Exclusive access to 2:2 TBTAPs is very useful as it simplifies purification; in
some cases 2:2 and 3:1 TBTAPs have very similar retention factors on TLC or
silica gel chromatography. Yield for this reaction is also significantly improved
for this product at 8% compared to 3% from the initial mixed reaction.
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2.3.5 Addition rates

With the previous procedural modifications producing exclusively the 2:2 TB-
TAP (18), the next logical step in our investigations was to increase the addition
time to determine if the 3:1 TBTAP (19) could be selectively synthesised by
the same hypothesis. It was postulated that slower addition of aminoisoindoline
and the resulting low concentrations of this initiating precursor would encourage
the sequential condensation of 3 units of phthalonitrile (scheme 2.23 and 2.24).
This would form the open chain 3:1 TBTAP (22), which after macrocyclization
would produce the desired 3:1 TBTAP (23).

Ar Ar
Rq / N R, /
\ R,
/N /N
Ri R4 N
NH, :I\T// R, N NHz

(20)

Scheme 2.23: Nucleophilic attack of phthalonitrile by aminoisoindoline to pro-
duce the condensation product (20).

Ry
R2
I HoN . MgBr,
— N A
Ar NN —>
R4 / R,
N N 7 RZ
{ /
R, R
N= N\ N Ry
R, R R, R,
(22) (23)

Scheme 2.24: Hypothesised consecutive addition of phthalonitrile to form the 4
membered open chain oligomer and macrocyclization to form the 3:1 TBTAP.
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The investigations began with repeating the previous procedure as described
in section 2.3.3 to ensure reliability and repeatability of the result. The proce-
dure produced both TBTAP (18) and TBTAP (19) as expected utilising the
standard 1 hr addition time for the first aminoisoindoline solution and the same
initial 1:3 ratio of aminoisoindoline:phthalonitrile, with 2 additional equivalents
of phthalonitrile added with the solutions of aminoisoindoline and DABCO. The
ratio of products was 2:3 of TBTAP (19) and TBTAP (18) respectively.

With a total of 5 equivalents of phthalonitrile added through syringe pump
additions it was deemed not necessary to increase the amount of phthalonitrile
used to encourage 3:1 formation, but rather investigate slower addition times.
A 3 hour addition time was chosen.

To a solution of phthalonitrile and MgBrs suspended in 0.5 mL diglyme and
heated to 220°C in an oil bath was added a solution of aminoisoindoline and
phthalonitrile in diglyme (1 mL). The solution was added over 3 hours using
a syringe pump. Followed by a further solution of DABCO and phthalonitrile,
added over 3 hours. The dark green residue was purified by the standard pro-
cedure.

Results

With slow addition and hence a longer reaction time, 15.3 mg (3.9 %) of 3:1
TBTAP (19) and 20.7 mg (6.0 %) of 2:2 TBTAP (18) was isolated. This again
gives a product ratio of 2:3, the same as the standard procedure. It is therefore
clear that addition times longer than 1 hr have no effect on the pathways that
form the two products. The yield of both products was doubled however.

The identical ratio of products suggests a macrocyclization pathway different
to those initially hypothesised. Rather than a stepwise formation of a linear
open chain species that undergoes macrocyclization, it appears likely that an
initial condensation product is formed that then undergoes a complex set of equi-
librium pathways with a delicate thermodynamic balance (explored throughout
later experiments in chapter 2). This could explain why previous studies of pe-
ripherally substituted TBTAPs produced 2:2 TBTAPs for most derivatives, and
only the synthesis of tetrahydro-tetramethylnaphthalene TBTAPSs result in 3:1
formation; however at this stage the factors that drive 3:1 TBTAP formation
remain unknown.

2.3.6 Metals

Synthesis of TBTAPs have previously been reported utilizing either magne-
sium or zinc as template ions. The latest advances utilising aminoisoindolines
by the Cammidge group have thus far only explored the use of MgBr; as a tem-
plate ion. Given the crucial role of template ions in reducing entropic barriers
and templating components in macrocyclizations it seems logical to explore the
effects different ions may have of the competing pathways.
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With the hypothesised pathways previously presented, it appears logical that
3:1 TBTAP formation via an open chain oligomer consisting of 1 aminoisoin-
doline and 3 phthalonitrile fragments would favour a square planar geometry
around the metal center. The previously presented hypothesised pathway for
2:2 formation (scheme 2.22) shows a homocondensation of an initially produced
species (20), followed by macrocyclization. It was also hypothesised that this
may occur as a pericyclic process between two units coordinated to a metal
in a tetrahedral arrangement as shown below (figure 2.12). Both possibilities
must be considered, and therefore different template ions that favour different
geometries must be explored.

R4 R
Ar
Ar , \
) Ro
)
R1 ,M2+” \
S R
/N . HoN ?
R 1
! N NH,
=/
R, Re

Figure 2.12: Two equivalents of condensation product (20) coordinated to
metal.

With magnesium’s use as a template ion in TBTAP synthesis well researched
and documented, other ions were chosen with either square planar geometry
with larger or smaller ionic radii, or tetrahedral geometry with similar ionic
radii. Zinc was chosen as the Zn?* ion favours a tetrahedral geometry and has
a similar ionic radii to Mg?* (74 and 72 pm respectively). Nickel and palladium
were selected as both 2+ ions favour square planar configurations, and have
ionic radii smaller and larger than Mg?* (70 and 86 pm respectively). The
sources of these ions were MgBry, ZnBry, NiBry and PdCls.

Zinc was the first ion to be tested, the standard TBTAP addition procedure
was utilised. To a solution of 6,7-dicyanotetrahydrotetramethylnaphthalene
(14) and ZnBr; in diglyme was added a solution of aminoisoindoline (13) and
6,7-dicyanotetrahydrotetramethylnaphthalene (14) in diglyme over a period of
1 hour. A further solution of DABCO and 6,7-dicyanotetrahydrotetramethyl-
naphthalene (14) was added over 30 minutes. TLC revealed a large amount
of aminoisoindoline homocondensation initially, followed by the appearance of
a green spot. The crude material was worked up as normal to yield exclusively
the 3:1 TBTAP (24) in 12 mg yield (3.0 %) (scheme 2.25).
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Scheme 2.25:  Selective 3:1 ZnBro mediated TBTAP synthesis uti-
lizing aminoisoindoline (13) and 6,7-dicyano-1,2,3,4-tetrahydro-1,1,4,4-
tetramethylnaphthalene (14) to form TBTAP (24).

Zinc was chosen for its tetrahedral geometry, the expected result was that the
tetrahedral geometry would favourably facilitate 2:2 TBTAP formation via the
previously proposed intermediates, however the opposite result was obtained.
The first experiment produced exclusively 3:1 TBTAP (24), confirmed by NMR,
UV-vis and MALDI-TOF (figure 2.13 and 2.14). With previous variation of ad-
dition rate with MgBry mediated macrocyclization having a significant effect on
product ratios this was the next parameter to investigate with ZnBrs mediated
macrocyclization.

The next experiment consisted of an all in reaction not utilizing slow addi-
tion of reagents, with ZnBrs as the metal. As with previous MgBrs mediated
synthesis all reagents were suspended in diglyme and heated at reflux for ap-
proximately 3 hours. The crude product was purified and TBTAPs isolated
with the standard work up procedure. This reaction also produced exclusively
3:1 TBTAP (24) in 14 mg yield (3.4 %).

A 3 hour syringe pump addition was also tried as with previous experiments.
This also gave exclusively 3:1 TBTAP (24) in a higher yield (23 mg, 5.7 %). It
appears yields may be improved with longer reaction times. Alternatively, the
use of a higher boiling point solvent such as 1,2,3-trichlorobenzene, or the use of
a sealed glass tube as the reaction vessel to obtain reaction temperatures greater
than the boiling point of diglyme under atmospheric conditions may improve
yields further.

NiBry and PdCl, were tested with various addition procedures. All attempts
failed to yield any macrocyclization products.
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Figure 2.13: 'H NMR spectra of novel 3:1 Zn TBTAP (24).
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Figure 2.14: UV-Vis spectra of ZnTBTAP (24), displaying a very similar ab-
sorbance profile to the identically substituted 3:1 MgTBTAP (19).
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2.4 Intermediate targets

2.4.1 Target intermediates and methods

During experiments modifying conditions, reagents and metals, MALDI spec-
tra of crude reaction mixtures regularly revealed unknown possible interme-
diates. A recurring peak of interest was seen at approx 490 m/z (figure
2.16), present in all reactions, identifying this likely intermediate could reveal
mechanistic insight. The peak most likely corresponds to the condensation of
aminoisoindoline (13) with one equivalent of the phthalonitrile (14) used, and
a proposed structure shown in figure 2.15.

(25)

Figure 2.15: Condensation product (25) of aminoisoindoline (13) and the
6,7-dicyanotetrahydrotetramethylnaphthalene (14) identified by MALDI-TOF
analysis of crude reaction mixtures.

This structure was proposed earlier in the discussion as the likely first step
in the macrocyclization process.?® With clear evidence of this species the next
logical step was to target its synthesis selectively. Reactions could then be
performed utilizing this pre-assembled part of the macrocycle via a number of
conceivable routes.

250.46

488.43

721.46

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

mz

Figure 2.16: Possible intermediate (25) identified by MALDI-TOF with a m/z
of 488.

50



It was hypothesised that structure (25) could be reacted in a homocondensa-
tion analogous to aminoisoindoline homocondensation to form the 4 membered
open chain oligomer (26) (scheme 2.26), that may then be macrocyclized with
magnesium. Alternatively (25) may be reacted with additional phthalonitrile
to build TBTAPs in a more stepwise manner. This exciting prospect could al-
low far more control over complex derivatives, and the potential to construct
ABCD systems (controlled substitution at each ring position as shown in figure
2.17) selectively with much higher yields and easier purification than statistical
condensation.

(25) (26)

Scheme 2.26: Hypothesised homocondensation of the condensation product
(25), selectively building the potential 2:2 TBTAP precursor (26).

Shown in scheme 2.26 is the potential controlled synthesis of an open chain
ABBA system, templated with magnesium and macrocyclized with the elimi-
nation of an aromatic fragment; this route would facilitate controlled synthesis
of ABBA 2:2 TBTAP systems in likely far greater yields. Below (schemes 2.27
and 2.28) is shown a scheme for reacting (20) with further phthalonitrile, this
would facilitate the controlled formation of AABB or ABCC TBTAP systems,
depending on the substitution of condensation product (20).
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Figure 2.17: An ABCD TBTAP bearing different substituents on each ring, 2:2
TBTAP (18) would be considered an ABBA system, and 3:1 TBTAP (19) an
ABBB system.

R3

(20) (27)

Scheme 2.27: Proposed stepwise formation of ABCC system (27) from (20)
and phthalonitrile.
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Scheme 2.28: Proposed macrocyclization of pre assembled ABCC system (27)
facilitated by an Mg template ion with elimination of ammonia.

2.4.2 Previously examined intermediates

Previous work in the Cammidge group has identified a range of thermody-
namic ‘dead ends’ in the macrocyclization of TBTAPs and SubTBDAPs. These
are isolable intermediates or side products that have been identified and charac-
terised in previous work. When re-subjected to the reaction conditions none of
these structures were successful in producing macrocyclic products. Despite the
lack of product formation, these compounds are still essential to understanding
macrocyclization mechanisms as they provide valuable insight into pathways
that do not result in macrocyclic products.

Aminoisoindoline homocondensation products have been looked at extensively
as potential intermediates. Formation of 2:2 TBTAPs as previously described
involve the elimination of an aromatic fragment upon macrocyclization, it is
therefore possible to conceive a pathway by which two units of this condensation
product eliminate two aromatic fragments to yield TBDAPs as shown in scheme
2.29.
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Scheme  2.29: Templating and macrocyclization of two wunits of
azadipyrromethene to yield TBDAP.

Various attempts at this reaction have not yielded any hybrid products, TB-
DAPs or otherwise, therefore it is logical to conclude that building TBTAPs or
other hybrids from higher order intermediates most likely requires the elimina-
tion of ammonia for macrocyclization to occur. Azadipyrromethenes have also
been re-subjected to the reaction conditions for SubTBDAP formation with no
success.

Previous studies on SubTBDAP formation isolated and identified a similar
‘trimeric’ material, the condensation product of one unit of phthalonitrile con-
densed with two units of aminoisoindoline, shown below. It is once again easy to
conceive a pathway by which elimination of an aromatic fragment and complex-
ation with a boron source yields a SubTBDAP. In previous work, it appeared
this material reduced in concentration during the reaction, however it is un-
known if this is due to macrocyclization, equilibria, or decomposition of the
material. Investigations in this work will aim to selectively synthesise these
materials and subject them to the SubTBDAP formation conditions previously
optimised (scheme 2.30).
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(28)

Scheme 2.30: Macrocyclization of (28) to yield SubTBDAP with elimination
of an aromatic fragment.

2.4.3 Dimethoxyisoindolines, reactivity and potential
stepwise construction

To synthesise the target condensation products (25) & (30), as well as other
proposed intermediates/pathways, a phthalonitrile analogue with increased re-
activity is required to selectively condense with aminoisoindoline while avoiding
further polymerisation or macrocyclization. The literature reveals the use of
dimethoxyisoindolines in various low temperature and selective macrocycle syn-
thesis.1187120 Dimethoxyisoindolines are easily synthesised from phthalonitriles
and sodium methoxide as shown in scheme 2.31. The resulting species is highly
activated towards nucleophilic attack due to the ability of the methoxy groups
to dissociate, forming a highly reactive intermediate.

NH
N 2
=
NaOMe N\
MeOH N
E—
\\N O/
_0
(15) (29)

Scheme 2.31: Scheme for the synthesis of dimethoxyisoindoline (29).121

It was predicted that dimethoxyisoindolines would react readily with
aminoisoindoline to form the target species (30) (scheme 2.32). It is also feasible
that from product (30), if controllable, a stepwise ABCC open chain oligomer
may be synthesised (scheme 2.27 - 2.28), allowing controlled synthesis of ABCC
TBTAP systems.
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(29) (13) (30)

Scheme 2.32: Condensation of dimethoxyisoindoline with aminoisoindoline to
yield condensation product (30).

2.4.4 Synthesis of target condensation products
Dimethoxyisoindoline synthesis and derivatives

Synthesis of the target materials began with the formation of the required
dimethoxyisoindolines. Following known procedures previously developed at
UEA, a solution of sodium methoxide was produced using methanol and sodium
metal.12! Phthalonitrile was added to this solution and stirred at room temper-
ature overnight. The resulting pale green precipitate was filtered and washed
with water to yield the required dimethoxyisoindoline via a quick and simple
procedure. The formation mechanism is shown below (scheme 2.33), in methanol
the methoxide anion is regenerated, therefore sodium methoxide may be used
in catalytic, sub-stoichiometric quantities, the precipitation of the product (29)
from the reaction solution drives the reaction to completion.

};N o\ ¢ NH

T o
o_
~ — N (/N
N :

AN s
Y O )l

(e}
. y _ /
@f\ NH,
NH H\'a
€
— \ | 0= \N
N f
o—
- (0]
o (@] —
(29)

Scheme 2.33: Proposed mechanism for the formation of dimethoxyisoindoline
(29).
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Figure 2.18: 'H NMR spectra of dimethoxyisoindoline (29).

Following the synthesis of the unsubstituted dimethoxyisoindoline (29), 6,7-
dicyanotetrahydrotetramethylnaphthalene (14) was added to a solution of
sodium methoxide in methanol and stirred overnight (scheme 2.34). Upon com-
pletion the precipitate was filtered and washed with water to yield the desired
dimethoxyisoindoline (31). The yield, however, was significantly lower com-
pared to unsubstituted dimethoxyisoindoline (29). The reaction is likely to be
driven forward by the precipitation of the target dimethoxyisoindoline from the
reaction mixture. Tetrahydrotetramethylnaphthalene derivatives are likely to
have higher solubility, and therefore precipitate from the reaction less readily.
The solvent volume was reduced for subsequent reactions which improved the
yield of dimethoxyisoindoline (31).

NH
_N NaOMe 2
= MeOH N
Reflux N
—_—
N
AN o—
N /O
(14) (31)

Scheme 2.34: Scheme for the synthesis of dimethoxyisoindoline (31).

The procedure was also expanded to produce 4,5-diphenoxy-
dimethoxyisoindoline and dimethoxy-benz[f]isoindoline (41), which again
was synthesised in acceptable yield. However, these derivatives appear to
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exemplify the scope of the procedure; other more electronically demanding
phthalonitriles were attempted (scheme 2.35), however did not yield isolable
products. Complicated mixtures were often obtained on TLC, sometimes with
highly coloured red/orange compounds present suggesting condensation to
higher order oligomers. This may be driven by increased electronic activation of
intermediate species, producing oligomers, or by high solubility of the targeted
products meaning the target materials do not precipitate readily from the
reaction.

It is possible the procedure may be adapted to facilitate a wider range of
dimethoxyisoindoline derivatives in future work through a number of options.
Low temperature conditions may be useful in controlling unwanted side prod-
ucts as well as encouraging the target dimethoxyisoindoline to precipitate from
the reaction mixture. Additionally stoichiometric quantities of NaOMe in an
alternative solvent may yield the target materials.

MeO:@CN
MeO CN

F
F CN R NH,
NaOMe R
MeOH N\
F CN —X> N
F R
o & MeO OMe
Cl CN
o] CN
(¢]]

Scheme 2.35: Failed dimethoxyisoindoline derivatives.

Dimethoxyisoindoline properties

While the dimethoxyisoindolines described above were synthesised in good
yields and able to be characterised, they possess some disadvantageous prop-
erties. Isolated dimethoxyisoindolines will slowly turn yellow/green due to de-
composition and the formation of condensation products, this process is greatly
accelerated on exposure to light. The dimethoxyisoindolines will also cyclize to
form Pcs in very high yield at temperatures as low as 60° C, meaning subsequent
reaction conditions must be carefully considered.
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Condensation products

Following the successful synthesis of the dimethoxyisoindoline (29) and a se-
lection of derivatives, the next step was a condensation reaction between (29)
and aminoisoindoline (13). Utilizing previously developed but as yet unpub-
lished procedures by the Cammidge group, a first attempt was performed using
an equimolar ratio of aminoisoindoline and dimethoxyisoindoline in methanol
at reflux. With aminoisoindoline generally undergoing homocondensation in
higher boiling solvents such as toluene this was not expected as a side reaction.
After addition and heating a dark red solution was formed. Initial TLC results
appeared promising, with a new dark red/orange spot quickly appearing. The
reaction was continued overnight and upon completion a dark orange precipi-
tate had formed, this was filtered and recrystallised from ethyl acetate/hexane
to yield the desired compound (30) (scheme 2.36).

MeOH
(13 NH: Reflux
[ .
NH,
N N
o (30)
_0

(29)

Scheme 2.36: Successful synthesis of target condensation product (30).

Characterisation of (30)

Structure (30) is a red/brown compound with broad UV-visible absorbance
and extremely weak fluorescence emission. The structure has a Ay .5 of around
260 nm and molar extinction coefficient in the order of 1.5x10* (figure 2.20).
The 'H NMR spectrum is concordant with the structure proposed (figure 2.19).
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Figure 2.19: 'H NMR spectra of product (30).
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Figure 2.20: UV-Visible spectra of condensation products (30) and (32).
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Substituted derivatives

Substituted derivatives were then targeted, starting with the tetramethylte-
trahydronaphthalene (14) derivatives discussed earlier. By targeting and syn-
thesising this species it was anticipated it may be used to selectively synthesise
the 2:2 TBTAP (18) derivative observed in previous experiments. The hypoth-
esised scheme is shown in scheme 2.26.

Dimethoxyisoindoline (31), synthesised previously, was then reacted with
aminoisoindoline (13) as discussed in this section. Initial results looked similarly
encouraging, however after 24 hrs no precipitate had formed, and TLC indicated
the presence of both aminoisoindoline starting material as well as a significant
quantity of an unknown dark brown material, and the dark orange/red material
that was likely to be the desired product (32). Isolation of these fractions
was performed by column chromatography and the materials characterised by
MALDI-TOF and 'H NMR.

MALDI-TOF analysis revealed the presence of the targeted product (32) with
a peak at 489 m/z. The aminoisoindoline (13) starting material was present at
251 m/z, and a peak at 722 m/z for the unknown brown material. This mass
suggests the condensation of one equivalent of dimethoxyisoindoline with two
equivalents of aminoisoindoline. 'H NMR also revealed a structure with higher
symmetry than the target species (32) and concordant with the structure shown
below (figure 2.21, product (33)). Condensation products (32) and (33) are
characterised below (figure 2.22-2.24, the UV-vis spectra of (32) is shown above
in figure 2.20.

(32) (33)

Figure 2.21: Condensation products (32) and (33) identified by MALDI-TOF
and 'H NMR. The unsubstituted parent structure of (33) was previously dis-
covered during SubTBDAP synthesis and its structure confirmed by x-ray crys-
tallography.
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Characterisation of (32) and (33).
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Figure 2.22: 'H NMR spectra of product (32), with an expansion of the aro-
matic region. Residual solvent peaks for CDCls and DCM are visible at 7.26
ppm, 5.32 ppm and 1.56 ppm.
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Figure 2.24: UV-visible spectra of product (33), again a brown material with

wide absorbance.
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Mechanistic discussion

At this stage it appears that once produced, (32) reacts preferentially with
more aminoisoindoline (13) to form species (33) (scheme 2.37). Procedural
modifications were employed to try and overcome this and successfully synthe-
sise (32) in good yields. Room temperature was tried over reflux conditions.
This produced a roughly 1:1 mixture of (32):(33). Syringe pump addition of
aminoisoindoline was also attempted. It was observed after all reactions that
starting material remained, and a mixture of products was quickly obtained,
but then ratios stayed consistent. This implies an equilibrium exists between
the products. Given the volatility of ammonia it is expected the reaction would
be driven towards (33), however the reverse reaction to reform (32) could also
be driven by methanol, producing a methoxyisoindoline (scheme 2.38 and 2.39).

/ Ar Ar
N
/ N
2 MeOH
(13) NH, ) N=Na~NH,
NH, 2 MeOH
A N
- Ar
_o0© /
(31) N (32)
OMe
(13)
MeOH
NHj3
Ar Ar
/ N NN
H
Ne_N=N
(33)

Scheme 2.37: Summary of hypothesised equilibria between starting materials,
(32) and (33).

With clear evidence of an equilibrium, it was reasoned that removing
methanol from the reaction would drive the reaction towards the desired product
(32) by reducing the rate of reverse reaction. After the initial condensation of
(32) this modification will limit the quantity of aminoisoindoline (13) present
in the reaction, hence reducing the probability of further condensation to (33).
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With (32) forming at RT in methanol due to the increased reactivity of the
dimethoxyisoindoline it may be possible to thermodynamically limit or elimi-
nate the formation of the unwanted product (33), significantly improving yield.

Ar
Ar
\
\
N
@ —‘HN@ = = N\
/ TR T
( . . K,( O\
®0 _NH o
/) 'S?_
H/ L(_LA/NHz

Scheme 2.38: The hypothesised reverse reaction for aminoisoindoline addition
to (32) to form (33), driven by methanol rather than ammonia.

Ar
Ar
/ /
oN: \ = NH
8\-— O|9 o—

/ —0

Scheme 2.39: The hypothesised formation of a dimethoxy substituted analogue
of aminoisoindoline (13).

As discussed previously, elimination of methanol from the reaction mixture
through the use of an alternative, non-nucleophilic, solvent should reduce the
rate of reverse reaction significantly. By reducing or eliminating reverse reac-
tions that regenerate aminoisoindoline from the product the reaction should
follow the designed pathway, whereby the highly activated dimethoxyisoindo-
line undergoes nucleophilic attack by the amine group in aminoisoindoline to
selectively form (32) as shown in scheme 2.40.

DCM was selected as a solvent due to the excellent solubility of both
aminoisoindolines and substituted dimethoxyisoindolines, and non-nucleophilic
nature of the solvent. Oven dried molecular sieves were employed to capture
methanol produced by the reaction and thus prevent reverse reactions, and the
solution heated to reflux at 40°C. The adaptation resulted in much higher yields
of the desired product (32) (50-60 % vs 20-30 %), and in most cases purification
was achieved by simple recrystallisation due to the generally reduced solubility
of product (32) compared to starting materials and side product (33). The
procedure was also reliable with a range of derivatives, producing moderate to
good yields. (33) and derivatives of, were still produced by the reactions, albeit
in much lower quantity. This is due to (32) still being susceptible to nucleophilic
attack by aminoisoindoline.
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Scheme 2.40: Hypothesised mechanism for formation of (32) from aminoisoin-
doline and dimethoxyisoindoline (31). Removing methanol from the reaction
mixture should prevent the reverse reaction occurring, driving the formation of
(32).

Final procedure and scope of functionalisation

The final procedure for producing condensation products (30) and derivatives
utilised the anhydrous DCM at reflux with molecular sieves method outlined
in the previous section. This procedure was successful at producing a wide
range of derivatives in moderate to good yields. The limits of the procedure
currently appear to be the range of dimethoxyisoindolines and aminoisoindolines
synthetically available. Several derivatives were selected and utilised in the work
in section 2.5, outlined in figure 2.25.

The 'H NMR spectra of condensation products (42) and (43) are shown in
figures 2.26 and 2.27.
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Figure 2.25: Derivatives chosen and synthesised for the work in section 2.5, Ar
= p-methoxybenzene.
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Figure 2.26: 'H NMR spectra of dimethoxy condensation product (42).
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Figure 2.27: 'H NMR spectra of dimethoxy condensation product (43).

2.4.5 DProtection method
Protection of dimethoxyisoindolines

Due to the occasionally poor yields and mixed products obtained for substi-
tuted condensation products, and with the ultimate goal of stepwise synthesis
of ABCD TBTAP macrocycles, it was decided to explore the use of a nitrogen
protecting group on the amine of the dimethoxyisoindoline derivatives. It was
reasoned that by using a protecting group, dimeric species, as well as a range of
open chain 3 and 4 membered oligomers may be synthesised in a stepwise and se-
lective manner (scheme 2.41 - 42). The same pathway could potentially be used
to form templates for SubTBDAP synthesis as well as TBTAP synthesis, and
may lead to similar advances in Pc synthesis. Tert-butoxycarbonyl (BOC) was
chosen as the protecting group due to its application with a vast range of amine
derivatives and relatively mild protection and de-protection methods. A scheme
for condensation of this protected dimethoxyisoindoline with aminoisoindoline
is shown in scheme 2.41.
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Scheme 2.41: Strategy for the formation of condensation product (30) via NBoc
protected dimethoxyisoindolines.

Q/\ NHBoc @/\
NHBoc

Ep
peglie®
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Scheme 2.42: Strategy for the stepwise construction of ABCD systems utilising
NBoc protected dimethoxyisoindolines. Successive deprotection and addition of
further protected dimethoxyisoindoline should facilitate the stepwise construc-
tion of such systems.

(30)

—

The first step in this targeted synthetic pathway was to establish synthetic
protocol for NBoc protection of dimethoxyisoindolines. Due to the activated
reactivity of the dimethoxyisoindoline, caution was required with using solvents
such as alcohols or water at elevated temperature as they may substitute the
methoxy positions. 3 procedures were selected from literature to attempt with
dimethoxyisoindolines. All 3 methods utilised di-tert-butyl dicarbonate as the

69



Boc source, readily available from commercial sources. Two procedures simply
utilised di-tert-butyl dicarbonate in HoO and glycerol respectively. The final

procedure attempted utilised di-tert-butyl dicarbonate in DMF with EtsN as a
base,122-124

Attempts with the HoO and DMF solvated procedures were unsuccessful, with
no product isolated. Attempts utilizing di-tert-butyl dicarbonate in a solution
of glycerol were successful. Dimethoxyisoindoline was added to the solution
of di-tert-butyl dicarbonate in glycerol and stirred at RT overnight, the initial
suspension dissolved to form a clear solution overnight. After 24 hours the
mixture was extracted 3 times with EtOAc:hexane (1:9), the extracts were dried
and concentrated to yield the desired protected dimethoxyisoindoline. Glycerol
has the role of a solvent and a catalyst for the reaction, stabilising the di-tert-
butyl dicarbonate and the intermediate structure shown in scheme 2.43.122

0
@ / -CO, H
N R=NH, O\é'fi"H y-© -tBuoH R/NTO
NN . bR I

Scheme 2.43: Proposed mechanism for the glycerol mediated Boc protection of
amines. Glycerol acts as a solvent but also has a catalytic effect by stabilising
intermediate species.122

This procedure appeared versatile in protecting both the unsubstituted and
substituted dimethoxyisoindoline derivatives. The protected dimethoxyisoin-
dolines are easily characterised by NMR, with distinctive signals for the two
methoxy substituents, and the tert-butyl substituent (figure 2.28).
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Figure 2.28: NMR of unsubstituted NBoc dimethoxyisoindoline (34) in CDCl3,
with an expansion of the clear signals for the methoxy and t-butyl fragments.

Synthesis of condensation products via protected dimethoxyisoindo-
lines

With NBoc protected dimethoxyisoindolines successfully synthesised, the next
step was to repeat the previous synthetic procedures utilizing the protected
dimethoxyisoindoline in the hope of achieving controllable synthesis of the pro-
tected product (35) with minimal side product formation. Reflux in methanol
gave the desired product in 35 % yield, reflux in DCM yielded (35) in upwards
of 70 %. The scheme for the reaction is shown in scheme 2.44. The procedure
appeared versatile with both substituted NBoc dimethoxyisoindolines as well
as the parent NBoc dimethoxyisoindoline (34). The 'H NMR clearly shows a
structure concordant with that of the protected product (35), with the ¢-Bu
signal clearly present (figure 2.29).

71



NHBoc

\N Ar
o— N
—0 DCM /
(34) Reflux
Ar A N~ N\ NHBoc
N
/
NH
? (35)

Scheme 2.44: Scheme for the synthesis of NBoc protected product (35) from
NBoc protected dimethoxyisoindoline, Ar = para-methoxytoluene.
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Figure 2.29: 'H NMR of (35) in CDClj.

A de-protection method was required to remove the Boc functionality from
the terminal amine for subsequent condensations or TBTAP synthesis. Most
commonly employed are acids such as HCl or TFA. These acids facilitate quick
and simple de-protection with the elimination of CO5 and isobutene as shown
in schemes 2.45 and 2.46.
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Scheme 2.45: Generic mechanism for protonation and elimination of isobutene
from NBoc protected amines.

After initial protonation follows elimination of the isobutane carbocation,
which rearranges to isobutene. While this elimination may be slow the volatility
of the isobutene product causes it to quickly leave solution, irreversibly driving
the reaction towards the product.
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Scheme 2.46: Generic mechanism for the decarboxylation to yield the depro-
tected amine.

While actual attempts to de-protect the NBoc protected condensation prod-
uct (35) using both HCl in dioxane and TFA in DCM looked initially promising
on TLC, the reaction quickly produced a complicated mixture of products on
TLC, suggesting decomposition of the material. It is feasible that protonation
followed by nucleophilic attack by the TFA conjugate base could decompose the
structure as shown in scheme 2.47.

Several attempts were tried with both acid catalysed methods; often a small
amount of product was isolable, however the majority of the material decom-
posed. Following this, milder, non-nucleophilic reagents and methods were in-
vestigated.
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Scheme 2.47: Hypothesised nucleophilic attack by TFA resulting in the decom-
position of the structure.

An I, catalysed RT solvent free and solvated de-protection procedure was in-
vestigated, however no de-protected product was obtained using NBoc protected
product (35). Intriguingly, methods for both the protection and de-protection
of Boc protected amines catalysed by Is under near identical conditions are
presented in literature.125-126

Literature revealed base catalysed de-protection also, specifically the
NaOtBu/ H,O facilitated de-protection of NHBoc amines in THF, via an iso-
cyanate intermediate as shown in scheme 2.48.127
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/
©
N o™ t-BuO /
/ H
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N N

8
N=— 0o
IEUARN =S

(35)

Scheme 2.48: Deprotonation and elimination to regenerate the ¢-butoxide anion,
followed by addition of hydroxide facilitated by leq of HyO.

Following deprotonation and the formation of the isocyanate intermediate,
attack of the isocyanate by hydroxide forms a carbamic acid that then undergoes
decarboxylation to yield the de-protected product (scheme 2.49). It is also
expected that the butoxide anion will attack (35) in a manner analogous to
TFA (scheme 2.50), however the use of an aprotic solvent, 1 eq of HoO and
basic conditions prevents decomposition of the product.

74



H
N
N=— J N\C/OH /_‘} N= J NH,

O=

(30)

Scheme 2.49: Final elimination of CO4 to yield the unprotected product (30)
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Scheme 2.50: Hypothesised equilibrium for the addition of ¢-BuO.

Reflux of the protected (35) in THF, with NaO-¢-Bu/HzO for 4 hours yielded
the de-protected product (30) in good yield, with minimal decomposition or side
product formation.

With this synthetic methodology developed it was also applied to the syn-
thesis of tetrahydrotetramethyl derivative (32), which previously preferentially
reacted to form the trimeric species (33) seen in the previous section. Utilising
the Boc protected dimethoxyisoindoline afforded the protected condensation
product (37) in approx 60% yield, and subsequent deprotection yielded the
target product (32) (scheme 2.51).
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Scheme 2.51: Scheme for the synthesis of, and 'H NMR spectra for (37).

2.4.6 Summary of new synthetic methodology and future
work

This work has developed a selection of powerful new methodology to obtain
two novel classes of condensation product, (30) and (33). While these struc-
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tures have previously been observed as side products in numerous studies and
projects within the Cammidge group, any further mechanistic studies have been
restricted by a lack of access to these materials. Straightforward synthetic access
to these species has facilitated the work on TBTAP synthesis in section 2.5 and
SubTBDAP synthesis in chapter 3, however a plethora of potential pathways
to Por/Pc hybrids as well as other porphyrinoids can be conceived, reaching far
beyond the scope of this work.

2.5 TBTAP synthesis from novel intermediate
materials

2.5.1 Unsubstituted derivatives

With synthetic pathways to the target intermediates reliably established ex-
periments could begin targeting 2:2 substituted TBTAPs and other species from
these intermediates.

Aims

The aim of these experiments was to synthesise and isolate the homoconden-
sation product of 2 units of (30), and macrocyclize this species with magnesium
to yield TBTAPs in a stepwise manner. The dimeric species are expected to
undergo homocondensation via a pathway analogous to aminoisoindoline homo-
condensation, outlined previously. Experiments began with subjecting (30) to
mild conditions that should yield the desired condensation, namely mild heating
in toluene with and without 0.5 eq of MgBrs.

Heating (30) with or without MgBr; at low temperature (60°C) did however
not yield the desired product, but instead the displacement product (40), as
evidenced by MALDI-TOF and the appearance of a brown spot on TLC. In
toluene, without the presence of methanol or other nucleophilic solvents that
could drive a reverse reaction as previously discussed, the formation of (40)
implies (30) must be reacting with itself to yield (40) and 1,3-diiminoisoindoline
as shown in scheme 2.52.

Clear evidence for the formation of (40) was visible on TLC, and the ma-
terial was able to be isolated and its identity also confirmed by NMR. While
the MALDI data appears to support these conclusions (figure 2.30), the peak
identified as a possible intermediate species (755 m/z) could alternatively be a
[2M] MALDI-TOF dimer of material (30).
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Scheme 2.52: The hypothesised mechanism for the formation of (40) with elim-
ination of 1,3-diiminoisoindoline.

378.39

151.53
755.48

611.80

Figure 2.30: MALDI-TOF evidence for the formation of (40) (611 m/z) from
(30) (378 m/z), via a possible intermediate comprising of two units of (30)
(755 m/z) before elimination of 1,3-diiminoisoindoline.

With this result occurring at 60°C, and a slow rate of reaction with starting
material still present after 2 days, higher temperatures were employed. Toluene
at reflux was employed for the next reaction, with all other TBTAP macro-
cyclization pathways requiring 180-220°C or more macrocyclization was not
expected at this temperature. After reflux overnight however an intensely green
solution had formed, this was worked up and purified to yield MgTBTAP (16),
albeit in low yield (3.0 %), a significant quantity of (40) was also produced by
the reaction.

What is notable about this synthesis is the low temperature required to
achieve macrocyclization from (30), while the reaction was slow the use of
a low temperature may be useful in controlling side reactions etc, and may give
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Scheme 2.53: Formation of MgTBTAP from (30) in toluene or p-xylene at
reflux.

better selectivity for the synthesis of substituted derivatives. It appears at this
stage that the higher temperature utilised by this reaction facilitates the con-
densation and macrocyclization as designed, with macrocyclization occurring
rapidly so any intermediates were not observable by MALDI-TOF. Subsequent
experiments focused on optimisation of TBTAP synthesis from these precursors.

The next experiment utilised a higher boiling point solvent, p-xylene, at re-
flux with the expectation a higher temperature will give better yields of TBTAP
(16). (30) was reacted at reflux with 0.5 eq of MgBrs for 3 hours. The reaction
was then worked up and purified by the standard procedure, yielding MgTB-
TAP in excellent yield (40 %). (40) was produced as a side product (19%).
This procedure is therefore a significant progression for the synthesis of parent
structure MgTBTAP, giving exceptional yields with mild conditions (scheme
2.53).

With an apparently far cleaner synthesis with fewer and easily characterisable
side products, a clearer picture of the reaction pathway and dynamics can be
formed. This will be analysed in depth by computational methods in a later
chapter. If a thermodynamic landscape can be deduced modifications to the
procedure and starting material may be employed to additionally activate the
desired macrocyclization pathway, giving higher yields and more selectivity.

2.5.2 Substituted TBTAPs via derivatives of (30)

With the previous experiments producing MgTBTAP in exceptional yield it
appears at this stage that two units of (30) either undergo homocondensation
followed by coordination to magnesium and subsequent macrocyclization, or al-
ternatively two units of (30) coordinate magnesium and undergo condensation
and macrocyclization in two discrete steps, or as a pericyclic process. These pro-
posed pathways are shown in schemes 2.54 and 2.55. The pericyclic mechanism
is not shown, however would proceed via simultaneous elimination of ammonia
and an aromatic fragment from the second structure in scheme 2.55.
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Scheme 2.54: Hypothesised homocondensation of (30), followed by coordination
by magnesium, macrocyclization and aromatisation to yield MgTBTAP (16).

(16)

Scheme 2.55: Hypothesised coordination of two units of (30) to magnesium,
followed by condensation, macrocyclization and aromatisation to yield MgTB-
TAP.
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As can clearly be seen from the proposed mechanism this pathway should
selectively produce 2:2 TBTAPs, making it a selective and high yielding route
to 2:2 TBATPs. To verify this the reaction must be performed with substituted
derivatives, so each ring may be ‘tagged’ to reveal its origin.

As described earlier in the chapter, aminoisoindolines, phthalonitriles and
hence dimethoxyisoindolines may be synthesised via the same pathways, giv-
ing convenient access to a suite of derivatives and hence variations of (30).
Derivatives chosen are shown in figure 2.31, from this accessible selection 9 dif-
ferent variations of (30) may be synthesised, giving access to a suite of ABBA
and some symmetrically substituted TBTAPs through the use of symmetrically
substituted derivatives of (30).

O O\ NH,
/ \

N
N —
O 7 _o©°
(13) NH, (29)
o\ NH,
\N
O/
@)

28y N

Ha
(0] NH,
O N\ PhO
o O ! W
N PhO
/ —
~o o)

NH,
(65) (60)

Figure 2.31: Suite of aminoisoindoline and dimethoxyisoindoline derivatives cho-
sen for this work.

Initial investigations began with the tetrahydrotetramethylnaphthyl deriva-
tive (32) and the formation TBTAP from this species. (32) was reacted in
p-xylene at reflux with 0.5 eq of MgBry. Again a dark green solution was
formed, which was worked up and purified to yield the MgTBTAP product.
From the previous experiments the 2:2 MgTBTAP product (18) was expected,
however MALDI-TOF and NMR revealed that in fact 3:1 MgTBTAP (19) was
formed in 31% yield by this reaction as shown in scheme 2.56. The reaction was
repeated several times under varying conditions and solvents and the same re-
sult was obtained, albeit in slightly varying yields. Again, the reaction produced
the ABA condensation material (33) in approx 20 % yields.
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Scheme 2.56: Unexpected formation of 3:1 MgTBTAP (19) from (32).

With this unexpected result the reaction needed to be repeated with differ-
ently substituted dimers in case sterics or electronics of the condensation species
was influencing the outcome. A variety of derivatives of (30) were synthesised
and tested utilizing tetrahydrotetramethylnaphthyl, diphenoxy and dimethoxy
substitution, the derivatives utilised are shown in figure 2.32.

All derivatives described in figure 2.32 were subjected the the same reaction
conditions previously optimised. All derivatives successfully reacted to form
the unexpected 3:1 MgTBTAPs, as confirmed by MALDI-TOF and NMR spec-
troscopy. Trace amounts of 2:2 TBTAP were normally detectable by MALDI-
TOF, however the major product in all cases was 3:1 TBTAP (scheme 2.57).
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Figure 2.32: Parent structure (30) with substitution positions shown, with a
table of synthesised derivatives.
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Scheme 2.57: Formation of 3:1 TBTAPs from derivatives of (30) in p-xylene at
reflux.

Figures 2.33 and 2.34 show the 'H NMR spectra of novel 3:1 MgTBTAPs
(53) and (54). Again the NMR spectra of both materials clearly show ABBB
type TBTAPs due to the reduction in symmetry.
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Figure 2.34: UV-Visible absorption spectra of MgTBTAPs (53) and (54).

The UV-Visible spectra (figure 2.35) are also concordant with MgTBTAPs,
displaying similar absorption profiles to previously reported 3:1 MgTBTAPs.

2.5.3 Discussion and mechanisms

With the unexpected result of the production of exclusively 3:1 MgTBTAPs
from the previously designed pathway, new mechanisms must be proposed to
explain this result. Clearly the reaction is not following the predicted and
designed pathway, (30) and its derivatives may react via a number of pathways
to produce different results. These pathways shall be proposed in this chapter
and subsequently thermodynamically investigated via computational methods
in a later chapter.

As previously described there is clear evidence two units of (30) may react to
form the displacement product (40) with elimination of 1,3-diiminoisoindoline
as shown in scheme 2.58.

In order to form 3:1 TBTAPs from starting material (30) a reaction analogous
to the above elimination must occur, but with elimination of aminoisoindoline
to build the 3:1 TBTAP in sequence (scheme 2.59 and 2.60). The formation of
(40) at low temperature suggests that the pathway proposed below has higher
thermodynamic or kinetic barriers.

The pathway is likely facilitated by coordination to magnesium, templating
the macrocycle and reducing entropic and kinetic barriers. From this mecha-
nistic investigation it is clear a complex but predictable set of equilibria exists
between the dimer starting material and various other condensation/elimination
products.
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Scheme 2.58: The hypothesised mechanism for the formation of (40) with elim-
ination of 1,3-diiminoisoindoline.

Scheme 2.59: Hypothesised mechanism for the condensation of two units of (30)
with elimination of aminoisoindoline.

MALDI-TOF analysis of aliquoted reaction samples.

In order to obtain evidence to support the pathways proposed above, a se-
ries of reactions were performed at increasing temperatures with analysis by
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Scheme 2.60: Hypothesised mechanism for the addition of one more unit of (30)
to the 3 membered chain with elimination of aminoisoindoline.
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MALDI-TOF. It is expected analysis of these crude reaction mixtures will iden-
tify the intermediates proposed, as well as potentially revealing other species
not yet considered by this work.

Both the pathway from condensation product (30), and the conventional
pathway from aminoisoindoline (13) and phthalonitrile (14) was examined as
shown in scheme 2.61. The pathway from (30) was examined at low tempera-
ture, with reactions performed at 60°C and 100°C. The conventional pathway
utilized a reaction with the temperature gradually increased and aliquots taken
at 60°C, 100°C, 140°C, 180°C and 220°C.

MgBr, Aliquots taken at 60°C
p-xylene and 100°C
—
(30)
MgBr, Aliquots taken at 60°C,
Diglyme 100°C, 140°C, 180°C,
NG 220°C
CN
CN

(14)

Scheme 2.61: Pathways to be analysed by MALDI-TOF MS.

The first reaction examined was from intermediate (30), aliquots were taken
at 60°C and 100°C. Analysis by MALDI-TOF revealed very similar mixtures of
compounds in both aliquots, and a representative spectrum is shown in figure
2.36.
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Figure 2.35: MALDI-TOF analysis of crude reaction mixtures from (30).

Evidence of 3:1 TBTAP formation pathway

Figure 2.35 shows several key peaks from the spectrum and the likely corre-
sponding structures. The starting material (30) is clearly visible with a molec-
ular ion peak visible at 378.61 m/z. The presence of materials (48) and (40)
at 508 and 611 m/z respectively clearly support the mechanisms and reactiv-
ity proposed in schemes 2.61 and 2.62. A trace peak is clearly visible at 250
m/z, corresponding to aminoisoindoline, and again corroborating the proposed
mechanism to produce (48).

The formation of (40) and (48) is supported by the likely presence of the
structures identified in figure 2.38 (756.30 m/z). Both of these structures are
condensation intermediates of two units of (30), attacking at different positions
to eliminate either 1,3-diiminoisoindoline or aminoisoindoline to form products
(40) or (48) respectively. Unfortunately, due to the identical mass of both
species it is impossible to elucidate if both are in fact present in the reaction.
Additionally, the possibility of this peak being a [2M] MS dimer of (30) must be
considered; a pure sample of (30) was also analysed by MALDI-TOF under the
same laser power and a trace [2M] peak was observed. It is therefore impossible
to conclude at this stage if the peak at 756 m/z is in fact one or both of the
proposed intermediates, or simply a [2M] dimer, or combination thereof.

From product (48), another unit of (30) can be attacked, again with elimi-
nation of aminoisoindoline, to yield the 3:1 open chain TBTAP (scheme 2.60).
This species has an exact mass of 634.20, with the intermediate species having
an exact mass of 883.34. Unfortunately the intermediate was not observed by
MALDI-TOF. There is a trace peak at 634 m/z that could correspond to the 3:1
open chain intermediate (figure 2.36). This could be due to a number of reasons;
firstly, MALDI-TOF is an ionising mass spectroscopy technique, ionisation of
the proposed structure could result in fragmentation, and hence the species may
not be observable. Secondly, once formed, the tetrameric species might rapidly
undergo macrocyclization with elimination of ammonia to yield MgTBTAP; if
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this is a highly favourable process the concentration of this species will be very
low.

Structure Exact Structure Exact
Mass Mass
/
o
HoN
Cry 0
N
4 J
N= N N
(30) 378.15 (48) 508.20
—0
\
4 : £ O 0
=
/ \ ) »
o 0| ot
H
N N~ =N NN ~NH
(40) 611.23 (49) 739.27

Figure 2.36: Table of masses observed and likely corresponding structures.

Evidence of 2:2 TBTAP formation pathway

Another structure can be elucidated from the MALDI-TOF data, the 2+2
condensation product (49) of (30) with elimination of ammonia. The presence
of this structure in the reaction mixture supports the pathways to 2:2 TBTAPs
proposed in chapter 2 (schemes 2.13 - 15). Additionally, the peak at 990.01
m/z in the MALDI spectra corresponds to another possible structure, the con-
densation of (30) with (40), which with the elimination of aminoisoindoline,
will again yield the 242 tetramer (49). While these species are observed in the
reaction mixture, experimentally 2:2 TBTAPs are not produced utilizing sub-
stituted derivatives. This suggests TBTAP macrocyclization with elimination
of ammonia is a more favourable process than with elimination of an aromatic
fragment.
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Figure 2.37: Structures of intermediates proposed in figures 2.92 and 2.93. These
structures both have an exact mass of 756.30.

Figure 2.38: Structure of the hypothesised intermediate resulting from the con-
densation of (30) and (40), with an exact mass of 989.38.

Evidence of 2:2 TBTAP formation pathway via aminoisoindoline (13)
and phthalonitrile (14)

The MALDI-TOF spectra (figure 2.39) reveals a similar set of intermediates to
the previous study, with aminoisoindoline (13) and phthalonitrile (14) (exact
mass of 250.11 and 238.15 respectively) initially undergoing condensation to
form product (32) (exact mass of 488). As expected, the trimeric product (33)
is also present, further supporting the observed reactivity of (32).
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Figure 2.39: MALDI-TOF MS spectra of crude reaction mixture after 40 min-

utes at 220°C.

Structure Exact Structure Exact
Mass Mass
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N
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N=N& NH, N NN
(32) 488.26 33) 721.34

Figure 2.40: Table of masses observed and likely corresponding structures.
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The 2:2 MgTBTAP product (18) is visible, with an exact mass of 862.41.
Additionally the peak at approx 970 likely correspond to either a trace quantity
of the 3:1 MgTBTAP product, or the open chain 3:1 TBTAP not coordinated
to magnesium. Again, these results support previously observed reactivity and
proposed mechanisms. The 242 condensation product was not observed by
MALDI-TOF, again this may be due to fragmentation, however could also be
due to the high reaction temperatures, and hence likely rapid macrocyclization
to the 2:2 TBTAP product.

2.6 Conclusions and future work

2.6.1 Synthetic methods for selective synthesis of 2:2 and
3:1 TBTAPs

This work has facilitated a range of new and exciting precursors, condi-
tions and pathways suitable for the synthesis of complex TBTAP derivatives.
Through the use of different starting materials and conditions, a range of sub-
stitution patterns may be controllably and selectively obtained in much higher
yields. For a macrocyclic synthetic pathway the ability to selectivity place
substituents at various positions on a porphyrinoid is very rarely enjoyed with
traditional synthesis methods and opens the door to new & highly specialised
asymmetric systems.

Combined with the Cammidge groups previous work a diverse TBTAP
‘toolkit’ is now further expanded, with full control of meso substitution, pe-
ripheral substitution with symmetrical, 3:1 or 2:2 substitution patterns, and
metal and axial substitution using traditional phthalocyanine chemistry meth-
ods. Schemes 2.62 and 2.63 below summarise new synthetic methodology for
the selective synthesis of 2:2 and 3:1 TBTAPs from aminoisoindoline and ph-
thalonitrile.
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Scheme 2.62: Selective synthesis of 2:2 substituted ABBA MgTBTAP and 3:1
ABBB ZnTBTAP systems.
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Scheme 2.63: Synthesis of 3:1 ABBB TBTAP systems from derivatives of (30)
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While control of 2:2 vs 3:1 TBTAP formation was obtained via the conven-
tional pathways, new methodology from (30) and derivatives now allow the
selective synthesis of 3:1 MgTBTAPs at much milder conditions and with far
better yields, a summary of which is shown in scheme 2.64. Additionally, the
parent structure MgTBTAP may be synthesised in much higher yields than
previously obtained. It is assumed at this stage the synthesis of symmetrically
substituted TBTAPs via symmetrical derivatives of (30) (R; = Rg) will also
be accessible in much better yields than with the previous pathway.

The selective and high yielding formation of 3:1 MgTBTAPs from (30) and
derivatives, as shown in scheme 2.64, represents a new pathway to this class of
compound previously observed in only trace - 1% yields with statistical conden-
sations. These novel materials may now be prepared in 20-30 % yield, under
much milder conditions than previous procedures. The use of p-xylene at reflux
(140°C vs diglyme at 220°C) also has numerous advantages, the lower tempera-
tures used should facilitate cleaner reactions with less side product formation or
material decomposition. The lower temperatures also open the door to the syn-
thesis of TBTAP derivatives containing more thermally sensitive functionalities
that would otherwise degrade under the harsher reaction conditions.

While the goal of stepwise construction of TBTAPs was not achieved due
to the unpredicted reactivity of materials under the required conditions, the
new materials and procedures developed offer useful insight and provide an
exciting basis for future work. Stepwise construction may be afforded by various
protection and activation methods, the use of better leaving groups to direct
attack is of particular interest. This will be preliminarily explored in silico in a
later chapter.

The new procedures afford TBTAPs selectively in much better yields with
far milder conditions, this simplifies purification, improves efficiency, and may
facilitate the synthesis of less thermally stable derivatives. In conclusion this
work is a huge step towards fully controllable and high yielding synthesis of a
suite of TBTAP derivatives.

2.6.2 Synthetic methods for stepwise assembly of macro-
cyclic building blocks

Summary of synthetic methodology for (30) and derivatives.

Shown in scheme 2.65 is a summary of the pathways developed in this work.
These pathways are fully compatible with all derivatives utilised, however the
full scope of possible derivatives has not yet been explored.
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Nz XN THF reflux NHBoc
(30) (35)

Scheme 2.64: Summary of synthetic methods to (30) and derivatives.

Summary of synthetic methodology for (40) and derivatives

While synthesised as a mostly unwanted side product in this work, (40) and
its derivatives are also a novel and potentially highly useful macrocyclic building
block.

Ar

Ar
/ Ar
N \
/ MeOH or EtOH /
Reflux N N N
(13) NH, —_— / y
N
NH, N= =N
Y
Meo OMe (40)

(29)

Scheme 2.65: Formation of (40) and derivatives from aminoisoindolines and
dimethoxyindolines.
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N N N=
\ _ HN
N
(30)
(40)

Scheme 2.66: Scheme for the formation of (40) with elimination of 1,3-
diiminoisoindoline.

2.6.3 Future work
Expansion of derivatives via conventional selective pathways

The range of derivatives utilised with the selective 2:2 and 3:1 pathways pre-
sented in schemes 2.62 and 2.63 should be expanded in future studies to confirm
the result is reliable and consistent, regardless of sterics or electronics at the
peripheral positions. This work is limited in that it has only utilised tetrahy-
drotetramethylnaphthyl derivatives (14), this derivative was chosen as it gave
a mixture of both 2:2 and 3:1 TBTAPs in previous studies. With the original
study producing a mixture of both products, control has now been obtained
that should likely carry over throughout a range of derivatives.

Expansion of 3:1 derivatives via (30) and related materials

The work throughout section 2.5.2 (scheme 2.64) explored a simple selection
of derivatives; again, this may be further expanded by future work to encom-
pass a wider range of functionalities, producing a new selection of novel 3:1
MgTBTAPs. Symmetrical derivatives should be explored, producing symmet-
rical TBTAPs (scheme 2.68). While many of these symmetrical, peripherally
substituted, TBTAPs are not novel compounds, the new methodology may af-
ford them in much higher yields.

The methodology may also be further expanded to include derivatives where
neither Ry or Ry = H (scheme 2.64). This would facilitate a novel new series of
3:1 substituted MgTBTAPs.

Activation or protection to facilitate selective 2:2 formation

As described in section 2.5, (30) was designed and expected to undergo a
homocondensation with elimination of ammonia to yield 2:2 TBTAPs. Instead,
3:1 TBTAPs were obtained as described by schemes 2.56 and 2.57. This is due
to (30) possessing 3 positions vulnerable to nucleophilic attack, shown in figure
2.42 and marked with *. Attack by the nucleophilic amine of another unit of
(30) at position C would yield the targeted 2:2 TBTAP, but as shown in section
2.5.3, attack at positions A or B occurs readily.
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Scheme 2.67: Scheme for the synthesis of symmetrical TBTAPs from symmet-
rical detrivatives of (30).

/ Ar
N
N
A/’ N NS NH;
5” Y
(30)

Figure 2.41: Positions susceptible to nucleophilic attack.
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A potential method to circumvent this would be to activate the amine on one
equivalent of (30) as a leaving group, hence directing attack from the amine of
one unit of (30) towards position C on the activated derivative.

Potential application of (40) and derivatives

While (40) was obtained as an undesired side product in these studies, there
is clear potential application for these materials. In chapter 3 their potential as
a SubTBDAP precursor shall be explored.

Scheme 2.68: Potential macrocyclization of trimeric side products to SubTB-
DAPs.
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Chapter 3

Mechanistic investigations
into SubTBDAP formation

3.1 Introduction

With previous work successfully investigating and diversifying synthetic
routes to TBTAPs, and with SubTBDAP synthesis utilising the same
aminoisoindoline precursors, these new methodologies were applied to SubTB-
DAP synthesis in an attempt to gain higher yields and better selectivity and
diversity of products.

As previously discussed SubTBDAPs were first successfully synthesised in
2015 by the Cammidge group, utilising the reaction of aminoisoindoline and
phthalonitrile with boron trichloride in xylene.3? These are the optimum condi-
tions for SubPc-Cl formation as determined by earlier studies.?® This reaction,
as expected, produced a significant amount of the homo-macrocyclization prod-
uct SubPc-Cl, as well as the hybrid macrocyclic SubTBDAP-CI product (scheme
3.1).

_N

=z

N
SN BCl,
-Xylene

/\N\ /

Scheme 3.1: Synthesis of SubPc-Cl and SubTBDAP-CI from aminoisoindoline
and phthalonitrile under optimum SubPc-Cl formation conditions.

While the original studies identified the formation of SubTBDAP-CI via
MALDI-TOF evidence, the instability of the axial chloride ligand meant at-
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tempts to isolate the new macrocycle resulted in hydrolysis or other displace-
ments, giving a mixture of difficult to separate products.3? This trend is well
observed in SubPc chemistry, with water or alcohols readily displacing axial
halides. Substitution with aliphatic or aromatic alcohols produce species with
much better axial stability, eliminating purification issues such as hydrolysis on
silica gel etc.128-130

SN i) BCl, - O—<::>
_Xvl V4
Ar p-Xylene NF N//@
/ N B
ii) Phenol NI
N N N7 N
/ —
NH,
Ar

Scheme 3.2: Synthesis of SubPc-OPh via addition of phenol to the reaction
mixture.

With adjustments to the SubTBDAP procedure more stable and easily
isolable derivatives can be synthesised. Utilizing either BCls followed by addi-
tion of an alcohol, commonly phenol, to displace the chloride (scheme 3.2). Or
directly, by using a borate derivative (B(OR)3) as the templating and macro-
cyclization agent (scheme 3.3). These modifications were used to produce a
range of axially and meso substituted SubTBDAPs, utilising different borates
and aminoisoindolines respectively.30

:: :j
N p—
SN i) B(OR); O—R
-XvI .
i B
N -~ ~
N N N7\
/ —
NH,
Ar

Scheme 3.3: Synthesis of SubPc-OR derivatives from borates, R = OMe, OPh,
OBu, Oi-Pr.

Exploration of the literature reveals the derivatives produced by the Cam-
midge group in 2015 are still the only published examples of SUubTBDAPSs since
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their first synthesis. As with the various porphyrinoid and hybrid macrocycles
previously explored; it is anticipated that the further functionalisation of Sub-
TBDAPs will allow for more complex, modified, and specifically tuned systems
to be investigated. The ability to produce SubTBDAP derivatives function-
alised at the peripheral and non-peripheral ring positions, as well as meso and
apical functionalisation will reveal the full scope of this species properties and
adaptability.

3.2 Aims

3.2.1 Peripherally and non-peripherally substituted Sub-
TBDAPs via conventional pathways

With no previous exploration of peripherally and non-peripherally substi-
tuted SubTBDAPs being undertaken, part of this work aims to explore these
functionalisation options. Phthalocyanine, TBTAP, and SubPc synthesis from
phthalonitriles easily allows insertion of different functional groups via the use
of phthalonitrile derivatives. SubPc synthesis appears versatile in the ability to
include a wide range of electronically and sterically demanding fragments.

Rq
R, ZN BX,
p-Xylene R, R,
R, Sy
Ry Rz \N — R,
Ry R; R4 R,

Scheme 3.4: Synthesis of symmetrical peripherally (Rg) and non-peripherally
(R1) substituted SubPcs.

Scheme 3.4 shows the synthesis of substituted SubPcs from symmetrical ph-
thalonitriles. Mono-substituted phthalonitriles may also be used. Functionali-
sation at these positions opens a range of synthetic options, as touched on in
earlier discussions. Groups may be used to directly tune the properties of the
macrocycle, or be used for incorporation to, or the formation of, larger systems,
an example of which is shown below in scheme 3.5.
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Z i) BCly
/EI p-Xylene
I N =T

N i) Phenol

i) |

ii)
PACL(PPhs), XN
Et;N

=
Cul

Scheme 3.5: An example of a tri-substituted SubPc, designed as a nanoparticle
encapsulant during previous work in the Cammidge group. The ability to in-
clude easily displaceable halide substituents at the peripheral positions opens up
the possibility of palladium catalysed cross-coupling reactions to further func-
tionalise the macrocycle.

This part of the work will use phthalonitrile derivatives synthesised in the
previous chapter to attempt synthesis of substituted SubTBDAPs via the con-
ventional aminoisoindoline pathway as outlined below. As with TBTAP synthe-
sis, the assumption at this stage is that the macrocyclization process is initiated
by aminoisoindoline, resulting in the substitution pattern shown in scheme 3.6.

While this substitution pattern is assumed at this stage, confirming the struc-
ture of the product or products isolated from the reaction will provide valuable
mechanistic insight into the series of steps that produce SubTBDAPs.
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—~ N
R - i) BCl,
ii) Phenol — OPh
R Y p-Xylene -/
_— N
Ar or B
/ B(OPh)3 N
N Diglyme
NH,

Scheme 3.6: Formation of substituted SubTBDAPs; the symmetrical homo-
macrocyclization SubPc products are also expected to be produced as side prod-
ucts.

3.2.2 SubTBDAP synthesis from newly developed species

As discussed in the previous chapter, during the initial experiments that suc-
cessfully first synthesised SubTBDAPs, an interesting potential intermediate
was identified and isolated from the reaction mixture. This structure was charac-
terised by x-ray crystallography and determined to be the condensation ‘trimer’
of phthalonitrile with 2 equivalents of aminoisoindoline, the structure of which
is shown in figure 3.1.64

Figure 3.1: The ‘trimer’ condensation product of phthalonitrile and aminoisoin-
doline previously isolated and characterised.®4

The right hand optimised structure above shows the planar distorted helical
like conformation of the trimer, with both alkene bonds adopting the Z geometry
the structure distorts to accommodate the overlapping phenyl fragments. The
potential of this structure to macrocyclize to a SubTBDAP with elimination
of an aromatic fragment is clear. The initial investigations reported that the
concentration of the trimer appeared to decrease throughout the course of the

104



reaction, however it is unclear at this time if the structure is indeed a precursor to
macrocyclization, or simply a condensation side product. With the methodology
previously developed this trimer, as well as related species, can be synthesised
selectively and subjected to the macrocyclization reaction conditions.

An alternative trimeric structure could also be a precursor to SubTBDAP for-
mation, the linear condensation of two units of phthalonitrile by aminoisoindo-
line, shown in scheme 3.7. Rather than the elimination of an aromatic fragment
to yield SubTBDAP, this precursor would eliminate ammonia on macrocycliza-
tion. This structure may also be synthesised via new methods from the previous
chapter. The ability to selectively synthesise these potential precursors means
that if they can be successfully macrocyclized to SubTBDAPs, the substitution
pattern can be controlled.

Scheme 3.7: A potential SubTBDAP formation pathway.
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3.3 Results and discussion

3.3.1 Repeat of previously optimised procedures

Investigations began with repeating the previously optimised and published
SubTBDAP synthesis. As discussed in the previous chapter, the required
aminoisoindoline starting materials were synthesised via the previously devel-
oped pathways in good yields with easy purification. With these precursors
available initial attempts at the SubTBDAP synthesis were undertaken.

The first attempts utilizing BCls were unsuccessful in producing isolable Sub-
TBDAP. Evidence of SubTBDAP formation was visible on TLC, with the for-
mation of a brightly coloured pink spot with strong yellow fluorescence, however
clearly in very low yield, with a complex mixture of degraded material and side
products. The photoinstability of SubPcs is well known, with hybrid counter-
parts displaying generally reduced photostability. Ensuring light was blocked
from the reaction vessel and avoiding direct sunlight or use of fluorescent lights
during workup and isolation was the first variable to be explored in achieving a
reliable synthesis.

i) BCl3
1) Phenol
(13)  NH, >

15
(15) (46)

Scheme 3.8: Scheme for SUbTBDAP formation

These modifications appeared to have no effect on the yield of macrocyclic
products, with azaBODIPY being the major product despite several repeats
of the reaction (scheme 3.8). As with SubPcs, it was discovered during initial
reaction screening that small changes to reagent ratios can have a significant
effect on the reaction outcome. Results can vary from decomposed tars to
azaBODIPYs and SubPcs to SubTBDAPs.3? With azaBODIPYs compromising
the major product it was decided to increase the equivalents of phthalonitrile in
an attempt to avoid homocondensation of the aminoisoindoline. Pre-heating of
the oil bath used for the reaction was also explored, with the hypothesis that a
slow increase to the reaction temperature could promote the homocondensation
of aminoisoindoline before the macrocyclization process could initiate.
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Despite these further modifications azaBODIPY remained the major prod-
uct, with small quantities of SubPc and suspected SubTBDAP visible on TLC.
These results prompted investigating the starting materials and reagents used.
The aminoisoindoline had been synthesised and characterised as the correct
material, phthalonitrile was recrystallised from a commercial source as previous
studies had obtained greater yields with recrystallised phthalonitrile.3° It was
finally determined that the commercially obtained BClj solution had hydrolysed
significantly while stored. B(OH)s has been investigated and deemed unsuit-
able for use in SubPc and SubTBDAP synthesis.®* With a new source of BCl;
the reaction was repeated and successfully produced the desired SubTBDAP
and SubPc side product in similar yields to previously reported reactions. It is
therefore clear the macrocyclization is very sensitive to water or hydrolysis of
the BCl;.

The reaction was also performed using B(OPh)s as the borate source, and
again gave the desired products with slightly reduced yield. Once again the
B(OPh)3 has been in storage for some time, inevitably resulting in some hy-
drolysis to B(OH)3, however still yielded an isolable quantity of SubTBDAP in
this case.

Characterisation and properties of SubTBDAP-OPh
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Figure 3.2: 'H NMR spectra of SubTBDAP-OPh (46).

The above spectra is concordant with both literature data and the structure
of SubTBDAP (46). While the axial phenol fragment is visible on NMR, the
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ortho and meta signals of the meso methoxytolyl fragment are not observable
without the use of variable temperature NMR, due to fast rotation of the meso
substituent. The methoxy signal remains observable however, due to the lack
of rotation at the para position.

593.21

499.29

Figure 3.3: MALDI-TOF spectra of SubTBDAP (46)

Again the MALDI-TOF spectra is concordant with the structure of SubTB-
DAP (46), with peaks visible for the parent ion (593 m/z), as well as the
[SubTBDAP-B| ™ fragment at 500 m/2. UV-Vis data was also concordant with
previous literature data (figure 3.5).

3.3.2 Attempted synthesis of non-peripherally substituted
SubTBDAPs via conventional pathways

After initial repeats of the SubTBDAP procedure proved successful with fresh
boron sources and strict anhydrous conditions, investigations could move for-
ward with attempting to include peripheral and non-peripheral functionalisation
in SubTBDAP synthesis. Following previous work from UEA developing path-
ways to 3,6 substituted aryl phthalonitriles,'31:132 and the subsequent synthesis
of di and tetraphenyl SubPcs (scheme 3.9), non-peripheral phenyl SubTBDAPs
were targeted. Previous SubPc synthetic investigations had revealed signifi-
cantly reducing yield with further non-peripheral substitution, and hence steric
strain, and no macrocyclic product for the symmetrical hexaphenyl SubPc. It
is therefore anticipated the targeted tetraphenyl SubTBDAP may be inacces-
sible, the diphenyl SubTBDAP was therefore also targeted as it should be a
significantly less sterically strained system.
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y Y N N7 /~N
NTINN \/ P
B SNTTUNTN

~N NI
N —
N = N
N
Ph

Scheme 3.9: Non-peripheral phenyl substituted SubPc synthesis.  The
hexaphenyl SubPc¢ was not thermally /kinetically accessible, tetraphenyl SubPc
was synthesised in poor yield, and diphenyl SubPc was synthesised in good yield.
This clearly shows the trend of significantly decreased yield as steric crowding
increases.

Tetraphenyl-SubTBDAP

Scheme 3.10 shows a pathway for the first attempted non-peripherally
substituted SubTBDAP synthesis, utilizing 3,6-diphenylphthalonitrile and
aminoisoindoline. The expected product is the tetraphenyl SubTBDAP, formed
from linear addition of 2 units of phthalonitrile to one equivalent of aminoisoin-
doline. The formation of diphenyl SubTBDAP would indicate macrocyclization
via the elimination of an aromatic fragment as outlined in figure 3.1.

Attempts via both the BClz and B(OPh)s; mediated pathways did not yield
any macrocyclic products, with azaBODIPY formation and decomposed mate-
rial visible on TLC. This is likely due to the very high degree of steric crowding
present in the product, making the macrocyclization transition state inaccessi-
ble. Higher boiling point solvents may overcome this, however, would also likely
result in increased decomposition also, lowering yield.
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Ph

i) BCly OPh
CN ii) Phenol NZ NN

Scheme 3.10: Scheme and proposed product for this SubTBDAP reaction.

Diphenyl-SubTBDAP

With the previous synthesis unsuccessful due to steric factors, the less strained
diphenyl SubTBDAP was targeted. Unfortunately, in order to achieve this,
a mixed macrocyclization between aminoisoindoline, phthalonitrile, and 3,6-
diphenylphthalonitrile is required (scheme 3.11). This is likely to produce a
larger mixture of products, and a lower yield of the target diphenyl SubTBDAP.

Ph i) BCl,
CN ii) Phenol
—>
CN
Ph

(55)

Scheme 3.11: Scheme for the formation of diphenyl SubTBDAP, the expected
side products are SubTBDAP, SubPc, diphenyl SubPc, and tetraphenyl SubPc.
The two possible regioisomers of diphenyl SubTBDAP are also shown.

It was anticipated two different diphenyl SubTBDAPs may be produced, as
shown in scheme 3.11. It is likely only the left hand structure will be produced
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however, due to the higher strain associated with having non-peripheral phenyl
groups interacting with the meso-phenyl group, significantly raising the energy
of both the final structure, and macrocyclization transition state.

Attempts at the reaction appeared promising, with multiple pink fluores-
cent spots visible on TLC, 2 of which possessed the bright yellow fluorescence
typically associated with SubTBDAPs. MALDI-TOF analysis of the reaction
mixture revealed the presence of SubPc, SubTBDAP, and the target diphenyl
SubTBDAP. It appeared the yield for the diphenyl SubTBDAP was signifi-
cantly lower than for the SubPc and SubTBDAP side products, with a yield
estimated at approximately 1 mg from a typical scale reaction. While separa-
tion was achieved on TLC, less success was achieved with prep scale silica gel
column chromatography, with the mixture of SubTBDAP and diphenyl Sub-
TBDAP proving very difficult to separate. While identified by MALDI-TOF
as the correct product, not enough could be isolated successfully to facilitate
recrystallisation and thus reliable NMR & UV-Vis characterisation. This addi-
tionally means while the product was identified as diphenyl-SubTBDAP (55),
the regioisomer produced could not be elucidated.

745.83

653.05

500 550 600 650 700 750 800 850 900 950 1000
m/z

Figure 3.4: MALDI-TOF spectra for diphenyl-SubTBDAP (55). Again the
parent ion (745 m/z) and [SubTBDAP-B]* (652 m/z) peaks are visible.

Conclusions [t appears from these attempted syntheses the inclusion of large
non-peripheral groups in SubTBDAPs results in significantly reduced yield, with
no reactions producing significant, isolable yields. This can likely be attributed
to higher energy transition states and intermediates associated with the forma-
tion of non-peripherally substituted porphyrinoids, therefore reducing the rate
of reaction along this pathway, and promoting the formation of less sterically
demanding SubPcs.
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3.3.3 Peripherally substituted SubTBDAPs via conven-
tional pathways

With attempts at non-peripherally substituted SubTBDAPs not producing
any significant yields due to steric factors, it was decided to pursue the synthe-
sis of sterically non-demanding peripherally substituted SubTBDAPs (scheme
3.12). As well as expanding functionalisation options for SubTBDAPs, these
experiments, if successful, will provide crucial mechanistic insight through the
product formed.

or

Scheme 3.12: Scheme for the synthesis of peripherally substituted SubTBDAPs.

Two possible SubTBDAP macrocyclization precursors/pathways were pre-
sented in figures 3.1 and scheme 3.7; the formation of di-substituted SubTB-
DAPs would support a pathway via the trimeric species presented in figure 3.1,
and the formation of tetra-substituted SubTBDAPs would support the pathway
presented in scheme 3.7. These mechanistic insights will be critical in designing
SubTBDAP synthesis from pre assembled intermediates.

It is anticipated synthesising these SubTBDAPs should be much more
straightforward, with sterics not preventing macrocyclization of tetra substi-
tuted derivatives a single phthalonitrile can be used, reducing the amount of
possible macrocyclic products to 3, simplifying purification and improving yield
of the target material.

The first attempted reaction utilised unsubstituted aminoisoindoline (13)
with 1,2-dicyanonaphthalene under the standard conditions previously re-
ported.®4 The reaction appeared promising, with a pink spot possessing the
characteristic yellow fluorescence visible by TLC analysis. After the reaction
period the crude residue was subject to the standard work up procedure and an
isolable, but significantly lower than previously reported, yield of bright pink
material obtained via sequential column chromatography. The reaction is sum-
marised by scheme 3.13.
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Scheme 3.13: Successful synthesis of naphthyl substituted SubTBDAP (47).

Both the isolated product and crude mixture was characterised by MALDI-
TOF and the pure product by UV-Vis spectroscopy (figure 3.5), which revealed
the presence of the mono-substituted naphthyl SubTBDAP shown above in
scheme 3.13. Notably, the utilisation of B(OPh)s resulted in this being the
sole macrocyclic product formed. It was reported previously that borates are
not reactive enough to initiate SubPc macrocyclization under these reaction
conditions, reducing unwanted side products.®4

The isolated product was also analysed by 'H NMR, which revealed a Cs
symmetric structure, confirming the substitution pattern shown above. This
result is not only the first example of a peripherally substituted SubTBDAP
with a procedure that selectively produces the Cs symmetric regioisomer, but
also provides the mechanistic insight required to develop stepwise pathways.
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Figure 3.5: UV-Vis spectra of SubTBDAP-OPh (46) and naphthyl substituted
SubTBDAP-OPh (47).
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Figure 3.6: 'H NMR of naphthyl-SubTBDAP (47)

Mechanistic insight and next steps

These results contradict the original hypothesis that aminoisoindoline acts as
an initiator for the macrocyclization, with sequential addition of two units of
phthalonitrile followed by macrocyclization to yield the SubTBDAP. Instead,
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the formation of the Cs symmetric SubTBDAPs shows that two of the isoin-
dole type fragments originated from the aminoisoindoline reagent, and one from
phthalonitrile. Therefore the macrocyclization clearly follows an unexpected
pathway, with similarities to the ABBA TBTAP formation pathway explored
earlier. In order to produce the substitution pattern observed the reaction likely
proceed via a ‘trimer’ type species shown below in scheme 3.14.

Scheme 3.14: Proposed macrocyclization of the ‘trimer’ to SubTBDAP with
elimination of an aromatic fragment.

At this stage it is unclear if the species presented in scheme 3.14 directly
macrocyclizes to SubTBDAP, or is simply observed as part of a more complex
pathway resulting in the formation of Cs symmetric SubTBDAPs. This discov-
ery is extremely interesting in the context of stepwise construction of SubTB-
DAP macrocycles, as the ‘trimers’ are now easily synthetically available. If they
can be macrocyclized directly, a complete pathway for the controlled, stepwise
assembly and cyclization of SubTBDAPs will have been developed.
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3.3.4 Attempted SubTBDAP synthesis from ‘trimer’

With the previous results providing strong evidence to support a hypothesised
macrocyclization from, or via, the ‘trimer’ in scheme 3.14, the next step of
investigations was to subject (40) to the reaction conditions for SubTBDAP
formation. Unfortunately despite multiple attempts under varying conditions no
macrocyclic products were observed on TLC or by MALDI-TOF (scheme 3.15).
Both BCl3 and B(OPh); mediated pathways were investigated with variations
in temperature and equivalents of the boron source, with no success.

O/
/ BX;
N %9
e
\N/N

(40)

Scheme 3.15: Failed synthesis of SUubTBDAPs from trimers.

This result is unexpected, as previous evidence strongly suggests reaction via
a symmetrical ‘trimer’ to form Cs symmetric SubTBDAPs. The only logical
conclusion is that the reaction does proceed via ‘trimer’ (40), however an aro-
matic fragment is eliminated earlier in the pathway, rather than during macro-
cyclization, forming an unknown species that readily macrocyclizes to the Cs
product.

3.3.5 SubTBDAP from unsubstituted dimer

Condensation product (30) was also subjected to the reaction conditions, as
it is now well established these structures form trimeric species they may also
prove useful in forming SubTBDAPs.

Subjecting (30) to the reaction conditions described in scheme 3.16 produced
SubTBDAP in an excellent yield of 20%, much higher than the best previously
reported procedure. It is peculiar that the reaction proceeds readily from (30),
but not trimeric structure (40), however does share similarities with previous
work synthesising TBTAPs from (30). At this stage the most plausible explana-
tion is that (30) undergoes a similar pathway to 3:1 (ABBB) TBTAP formation,
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resulting in ABB SubTBDAPs via macrocyclization with elimination of ammo-
nia (schemes 3.17 - 18). However, until this work is expanded with substituted
derivatives of (30) to ‘tag’ each isoindole fragment, this is speculative.

(30)

(46)

Scheme 3.16: Successful and highly yielding synthesis of SUbTBDAP from con-
densation product (30).
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Scheme 3.17: The proposed reaction mechanism between two units of (30) to
form the alternative open chain ABB trimeric structure.
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Scheme 3.18: Hypothesised macrocyclization of the open chain ABB ‘trimer’ to
yield SubTBDAP with elimination of ammonia.
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3.4 Conclusions and future work

This work represents the first successful synthesis of peripherally substituted
SubTBDAPs and mechanistic explorations with respect to SubTBDAP forma-
tion. The scope of SubTBDAP functionalisation was expanded to include pe-
ripheral functionalities, and a new, high yielding, synthesis was developed from
the higher order intermediates developed. This offers exciting new synthetic
opportunities, and has generated a significant amount of future work.

While Cs symmetric naphthyl SubTBDAP (47) was successfully synthesised
as the first example of a substituted SubTBDAP, yielding crucial mechanistic
insight, expanding this pathway to the range of derivatives initially planned has
unfortunately not been achieved within this work. Future work should target a
series of functionally and electronically diverse derivatives of both aminoisoindo-
lines and phthalonitriles, which will ensure robustness of the procedure. Based
on this work and its conclusions only Cs symmetric SubTBDAPs should be
produced, however as seen on numerous occasions throughout these mechanis-
tic explorations, delicate thermodynamic balances often exist, which may be
influenced by sterics or electronics of the substrates utilised to produce different
or unexpected products.

N
Ry
OPh
R i) B(OPh); NZ >N"/N
2 Diglyme |
NH; 210°C

Scheme 3.19: Synthesis of Cs, ABA, SubTBDAPs from aminoisoindoline and
phthalonitrile.
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This work has confirmed that SubTBDAPs may not be synthesised from iso-
lated trimeric species such as (40), and therefore the macrocyclization step does
not proceed via elimination of an aromatic fragment. However SubTBDAP may
be synthesised in excellent yields from (30). Plausible mechanisms have been
proposed in the discussion above. This new procedure and insight may provide
an extremely powerful and efficient route to ABB SubTBDAP derivatives, how-

ever this needs to be tested with a series of SubTBDAPs from derivatives of
(30).

Ry Ry
Ar
R /
/N
R, i) B(OPh);
N=— NaoNH: Diglyme
210°C
—_— Ri
R, R

Scheme 3.20: Synthesis of SubTBDAP derivatives from (30), with the hypoth-
esised substitution pattern shown.
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Chapter 4

DFT studies on key
proposed structures and
pathways

4.1 Introduction

4.1.1 Aims

With previous experiments producing differing results due to competing path-
ways, it is clear that delicate thermodynamic and kinetic balances between possi-
ble reaction pathways have significant impacts on the result. This chapter aims
to explore these balances and support experimentally observed data through
the use of in silico methods to analyse the thermodynamic landscape of se-
lected reactions. Additionally once pathways have been identified and models
produced, if concordant with experimental data, modifications to intermediates
and structures for future work may be screened in silico. These modifications
could include modifications of electronics through functional groups, or the use
of different leaving groups to activate and promote desired pathways.

These aims will be achieved through the systematic production of models
for the proposed pathways of each side product and product observed exper-
imentally, accompanied by computational thermodynamic analysis of starting
materials, products, intermediates and possible transition states. With this
data potential energy diagrams for each reaction pathway may be produced and
compared.

4.1.2 Pathways to be targeted
Aminoisoindoline homocondensation

Often observed as a side product, as well as serving as a model condensation
reaction between two amine bearing isoindole fragments, the thermodynamics
of this reaction were explored.
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Condensation of (30)

With strong evidence of equilibrium behaviour between the starting materials
and products this pathway was explored to confirm experimental observations.

Condensation and elimination pathways between two units of (30)

With multiple elimination pathways observed experimentally, this pathway
shall be examined in order to gain more insight into the thermodynamics of
competing condensations/eliminations. The charge distribution and hence acti-
vation of electrophilic carbons shall be examined. It is anticipated this analysis
may give insight into the unexpected formation of 3:1 ABBB TBTAPs from
(30).

4.1.3 Methods

This work was performed with the Gaussianl6 software package, utilizing
the B3LYP/6-31+g(d,p) level of theory. Reagents, intermediates and products
were optimised to global minima, confirmed by vibrational analysis. Transition
states were confirmed to be saddle points by the presence of a single imaginary
vibration in the optimised structure. Atomic partial charges are calculated via
NBO methods. Where applicable, solvent effects were included in calculations
utilising the PCM method.

4.2 Aminoisoindoline homocondensation

Commonly observed as a side product, analysis of the homocondensation
pathway is not only important for obtaining overall thermodynamic landscape,
but also serves as a model reaction for other condensations involving 2 termi-
nal amines, such as the theoretical 242 TBTAP addition from (30). It was
found the reaction likely proceeds via an initial proton transfer on one of the
aminoisoindoline species to form a terminal imine with increased nucleophilicity.
Following this proton transfer step, attack by the newly formed imine on an-
other aminoisoindoline unit facilitates the homocondensation with elimination
of ammonia (scheme 4.1 and 4.2).

A TS1 B

Scheme 4.1: Initial proton transfer to form the more activated imine B.
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Scheme 4.2: Homocondensation with elimination of ammonia to form
azadipyrromethene C, which further tautomerizes to final structure D.
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Figure 4.1: Potential energy diagram for the reaction presented above.

From figure 4.1 it can be seen that while the pathway possesses a large acti-
vation energy between species B and C, AG <0 for the reaction pathway. This
means under the reaction conditions there is a small thermodynamic driving
force to the product. Species A, B and C are likely in equilibrium with similar
concentrations due to the very similar values for AG. While the reaction favours
the formation of azadipyrromethene D, the small AG between D and C means
the reverse reaction also proceeds readily, as long as ammonia is present.

This suggests that reactions that form excessive and unwanted homoconden-
sation products are likely driven by the elimination and off gassing of ammonia
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from the reaction vessel, as with ammonia present the reaction will be reversible,
albeit at a slower rate than the forward reaction. This conclusion is supported
by the previously developed selective synthesis of aminoisoindoline homoconden-
sation products, a procedure that utilises the slow evaporation of the reaction
solvent under a stream of Ny to facilitate homocondensation products in high
yield. The methodology used appears to be utilised to encourage the off gassing
of ammonia, and hence drive the reaction to completion. This offers an explana-
tion as to why homocondensation products of aminoisoindoline were less often
observed in this work, reactions were most commonly performed in sealed glass
tubes, hence retaining the produced ammonia in the reaction vessel and facil-
itating the reverse reaction of the equilibrium, regenerating aminoisoindoline
that will eventually be used in the reaction.

4.3 Synthesis of dimethoxyisoindolines

NH NH,
CN
MeOH
MeOH N e N\ N
) % - MeOH
CN - MeOH
OMe Meo OMe
A B c

Scheme 4.3: Series of equilibria that form dimethoxyisoindoline.

The formation of dimethoxyisoindolines proceeds via the consecutive addi-
tion of two equivalents of methanol to phthalonitrile, facilitated by a sub-
stoichiometric quantity of sodium methoxide in methanol, which is regenerated
by the reaction. The reaction should be reversible and consist of a series of
equilibria as shown in scheme 4.3.

The free energies of the proposed structures were calculated and are presented
in figure 4.2. It is clear from this data that the formation of methoxyisoindoline
B is a favourable and spontaneous process, the formation of dimethoxyisoindo-
line C however results in an increase in AG, and hence is non-spontaneous.

This supports experimental observations, which gave the impression an equi-
librium exists between the species. The parent structure was easily synthesised
with an optimised procedure to afford the desired dimethoxyisoindoline driven
by precipitation from the reaction mixture. Substituted derivatives were much
harder to isolate in good yields, presumably due to the increased solubility of
the targeted dimethoxy substituted isoindoline, hence the targeted product re-
maining in solution and the reverse reactions occurring readily.

Observations of NMR spectra offer additional support; freshly synthesised
materials and prepared samples allowed the collection of clean spectra that
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Figure 4.2: Potential energy diagram for dimethoxyisoindoline formation. Sol-

vent = methanol.

correlated with the structure of the product, with minimal side products or im-
purities visible. The use of older materials or NMR samples resulted in complex
spectra that were clearly a mixture of products and very difficult to analyse.
This suggests that in solution dimethoxyisoindoline C may spontaneously elim-
inate methanol to form methoxyisoindoline B. It is therefore important to con-
sider the potential reactivity of both species B and C in subsequently analysed

pathways.

Analysis of isopropylisoindoline formation

NH NH,
CN .
i-PrOH j-PrOH
cN - i-ProH - I-PrOH
O--Pr ipr.o OFPr
c

Scheme 4.4: Formation of isopropylisoindoline.

While these species were not utilised in this work they may be useful struc-
tures in future work. The original study that synthesised dimethoxyisoindolines
also synthesised iso-propyl derivatives, however only monosubstituted isopropy-

lisoindoline was isolated by the investigations.
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Figure 4.3: Potential
isopropylisoindoline. Solvent = iso-propanol.

Again, the calculated free energy of the pathway (scheme 4.4 and figure 4.3)
supports the spontaneous formation of isopropylisoindoline, the experimentally

observed product. The further substitution to form di-isopropylisoindoline is
clearly a very unfavourable process, with a large increase in AG. This is likely

due to very high steric crowding associated with the product.

4.4 Synthesis of (30) and equilibrium

As observed experimentally, the formation of (30) and derivatives from

aminoisoindoline and dimethoxyisoindoline appears to proceed under equilib-
rium conditions, resulting in poor yields and a mixture of products with substi-

tuted derivatives utilizing standard methodology.
7 Ar NH, 7 Ar NH

\
NH, meo OMe MeOH NH, OMe

A

Scheme 4.5: Dissociation of dimethoxyisoindoline to methoxyisoindoline and

methanol.
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Figure 4.4: Hypothesised 6-membered cyclic transition state for the condensa-
tion of aminoisoindoline and methoxyisoindoline.

The first part of this pathway involves the dissociation of dimethoxyisoindo-
line A to methoxyisoindoline B and methanol, with a AG of -38.7 kJ.mol!
(scheme 4.5) . From B the nucleophilic amine of aminoisoindoline attacks
methoxyisoindoline via TS1 (figure 4.4) to produce C, final proton transfer yields
(30) D (scheme 4.6). Two transition states were explored: the intramolecular
elimination of methanol between aminoisoindoline and methoxyisoindoline via
a 4 membered cyclic transition state, and the same transfer assisted by an ad-
ditional molecule of methanol via a 6 membered cyclic transition state. It was
found an additional molecule of methanol acting as a proton transfer agent
significantly reduced the AG* of the pathway (figure 4.5).

Ar / Ar
N N
4 —— ¢
N
/N /N NH N=< N NH2
H
c D

Scheme 4.6: Tautomerization to form the final condensation product D.

Condensation product (30) (D) has a AG of -31.3 kJ.mol !, very similar to
the AG of structure (B), assuming equilibrium conditions this means there is no
thermodynamic driving force to product (D). This again supports experimental
observations, where the precipitation of (30) from solution appeared to drive the
reaction to completion, and higher solubility derivatives were produced in poor
yield due to the desired product remaining in solution and hence undergoing
reverse reactions.
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Figure 4.5: Potential energy diagram for the pathway presented above.

This analysis supports the proposed equilibrium, and improved yields through
the elimination of methanol from the reaction mixture. From the data and
experimental observations it is clear this condensation must be driven forward

by either low solubility and hence precipitation of the product, or removal of
methanol to prevent reverse reactions.

4.5 Homocondensations of (30) at different po-
sitions

As shown in section 2.5, (30) may react with itself at different positions to
yield different products with different species eliminated. This section aims to
map the thermodynamics of competing reactions and eliminations.

Natural bond orbital (NBO) analysis of (30) was used to obtain partial
atomic charges for the structure, shown in figure 4.6. In chapter 2 observed
reactivity and proposed mechanisms meant (30) must undergo homocondensa-~
tions at each of the 3 positions labelled with * in figure 4.6 to produce the range
of species observed. NBO analysis supports these observations and proposed
mechanisms with all 3 carbon atoms possessing very similar atomic charges,
and hence susceptibility to nucleophilic attack. This indicates that electron-
ically at least, nucleophilic attack is almost equally likely at all 3 positions,
correlating experimental observations.
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(30)

Figure 4.6: NBO analysis of charge distribution in (30). Red indicates increased
electron density, green indicates reduced electron density, and black indicates
neutral.

The reactivity of (30) has been thoroughly explored in chapter 2, both
through experimentally isolated and characterised products, and likely prod-
ucts observed by MALDI-TOF spectroscopy of crude reaction mixtures. It is
now well established that (30) reacts readily under mild conditions to produce
the range of products described. This section therefore aims to analyse which
product is thermodynamically favourable, with the assumption that all reactions
are reversible and transition states are accessible.
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If this analysis reveals no significant thermodynamic preference in the prod-
ucts it is logical to assume all species presented previously exist in solution, and
therefore the favoured macrocyclic product is controlled by terminal leaving

group.
/ /
/N
N=< N\ NH2 ~
(0]
8 Ja &

Ar

mww@%w

Ar

(49)
NH Ar
/ NH,
NH
N
NH
NH,
Products A Products B Products C

Scheme 4.7: Scheme for the formation of various products from two units of
condensation dimer (30).

As can be clearly seen from the potential energy diagram (figure 4.7), with
the assumption that all possible condensations are thermally accessible and in
equilibrium, trimeric product (40) is by far the thermodynamically preferred
product. This strongly supports experimental observations in section 2.5, where
attempted low temperature homocondensations of (30) to yield the ABBA
tetramer (49) instead yielded the trimeric displacement product (40) in high
yields.
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Figure 4.7: Potential energy diagram for the pathway presented in scheme 4.7.

This analysis also supports the unexpected formation of 3:1 ABBB TBTAPs
from derivatives of (30) (section 2.5.2); while the pathway was originally de-
signed with the expectation (30) would undergo homocondensation with elim-
ination of ammonia to produce the ABBA tetramer, and hence 2:2 ABBA TB-
TAP, 3:1 ABBB TBTAPs were formed instead. A critical intermediate in the
proposed pathway to 3:1 TBTAPs, as well as SubTBDAP formation from (30),
is the ABB ‘trimer’ (48). Again, this analysis supports the formation of (48)
over ABBA tetramer (49), with (48) having a significantly lower AG.

4.6 Conclusions

While this preliminary computational study supports some of the observed
experimental results, the ultimate goal of a full thermodynamic analysis of com-
peting macrocyclization pathways was not achieved. The potential for compu-
tational methods in supporting future work is clear however, and could provide
crucial thermodynamic insight and in silico screening of designed pathways.
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Chapter 5

Experimental

5.1 General Methods

Reagents and solvents were purchased from commercial sources and used with-
out further purification, unless otherwise stated. Phthalonitrile was always re-
crystallized from xylene. Water and air sensitive reactions were carried out
under an inert atmosphere, normally Ns. Removal of solvents was carried out
using a Buchi rotary evaporator under reduced pressure.

'H NMR and '*C NMR were obtained using a Bruker Ascend™ 500 spec-
trometer at 500 and 125.7 MHz respectively. Norell S500 or 508 quartz NMR
tubes were used. Signals are quoted in ppm and § downfield from TMS. Cou-
pling constants, J, are given in Hertz. Deuterated solvents were used and NMR
experiments performed at 298°K.

IR spectra were recorded using a Perkin-Elmer Spectrum BX FT-IR spec-
trometer. UV-Vis spectra were recorded using a Hitachi U-3310 spectropho-
tometer in the solvent stated. Thin layer chromatography was performed with
Alugram Sil G/UV254, and the compounds visualised with 254 or 365 nm UV
light. Column chromatography was performed using silica gel 60Amesh 70 - 230
eluting with the solvent system stated, under ambient temperature and occa-
sionally elevated pressure (hand pump). Solvent ratios are given as v:v. Melting
points were recorded using a Reichart Thermovar microscope with a thermopar
based control system. Microwave reaction were carried out using a Biotage Ini-
tiator+ system. MALDI-TOF spectra were recorded using a Shimadzu AXIMA
Performance instrument.

5.2 Phthalonitriles and bromobenzonitriles

5.2.1 6,7-Dicyano-1,2,3,4-tetrahydro-1,1,4,4-
tetramethylnaphthalene (14)
2,5-Dichloro-2,5-dimethylhexane

Following the procedure developed by Shudo et al., concentrated hydrochlo-
ric acid (50 mL) cooled in an ice bath and 2,5-dimethyl-hexane-2,5-diol (5.0 g,
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Cl
Cl

(71)
Figure 5.1: 2,5-Dichloro-2,5-dimethylhexane

34.2 mmol) was added with stirring.'33® The suspension was stirred at 0°C for
30 minutes before being left to stir at RT overnight. The off white precipitate
was filtered and washed with HyO before being dissolved in DCM (50 mL) and
washed with H2O. The organic phase was collected and the aqueous extracted
further with DCM (2 x 50 mL). The organic phases were combined, dried with
MgSO, and the solvent removed. The resulting crystalline product was recrys-
tallised from methanol to give the title compound as colourless crystals (5.72 g,

91 %).
'H NMR (500 MHz, CDCls) 6 1.98 (s, 4H), 1.57 (s, 12H)
13C NMR (125.7 MHz, CDCl3) & 70.8, 41.5, 32.8
MP: 64-65°C (lit. 65°C)134

1,1,4,4-Tetramethyl-1,2,3,4-tetrahydronaphthalene

(72)

Figure 5.2: 1,1,4,4-Tetramethyl-1,2,3,4-tetrahydronaphthalene

Utilizing Brusons’ adaptation of Friedel-Crafts alkylation3® a solution of
2,5-dichloro-2,5-dimethylhexane (1.0 g, 5.4 mmol) was prepared in benzene (50
mL). The solution was stirred at 50°C and AlCl3 (0.29 g, 2.2 mmol) added in
portions over 30 min. The solution was stirred at 50°C overnight then checked
by 'H NMR, if the reaction was incomplete small portions of AICl; were added
until NMR. indicated completion. The solution was cooled to RT and poured
into dilute HCL. The mixture was extracted with DCM (3 x 50 mL), the organic
phases were combined and washed with HoO (50 mL), NaxCOj5 solution (50 mL)
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then dried over MgSO,4. The solvent was removed to yield the title compound
as a pale yellow oil (0.87 g, 86 %)

1H NMR (500 MHz, CDCl3) 6§ 7.31 (dd, J = 5.9, 3.4 Hz, 2H), 7.12 (dd, J
= 5.9, 3.4 Hz, 2H), 1.69 (s, 4H), 1.28 (s, 12H)

13C NMR (125.7 MHz, CDCl3) § 144.8, 126.6, 125.6, 35.1, 34.2, 32.1

6,7-Dibromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene

Br

Br

(67)

Figure 5.3: 6,7-Dibromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene

To a solution of 1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene (4.8 g, 25.5
mmol) in DCM (75 mL) was added iron powder (170 mg) and I (65 mg). The
solution was cooled to 0°C and Bry (2.65 mL, 51 mmol) was added dropwise
over 30 min. The resulting solution was stirred at RT overnight and added to
a solution of NasS205 and NaHCOj3 to neutralise excess Bro. Brine was added
and the mixture extracted with DCM (3 x 250 mL), the organics were dried with
MgSO, and the solvent removed to yield a yellow/brown solid. Purification was
achieved with silica gel chromatography eluting with PE:DCM (3:2) to yield the
title compound as an off white solid (8.3 g, 94 %).

'H NMR (500 MHz, CDCls) 6 7.51 (s, 2H), 1.66 (s, 4H), 1.26 (s, 12H).
13C NMR (125.7 MHz, CDCl3) § 146.3, 131.8, 121.5, 34.9, 34.6, 31.7
MP: 113-115°C (lit. 111-112°C)136

6,7-Dicyano-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene (14)

To a solution of 6,7-dibromo-1,1,4,4-tetramethyl-1,2,3,4-
tetrahydronaphthalene (5.5 g, 16 mmol) in anhydrous p-xylene (30 mL)
was added finely ground and oven dried K3[Fe(CN)g] (2.4 g, 3.2 mmol), Cul
(304 mg, 1.6 mmol) and 1-butylimidazole (4.4 mL, 32 mmol). The suspension
was refluxed for 72 hr then cooled to RT. Et;O (100 mL) was added and the
solution filtered. The solution was washed with HoO (3 x 50 mL) and brine (2
x 50 mL). The organic phase was collected and dried over MgSQy, the solvent
was removed to yield an off white solid. The crude product was subjected to
silica gel chromatography eluting with PE/Et2O, 7:1, recrystallisation from
MeOH yielded the title compound as a colourless solid (2.9 g, 76 %).137
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CN
CN
(14)
Figure 5.4: 6,7-Dicyano-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene

TH NMR (500 MHz, CDCl3) 6 7.71 (s, 2H), 1.72 (s, 4H), 1.30 (s, 12H).

13C NMR (125.7 MHz, CDCl3) & 151.9, 132.7, 116.1, 112.6, 35.1, 34.0,
31.4

MP: 204-206 °C (lit. 206-208°C)138

5.2.2 6-Bromo-7-cyano-1,2,3,4-tetrahydro-1,1,4,4-
tetramethylnaphthalene

CN

Br

(56)

Figure 5.5: 6,7-Dicyano-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene

The title compound was obtained as a side product from the dicyanation of 6,7-
dibromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene. Alternatively the
title compound may be selectively synthesised utilizing a modified procedure.

To a solution of 6,7-dibromo-1,1,4,4-tetramethyl-1,2,3,4-
tetrahydronaphthalene (5.5 g, 16 mmol) in anhydrous p-xylene (30 mL)
was added finely ground and oven dried K3[Fe(CN)g] (1.2 g, 1.6 mmol), Cul
(152 mg, 0.8 mmol) and 1-butylimidazole (2.2 mL, 16 mmol). The suspension
was refluxed for 72 hr then cooled to RT. EtoO (100 mL) was added and the
solution filtered. The solution was washed with HoO (3 x 50 mL) and brine (2
x 50 mL). The organic phase was collected and dried over MgSQOy, the solvent
was removed to yield an off white solid. The crude product was subjected to
silica gel chromatography eluting with PE/Et50, 7:1, recrystallisation from
MeOH yielded the title compound as a colourless solid (3.9 g, 84 %)
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'H NMR (500 MHz, CDCls) § 7.57 (s, 1H), 7.54 (s, 1H), 1.68 (s, 4H), 1.27
(s, 6H), 1.26 (s, 6H)

13C NMR (125.7 MHz, CDCl3) § 152.8, 145.5, 133.2, 131.4, 121.5, 117.8,
112.9, 35.0, 34.4, 31.6, 31.5

MP: 157-159°C (lit. 158-159°C)139

5.2.3 4,5-Diphenoxyphthalonitrile

: o : CN
0 CN
(%9)

Figure 5.6: 4,5-Diphenoxyphthalonitrile

A solution of 4,5-dichlorophthalonitrile (1.0 g, 5.1 mmol), phenol (1.4 g, 15
mmol) and K3CO3 (3.0 g, 22 mmol) in anhydrous DMF (30 mL) was heated
to 110°C overnight.?4? The solution was cooled and added to HoO (100 mL).
The precipitate was filtered, washed with HoO and recrystallised from MeOH
to yield the title compound as colourless crystals (1.4 g, 87 %)

'H NMR (500 MHz, CDCl3) § 7.59 — 7.52 (m, 4H), 7.39 (ddt, J = 7.8,
7.1, 1.1 Hz, 2H), 7.35 (s, 2H), 7.21 — 7.14 (m, 4H)

13C NMR (125.7 MHz, CDCl3) § 156.4, 154.2, 132.8, 128.4, 124.5, 122.2,
116.9, 112.5

MP: 151 - 153 °C (lit. 149-150°C)140

5.2.4 4,5-Dimethoxyphthalonitrile
1,2-Dibromo-4,5-dimethoxybenzene

1,2-Dimethoxybenzene (40 g, 0.29 mol) was dissolved in DCM (300 mL) and
the solution cooled to 0°C. Bry (33 mL, 0.64 mol) was added dropwise over 2 hr
and the solution further stirred for 1 hr while warming to RT. The solution was
washed with aqueous NapS203 (200 mL), HoO (200 mL) and saturated NaCl
solution (200 mL). The aqueous solutions were combined and extracted further
with DCM (2 x 200 mL). The organics were combined and dried with MgSO4
and the solvent removed. The crude residue was recrystallised from MeOH to
yield the title compound as a colourless crystalline solid (79 g, 93 %).141
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(62)
Figure 5.7: 1,2-Dibromo-4,5-dimethoxybenzene

'H NMR (500 MHz, CDCl3) § 7.05 (s, 2H), 3.85 (s, 6H)
13C NMR (125.7 MHz, CDCl3) 6 148.9, 116.0, 114.9, 56.3
MP: 87-90 °C (lit. 90°C)142

4,5-Dimethoxyphthalonitrile
/O : CN
(0] CN
(61)

Figure 5.8: 4,5-Dimethoxyphthalonitrile

To a solution of 1,2-dibromo-4,5-dimethoxybenzene (9.5 g, 32 mmol) in an-
hydrous p-xylene (60 mL) was added finely ground and oven dried K3[Fe(CN)g]
(4.8 g, 6.4 mmol), Cul (608 mg, 3.2 mmol) and 1-butylimidazole (8.4 mL, 64
mmol). The suspension was refluxed for 72 hr then cooled to RT. Et2O (100
mL) was added and the solution filtered. The solution was washed with HoO (3
x 50 mL) and brine (2 x 50 mL). The organic phase was collected and dried over
MgSOy, the solvent was removed to yield an off white solid. The crude prod-
uct was subjected to silica gel chromatography eluting with DCM/PE 1:2 —
DCM/PE 1:1 — DCM, recrystallisation from MeOH yielded the title compound

as a colourless solid (4.1 g, 68 %).137

TH NMR (500 MHz, CDCl3) & 7.15 (s, 2H), 3.97 (s, 6H)

13C NMR (125.7 MHz, CDCl3) 6 152.7, 115.9, 114.9, 109.2, 56.8

MP: 180-183°C (lit. 179 - 181°C)143

137



(63)
Figure 5.9: 2-Bromo-4,5-dimethoxybenzonitrile

5.2.5 2-Bromo-4,5-dimethoxybenzonitrile

The title compound was obtained as a side product from the dicyanation of
1,2-dibromo-4,5-dimethoxybenzene. Alternatively the title compound may be
selectively synthesised via a modified procedure.

To a solution of 1,2-dibromo-4,5-dimethoxybenzene (4.8 g, 16 mmol) in an-
hydrous p-xylene (30 mL) was added finely ground and oven dried K3[Fe(CN)g]
(1.2 g, 1.6 mmol), Cul (304 mg, 1.6 mmol) and 1-butylimidazole (4.2 mL, 32
mmol). The suspension was refluxed for 72 hr then cooled to RT. Et2O (100
mL) was added and the solution filtered. The solution was washed with HoO (3
x 50 mL) and brine (2 x 50 mL). The organic phase was collected and dried over
MgSQy, the solvent was removed to yield an off white solid. The crude prod-
uct was subjected to silica gel chromatography eluting with DCM/PE 1:2 —
DCM/PE 1:1 — DCM, recrystallisation from MeOH yielded the title compound
as a colourless solid (2.9 g, 75 %).137

IH NMR (500 MHz, CDCls) & 7.07 (s, 1H), 7.05 (s, 1H), 3.93 (s, 3H), 3.88
(s, 3H)

13C NMR (125.7 MHz, CDCls) § 153.3, 148.7, 117.8, 117.7, 115.6, 115.4,
107.1, 56.6, 56.5

MP: 120-124°C (lit. 117°C)144

5.2.6 4,5-Dimethylphthalonitrile
1,2-Dibromo-4,5-dimethylbenzene

: : Br
Br
(73)

Figure 5.10: 1,2-Dibromo-4,5-dimethylbenzene
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A solution of Iy (200 mg) in o-xylene (46 mL, 0.38 mol) was cooled to 0°C
and Bry (40 mL) was added dropwise over 2 hr. The mixture was left to stir at
RT overnight then dissolved in EtoO (300 mL). The solution was washed with
2M NaOH (2 x 100 mL) and H20 (2 x 200 mL). The organics were dried with
MgSO, and the solvent removed to yield a red/pink oil. Recrystallisation from
MeOH yielded the title compound as off white crystals (64 g, 64 %).145

'H NMR (500 MHz, CDCl3) 6 7.30 (s, 2H), 2.11 (s, 6H).
13C NMR (125.7 MHz, CDCl3) § 137.7, 134.2, 121.1, 19.1.
MP: 84-86 °C (lit. 88°C)46
4,5-Dimethylphthalonitrile
CN
XL,
(68)

Figure 5.11: 4,5-Dimethylphthalonitrile

To a solution of 1,2-dibromo-4,5-dimethylbenzene (8.4 g, 32 mmol) in anhy-
drous p-xylene (60 mL) was added finely ground and oven dried Kj[Fe(CN)g]
(4.8 g, 6.4 mmol), Cul (608 mg, 3.2 mmol) and 1-butylimidazole (8.4 mL, 64
mmol). The suspension was refluxed for 72 hr then cooled to RT. Et2O (100
mL) was added and the solution filtered. The solution was washed with HoO
(3 x 50 mL) and brine (2 x 50 mL). The organic phase was collected and dried
over MgSQ,, the solvent was removed to yield an off white solid. The crude
product was subjected to silica gel chromatography eluting with DCM/PE 1:1,
recrystallisation from MeOH yielded the title compound as a colourless solid
(3.8 g, 77 %).137

'H NMR (500 MHz, CDCl3) & 7.55 (s, 2H), 2.38 (s, 6H)
13C NMR (125.7 MHz, CDCl3) 6 143.6, 134.4, 115.8, 113.2, 20.2
MP: 170-174 °C (lit. 175 - 177°C)143

5.2.7 2-Bromo-4,5-dimethylbenzonitrile

The title compound was obtained as a side product of the dicyanation of
1,2-dibromo-4,5-dimethylbenzene, alternatively the title compound may be se-
lectively synthesised utilizing a modified procedure.
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o
Br
(74)

Figure 5.12: 2-Bromo-4,5-dimethylbenzonitrile

To a solution of 1,2-dibromo-4,5-dimethylbenzene (8.4 g, 32 mmol) in anhy-
drous p-xylene (60 mL) was added finely ground and oven dried Kg[Fe(CN)g]
(2.4 g, 3.2 mmol), Cul (304 mg, 1.6 mmol) and 1-butylimidazole (4.2 mL, 32
mmol). The suspension was refluxed for 72 hr then cooled to RT. Et2O (100
mL) was added and the solution filtered. The solution was washed with HoO
(3 x 50 mL) and brine (2 x 50 mL). The organic phase was collected and dried
over MgSQOy, the solvent was removed to yield an off white solid. The crude
product was subjected to silica gel chromatography eluting with DCM/PE 1:1,
recrystallisation from MeOH yielded the title compound as a colourless solid
(5.6 g, 83 %)

IH NMR (500 MHz, CDCl3) & 7.44 (s, 1H), 7.39 (s, 1H), 2.31 (s, 3H), 2.29
(s, 3H)

13C NMR (125.7 MHz, CDCls) § 143.6, 136.4, 136.2, 134.7, 123.5, 117.0,
113.2, 21.1, 20.4

MP: 108-110 °C (lit. 106°C)47

5.2.8 3,6-Diphenylphthalonitrile
Phthalonitrile-3,6-ditriflate

OTf
CN
CN
OTf
(69)

Figure 5.13: Phthalonitrile-3,6-ditriflate

2,3-Dicyanohydroquinone (5.1 g, 31 mmol) was dissolved in a solution of
dry DCM (30 mL) and 2,6-lutidine (16 mL) under Ny and cooled to -78°C.
Trifluoromethanesulphonic anhydride (21 g, 75 mmol) was added dropwise over
30 min. The solution was warmed to RT and allowed to stir overnight. The
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solution was added to DCM (200 mL) and washed with H,O (200 mL), 1M
HCI (100 mL), 5% NaOH (100 mL) and brine (100 mL). The organics were
collected, dried with MgSO, and the solvent removed to yield a pale yellow
crystalline solid. Recrystallisation from toluene/cyclohexane (1:1) yielded the
title compound as a colourless crystalline solid (8.0 g, 61%).131,132

'H NMR (500 MHz, CDCl3) § 7.87 (s, 2H)

13C NMR (125.7 MHz, CDCl3) § 149.0, 128.8, 118.6 (q, J = 321.4 Hz),
112.9, 109.4

MP: 107 - 109 °C (lit. 107.5 - 108.1°C)*48

I CN
CN

(70)

3,6-Diphenylphthalonitrile

Figure 5.14: 3,6-Diphenylphthalonitrile

To a solution of phthalonitrile-3,6-ditriflate (1.0 g, 2.4 mmol) in
toluene/EtOH/H50 (3:3:1, 30 mL) LiCl (0.26 g) was added. The solution was
degassed with argon for 30 min and Pd(DPPF)Cl; (80 mg, 5 mol %) was added.
Benzeneboronic acid (0.85 g, 7 mmol) and Cs2CO3 (2.6 g, 8 mmol) were added
and the mixture stirred at RT overnight. The reaction was filtered and the sol-
vent removed to yield a brown solid, the solid was dissolved in toluene/EtOAc
(1:1, 100 mL) and washed with 10% KOH (2 x 50 mL), 1M HCI (50 mL) and
brine (80 mL). The organics were dried over MgSO,4 and the solvent removed.
Recrystallisation of the crude material from EtOH yielded the title compound
as colourless needles (0.9 g, 65 %)

'H NMR (500 MHz, CDCls) § 7.80 (s, 2H), 7.63 — 7.58 (m, 4H), 7.58 —
7.50 (m, 6H)

13C NMR (125.7 MHz, CDCl3) § 145.9, 136.4, 134.1, 129.8, 129.2, 128.8,
115.8, 115.7
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MP: 211 - 213 °C

5.3 Amidines and aminoisoindolines

5.3.1 (Z)-1-(Phenylmethylene)-1H-isoindol-3-amine
2-Bromobenzamidine hydrochloride (11)

NH
NH, HCI

Br

(1)

Figure 5.15: 2-Bromobenzamidine hydrochloride

To a solution of 2-bromobenzonitrile (3.7 g, 20.33 mmol) in dry THF (3 mL)
was added a 1M solution of anhydrous LiN(SiMes)s in THF (22 mmol, 1.1 eq).
The reaction mixture was stirred at room temperature for 4 hrs. The reaction
was then cooled in an ice bath and a 5M solution of HCI in i-PrOH was added
(15 mL). The solution was left to stir at RT overnight, The precipitate was
filtered and washed with Et2O to yield the title compound as off white crystals
(4.0 g, 84 %).114

'H NMR (500 MHz, Methanol-d,) 6 7.81 (dd, J = 7.3, 1.5 Hz, 1H), 7.63-
7.53 (m, 3H)

13C NMR (125.7 MHz, Methanol-d4) § 168.0, 134.7, 134.5, 132.8, 130.7,
129.2, 120.8

MP: > 300°C (lit. > 250°C)149

(Z)-1-(Phenylmethylene)-1 H-isoindol-3-amine (12)

A mixture of 2-bromobenzamidine (706 mg, 3 mmol), BINAP (102 mg, 0.165
mmol) and PdClz(MeCN); (39 mg, 0.15 mmol) was sealed in a microwave vessel
with a stirrer bar and purged with Ny. A solution of ethynylbenzene (0.395 mL,
1.2 eq) and DBU (1.12 mL, 2.5 eq) in dry DMF (12 mL) was added. The vial
was stirred at RT for 5 mins to allow a solution to form. The vial was then
irradiated in a microwave reactor at 120°C for lhr. After cooling EtOAc (50
mL) was added and the solution washed with a solution of NaHCOj3 (75 mL x
3). The organic layer was dried with MgSQy, filtered and concentrated. The
crude residue was subject to column chromatography utilising PE:EtOAc (1:1)
followed by EtOAc to afford an oily yellow substance that was recrystallised

from DCM/petrol to yield the title compound as yellow needles (0.48 g, 73
9%).115
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(12)

Figure 5.16: (Z)-1-(Phenylmethylene)-1H-isoindol-3-amine

L NMR (500 MHz, CDCly) 6 8.14 (d, J = 7.7 Hy, 2H), 7.83 (dt, J = 7.5,
0.9 Hz, 1H), 7.55 — 7.47 (m, 2H), 7.46 — 7.38 (m, 3H), 7.32 — 7.24 (m, 1H), 6.80
(s, 1H), 5.56 (br s, 2H)

13C NMR (125.7 MHz, CDCl3) § 165.1, 146.3, 142.5, 136.4, 130.7, 130.4,
129.4, 128.4, 127.3, 127.2, 119.7, 119.3, 114.7

MS (MALDI-TOF): m/z = 220.84 [M]™
Chemical formula and exact mass: Cy5H;3N5, 220.10 g.mol™

(Z)-1-[(4-Methoxy)benzylidene]-1 H-isoindol-3-amine (13)

(13)

Figure 5.17: (Z)-1-[(4-Methoxy)benzylidene]-1 H-isoindol-3-amine

A mixture of 2-bromobenzamidine (706 mg, 3 mmol), BINAP (102 mg, 0.165
mmol) and PdClz(MeCN)y (39 mg, 0.15 mmol) was sealed in a microwave
vessel with a stirrer bar and purged with N;. A solution of 1-ethynyl-4-
methoxybenzene (0.49 mL, 1.2 eq) and DBU (1.12 mL, 2.5 eq) in dry DMF
(12 mL) was added. The vial was stirred at RT for 5 mins to allow a solution
to form. The vial was then irradiated in a microwave reactor at 120C for 1lhr.
After cooling EtOAc (50 mL) was added and the solution washed with a solu-
tion of NaHCOj3 (75 mL x 3). The organic layer was dried with MgSOy,, filtered
and concentrated. The crude residue was subject to column chromatography
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utilising PE:EtOAc (1:1) followed by EtOAc to afford an oily yellow substance
that was recrystallised from DCM /petrol to yield the title compound as yellow
needles (0.57 g, 76 %).115

'H NMR (500 MHz, CDCls) 6 8.16 — 8.10 (m, 2H), 7.81 (dt, J = 7.3, 1.1
Hz, 1H), 7.49 (td, J = 7.6, 0.9 Hz, 2H), 7.43 — 7.35 (m, 1H), 7.01 — 6.94 (m,
2H), 6.78 (s, 1H), 5.49 (br s, 2H), 3.88 (s, 3H).

13C NMR (125.7 MHz, CDCl3) § 164.5, 159.2, 143.3, 139.6, 132.1, 130.8,
129.7, 129.0, 126.8, 123.8, 119.7, 118.8, 114.1, 55.4

MP: 152-154°C
MS (MALDI-TOF): m/z = 250.46 [M]™
Chemical formula and exact mass: C1gH14N20, 250.11 g.mol™!

5.3.2 (Z)-1-[(4-Methoxybenzylidene)]-5,5,8,8-
tetramethyl-5H,6H,7H,8H-benzo[f]isoindol-3-amine
6-Bromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthamidine hy-

drochloride

NH
NH, HCI

Br

(57)

Figure 5.18: 1,1,4,4-Tetramethyl-1,2,3,4-tetrahydronaphthamidine hydrochlo-
ride

To a solution of 6-bromo-7-cyano-1,1,4,4-tetramethyl-1,2,3,4-
tetrahydronaphthalene (3.5 g, 10.2 mmol) in dry THF (3 mL) was added
a 1M solution of anhydrous LiN(SiMes)s in THF (11 mL, 11 mmol). The
reaction was stirred at RT for 4 hr, after which a 5M solution of HCI in i-PrOH
(8 mL) and stirred overnight. The resulting precipitate was filtered and washed
with Et20 to yield the title compound as colourless crystals (3.27 g, 93 %).114

'H NMR (500 MHz, Methanol-d4) & 7.72 (s, 1H), 7.59 (s, 1H), 1.76 (s,
4H), 1.34 (s, 6H), 1.32 (s, 6H)

13C NMR (125.7 MHz, Methanol-d4) § 169.8, 154.2, 154.1, 148.0, 134.2,
131.6, 130.8, 119.0, 36.9, 36.8, 36.7, 36.5, 32.9, 32.9
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MP: 152-154 °C (lit. 153 - 155°C)139

(Z)-1-[(4-Methoxybenzylidene)]-5,5,8,8-tetramethyl-5H,6 H,7H,8H-
benzo|f]isoindol-3-amine

(28)

Figure 5.19: (Z)-1-[(4-Methoxybenzylidene)]-5,5,8,8-tetramethyl-5H,6H,7H,8H-
benzo[f]isoindol-3-amine

A mixture of 6-bromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthamidine
hydrochloride (1.0 g, 3 mmol), BINAP (102 mg, 0.165 mmol) and
PdClz(MeCN)z (39 mg, 0.15 mmol) was sealed in a microwave vessel with a
stirrer bar and purged with Ny. A solution of 1-ethynyl-4-methoxybenzene
(0.49 mL, 1.2 eq) and DBU (1.12 mL, 2.5 eq) in dry DMF (12 mL) was added.
The vial was stirred at RT for 5 mins to allow a solution to form. The vial was
then irradiated in a microwave reactor at 120C for lhr. After cooling EtOAc
(50 mL) was added and the solution washed with a solution of NaHCOj3 (75 mL
x 3). The organic layer was dried with MgSQy, filtered and concentrated. The
crude residue was subject to column chromatography utilising PE:EtOAc (1:1)
followed by EtOAc to afford an oily yellow substance that was recrystallised
from DCM/petrol to yield the title compound as yellow needles (0.61 g, 56
9%).115

'H NMR (500 MHz, CDCl3) 6 8.06 (d, J = 8.5 Hz, 2H), 7.72 (s, 1H), 7.42
(s, 1H), 6.92 (d, J = 8.5 Hz, 2H), 6.68 (s, 1H), 3.85 (s, 3H), 1.75 (s, 4H), 1.39
(s, 6H), 1.34 (s, 6H)

13C NMR (125.7 MHz, CDCls) § 164.5, 158.7, 147.0, 145.1, 144.5, 140.1,
131.6, 129.7, 117.7, 117.3, 113.8, 113.5, 55.3, 35.1, 35.1, 35.0, 34.8, 32.6, 32.4

MP: 200-204 °C (lit. 202 - 205°C)*39
MS (MALDI-TOF): m/z = 360.88 [M]*

Chemical formula and exact mass: Cy4HsN2O, 360.22 g.mol!
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5.3.3 (Z)-5,6-Dimethoxy-1-[(4-methoxy)benzylidene|-1H -
isoindol-3-amine

2-Bromo-4,5-dimethoxybenzamidine hydrochloride

NH, HCI

- NH

(66)

Figure 5.20: 2-Bromo-4,5-dimethoxybenzamidine hydrochloride

To a solution of 2-bromo-4,5-dimethoxybenzonitrile (3.0 g, 10.2 mmol) in dry
THF (3 mL) was added a 1M solution of anhydrous LiN(SiMes)s in THF (11
mL, 11 mmol). The reaction was stirred at RT for 4 hr, after which a 5M solution
of HCI in -PrOH (8 mL) and stirred overnight. The resulting precipitate was
filtered and washed with Et2O to yield the title compound as colourless crystals
(2.5 g, 82 %).114

'H NMR (500 MHz, McOH-d,) § 7.32 (s, 1H), 7.20 (s, 1H), 3.91 (s, 3H),
3.88 (s, 3H)

130 NMR (125.7 MHz, MeOH-d;) 6 168.4, 154.2, 150.9, 125.1, 118.2,
114.0, 112.8, 57.6, 57.5

MP: 150-154 °C (lit. 148 - 150°C)*39

(Z)-5,6-Dimethoxy-1-[(4-methoxy)benzylidene]-1 H-isoindol-3-amine

(65)

Figure 5.21:  (Z)-5,6-Dimethoxy-1-[(4-methoxy)benzylidene]-1H-isoindol-3-
amine
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A mixture of 2-bromo-4,5-dimethoxybenzamidine hydrochloride (0.89 g, 3
mmol), BINAP (102 mg, 0.165 mmol) and PdCly;(MeCN)2 (39 mg, 0.15 mmol)
was sealed in a microwave vessel with a stirrer bar and purged with No. A
solution of 1-ethynyl-4-methoxybenzene (0.49 mL, 1.2 eq) and DBU (1.12 mL,
2.5 eq) in dry DMF (12 mL) was added. The vial was stirred at RT for 5
mins to allow a solution to form. The vial was then irradiated in a microwave
reactor at 120C for lhr. After cooling EtOAc (50 mL) was added and the
solution washed with a solution of NaHCO3 (75 mL x 3). The organic layer was
dried with MgSQOy, filtered and concentrated. The crude residue was subject to
column chromatography utilising PE:EtOAc (1:1) followed by EtOAc to afford
an oily yellow substance that was recrystallised from DCM /petrol to yield the
title compound as yellow needles (1.6 g, 63 %).11®

IH NMR (500 MHz, CDCls) § 7.90 (d, J = 8.5 Hz, 2H), 7.21 (s, 1H), 7.16
(s, 1H), 6.94 (d, J = 8.5 Hz, 2H), 6.61 (s, 1H), 4.02 (s, 3H), 3.95 (s, 3H), 3.84
(s, 3H)

13C NMR (125.7 MHz, CDCls) 6 163.9, 158.8, 151.2, 149.3, 143.2, 136.1,
131.4, 128.9, 122.4, 114.7, 114.0, 102.0, 56.3, 56.2, 55.5

MP: 219-223 °C (lit. 220 - 223°C)139
MS (MALDI-TOF): m/z = 310.70 [M]*

Chemical formula and exact mass: C13H;3N203, 310.13 g.mol™

5.4 Dimethoxyindolines

5.4.1 1-Imino-3,3-dimethoxyisoindoline (29)

NH,

N

MeO OMe

(29)

Figure 5.22: 1-Imino-3,3-dimethoxyisoindoline

Sodium metal (2 g, 0.09 mol) was dissolved in MeOH (70 mL), the solution
was cooled to RT and phthalonitrile (10 g, 78 mmol) was added. The solution
was stirred until a precipitate formed, this was filtered, washed with HoO and

dried under vacuum to yield the title compound as a pale green crystalline solid
(8.0 g, 54 %).121
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'H NMR (500 MHz, CDCl3) & 7.54 (dt, J = 7.3, 1.1 Hz, 1H), 7.50 — 7.42
(m, 3H), 3.37 (s, 6H)

13C NMR (125.7 MHz, CDCls) 6 134.2, 131.7, 131.2, 130.9, 129.8, 123.5,
122.7, 120.6, 51.4, 50.6

MP: Decomposes
5.4.2 N-Boc 1-imino-3,3-dimethoxyisoindoline (34)

NHBoc

Y

MeO OMe

(34)

Figure 5.23: N-Boc 1-imino-3,3-dimethoxyisoindoline

1-Amino-3,3-dimethoxyisoindoline (1.0 g, 5.2 mmol) was added to a solution
of di-tert-butyl dicarbonate (1.2 g, 5.5 mmol) in glycerol (10 mL). The solution
was stirred vigorously overnight at RT. The solution was then extracted with
hexane/EtOAc (9:1) (3 x 50 mL). The organics were dried over MgSOy4 and the
solvent removed to yield the title compound as a colourless oil (1.42 g, 94 %).122

'H NMR (500 MHz, CDCls) & 9.30 (s, 1H), 7.96 — 7.91 (m, 1H), 7.54 (td,
J =74, 1.1 Hz, 1H), 7.47 - 7.40 (m, 2H), 3.23 (s, 6H), 1.51 (s, 9H)

13C NMR (125.7 MHz, CDCls) § 164.9, 139.9, 134.1, 133.0, 130.7, 127.7,
124.2, 122.5, 112.6, 51.9, 28.2, 27.5, 14.3.

MP: < 25°C
FT-IR: (ATR), v (cm™): 1768 (C=0), 1084 (C-O, ether)

5.4.3 1-Imino-5,5,8,8-tetramethyl-5H,6H,7H,8H-12,12-
dimethoxyisoindoline (31)

To a solution of 6,7-dicyano-1,1,4,4-tetramethyl-1,2,3,4-
tetrahydronaphthalene (2.0 g, 8.4 mmol) in MeOH (10 mL) was added
NaOMe (0.54 g, 10 mmol). The solution was stirred at RT overnight and the
precipitate filtered and washed with HyO. The precipitate was dried under
vacuum to yield the title compound as an off white solid (1.6 g, 63 %).121
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NH,

N

MeO OMe

(31)

Figure 5.24: 1-Imino-5,5,8,8-tetramethyl-5H,6H,7H,8H-12,12-
dimethoxyisoindoline

'H NMR (500 MHz, CDCl3) 6 7.49 (s, 1H), 7.32 (s, 1H), 5.61 (s, 2H), 3.40
(s, 6H), 1.73 (s, 4H), 1.33 (s, 12H)

13C NMR (125.7 MHz, CDCls) 6 136.0, 133.6, 133.1, 132.8, 132.0, 124.9,
123.8, 121.3, 52.3, 51.0, 35.3, 34.9, 31.8, 31.6

MP: decomposes
FT-IR: (ATR), v (ecm™): 3430 (N-H), 1077 (C-O, ether)

5.4.4 NBoc 1-Imino-5,5,8,8-tetramethyl-5H,6H,7H,8H-
12,12-dimethoxyisoindoline (36)

NHBoc

N

MeO OMe

(36)

Figure  5.25: NBoc  1-Imino-5,5,8,8-tetramethyl-5H,6H,7H,8H-12,12-
dimethoxyisoindoline (36)

To a solution of tetramethyldimethoxyindoline (1.5 g, 5 mmol) in glycerol (10
mL) was added di-tert-butyl-dicarbonate (1.2 g, 5.5 mmol). The solution was
stirred at RT overnight, then extracted with hexane/EtOAc (9:1) (3 x 50 mL).
The organics were collected and dried over MgSO, and the solvent removed to
yield the title compound as a colourless oil (1.8 g, 91 %).122

'H NMR (500 MHz, CDCl3) 6 9.34 (s, 1H), 7.62 (s, 1H), 7.43 (s, 1H), 3.31
(s, 6H), 1.81 (s, 4H), 1.54 (s, 9H), 1.34 (s, 12H)
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13C NMR (125.7 MHz, CDCls) § 165.4, 136.7, 134.2, 133.9, 133.2, 132.6,
125.7, 124.2, 121.4, 52.1, 50.7, 35.3, 35.1, 32.0, 31.9, 28.6, 27.9, 14.4

MP: < 25°C
FT-IR: (ATR), v (cm™): 1770 (C=0), 1085 (C-O, ether)

5.4.5 1-Imino-4,5-diphenoxy-8,8-dimethoxyisoindoline

NH,
PhO
N N
PhO
MeO OMe
(60)

Figure 5.26: 1-Imino-4,5-diphenoxy-8,8-dimethoxyisoindoline

To a solution of 4,5-diphenoxyphthalonitrile (2.6 g, 8.4 mmol) in MeOH (10
mL) was added NaOMe (0.54 g, 10 mmol). The solution was stirred at RT
overnight and the precipitate filtered and washed with HyO. The precipitate

was dried under vacuum to yield the title compound as an off white solid (2.1
g, 68 %).121

'H NMR (500 MHz, CDCl3) § 7.54 - 7.48 (m, 4H), 7.32 (dt, 2H), 7.20 -
7.14 (m, 4H), 7.12 (s, 1H), 7.04 (s, 1H), 3.42 (s, 6H)

13C NMR (125.7 MHz, CDCls) § 154.1, 152.7, 130.7, 130.2, 129.6, 129.2,
127.0, 126.8, 124.5, 122.2, 121.4, 119.1, 52.3, 51.9

MP: decomposes
FT-IR: (ATR), v (cm™): 3420 (N-H), 1105 (C-O, ether)

5.4.6 1-Imino-3,3-dimethoxybenzo(F)isoindoline (41)

To a solution of 2,3-dicyanonaphthalene (1.5 g, 8.4 mmol) in MeOH (10 mL)
was added NaOMe (0.54 g, 10 mmol). The solution was stirred at RT overnight
and the precipitate filtered and washed with HoO. The precipitate was dried
under vacuum to yield the title compound as an off white solid (1.6 g, 80 %).121

'H NMR (500 MHz, McOH-d,) § 8.58 (s, 1H), 8.07 (s, 1H), 8.02 (dd, J =
8.2, 3.5 Hz, 2H), 7.71 — 7.59 (m, 2H), 3.35 (s, 6H)
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(41)
Figure 5.27: 1-Imino-3,3-dimethoxybenzo(F)isoindoline

13C NMR (125.7 MHz, MeOH-d;) § 146.3, 140.4, 140.0, 139.2, 138.4,
137.9, 137.6, 137.0, 136.5, 135.3, 124.9, 121.2, 54.2, 53.0

MP: decomposes

FT-IR: (ATR), v (cm™): 3435 (N-H), 1085 (C-O, ether)

5.5 Aminoisoindoline & dimethoxyisoindoline
dimeric condensation products

Procedure A Procedure A utilises dimethoxyisoindolines and aminoisoindo-
lines in MeOH at room temperature

Procedure B Procedure B utilises NBoc protected dimethoxyisoindoline
derivatives and aminoisoindolines in EtOH at reflux.

Procedure C Procedure C utilises aminoisoindoline, phthalonitrile and
NaOMe to form the dimethoxyisoindoline in situ.

Procedure D Procedure D utilises aminoisoindoline and dimethoxyisoindo-
line in dry DCM with molecular sieves to remove MeOH.

Procedure E Procedure E utilises NBoc protected products, deprotection
with NaO¢-Bu/H3O yields the target materials.

5.5.1 Condensation product (30)

Procedure A A solution of (1Z)-1-[(4-methoxyphenyl)methylene]-1H-
isoindol-3-amine (0.25 g, 1 mmol) and 1,1-dimethoxy-1H-isoindol-3-amine (0.19
g, 1 mmol) in MeOH (5 mL) was stirred at RT overnight. Upon completion the
solvent was removed and the residue recrystallised from EtOAc to yield the (30)
as a dark orange solid (0.28 g, 74 %)
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(30)

Figure 5.28: Condensation product (30)

Procedure C To a solution of (1Z)-1-[(4-methoxyphenyl)methylene]-1H-
isoindol-3-amine (0.25 g, 1 mmol) and phthalonitrile (0.13 g, 1 mmol) in MeOH
(10 mL) was added NaOMe (65 mg, 1.2 mmol). The solution was stirred at
RT overnight and the precipitate filtered to yield the title compound as a dark
orange solid (0.16 g, 41 %)

Procedure E To a solution of (35) (1 mmol, 0.48 g) in THF (5 mL) was
added NaOt-Bu (3 eq, 0.29 g) and HyO (1 eq, 0.02 mL). The solution was
heated to reflux for 6 hrs, cooled, and worked up as previously described to
yield the title compound as a dark orange solid (0.26 g, 68 %)

IH NMR (500 MHz, DMSO-dg) § 8.26 (d, J = 8.7 Hz, 2H), 8.13 (d, J =
7.5 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.91 (d, J = 7.5 Hz, 1H), 7.78 (d, J =
7.5 Hz, 1H), 7.68 (td, J = 7.5, 1.1 Hz, 1H), 7.61 (td, J = 7.5, 1.1 Hz, 1H), 7.43
(t,J = 7.3 Hz, 1H), 7.37 (t, J = 7.3 Hz, 1H), 7.24 (s, 1H), 7.05 (d, J = 8.7 Hz,
2H), 3.81 (s, 3H)

13C NMR (125.7 MHz, DMSO-dg) § 160.1, 154.3, 153.9, 146.9, 144.1,
128.4, 123.3, 119.8, 119.0, 118.2, 117.4, 117.2, 116.8, 113.4, 55.7

MP: 168 - 172 °C
MS (MALDI-TOF): m/z = 378.94 [M]*
Chemical formula and exact mass: CoqH;3N,4O, 378.15 g.mol!

UV-Vis: A pax (nm) (e (dm®.molt.cm™)) = 440 (6.16.10%), 332 (1.06.10%),
260 (1.54.10%)
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(25)
Figure 5.29: Condensation product (25)

5.5.2 Condensation product (25)

Procedure A A solution of (1Z)-1-[(4-methoxyphenyl)methylene]-1H-
isoindol-3-amine (0.31 g, 1.24 mmol) and 1-imino-5,5,8,8-tetramethyl-
5H,6H,7H,8H-12,12-dimethoxyisoindoline (0.37 g, 1.24 mmol) in MeOH (5 mL)
was stirred at RT overnight. Upon completion the solvent was removed and the
residue purified by column chromatography eluting with DCM:hexane 2:3. The
red/orange fraction was collected and recrystallised from EtOAc to yield the
(25) as a dark orange solid (0.12 g, 20%)

Procedure D To a solution of (1Z)-1-[(4-methoxyphenyl)methylene]-
1H-isoindol-3-amine (0.25 g, 1 mmol) and 1-imino-5,5,8,8-tetramethyl-
5H,6H,7H,8H-12,12-dimethoxyisoindoline (0.30 g, 1 mmol) in dry DCM (10
mL) was added oven dried molecular sieves. The solution was heated to re-
flux overnight. Upon completion the dark red solution was decanted and the
sieves rinsed several times with DCM. The organics were combined and the sol-
vent removed. The crude solid was recrystallised from DCM /hexane to yield
the title compound as a dark orange solid (0.24 g, 48 %)

Procedure E To a solution of (37) (1 mmol, 0.59 g) in THF (5 mL) was
added NaOt-Bu (3 eq, 0.29 g) and HyO (1 eq, 0.02 mL). The solution was
heated to reflux for 6 hrs, cooled, and worked up as previously described to
yield the title compound as a dark orange solid (0.32 g, 65 %)

'H NMR (500 MHz, DMSO-dg) § 8.11 — 8.02 (m, 4H), 7.84 (d, J = 7.4
Hz, 2H), 7.47 (m, 2H), 7.16 (s, 1H), 7.08 - 7.03 (m, 2H), 3.91 (s, 3H), 1.77 (s,
4H), 1.43 (s, 6H), 1.39 (s, 6H)

13C NMR (125.7 MHz, DMSO-dg) § 161.8, 153.1, 152.9, 146.9, 144.5,
129.0, 122.3, 119.3, 119.1, 116.2, 115.4, 115.1, 114.9, 111.2, 55.7, 33.4, 33.1,
32.8, 31.2, 31.0
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MP: 148 - 154 °C
MS (MALDL-TOF): m/z = 488.65 [M]*+
Chemical formula and exact mass: C3yH3z3N40, 488.26 g.mol!

UV-Vis: A pax (nm) (€ (dm?.molt.cm™)) = 442 (6.88.10%), 334 (1.19.10%),
260 (1.68.10%)

5.5.3 Condensation product (42)

(42)

Figure 5.30: Condensation product (42)

Procedure D To a solution of (Z)-5,6-Dimethoxy-1-[(4-
Methoxy)benzylidene]-1 H-isoindol-3-amine (0.31 g, 1 mmol) and 1-imino-
3,3-dimethoxyisoindoline (0.19 g, 1 mmol) in dry DCM (10 mL) was added
oven dried molecular sieves. The solution was heated to reflux overnight. Upon
cooling the dark red solution was decanted and the molecular sieves washed
several times with DCM. The organics were combined, the solvent removed,
and the crude product recrystallised from DCM/hexane to yield the title
compound as a dark orange solid (0.19 g, 43 %)

'H NMR (500 MHz, DMSO-dg) & 8.35 — 8.31 (m, 1H), 8.00 — 7.91 (m,
3H), 7.69 — 7.64 (m, 3H), 7.45 (s, 1H), 7.16 (s, 1H), 7.03 (d, J = 8.6 Hz, 2H),
4.16 (s, 3H), 3.94 (s, 3H), 3.89 (s, 3H)

13C NMR (125.7 MHz, DMSO-dg) § 158.2, 150.7, 148.8, 145.9, 144.2,
143.8, 135.1, 134.9, 130.9, 127.6, 127.0, 125.7, 124.3, 117.8, 117.4, 115.2, 113.8,
112.3, 111.8, 57.4, 56.8, 53.1

MP: 195 - 199°C

MS (MALDI-TOF): m/z = 437.28 [M]*+

154



Chemical formula and exact mass: CogHgN4O3, 438.17 g.mol™

UV-Vis: A pax (nm) (€ (dm?.molt.cm™)) = 437 (5.96.10%), 330 (1.02.10%),
263 (1.37.10%)

5.5.4 Condensation product (43)

PhO OPh

(43)

Figure 5.31: Condensation product (43)

Procedure D To a solution of (1Z)-1-[(4-methoxyphenyl)methylenel-
1H-isoindol-3-amine (0.25 g, 1 mmol) and 1-imino-4,5-diphenoxy-8,8-
dimethoxyisoindoline (0.38 g, 1 mmol) in dry DCM (10 mL) was added oven
dried molecular sieves. The solution was heated at reflux overnight. Once
complete the dark red solution was decanted and the sieves rinsed with DCM
several times. The organics were combined and the solvent removed. The crude
residue was recrystallised from DCM /hexane to yield the title compound as a
dark orange solid (0.25 g, 44 %)

'H NMR (500 MHz, DMSO-dg) & 8.23 (d, J = 8.6 Hz, 2H), 8.19 — 8.15
(m, 2H), 7.94 (d, J = 7.7 Hz, 1H), 7.82 (d, J = 4.4 Hz, 1H), 7.41 — 7.27 (m,
3H), 7.14 — 6.97 (m, 8H), 6.96 — 6.91 (m, 2H), 6.66 (s, 1H), 3.79 (s, 3H)

13C NMR (125.7 MHz, DMSO-dg) § 156.4, 150.2, 149.8, 147.6, 146.6,
146.3, 138.4, 136.8, 134.2, 132.0, 130.6, 130.5, 126.7, 119.6, 119.1, 119.0, 118.3,
114.2, 57.2

MP: 173 - 178°C
MS (MALDI-TOF): m/z = 563.71 [M]*

Chemical formula and exact mass: CsgHagN4O3, 562.20 g.mol™
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UV-Vis: A max (nm) (€ (dm®.mol"*.cm!)) = 446 (6.34.103), 336 (1.13.10%),
262 (2.41.10%)

5.5.5 NBoc protected condensation product (35)

(3%)

Figure 5.32: NBoc protected condensation product (35)

Procedure B A solution of (1Z)-1-[(4-methoxyphenyl)methylene]-1H-
isoindol-3-amine (0.25 g, 1 mmol) and N-Boc 1-imino-3,3-dimethoxyisoindoline
(0.29 g, 1 mmol) in EtOH (10 mL) was heated to reflux overnight. The solution
was cooled to RT and the solvent removed. The crude residue was subject to
silica gel chromatography eluting with DCM/PE (3:2). The intensely red frac-
tion was collected and the solvent removed to yield the title compound as a dark
red solid (0.18 g, 38 %)

IH NMR (500 MHz, CDCl3) & 8.32 (d, J = 8.6 Hz, 2H), 8.20 (d, J = 7.5
Hz, 1H), 8.16 — 8.09 (m, 1H), 7.98 (d, J = 7.5 Hz, 1H), 7.85 (d, J = 7.5 Hz,
1H), 7.78 - 7.71 (m, 1H), 7.71 - 7.66 (m, 1H), 7.54 — 7.41 (m, 2H), 7.31 (s, 1H),
7.13 (dd, J = 8.0, 6.0 Hz, 2H), 3.88 (s, 3H), 1.63 (s, 9H)

13C NMR (125.7 MHz, CDCls) § 166.2, 158.2, 152.3, 152.0, 145.4, 145.1,
127.9, 122.6, 119.7, 117.6, 117.2, 114.8, 54.6, 28.5, 14.0

MP: 162 - 167 °C
MS (MALDI-TOF): m/z = 479.11 [M]™
Chemical formula and exact mass: CagHasN4O3, 478.20 g.mol™

FT-IR: (ATR), v (cm!): 1776 (C=0)
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(37)
Figure 5.33: NBoc protected condensation product (37)

5.5.6 NBoc protected condensation product (37)

Procedure C A solution of (1Z)-1-[(4-methoxyphenyl)methylene]-1H-
isoindol-3-amine (0.16 g, 0.64 mmol) and NBoc 1-imino-5,5,8,8-tetramethyl-
5H,6H,7H,8H-12,12-dimethoxyisoindoline (0.24 g, 0.64 mmol) in EtOH (10 mL)
was heated to reflux overnight. The solution was cooled to RT and the solvent
removed. The crude residue was subject to silica gel chromatography eluting
with DCM/PE (3:2). The intensely red fraction was collected and the solvent
removed to yield the title compound as a dark red solid (0.10 g, 26 %)

'H NMR (500 MHz, CDCl3) 6 8.35 (d, J = 8.4 Hz, 2H), 8.14 (s, 1H), 8.09
(s, 1H), 8.04 (d, J = 7.4 Hz, 1H), 7.94 (s, 1H), 7.90 - 7.83 (m, 1H), 7.54 — 7.43
(m, 1H), 7.31 (s, 1H), 7.14 (d, J = 8.4 Hz, 2H), 3.90 (s, 3H), 1.78 (s, 4H), 1.60
(s, 9H), 1.38 (s, 12H)

13C NMR (125.7 MHz, CDCl3) § 168.0, 159.7, 153.4, 153.0, 144.3, 144.1,
128.6, 124.1, 123.6, 123.1, 118.9, 118.4, 115.7, 55.3, 33.6, 33.2, 33.0, 31.4, 28.6,
14.8

MP: 128 - 134 °C
MS (MALDI-TOF): m/z = 589.24 [M]™
Chemical formula and exact mass: Cy47H4N4O3, 588.31 g.mol™

FT-IR: (ATR), v (cm™): 1782 (C=0)
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5.6 Trimeric condensation products

Procedure A Procedure A utilises dimethoxyisoindolines and aminoisoindo-
lines in MeOH at reflux.

Procedure B Procedure B is the homocondensation of (30) to yield (40)
with the elimination of diiminoisoindoline.

5.6.1 Condensation product (33)

(33)

Figure 5.34: Condensation product (33)

Procedure A A solution of (1Z)-1-[(4-methoxyphenyl)methylene]-1H-
isoindol-3-amine (0.5 g, 2 mmol) and 1-imino-5,5,8,8-tetramethyl-5H,6H,7H,8H-
12,12-dimethoxyisoindoline (0.30 g, 1 mmol) in MeOH (10 mL) was heated to
reflux overnight. Upon cooling the solvent was removed and the crude residue
purified by silica gel chromatography eluting with DCM /hexane (3:2). The first
brown fraction was collected and recrystallised from DCM /hexane to yield the
title compound as a dark brown solid (0.52 g, 72 %)

Procedure B A solution of (32) (0.26 g, 0.53 mmol) in toluene (10 mL) was
heated to 100°C overnight. Upon cooling the solvent was removed and the crude
reside purified by silica gel chromatography eluting with EtOAc/hexane (2:3).
The first brown fraction was collected, the solvent removed, and the residue
recrystallised from DCM /hexane to yield the title compound as a dark brown
solid (55 mg, 68 %).
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'H NMR (500 MHz, CDCls) & 8.12 (s, 2H), 8.00 (d, J = 6.8 Hz, 2H), 7.89
(d, J = 8.3 Hz, 4H), 7.69 (d, J = 6.8 Hz, 2H), 7.47 — 7.41 (m, 4H), 6.58 (s, 2H),
6.36 (d, J = 8.3 Hz, 4H), 3.40 (s, 6H), 1.79 (s, 4H), 1.44 (s, 12H)

13C NMR (125.7 MHz, CDCl3) § 163.0, 155.4, 153.3, 151.8, 143.0, 133.2,
126.5, 119.2, 107.9, 65.9, 31.0, 24.7, 13.7

MP: 217 - 220°C
MS (MALDI-TOF): m/z = 720.99 [M]™
Chemical formula and exact mass: CygH43N505, 721.34 g.mol™

UV-Vis: A pax (nm) (e (dm®.molt.cm™)) = 478 (4.80.10%), 402 (8.87.10%),
348 (1.21.10%), 265 (1.86.10%)

5.6.2 Condensation product (40)

O/ \O
DS
/ \
NNy /

(40)

Figure 5.35: Condensation product (40)

Procedure B A solution of (30) (0.20 g, 0.53 mmol) in toluene (10 mL) was
heated to 100°C overnight. Upon cooling the solvent was removed and the crude
residue purified by silica gel chromatography eluting with EtOAc/hexane (2:3).
The first brown fraction was collected, the solvent removed, and the residue
recrystallised from DCM/hexane to yield the title compound as a dark brown
solid (55 mg, 68 %).

'H NMR (500 MHz, CDCl3) 6 8.22 — 8.14 (m, 2H), 8.00 — 7.95 (m, 2H),

7.95 - 7.89 (m, 4H), 7.74 — 7.66 (m, 4H), 7.55 — 7.41 (m, 4H), 6.62 (s, 2H), 6.40
(d, J = 8.3 Hz, 4H), 3.43 (s, 6H)
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13C NMR (125.7 MHz, CDCls) 6 161.0, 153.2, 152.4, 141.2, 140.9, 139.5,
131.1, 126.9, 121.0, 109.6, 64.2

MP: 200 - 203°C
MS (MALDI-TOF): m/z = 610.78 [M]™
Chemical formula and exact mass: CqoHagoN50o, 611.23 g.mol™

UV-Vis: A pax (nm) (€ (dm?.molt.cm™)) = 475 (4.93.10%), 400 (9.57.103),
347 (1.29.10%), 264 (2.01.10%)
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5.7 TBTAPs

Procedure A utilises aminoisoindolines and phthalonitrile with the original
procedures. Procedure B utilises aminoisoindolines and phthalonitriles with
modified versions of the original procedure. Procedure C utilises (30) and
derivatives with the newly developed methodology.

5.7.1 MgTBTAP (16)

(16)

Figure 5.36: MgTBTAP (16)

Procedure A A suspension of phthalonitrile (154 mg, 3 eq.) and MgBry (110
mg, 1.5 eq.) in dry diglyme (0.5 mL) was heated in an oil bath at 220°C under
an argon atmosphere for 10 min. A solution of aminoisoindoline (100 mg, 1
eq.) and phthalonitrile (51 mg, 1 eq.) in dry diglyme (1 mL) was then added
dropwise over 1 hr. After addition the reaction was refluxed for 30 min. A final
solution of DABCO (67.5 mg, 1.5 eq.) and phthalonitrile (51 mg, 1 eq.) in dry
diglyme (0.5 mL) was added dropwise over 1 hr, followed by a further 30 min
reflux. A stream of argon was passed through the reaction vessel to remove the
solvent. The crude mixture was cooled to room temperature and dissolved in a
mixture of DCM/MeOH (50 mL, 1:1) with the aid of sonication. The solvent was
removed in vaccuo and the residue purified by silica gel chromatography, firstly
with DCM/NEt;/THF (10:1:4). The collected green fractions were resubjected
to a column eluted with PE/THF/MeOH (10:3:1) to obtain the pure green
product. The material was recrystallised from DCM/MeOH to yield the title
compound as dark crystals with a purple reflex (43 mg, 17 %).

Procedure C Condensation product (30) (180 mg, 2 eq) was added to a
solution of MgBrs (44 mg, 1 eq) in p-xylene (3 mL) and heated to reflux for
3 hr. After the reaction was complete the solvent was removed in vaccuo,
and the crude mixture dissolved in DCM/MeOH (50 mL, 1:1) with the aid
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of sonication. The crude mixture was loaded on silica and purified by silica
gel chromatography utilizing DCM/NEts/THF (10:1:4). The green fractions
were collected and subjected to a second column chromatography eluting with
PE/THF/MeOH (10:3:1). The green fractions were then recrystallised from
DCM/MeOH to yield the title compound as a dark green solid (62 mg, 40 %)

IH NMR (500 MHz, Acetone-dg) § 9.48 (d, J = 7.6 Hz, 2H), 9.41 — 9.38
(m, 4H), 8.15 - 8.09 (m, 4H), 7.93 (d, J = 8.3 Hz, 2H), 7.86 (t, J = 7.3 Hz, 2H),
7.55 (t, J = 7.3 Hz, 2H), 7.45 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H),
4.10 (s, 3H)

13C NMR (125.7 MHz, Acetone-dg) 6 163.4, 158.2, 155.0, 154.3, 145.6,
142.6, 142.5, 141.7, 141.0, 137.6, 136.4, 132.1, 131.5, 130.4, 129.7, 128.9, 128.2,
124.3, 124.0, 123.8, 116.2, 56.4

MP: > 300°C (lit. > 300°C)139

UV-Vis: A pax (nm) (€ (dm>.mol!.cm™)) = 676 (2.93.10°), 652 (1.72.10°),
596 (3.76.10%), 447 (4.71.10%), 390 (1.36.10°)

MALDI-TOF: m/z = 641.49 [M]* (100%)
Chemical formula and exact mass: Cyq0HasMgN7O, 641.18 g.mol!

5.7.2 2:2 MgTBTAP (18)

Figure 5.37: 2:2 MgTBTAP (18)
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Procedure A A suspension of tetramethylphthalonitrile (14) (286 mg, 3 eq.)
and MgBrs (110 mg, 1.5 eq.) in dry diglyme (0.5 mL) was heated in an oil bath
at 220°C under an argon atmosphere for 10 min. A solution of aminoisoindoline
(100 mg, 1 eq.) and tetramethylphthalonitrile (14) (95 mg, 1 eq.) in dry
diglyme (1 mL) was then added dropwise over 1 hr. After addition the reaction
was refluxed for 30 min. A final solution of DABCO (67.5 mg, 1.5 eq.) and
phthalonitrile (95 mg, 1 eq.) in dry diglyme (0.5 mL) was added dropwise
over 1 hr, followed by a further 30 min reflux. A stream of argon was passed
through the reaction vessel to remove the solvent. The crude mixture was
cooled to room temperature and dissolved in a mixture of DCM/MeOH (50
mL, 1:1) with the aid of sonication. The solvent was removed in vaccuo and
the residue purified by silica gel chromatography, firstly with DCM/NEt;/THF
(10:1:4). The collected green fractions were resubjected to a column eluted with
PE/THF/MeOH (20:3:1) to obtain the pure green product as the second green
fraction. The material was recrystallised from DCM/MeOH to yield the title
compound as dark crystals with a purple reflex (10.3 mg, 3.0 %).

Procedure B A suspension of tetramethylphthalonitrile (14) (190 mg, 1 eq),
aminoisoindoline (13) (200 mg, 1 eq), MgBrz (110 mg) and DABCO (67.5 mg)
was heated to reflux in diglyme (3 mL) for 3 hrs. Work up and purification was
performed as above to yield the title compound as dark crystals with a purple
reflex (28 mg, 8 %).

'H NMR (500 MHz, THF-dg) 6 9.62 — 9.53 (m, 2H), 9.48 (m, 4H), 8.06
~7.97 (m, 2H), 7.86 (t, J = 7.2 Hz, 2H), 7.56 (ddd, J = 8.1, 6.8, 1.1 Hz, 2H),
7.53 — 7.46 (m, 2H), 7.20 (d, J = 8.1 Hz, 2H), 4.19 (s, 3H), 2.08 (s, 8H), 1.80
(s, 24H).

13C' NMR (125.7 MHz, THF-dg) § 160.7, 156.8, 153.2, 151.7, 146.8, 146.6,
141.0, 140.7, 139.1, 138.7, 136.0, 134.0, 126.8, 126.5, 126.3, 125.1, 122.7, 121.2,
121.0, 115.4, 56.7, 36.8, 36.6, 33.2

MP: > 300 °C (lit. > 300°C)39

UV-Vis: A max (nm) (e (dm®.molt.cm™)) = 681 (2.14.10°), 656 (1.43.10%),
462 (4.02.10%), 390 (7.21.10%)

MALDI-TOF: m/z = [M]* 860.70 (100%) Chemical formula and exact
mass: CsgHs1MgN~7O, 861.40 g.mol™!

5.7.3 3:1 MgTBTAP (19)

Procedure B A suspension of tetramethylphthalonitrile (14) (286 mg, 3 eq.)
and MgBrs (110 mg, 1.5 eq.) in dry diglyme (0.5 mL) was heated in an oil bath
at 220°C under an argon atmosphere for 10 min. A solution of aminoisoindoline
(100 mg, 1 eq.) and tetramethylphthalonitrile (14) (95 mg, 1 eq.) in dry
diglyme (1 mL) was then added dropwise over 3 hr. After addition the reaction
was refluxed for 30 min. A final solution of DABCO (67.5 mg, 1.5 eq.) and
tetramethylphthalonitrile (14) (95 mg, 1 eq.) in dry diglyme (0.5 mL) was
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(19)

Figure 5.38: 3:1 MgTBTAP (19)

added dropwise over 3 hr, followed by a further 30 min reflux. A stream of argon
was passed through the reaction vessel to remove the solvent. The crude mixture
was cooled to room temperature and dissolved in a mixture of DCM/MeOH (50
mL, 1:1) with the aid of sonication. The solvent was removed in vaccuo and
the residue purified by silica gel chromatography, firstly with DCM/NEts /THF
(10:1:4). The collected green fractions were resubjected to a column eluted
with PE/THF/MeOH (20:3:1) to obtain the pure green product as the first
green fraction. The material was recrystallised from DCM/MeOH to yield the
title compound as dark crystals with a purple reflex. (21 mg, 6 %)

Procedure C A solution of (32) (233 mg, 2 eq) was added to a solution of
MgBrs (44 mg, 1 eq) in p-xylene (3 mL) and heated to reflux for 3 hr. After the
reaction was complete the solvent was removed in vaccuo, and the crude mixture
dissolved in DCM/MeOH (50 mL, 1:1) with the aid of sonication. The crude
mixture was loaded on silica and purified by silica gel chromatography utilizing
DCM/NEt3/THF (10:1:4). The green fractions were collected and subjected to
a second column chromatography eluting with PE/THF/MeOH (10:3:1). The
green fractions were then recrystallised from DCM/MeOH to yield the title
compound as a dark green solid (70 mg, 30 %)

'H NMR (500 MHz, THF-dg) 6 9.57 (d, J = 7.5 Hz, 1H), 9.52 — 9.41 (m,
5H), 8.03 (d, J = 8.3 Hz, 1H), 7.86 (t, J = 7.2 Hz, 1H), 7.61 — 7.52 (m, 3H),
7.37 (d, J = 8.3 Hz, 1H), 7.16 (s, 1H), 4.20 (s, 4H), 2.08 (s, 12H), 1.81 (s, 24H),
1.35 (s, 12H).

13C NMR (125.7 MHz, THF-dg) § 161.7, 153.7, 153.4, 152.3, 147.4, 147.0,
146.8, 144.8, 144.3, 142.6, 142.0, 140.5, 139.8, 139.2, 138.8, 138.6, 137.9, 136.2,

164



134.0, 127.2, 126.9, 125.4, 124.3, 123.5, 121.8, 121.6, 121.4, 120.5, 115.2, 56.1,
36.7, 36.6, 36.4, 36.1, 35.4, 35.3, 33.2, 33.2, 32.9, 32.5

MP: > 300 °C (lit. > 300°C)39

UV-Vis: A max (nm) (e (dm®.molt.cm™)) = 686 (5.42.10%), 662 (3.31.10%),
443 (7.06.10), 396 (1.83.10%)

MALDI-TOF: m/z = 970.83 [M]™ (100%)
Chemical formula and exact mass: CgsHgsMgN;O, 971.51 g.mol!

5.7.4 3:1 ZnTBTAP (24)

N=—
N\

N

Figure 5.39: 3:1 ZnTBTAP (24)

Procedure B A suspension of tetramethylphthalonitrile (14) (286 mg, 3eq)
and ZnBrs (135 mg, 1.5 eq.) in dry diglyme (0.5 mL) was heated in an oil bath
at 220°C under an argon atmosphere for 10 min. A solution of aminoisoindoline
(100 mg, 1 eq.) and tetramethylphthalonitrile (14) (95 mg, 1 eq.) in dry
diglyme (1 mL) was then added dropwise over 3 hr. After addition the reaction
was refluxed for 30 min. A final solution of DABCO (67.5 mg, 1.5 eq.) and
tetramethylphthalonitrile (14) (95 mg, 1 eq.) in dry diglyme (0.5 mL) was
added dropwise over 3 hr, followed by a further 30 min reflux. A stream of argon
was passed through the reaction vessel to remove the solvent. The crude mixture
was cooled to room temperature and dissolved in a mixture of DCM/MeOH (50
mL, 1:1) with the aid of sonication. The solvent was removed in vaccuo and
the residue purified by silica gel chromatography, firstly with DCM/NEtz /THF
(10:1:4). The collected green fractions were resubjected to a column eluted with
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PE/THF /MeOH (10:3:1) to obtain the pure green product. The material was
recrystallised from DCM/MeOH to yield the title compound as dark crystals
with a purple reflex (28 mg, 7 %)

IH NMR (500 MHz, THF-dg) § 9.60 (d, J = 7.8 Hz, 1H), 9.56 — 9.47 (m,
5H), 8.03 (d, J = 8.5 Hz, 2H), 7.90 (t, J = 7.0 Hz, 1H), 7.61 (t, J = 7.0 Hz,
1H), 7.56 (d, J = 8.5 Hz, 2H), 7.38 (d, J = 7.8 Hz, 1H), 7.18 (s, 1H), 4.20 (s,
3H), 2.09 (s, 12H), 1.81 (s, 24H), 1.35 (s, 6H), 1.29 (s, 6H)

13C' NMR (125.7 MHz, THF-dg) 6 163.3, 153.2, 152.4, 152.3, 147.8, 147.1,
145.8, 144.8, 144.1, 141.6, 141.0, 140.7, 139.6, 139.2, 138.7, 137.6, 136.8, 136.2,
134.2, 127.1, 125.9, 125.4, 124.9, 123.5, 121.7, 121.6, 121.1, 120.5, 115.1, 56.8,
36.8, 36.4, 36.0, 35.6, 35.1, 33.1, 32.8, 32.3

MP: > 300°C

UV-Vis: A pax (nm) (e (dm3.mol.cm™)) = 684 (4.69.10%), 660 (2.74.10%,
441 (6.35.10%, 415 (1.62.10%)

MALDI-TOF: m/z = 1010.17 [M]* (100%)

Chemical formula and exact mass: Cg4HgsZnN7O, 1011.45 g.mol ™

5.7.5 1:3 MgTBTAP (53)

Figure 5.40: 1:3 MgTBTAP (53)
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Procedure C A solution of (42) (209 mg, 2 eq) was added to a solution of
MgBr; (44 mg, 1 eq) in p-xylene (3 mL) and heated to reflux for 3 hr. After the
reaction was complete the solvent was removed in vaccuo, and the crude mixture
dissolved in DCM/MeOH (50 mL, 1:1) with the aid of sonication. The crude
mixture was loaded on silica and purified by silica gel chromatography utilizing
DCM/NEt3/THF (10:1:4). The green fractions were collected and subjected to
a second column chromatography eluting with PE/THF/MeOH (10:3:1). The
green fractions were then recrystallised from DCM/MeOH to yield the title
compound as a dark green solid (58 mg, 34 %)

'H NMR (500 MHz, THF-ds) 6 9.61 (d, J = 7.6 Hz, 1H), 9.55 — 9.48 (m,
4H), 9.03 (s, 1H), 8.21 — 8.15 (m, 4H), 8.07 (d, J = 8.4 Hz, 2H), 7.92 (t, J =
7.3 Hz, 1H), 7.62 (t, J = 7.3 Hz, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.0
Hz, 1H), 6.64 (s, 1H), 4.30 (s, 3H), 4.17 (s, 3H), 3.78 (s, 3H)

13C' NMR (125.7 MHz, CDCls) § 162.0, 154.5, 151.4, 144.0, 140.5, 136.7,
134.2, 129.9, 129.8, 129.6, 128.0, 127.5, 127.3, 123.7, 123.6, 115.5, 107.9, 105.0,
56.6, 56.2, 56.0

MP: > 300°C

UV-Vis: A max (nm) (e (dm®.molt.cm™)) = 674 (8.41.10%), 648 (3.92.10%),
442 (1.05.10%), 401 (2.79.10%)

MALDLTOF: m/z = 700.38 [M]* (100%)
Chemical formula and exact mass: CyoHy7MgN;O3, 701.20 g.mol™*

5.7.6 3:1 MgTBTAP (54)

Procedure C A solution of (43) (270 mg, 2 eq) was added to a solution of
MgBrs (44 mg, 1 eq) in p-xylene (3 mL) and heated to reflux for 3 hr. After the
reaction was complete the solvent was removed in vaccuo, and the crude mixture
dissolved in DCM/MeOH (50 mL, 1:1) with the aid of sonication. The crude
mixture was loaded on silica and purified by silica gel chromatography utilizing
DCM/NEts/THF (10:1:4). The green fractions were collected and subjected to
a second column chromatography eluting with PE/THF/MeOH (10:3:1). The
green fractions were then recrystallised from DCM/MeOH to yield the title
compound as a dark green solid (96 mg, 34 %).

'H NMR (500 MHz, THF-dg) & 9.60 (d, J = 7.5 Hz, 1H), 9.56 — 9.47 (m,
5H), 8.08 — 8.01 (m, 2H), 7.90 (t, J = 7.2 Hz, 1H), 7.63 — 7.58 (m, 1H), 7.58
— 7.55 (m, 2H), 7.53 — 7.49 (m, 4H), 7.48 — 7.43 (m, 8H), 7.40 — 7.32 (m, 3H),
7.31 - 7.27 (m, 4H), 7.18 (s, 1H), 7.16 — 7.11 (m, 4H), 7.08 (dd, J = 8.1, 1.2 Hz,
8H), 4.20 (s, 3H)

13C NMR (125.7 MHz, THF-dg) § 164.1, 154.4, 153.6, 153.1, 152.9, 147.9,
146.2, 144.2, 143.6, 141.2, 140.7, 140.2, 139.9, 139.4, 138.9, 137.2, 127.8, 127.3,
127.2, 124.8, 124.3, 122.4, 122.1, 120.4, 120.2, 115.3, 55.9
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PhO OPh

PhO
PhO
PhO OPh
(54)
Figure 5.41: 3:1 MgTBTAP (54)
MP: > 300°C

UV-Vis: A max (nm) (e (dm®.mol.cm™)) = 682 (9.81.10%), 655 (5.04.10%),
443 (1.92.10%), 389 (4.30.10%)

MALDI-TOF: m/z = 1192.42 [M]* (100%)

Chemical formula and exact mass: C7gHy7MgN,O7, 1193.34 g.mol™!
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5.8 SubTBDAPs

Procedure A utilises the original procedure with BClg as the boron source.
Procedure B utilises the original procedure with B(OPh)3 as the boron source.3?
Procedure C utilises new intermediate (30) with B(OPh)5 as the boron source.

5.8.1 SubTBDAP-OPh (46)

0

N N /N
I [‘3 I
N™ N

(46)

Figure 5.42: SubTBDAP-OPh (46)

Procedure A (Z)-1-[(4-Methoxy)benzylidene]-1 H-isoindol-3-amine (58 mg, 1
eq) and phthalonitrile (60 mg, 2 eq), was dissolved in p-xylene (3 mL) in a sealed
glass tube under argon. BCl; was added dropwise as a 1M solution in p-xylene
(0.47 mL, 0.47 mmol, 2 eq) and the reaction tube sealed. The reaction was
heated to reflux for 3 hours, after which an excess of phenol (0.22 g, 10 eq)
was added to the reaction. The solution was refluxed overnight, after which the
solvent was removed and the crude residue subjected to silica gel chromatog-
raphy eluting with EtOAc/hexane (2:7). The pink fractions were collected and
subjected to a second column, eluting with 1:3:2 diethyl ether/hexane/DCM.
Recrystallisation from DCM/hexane yielded the title compound as dark red
crystals (14 mg, 10 %).

Procedure B To a solution of (Z)-1-[(4-Methoxy)benzylidene]-1H-isoindol-
3-amine (112 mg, 1 eq) and phthalonitrile (173 mg, 3 eq) in dry diglyme (3.3
mL) in a sealed glass tube was added B(OPh)s3 (263 mg, 2 eq). The solution
was degassed with dry No then heated to 200°C for 3 hours. The mixture was
cooled and EtOAc added (50 mL), the solution was then washed with saturated
NaHCOj3 (3 x 75 mL). The organics were dried with MgSO,4 and the solvent
removed. The crude residue was subjected to silica gel chromatography eluting
with EtOAc/hexane (2:7). The pink fractions were collected and subjected to a
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second column, eluting with 1:3:2 diethyl ether/hexane/DCM. Recrystallisation
from DCM /hexane yielded the title compound as dark red crystals (21 mg, 8
%).

Procedure C To a solution of (30) (170 mg, 1 eq) in dry diglyme (2 mL)
in a sealed glass tube was added B(OPh)s (130 mg, 1 eq). The tube was
purged with No and the mixture stirred briefly at RT, a blood red solution
formed. The vessel was placed in an oil bath at RT and heated to 200°C for
3 hours. Upon cooling the crude reaction mixture was diluted with EtOAc
(50 mL) and washed with saturated NaHCOg3 (3 x 75 mL). The organics were
dried with MgSO,4 and the solvent removed in vaccuo. The crude reside was
subjected to silica gel chromatography eluting with EtOAc/hexane (2:7). The
pink fractions were collected and subjected to a second column, eluting with
1:3:2 diethyl ether/hexane/DCM. Recrystallisation from DCM /hexane yielded
the title compound as dark red crystals (28 mg, 21 %).

'H NMR (500 MHz, Methylene Chloride-dz, 298 K) & 8.96 — 8.88 (m, 4H),
7.99 (dd, J = 5.9, 3.0 Hz, 2H), 7.80 (dt, J = 8.0, 4.0 Hz, 2H), 7.62 (d, J = 4.3
Hz, 4H), 6.70 (t, J = 7.5 Hz, 2H), 6.62 (t, J = 7.5 Hz, 1H), 5.26 (dd, J = 7.5,
1.6 Hz, 2H), 4.07 (s, 3H)

13C NMR (125.7 MHz, CDCl3) 6 163.7, 152.8, 152.2, 136.2, 135.0, 134.8,
131.3, 130.0, 128.8, 128.2, 127.4, 127.2, 126.6, 126.1, 123.1, 122.8, 121.4, 120.5,
116.1, 56.6

MP: 296 - 299 °C (lit. 300°C)3°

UV-Vis: A pax (nm) (€ (dm?.molt.cm™)) = 550 (4.74.10%), 539 (4.52.10%),
510 (2.28.10%), 336 (5.08.10%)

MALDI-TOF: m/z = 593.68 [M]* (100%)

Chemical formula and exact mass: C3gHasBN5Os, 594.21 g.mol™!
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5.8.2 Naphthyl-SubTBDAP-OPh (47)

N
/y‘©
N NT /N
I 113 I
N” N

(47)

Figure 5.43: Naphthyl-SubTBDAP-OPh (47)

Procedure B To a solution of (Z)-1-[(4-Methoxy)benzylidene]-1 H-isoindol-3-
amine (112 mg, 1 eq) and 6,7-dicyanonaphthalene (250 mg, 3 eq) in dry diglyme
(3.3 mL) in a sealed glass tube was added B(OPh)3 (263 mg, 2 eq). The solution
was degassed with dry Ny then heated to 200°C for 3 hours. The mixture was
cooled and EtOAc added (50 mL), the solution was then washed with saturated
NaHCO3 (3 x 75 mL). The organics were dried with MgSO,4 and the solvent
removed. The crude residue was subjected to silica gel chromatography eluting
with EtOAc/hexane (2:7). The pink fractions were collected and subjected to a
second column, eluting with 1:3:2 diethyl ether/hexane/DCM. Recrystallisation
from DCM /hexane yielded the title compound as dark red crystals (26 mg, 9
%).

'H NMR (500 MHz, Methylene Chloride-ds, 298 K) 6 9.52 (s, 2H), 8.96
(d, J = 8.5 Hz, 2H), 8.40 (dd, J = 6.3, 3.4 Hyz, 2H), 7.83 — 7.74 (m, 4H), 7.63
=753 (m, 4H), 6.75 — 6.67 (m, 2H), 6.63 (¢, J = 7.5 Hz, 1H), 5.36 (d, J = 7.5
Hz, 2H), 4.04 (s, 3H)

13C NMR (125.7 MHz, CDCls) § 167.4, 162.2, 151.3, 151.1, 137.4, 136.4,
135.3, 132.8, 131.0, 130.6, 129.5, 129.3, 128.2, 128.0, 127.3, 127.1, 123.0, 122.7,
121.9, 121.3, 115.3, 57.0

MP: > 300°C
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UV-Vis: A max (nm) (€ (dm®.mol"*.cm™!)) = 565 (4.56.10%), 516 (1.92.10%),
343 (3.12.10%)

MALDI-TOF: m/z = 643.98 [M]* (100%)

Chemical formula and exact mass: C4oHo7BN5O4, 644.23 g.mol™
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Abstract: Phthalocyanines and porphyrins are often the
scaffolds of choice for use in widespread applications.
Synthetic advances allow bespoke derivatives to be made,
tailoring their properties. The selective synthesis of unsym-
metrical systems, particularly phthalocyanines, has remained
a significant unmet challenge. Porphyrin-phthalocyanine
hybrids offer the potential to combine the favorable features
of both parent structures, but again synthetic strategies are
poorly developed. Here we demonstrate strategies that give
straightforward, controlled access to differentially substituted
meso-aryl-tetrabenzotriazaporphyrins by reaction between an
aryl-aminoisoindolene (A) initiator and a complementary
phthalonitrile (B). The choice of precursors and reaction
conditions allows selective preparation of 1:3 Ar-ABBB and,
uniquely, 2:2 Ar-ABBA functionalized hybrids.

P hthalocyanines (Pc) and porphyrins are among the most
widely studied functional organic materials. Porphyrin deriv-
atives are widespread in nature and perform crucial life-
sustaining functions. Synthetic porphyrins and phthalocya-
nines are diversely used across chemical, biological and other
advanced technology fields. Their popularity stems from
a combination of general molecular properties such as light
absorption and stability (a direct consequence of their
extended aromaticity), and the ability to tune their physico-
chemical properties through a number of complementary
strategies such as metal ion incorporation, perturbation of the
core, and/or introduction of appropriate substituents.!!
Hybrid structures, intermediate between Pc and porphyr-
ins (Figure 1), were recognized as important scaffolds during
the birth of Pc chemistry, and were discussed in Linstead’s and
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Porphyrin

Phthalocyanine (Pc) XY 7 = N ; Tetrabenzotriazaporphyrin

Y = CH ; X,Z =N ; trans- Tetrabenzodiazaporphyrin
X =CHY,Z=N; cis- Tetrabenzodiazaporphyrin
XY =CH ; Z =N ; Tetrabenzomonoazaporphyrin
X.Y,Z = CH ; Tetrabenzoporphyrin

Figure 1. Molecular structures of phthalocyanine (Pc), porphyrin, and
their hybrids.

Dent’s original seminal series of papers in the 1930s.”! The
hybrids possess complementary and superior characteristics
to their parents, bridging the Pc and porphyrin systems and
allowing precise tuning of their properties for specific
applications.®! However, scarce synthetic availability of
hybrid materials has limited the study of their scope. Synthetic
procedures are mostly derived from the original methods
from the 1930s, employing a carbon-based nucleophile to
initiate reaction with a phthalonitrile (Pn) co-reactant.
These strategies generally have poor yields and selectivity,
leading most investigations to focus on hybrid structures
bearing only simple or no substituents on the macrocycle or
the meso-carbon position. Interest in functional hybrids has
been growing recently. Wel*! and others® have refined C-
nucleophile procedures, extending studies to include sub-
stituents at the Pn and meso-sites, and controlling product
distribution through stoichiometry and reaction conditions.
Access to the full range of (separable and processable)
hybrids has further revealed their enhanced behavior as
device components.”! More innovative synthetic inventions
have recently started to redefine the field, charting the first
steps towards controlled synthesis of di-"! and triaza® hybrids.
Our synthesis of meso-aryl tetrabenzotriazaporphyrins
(TBTAPs) provided, for the first time, scalable access to these
hybrid structures functionalized at the meso position.[’! Based
on the proposed mechanism, we recognized that our synthetic
protocol had the potential to introduce different benzo
fragments (A and B) around the macrocycle in a regiospecific
manner, in addition to the meso functionality (Scheme 1).
Such structural control has been long pursued in normal Pc
chemistry with only limited advances.”’ In the hybrid series,
success would deliver materials that are unavailable in
general Pc chemistry, but also offer the opportunity to further
exploit the possibilities provided by the meso-substituent.

Angew. Chem. Int. Ed. 2021, 6o, 7632-7636
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Scheme 1. The synthesis of meso-aryl TBTAPs from reaction between
aminoisoindolene initiator"” (providing the A ring) and phthalonitrile
(providing the B ring).®!

Our first attempts to investigate the potential to introduce
substituents onto TBTAP hybrids employed commercially
available 4-tert-butylphthalonitrile,' a widely used precursor
in Pc chemistry that imparts good solubility to the final
macrocycles. According to our proposed mechanism for this
reaction, we expected to obtain a 1:3 peripheral substitution
pattern (Scheme 1). However, reaction with our aminoiso-
indolene co-reactant under the conditions optimized for
TBTAP synthesis produced a complex mixture of products.
Therefore, we shifted our strategy to symmetrically disub-
stituted Pns in order to simplify characterization and analysis.
Several examples leading to peripheral substitution were
chosen, avoiding steric clashes with substituents on the new
meso-carbon.® Initial investigations used the Pn derivative
4, derived from tetramethyl tetralin, synthesized from ben-
zene by Friedel-Crafts alkylation,' bromination,'*¥ and
cyanation.™¥l An initial test reaction was performed using
Pn 4 alone under the reaction conditions (MgBr, in diglyme at
reflux) to ensure that Pc formation did not occur directly at
a competitive rate, as already shown for the unsubstituted
phthalonitrile® TBTAP hybrid formation was then
attempted following the previously optimized procedure,
essentially by slowly adding aminoisoindolene “initiator” 6 to
a mixture of Pn 4 (3-5 equiv) and MgBr, in refluxing diglyme
(Scheme 2).

Macrocycle formation proceeded smoothly but two dis-
tinct hybrid products were isolated. The first product was
characterized as the expected Ar-ABBB (1:3) TBTAP hybrid
7 that likely results from the proposed sequential addition of
aminoisoindolene to 3 Pn units, followed by cyclization and
aromatization (Scheme 1). However, this component was the
minor product. The dominant product was identified as the
unique Ar-ABBA (2:2) TBTAP hybrid 8, produced as a single
regioisomer. It is theoretically possible that this unexpected
product is an artifact produced from the Ar-ABBB hybrid 7

Angew. Chem. Int. Ed. 2021, 6o, 76327636
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Scheme 2. Hybrid synthesis from a substituted phthalonitrile, uncover-
ing an alternative pathway leading to Ar-ABBA TBTAP hybrid (Ar=4-
methoxyphenyl); crystal structures of hybrids 7 and 8 (solvent mole-
cules omitted for clarity).

by a retro-Friedel Crafts (de)alkylation under the reaction
conditions. Although unlikely, this possibility was eliminated
in a test experiment whereby Ar-ABBB hybrid 7 was isolated
and subjected to the reaction conditions (MgBr, in refluxing
diglyme). No reaction took place and it was therefore clear
that the Ar-ABBA hybrid 8 results from an alternative,
dominant reaction sequence.

The most likely mechanism leading to hybrid 8 is shown in
Scheme 3. It has the same first step as the mechanism
proposed in Scheme 1, involving the initial addition of amino-
isoindolene to Pn rendering an AB subunit (like all inter-
mediates in Schemes 1 and 3, this is expected to be complexed
to magnesium ion that is omitted for clarity), but the
pathways then diverge. Addition of this intermediate to
a second Pn eventually leads to the 1:3 ABBB hybrid but this
appears to be a slow step. Self-condensation of two AB
intermediates (through loss of NH;) likely dominates, leading
then to cyclization and aromatization via loss of a benzyl
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‘\

Ar-ABBA TBTAP

Scheme 3. Proposed mechanistic pathway leading to Ar-ABBA TBTAP
hybrids.

fragment. Of course, both pathways lead to the same product
if unsubstituted Pn is employed as co-reactant. Further
support for this proposed sequence was provided by the
results observed from changing the reaction stoichiometry
and protocol. Switching to 2:2 aminoisoindolene:Pn stoichi-
ometry and/or increasing the rate of addition (including
reactions where all starting materials are mixed prior to
heating) increased the relative proportion of Ar-ABBA 2:2
TBTAP hybrid in the isolated macrocyclic product mixture.
However, in such reactions the overall yield of both hybrids is
reduced because self-condensation of aminoisoindolene starts
to compete with addition to Pn.

The reaction, therefore, offers potential to produce two
separate classes of TBTAP hybrids, both largely unprece-
dented. Two further series of experiments were carried out to
demonstrate the scope. Firstly, alternative Pn derivatives were
employed. 2,3-Naphthalonitrile 9 is commercially available
and underwent macrocyclization with aminoisoindolene 6
(Scheme 4). Naphthalonitrile 9 appears to be more reactive
than Pn 4 and the reaction is complicated by competing
formation of naphthalocyanine (MgNPc). Nevertheless, Ar-
ABBA TBTAP hybrid 10 was formed and isolated as the
dominant hybrid once again. As expected, m-extended mixed
hybrid (C,, symmetry) shows a split, red-shifted Q-band
absorption at 709 and 681 nm.

The second class of Pn selected were the 4,5-dialkoxy
derivatives 12. In Pc chemistry these Pns are widely
employed.!™ They are known to be relatively easy to prepare
at scale, and within the Pc series the alkoxy substituents
modify the electronic, solubility and self-assembly properties.
The synthesis of the Pns and hybrids is shown in Scheme 4.
Cyanation!"¥ of dibromobenzene precursors 11 was carefully
controlled to prevent excessive Pc formation under the
reaction conditions. Stopping the reaction before completion
resulted in a mixture of mono- (13) and dinitriles (12), but was
a desirable outcome because we required the bromobenzoni-
trile derivatives for subsequent experiments (vide infra).

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 4. The synthesis of naphthyl (10, top) and tetraalkoxy/phenoxy
(14, bottom) Ar-ABBA TBTAP hybrids.

Dialkoxyphthalonitriles 12a—¢ were first shown not to
react to form MgPcs in refluxing diglyme in the presence of
MgBr,, allowing our standard reaction conditions to be
employed for hybrid synthesis. Reaction of dimethoxy-Pn
12a with aminoisoindolene, however, failed to produce
significant quantities of macrocycle (hybrid or Pc) and instead
yielded significant quantities of condensation product 15 (plus
unreacted Pn), presumably due to solubility issues. Longer
chain dihexyloxy- and didecyloxy-Pn (12b and 12¢, and
diphenoxy-Pn (12d, prepared from 4,5-dichlorophthaloni-
trile), reacted smoothly, however, using the single-operation
procedure whereby a mixture of aminoisoindolene, Pn and
MgBr, were heated directly in diglyme. Once again, the
dominant macrocyclic product isolated from these reactions
was the Ar-rABBA TBTAP. Separation proved to be challeng-
ing, but the pure Ar-ABBA hybrids 14b—d could be isolated
and characterized.

In all experiments described so far, an identical amino-
isoindolene reactant was employed. Aminoisoindolene 6 has
no substituents on the indolene fragment so delivers unsub-
stituted rings (“A”) into the Ar-ABBA hybrids. Alternative
substitution patterns become available if the indolene frag-
ment is itself functionalized, and in such cases the syntheses
will deliver hybrids with substituents on the rings adjacent to
the meso-Ar. This complementary sequence has been dem-
onstrated using the precursor bromobenzonitriles prepared as

Angew. Chem. Int. Ed. 2021, 6o, 7632-7636
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Scheme 5. Complementary synthesis of TBTAP hybrids to introduce
substituents adjacent to the meso-carbon.

part of the earlier Pn synthesis, and is indeed a powerful
approach (Scheme 5).

Bromobenzonitriles 13a-c were converted to the corre-
sponding amidine hydrochloride salts (16a—c) by treatment
with LIHDMS followed by HCl workup.'! The amidines
were converted to aminoisoindolenes (17a—c) by reaction
with 4-methoxyphenyl acetylene under palladium catalysis.['"]
In accordance with our previous results, reaction of these
substituted aminoisoindolenes with phthalonitrile in a single
operation led to formation of the complementary (meso-
adjacent) Ar-rABBA TBTAP hybrids 18a—c as the dominant
macrocyclic products, alongside traces of the 1:3 Ar-ABBB
TBTAP and phthalocyanine (identified by MALDI-MS). Ar-
ABBA hybrids 18a—c were isolated pure by chromatography
and recrystallization. In the case of the methoxy-substituted
TBTAP 18a, crystals suitable for X-ray diffraction were
obtained and the crystal structure is also shown in Scheme 5.

Unlike the dialkoxy derivatives, aminoisoindolene 19
(prepared from bromobenzonitrile 5 by the same reaction
sequence described for 17) is freely soluble in diglyme
enabling the reaction to be performed by slow addition
(syringe pump) to phthalonitrile and therefore allowing the
sequential addition mechanism to compete more effectively.
Under these conditions the 1:3 TBTAP hybrid 21 could
indeed also be isolated, although it remains a minor compo-
nent compared to the Ar-ABBA 2:2 hybrid 20. This
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effectively completes the series and demonstrates that the
full suite of hybrid structures can be accessed at will
(Figure 2).

In conclusion, two pathways are proposed for the syn-
thesis of an important class of functionalized phthalocyanine-
porphyrin hybrids (TBTAPs). The materials are novel in their
own right, but more importantly, the syntheses offer control
and variation over structural and substituent modifications,
a goal not yet achieved even within the extensively inves-
tigated chemistry of the parent phthalocyanines. Differential
substitution can be controlled leading to a full range of
complementary functionality, at the meso-carbon itself (ideal
for attachment of these functional antennae!'® molecules) and
at one or both of the adjacent or opposite benzo sites to the
meso-carbon (controlling molecular electronic character but
also permitting design of super- and supramolecular func-
tional assemblies!').

OCHg

OCH;

Figure 2. Suite of TBTAP hybrids that can now be synthesized control-
ling the meso-aryl, adjacent, and opposite benzo-substituents.
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Breaking Charge Separation in the Excitonically Coupled

Subphthalocyanine Dimer

Palas Roy, Giovanni Bressan, Jacob Gretton, Andrew N. Cammidge, and Stephen R. Meech*

Abstract: Knowledge of the factors controlling excited state
dynamics in excitonically coupled dimers and higher aggre-
gates is critical for understanding natural and artificial solar
energy conversion. In this work, we report ultrafast solvent
polarity dependent excited state dynamics of the structurally
well-defined subphthalocyanine dimer, u-OSubPc,. Stationary
electronic spectra demonstrate strong exciton coupling in u-
OSubPc,. Femtosecond transient absorption measurements
reveal ultrafast excimer formation from the initially excited
exciton, mediated by intramolecular structural evolution. In
polar solvents the excimer state decays directly through
symmetry breaking charge transfer to form a charge separated
state. Charge separation occurs under control of solvent
orientational relaxation.

Self-assembled chromophore aggregates play central roles
in light harvesting and energy transport processes which
underpin photosynthesis, solar energy conversion and molec-
ular electronics.! Co-facial molecular homodimers are the
fundamental unit of such aggregates and exhibit a range of
phenomena including: exciton formation and decay, which is
critical in efficient energy transport; relaxation to excimers,
which act as trap states, disrupting exciton diffusion; symme-
try breaking charge separation, a model system for the
primary step in bacterial photosynthesis.”) In this work we
probe ultrafast dynamics in the structurally well-defined p-
oxo-subphthalocyanine  dimer (pu-OSubPc,), resolving
sequential exciton relaxation to form an excimer, and
observing its subsequent decay in polar solvents by symmetry
breaking charge separation. While important intermediates in
the decay dynamics of excitonically coupled dimers have been
studied previously, most notably in perylene derivatives,” the
rigid and soluble u-OSubPc, allows observation of discrete
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spectra for each state and their sequential kinetics in real-time
under solvent control. Thus, this study of p-OSubPc, permits
the real time characterization of relaxation through the key
intermediates of photoexcited dimers; the observation of
these states suggests potential applications in photovoltaic
cells.

Boron SubPc has three conjugated heteroaromatic rings,
in contrast to the four familiar in phthalocyanines, and
consequently adopts a bowl-like rather than planar structure.
It has an intense blue-green absorption, making it a partic-
ularly useful chromophore for solar energy harvesting.”! The
oxygen bridged dimer, p-OSubPc,, has been synthesized and
structurally characterized as a co-facial non-co-planar dimer
with approximate C,, symmetry (Figure 1a).” The electronic
spectra of u-OSubPc, have been studied.!) The absorption
shows strong exciton coupling, yielding an intense blue shifted
spectrum, while the emission spectra are broad and feature-
less and the quantum yield is low, suggestive of excimer
formation (Figure 1b). Beyond that, the photophysics of p-
OSubPc, are uncharacterized. In the following we show that
the rigid structure and good solubility of u-OSubPc, allows us
to solvent tune its photophysics and thus unambiguously
resolve the dynamics of the full range of excited state
processes in excitonically coupled dimers.

Figure 1b shows that the absorption spectrum of the
dimer has its peak absorbance blue shifted by 1110 cm ™" with

— SubPc in Toluene
—p-OSubPg;, in Toluene| ¢ 4

N

Fluorescence
Absorbance

Wavenumber/1000 (cni')

Figure 1. a) DFT optimized chemical structure of the SubPc monomer
and p-OSubPc, dimer. b) Absorption (solid lines) and emission
(Aex=530 nm, dash lines) spectra of monomer (black) and u-OSubPc,
dimer (red) in toluene. Spectra are shown peak normalized.
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respect to the monomer, indicating interchromophore cou-
pling. In the calculated structure (Figure 1a) the B-B distance
is 0.265 nm, the shortest distance between s systems is
0.36 nm, and the monomer extinction coefficient is 9 x
10*M'em™!, putting p-OSubPc, in the region where strong
dipole-dipole coupling is expected. The spectroscopy of such
molecular dimers (and higher aggregates) was elucidated by
Kasha, who showed that the monomer absorption is split into
two exciton states in the dimer.”) For co-facial dimers, where
the transition dipole moment is in the molecular plane (H-
aggregates), the allowed (in-phase) exciton transition is blue
shifted, while out-of-phase transitions to the lowest energy,
red-shifted state are forbidden (in the absence of disorder).
For dimers with an end-on alignment (J aggregates) the lowest
energy exciton state is allowed. In u-OSubPc, the centres of
the rings are aligned as in an H-dimer, but the nonlinear B-O-
B bridge imposes a pseudo C,, structure (the individual SubPc
units in the dimer undergo nearly barrierless rotation about
the B—O bond, Supporting Information, Figure S1) yielding
a non-parallel arrangement. In this case transitions to both
the lower and upper exciton states are allowed, consistent
with the simultaneous observation of a blue shifted maximum
and absorption to the red of the monomer 0-0 transition in p-
OSubPc, (Figure 1b)."

In contrast to the structured asymmetric absorption, the
emission is broad and featureless, and exhibits a large Stokes
loss. This spectrum is consistent with emission from an
intramolecular excimer state, as detailed further below. Note
that emission on the blue
edge (near 17610cm™) is

Communications

mer has been published elsewhere!” and is shown in the
Supporting Information Figure S3 for reference. It shows an
intense bleach at 17690 cm ™' and weaker induced absorption
to the red (12000-17000cm™') and blue (peaking at
21200 cm™"). The former decays in ca 2ns as the bleach
partially fills, while the latter does not evolve suggesting both
singlet-singlet and triplet-triplet absorption contribute to that
transient absorption, consistent with literature observa-
tions.'”] There is no TA observed for the monomer below
11000 cm ™.

Figure 2 shows the TA for pu-OSubPc, in TL and DMF
(data for MTHF, ACN and ACN/toluene mixtures are shown
in the Supporting Information, Figure S4). In toluene (Fig-
ure 2a) neither the bleach nor the TA, which appear promptly
at 16500 and 21500 cm ™! respectively, evolve significantly in
the first 10 ps. However, a negative feature appears on the
picosecond timescale at 14900 cm™'; based on the absence of
ground state absorption and the location of the excimer
fluorescence this is consistent with stimulated emission from
the excimer (Figure 1b); the shift compared to Figure 1b
arises from the overlapping TA (Figure S7). At the same time
a transient grows in the near IR (NIR) at 9400 cm™'. A similar
NIR transient was observed in the perylene excimer and was
assigned as an excimer to charge transfer state transition.?*!
After about 10ps all transient states relax toward the
baseline, although the ground state does not fully recover,
and at 3 ns there is a weak residual absorption at 21600 cm ™!,
which is assigned to population of a long lived, possibly triplet

ill-defined in  Figure 1b
because a trace-monomer

impurity emission has been 000

subtracted. This contribution

is superficially similar to 0,02
emission from a Frenkel exci-
ton state (as has been seen in
perylene  dimers®l)  but 4 0.00-

detailed analysis shows it to

-0.05+

AA (OD)

be a monomer contribution -0.101

(GD)

-0.10+

(Supplementary information 8 12
Figure S2).
Transient absorption

T
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12 16 20
Wavenumber/1000 (cmi’)

00—

20
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tcnahydroturan (MTHP),  or © G, e I I S V=1
acetonitrile  (ACN), N,N- T B T T g e . T T '

dimethylformamide (DMF)
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Experimental details are de-
scribed elsewhere and in the
Supporting  Information.®
The TA of the SubPc mono-
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16 20
Wavenumber/1000 (cm")

16 20
Wavenumber/1000 (cmi”)

Figure 2. a,b) Transient absorption spectra of u-OSubPc, dimer in toluene (TL) and DMF respectively at
different timescales, with insets showing early time data. Excitation was at 546 nm and the dimer
concentration was 12 uM. c,d) EADS recovered from global analysis for the TA datasets in TL and DMF
respectively. Inset shows data and global analysis fits at different probe wavenumbers. Note that data near
18600 cm ™' are perturbed by scattered light (shown by grey area).
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state (the triplet TA is reported at 21700 cm ' in SubPc
films).[1%

Figure 2b reveals very different behaviour for p-OSubPc,
in DMF. In this case stimulated emission associated with
excimer formation is not observed (consistent with the very
weak broad steady state emission in this solvent, supplemen-
tary information Figure S2d,e). Instead the spectral evolution
shows a picosecond rise in the transient absorption at
21200cm™ and a broadening in the 12000-17000 cm™!
transient, accompanied by a low amplitude rise in the NIR
band, which probably reflects the same underlying broad-
ening (see global analysis below). We note that in p-OSubPc,
the NIR band does not shift with solvent polarity suggesting
that in the p-OSubPc, dimer it is not a transition to a charge
separated state.

In the weakly polar MTHF solvent intermediate behav-
iour is observed, with both stimulated emission due to
excimer formation along with a slower rise and broadening
in the transients in both visible and NIR (See the Supporting
Information, Figure S4b). For polar ACN the spectral evolu-
tion is the same as for DMF, but significantly faster (See the
Supporting Information, Figure S4c).

Quantitative analysis of the TA dynamics was performed
by global analysis,'!! where time resolved data were analyzed
with a sequential model, for which only one or two
intermediate states (for polar and nonpolar solvents, respec-
tively) plus a final state were required to obtain an accurate
fit. The resulting evolution associated difference spectra
(EADS) for toluene and DMF are shown in Figures 2 ¢ and d,
respectively, while those for MTHF and acetonitrile are given
in the Supporting Information, Figure S5, and all kinetic data
are tabulated in the Supporting Information (Table S1). To
show the quality of fit, the single wavelength data for key
transients are plotted in the inset of Figure 2 ¢ and d, including
the fitted function from the global analysis.

In nonpolar toluene the first two components are required
to describe the formation of the excimer stimulated emission
(at 14840 cm™', Figure 2), which initially appears in 2.2 ps.
Significantly, the NIR absorption (9070 cm™') appears
promptly on population of the dimer excited state, although
it grows in amplitude as the stimulated emission develops.
Thus, this NIR TA is evidently a dimer band rather than one
specifically associated with the excimer, although the
observed time dependence shows that its transition moment
depends on the state (exciton or excimer) of the dimer. The
second slower component in excimer formation is essential
for a good fit (see the Supporting Information, Figure S6a)
and appears in evolution of both the stimulated emission and
the 16500 cm™' transient absorption. We assign this slower
component to reorganization in the excimer structure during
its lifetime. The rigid p-OSubPc, structure leaves little room
for major structural reorganization. One possibility is evolu-
tion in the angle formed by the two rings, which would require
solvent displacement. Alternatively, it is possible that in place
of the free rotation about the O—B bonds observed in the
ground state (Figure S2), the excimer has a favoured low
energy orientation of the two rings, which is adopted in ca
100 ps. After this excimer reorganization the only further
evolution observed in toluene is a 301 ps uniform decay in

population, which yields a final long lived state with
a spectrum similar to that of the SubPc triplet.l”]

In contrast, global analysis of u-OSubPc, in polar DMF
has only a single intermediate which forms in 10 ps, (Fig-
ure 2d). This is characterized by the absence of a stimulated
emission contribution from the excimer, and a strong rising
component at 21370 cm ™!, accompanied by a broadening of
the transient absorption on the low wavenumber side of the
bleach, and a decrease in amplitude of the NIR band (which
however persists). We assign these kinetics to polar solvent
induced symmetry breaking charge separation in the p-
OSubPc,. The growth in absorption around 21370 cm™" and
14500 cm ™!, which extends across much of the visible range, is
consistent with the spectrum of the SubPc cation observed in
a mixed SubPc:Cg, film, where electron transfer occurs;'” in
that film characteristic TAs of the transient cation at 19200
and 14000 cm ™' are reported, while the chemically oxidized
SubPc shows a strong absorption around 15000 cm™'. The
spectrum of reduced SubPc was observed in a photoelectron
transfer and pulse radiolysis study, revealing a strong feature
near 21000 cm ™, as seen here in the TA."? Thus, comparison
with the available literature is consistent with charge separa-
tion in the pu-OSubPc, dimer.

The TA data in the intermediate polarity solvent MTHF
again requires two intermediate components for a successful
fit (see Supporting Information, Figure S6b), but the spectro-
scopic behaviour is quite distinct from that in toluene. The
first 1.3 ps relaxation reflects formation of the excimer
stimulated emission, but the subsequent 7 ps step is associated
with a small rise in the transient absorption near 21500 cm ™
and a broadening in the transient spectrum around
15000 cm™' (see also the Supporting Information, Figures S4,
S5). This second step is therefore associated with formation of
the charge separated (CS) state from the excimer or, since
transient spectra of both persist throughout the subsequent
282 ps decay, it is more likely that on the 7 ps timescale an
equilibrium is established between excimer and CS state.

The kinetics in acetonitrile provide further support for
symmetry breaking charge separation in polar media. The
spectral evolution is essentially identical to that in DMF, but
the kinetics are on a faster time scale. We assign this
difference to solvent control of symmetry breaking charge
separation. The mean solvation time of acetonitrile (0.26 ps)
is faster than that of DMF (0.9 ps) in line with this assign-
ment.™™ However, these times are clearly both faster than
observed for formation of the CS state. These solvation times
are dominated by a fast inertial (librational) solvation
component. A recent measurement and simulation of
charge transfer state formation in bianthryl suggests that the
solvent librational component is not effective in stabilizing
charge separation.'¥l In bianthryl the slower diffusive orienta-
tional solvent modes were shown to be critical in the
stabilization. Extending that argument to p-OSubPc,, we
have for ACN a 0.6 ps diffusive response, which is close to the
1.2 ps observed. For DMF the slower solvation dynamics are
more complex, with components of 2 and 30 ps contributing,
both notably longer than for ACN.'®! Thus, the observed
kinetics are consistent with the symmetry breaking decay of
the excimer to form the CS state being under the control of

10570 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH  Angew. Chem. Int. Ed. 2021, 6o, 10568 —10572
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diffusive polar solvent reorientation. The asymmetry required
is introduced by a fluctuation in the polar solvent environ-
ment surrounding the symmetric excimer. The same mecha-
nism has been shown to operate for charge separation in
quadrupolar chromophores.'”! These conclusions are sum-
marized in Figure 3.

Excimer

i w2 Soy,
_ad v&o‘ o2 3 m%

Symmetry

Exciton breaking CS

Figure 3. Schematic representation of u-OSubPc, photophysics. Direct
excitation is to a Frenkel exciton state, where excitation is shared over
the dimer. This is followed by sequential formation of the u-OSubPc,
excimer and its decay by symmetry breaking charge separation to form
a charge separated state, which is accessible only in polar solvent. The
first step thus involves an evolution in the wavefunction of the Frenkel
exciton state to favor charge resonance forms in the excimer. This
involves evolution on intramolecular coordinates. The excimer subse-
quently decays along a solvation coordinate in polar solvents, with the
initial step arising from an asymmetric fluctuation in the solvent
environment.

In summary, the transient excited state dynamics of the
strongly excitonically coupled, structurally well-defined p-
OSubPc, have been recorded in a range of solvents. The
formation of an excimer state from the initially excited dimer
was observed to occur on a picosecond timescale. In solvents
of moderate to high polarity, solvent orientational fluctua-
tions introduce an asymmetry which promotes ultrafast decay
of the excimer to a CS state. The observation of these
sequential steps in a single structurally well-defined dimer
suggests u-OSubPc, is a good candidate for modelling excited
state dynamics in excitonically coupled dimers. Further, we
note that the u-OSubPc, itself has a potentially important role
to play in photovoltaic devices. Its intense blue shifted broad
absorption is helpful for harvesting solar energy,'® and its
ability to yield intramolecular charge separation in asymmet-
ric environments is useful in photovoltaic applications,
because CS state formation may reduce the binding energy
of charge carriers, which can thus be more easily dissociated
and extracted in photovoltaic devices.!”
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