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Preface

Abstract

The planar extended shape of the phthalocyanine macrocycle results in a strong
tendency of its derivatives to form densely packed co-facial aggregates. The strategy to
avoid co-facial self-association that forms the basis of this thesis involves the use of
substituents that can introduce severe steric crowding adjacent to the phthalocyanine core.
Previous work showed that the introduction of 2,6-di-iso-propylphenoxy groups on the
peripheral positions of the phthalocyanine seems to be perfect for this purpose. Of
particular interest is zinc octa(2,6-di-iso-propylphenoxy) phthalocyanine (Pc1Zn), which
forms a remarkable cubic crystal structure, containing interconnected solvent-filled voids 2
nm across. The aim of the research programme was to investigate the crystal forming
properties of related phthalocyanine derivatives containing different metal cations and

bulky phenoxyl substituents.

A range of metal cations were introduced into 2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-
propylphenoxy) phthalocyanine (Pcl) to establish which, if any, were compatible with the
formation of the nanoporous cubic crystal observed for the zinc derivative. It was found
that any metal capable of binding to a ligand at its axial site formed the cubic crystal
including metals of primary catalytic relevance such as cobalt, iron, manganese and
ruthenium. Single crystal X-ray diffraction studies demonstrated the exchange of axial
ligands to confirm the interconnectivity of the nanovoids, which is essential for the
potential exploitation of these molecules in heterogeneous catalysis. Of particular interest
is the introduction of bidentate ligands, which act as structural wall ties that bind metals

between cubic subunits.

Since loss of crystallinity occurs after removal of the guest solvent from the cubic
clathrates, the introduction of substituents at the 4-position of the phenoxy groups was also
investigated in order to induce stronger dipole-dipole (e.g., R = Br, Cl, CN, OMe) or
hydrogen bond interactions (e.g., R = OH), which might stabilise the crystal structure.
Unfortunately, these derivatives formed non-cubic crystals, although in each case solvent

was included within the structure to form novel clathrates.
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Abbreviations

A Angstrom

APCI Atmospheric pressure chemical ionisation
aq aqueous

bipy 4.,4'-bipyridyl

BisIm 1,2-bisimida-zol-1-ylethane

br Broad

calc. Calculated

DABCO 1,4-diazabicyclo[2.2.2]octane

DBN 1,5-diazabicyclo[4.3.0]non-5-ene
DBU 1,8-diazabicyclo[S.4.0Jundecene
DCM Dichloromethane

1,6-diahex 1,6-diaminohexane

dimepy 3,5-dimethylpyridine

DMACc N,N-Dimethylacetamide

DMAE N,N-dimethylaaminoethanol

DMF N,N-Dimethylformamide

DMSO Dimethyl sulphoxide

El Electron Impact

ES Electrospray

Et Ethyl

Et,O Diethylether

EtOAc Ethyl acetate

EtOH Ethanol

g Grams

GPC Gel Permeation Chromatography

h Hour/s

HRMS High Resolution Mass Spectrometry
Hz Hertz

Im imidazole

IR Infra Red

IUPAC International Union of Pure and Applied Chemistry
J Coupling constant (in Hz)

lit. Literature

LRMS Low Resolution Mass Spectrometry
m Multiplet

MALDI Matrix-assisted laser desorptio/ionisation
Me Methyl

Melm 1-methyl imidazolyl

MeOH Methanol

mmol Millimole(s)
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MOF Metal Organic Framework

MOP metal-organic polyhedra

M.p. Melting point

nm nano meters

NMIm N-methylimidazole

NMP N-methyl pyrrolidone

NMR Nuclear Magnetic Resonance
NOESY  Nuclear Overhauser Enhancement Spectroscopy
OBu Butoxide

Pc Phthalocyanine

Ph Phenyl

Phic 1,4-phenyleneisocyanide

pic 4-picoline

PIM Polymers of Intrinsic Microporosity
py pyridine

q quartet

r.t. room temperature

s singlet

t triplet

t-Bu tert butyl

t-BuNC tert-butylisocyanide
t-Bupy t-butylpyridine

THF Tetrahydrofuran

TLC Thin Layer Chromatography

T™MS Trimethylsilyl

TpyP 5,10,15,20-tetra4’-pyridylporphyrin
uv Ultraviolet

\Y volume

XRD X-ray diffraction
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Chapter 1 Introduction

1. Introduction

1.1 History of phthalocyanine research

Phthalocyanines are 18-x electron aromatic macrocycles, consisting of four isoindole
units connected by nitrogen atoms (Figure 1.1 a). Their structure is closely related to the
naturally occurring porphyrin ring system, the differences being the four benzo-subunits

and the nitrogen atoms at each of the meso positions' (Figure 1.1 b).

N~ N =N
a) g b)

Figure 1.1. a) The structure of phthalocyanine. b) The structure of the simplest porphyrin; porphine.

The name phthalocyanine, which is a combination of the prefix phthal, from the
Greek naphtha (rock oil), and the Greek cyanine (blue), was given to this class of
compound by Reginald P. Linstead (Imperial College, London). He was the first academic
to investigate the structure of phthalocyanines after their accidental discovery in 1928 at
the Grangemouth plant of Scottish Dyes Ltd, during the industrial preparation of
phthalimide from phthalic anhydride and ammonia. The glass-lined reaction vessel had
cracked exposing the outer steel vessel to the reaction, resulting in the formation of a iron
containing blue impurity.>® Imperial Chemical Industries (ICI), which had acquired
Scottish Dyes in 1928 were interested in understanding the structure of this substance that,
after preliminary studies, appeared to be exceptionally stable and exploitable as an
insoluble pigment. Hence they sent a sample to Professor Jocelyn F. Thorpe at Imperial
College London who in turn gave it to Linstead for investigation. The preparation and the
properties of the substance were covered in a patent in 1928.*

Actually, substances which could be later interpreted as the metal free’ and copper

phthalocyanines® had been observed already in 1907 and 1927 respectively, but it was only
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after the third accidental event that there was sufficient interest to elucidate the structure of
these highly coloured by-products.

After a series of investigations, in 1934 Linstead published six papers where the
structure of Pc and the synthesis of some of its metal derivatives were described.”'* The
proposed structure was confirmed by mean of X-ray diffraction techniques by Robertson in
1936."

Pcs, especially the copper derivative, were soon exploited as pigments,' but more
recently they have been investigated as molecular materials and their synthesis and study

has developed into a fascinating area of research.'*

1.2 Phthalocyanine synthesis

1.2.2 Metal free phthalocyanine

Metal free Pc can be synthesised starting from different 1,2-disubstituted benzene

precursors but are usually prepared from phthalonitrile in the laboratory"'® (Scheme 1.1).

]\ "
N™ °N
CN / H \
(:[ i, ii or iii /N N\
CN H
phthalonitrile N=_N=N
iv
\ N T
NH
NH
diiminoisoindoline

Scheme 1.1. Synthetic routes to metal free Pc. Reagents and conditions: i) lithium, refluxing
pentanol, aqueous hydrolysis. ii) Heat with DBU or DBN or NH; in refluxing pentanol or heat in
DMAE. iii) Fuse with hydroquinone. iv) NH,, refluxing MeOH, NaOMe. v) Reflux in a high-boiling-
point alcohol.
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Phthalonitrile cyclotetramerisation to form Pc can be performed by heating the

16,17
6 ()

phthalonitrile in a solvent such as n-pentan-1-ol in presence of a base (DBU, DBN) r

22 eiq . .
18-20 Lithium, sodium, or

in a basic solvent such as N,N-dimethylaminoethanol (DMAE).
magnesium alkoxides, generally formed in situ by the addition of the metal to a primary
alcohol (e.g. n-pentan-1-ol) can be used as a base to form the respective alkali-metal Pcs,
which can be easily converted into the metal free macrocycle by acidic work-up (the
Linstead method).?'®* Phthalonitrile cyclotetramerisation can be achieved without solvent
at a temperature (> 180 °C) above which the phthalonitrile melts and in presence of a
reducing agent, generally hydroquinone. Furthermore, phthalonitrile can be initially
converted by reaction with NH; in diiminoisoindoline which under relatively mild

conditions condenses to form Pc.'

1.2.3 Metal phthalocyanine

It is possible to place around seventy different elements in the central cavity of pc'

which can strongly influence its physical properties. Metal Pcs are generally prepared from

the precursor using the metal salt as a template for the cyclotetramerisation (Schemel.2).

hthalimide phthalic anhydride
p

Scheme 1.2. Synthetic routes to MPc. Reagents and conditions: i) Heat in a high-boiling-point
solvent (e.g. quinoline) with metal salt. ii) Heat in a high-boiling-point solvent with metal salt and
urea. iii) Heat in ethanol with metal satt.
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When phthalic anhydride2 or phthalimide2 are employed it is necessary to add a
source of nitrogen (urea). In most cases, the metallation can be achieved also by refluxing
Pc or PcLi: in the presence of the metal salt.1102 The presence of the metal cation allows
the possibility of axial substitution, which could enhance the solubility and reduce the Pcs
co-facial aggregation due to the strong 71-711 interaction.

Along with the axial sites, 16 possible sites of substitution are present in the
phthalocyanine ring. In general the substituents are introduced in the phthalonitrile
precursors before the cyclotetramerisation reaction. Incorporation of substituents, both in
axial and in the ring, apart from increasing its solubility, allows fine-tuning of the physical

properties. 24

1.3 Phthalocyanine applications as materials

Phthalocyanine and its derivative are largely studied as molecular materials123 due to
their optical and electronic properties,1 which arise from their electronic delocalization.4
They have been used as blue and green colorants since their discovery and more recently
have attracted great interest for applications in nonlinear optics,27 2 as photoconductors,30
optical data storage,3l molecular electronics,3233 photodynamic cancer therapy,3435 solar
energy conversion,3637 catalysis38 and as the active component of gas sensors.39 Their
planarity along with their high symmetry and synthetic versatility make them suitable
building block for use in supramolecular24 and polymer chemistry.40
Consequently an intense synthetic activity around these molecules has developed, which is

clearly represented by the increasing number of publications in this field (Chart 1).24

9000
8000
7000
8000

[

9000

MOO
2000

1000

Chart 1. Number of scientific documents on phthalocyanines.24
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The physical properties of Pcs are strongly influenced by the spatial molecular
arrangement in the solid state, which is dependent on the molecular structure.** In
particular, the optical and electronic properties of the material highly depend on the
relative orientation and distance of the phthalocyanine moieties from one another.

Various crystalline polymorphs,"23"”'42 formed from low molar mass derivatives,

have been used for the preparation of ordered thin films by vacuum sublimation,"**

1,23,44 45

Langmuir-Blodgett technique and spin coating."m‘46 Liquid crystals in which the

molecules self assemble forming ordered columnar stacks have been obtained from
numerous Pc derivatives which have flexible side chains as substituents.'>

The incorporation of phthalocyanines into polymers offers the possibility to exert
strong control on their relative orientation based on covalent bonding. The numerous sites
of potential functionalisation of the phthalocyanine ring allow their incorporation into

polymers as the main chain, side groups or within highly cross-linked network structures.*’

1.4 Supramolecular organization of phthalocyanines.

The self-organizing properties of phthalocyanines are mainly determined by the
strong n-m interaction between the extended aromatic rings, and can be tuned with
structural modifications.”**’ The overlap between the m-orbitals within a well organized
stack of Pc molecules may result in interesting uni-dimensional materials with conducting
properties.*®

Depending on the degree of stacking and the nature of the central metal, assemblies
based on these molecules can serve as functional components in, for example, gas sensors
and as conductive wires capable of charge transfer in electronic devices. The aggregation
behaviour of crowned phthalocyanines has been studied extensively.49 The substitution
with crown ether moieties has been largely used to improve molecular stacking.’® They
self-assemble into stacks by means of n-x interactions, and, by adding (alkali) metal ions to
the stacks, the intermolecular interaction can be enhanced because these ions complex
between the crown ether fragments. In this way fine tuning of the self-assembled
architecture at the molecular level is possible and results in dramatic structural changes at

: 49
the mesoscopic level.
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Interesting supramolecular chemistry based on phthalocyanines was presented by
Nolte er al.>® They described the 10-step synthesis of a disk-shaped molecule with chiral
tails, which form long fibres of molecular diameter and micrometer length by self-
assembly, derived from molecules containing a phthalocyanine ring to which four benzo-
crown ether moieties are attached.”' These structures self-assemble to form coiled
aggregates (organogels) with left-handed helicity which have potential in optoelectronic
applications and as components in sensor devices. This unusual example of helix and

superhelix formation is driven by n—= stacking interactions (Figure 1.2).

Figure 1.2 Chemical structures of crown ether phthalocyanine Pc-18-crown-6.

Apart from n-n interactions metal-ligand coordination can be also used to construct
supramolecular entities based on phthalocyanines.’® In this sense, among M(II) metallated
phthalocyanines, ruthenium(Il) phthalocyanines have received particular attention due to
their strong tendency to coordinate axial ligands.>>** This particular feature has been
exploited by Hanack and co-workers for the synthesis of the so-called ‘shish-kebab’
polymers, in which the ruthenium Pc are linked together through bidentate ligands such as

unsubstituted and substituted p-diisocyanobenzenes (Figure 1.3).°%’
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R R
/N \
N
N,/ \N N
Wi I-wBu\. ..... "'""""'“”CN@’NC""" o
N F N \
N N/ N
R R R R

Figure 1.3 Phthalocyaninatoruthenium ‘shish-kebab’ complex.

The level of synthetic control possible in these ruthenium Pcs permits their
exploitation as useful building-blocks in supramolecular chemistry. An interesting example
of a supramolecular array in which coordination to the ruthenium ions in the centre of the
Pc cavity of an octasubstituted-phthalocyanine allow four Pc molecules to be assembled
around a tetrakis(4-pyridyl)porphyrin has been reported by Cammidge, Cook and co-
workers™ (Scheme 1.3). Due to the presence of complementary red and violet absorbing
chromophoric units these kinds of arrays are not only interesting from a synthetic point of

view but could find applications in optical devices and as light harvesters.

Scheme 1.3 Supramolecular assembly of porphyrins and phthalocyanine molecules through
pyridine-ruthenium axial ligand coordination.
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1.5 Porphyrins and Phthalocyanines in catalysis as
mimics of cytochrome P-450

1.5.1 Cytochrome P-450

Cytochrome P-450 belongs to the group of ubiquitous enzymes known as
monooxygenases, which catalyze the oxidation of many organic substrates by
incorporating an oxygen atom from molecular oxygen into the substrates, with the other
being converted into water. The electrons necessary for these reactions come from the
oxidation of NAPDH via electron transfer proteins, such as cytochrome P-450 reductase,
which are coupled to the cytochrome P-450. These enzymes play a key role in the removal
of foreign compounds in the body.**”’

The active site of the enzyme contains a Fe(Ill) protoporphyrin IX to which a
cysteinate ligand essential for catalytic activity is axially coordinated.® It seems that thiol
ligand is not only responsible for the remarkable red shift of the heme absorption band
from 420 to 450 nm upon CO complexation to the reduced enzyme, from which
cytochrome P450 takes its name, but enhances the rate of the O-O cleavage in the catalytic

process and promotes the heterolytic splitting of the molecular oxygen as well.”

1.5.2 Porphyrins as mimic models of cytochrome P-450

96182 investigated as

Synthetic iron porphyrin complexes have been extensively
models for the catalytic action of cytochrome P-450.% Starting in 1975, many synthetic
model systems that mimic the activity and selectivity of the natural enzyme have been
developed with the dual purpose of understanding the structure and mechanistic behaviour
of the iron complexes involved in the P-450 and to develop metalloporphyrin catalytic
systems that could be active in typical P-450 reactions such as hydroxylation of alkanes,
the epoxidation of alkenes , N-, S-, and O-oxidative dealkylations, sulfoxidations etc.>®

In general, it has been found that the combination of molecular oxygen and a cofactor
in the enzyme is complex and not easily reproducible in vitro, and furthermore the

reducing agent can compete with the substrate for the active oxidant. This problem has

been addressed by using ‘single oxygen donors’, e.g. sodium periodate, iodosobenzene,
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hypochlorite, hydrogen peroxide, peroxy acids and rert-butyl hydroperoxide.(’MB Another
problem encountered in model systems is the instability of thiol-ligated metal-oxo
complexes, which has led to the use of simple iron(Ill) porphyrins with a halide axial
ligand and/or porphryrin systems with imidazole or pyridine ligands.

The first model systems with nitrogen base ligands were simple functional iron
porphyrins, in which bulky groups were inserted in order to avoid the dimerization with
free heme, and porphyrin ligand oxidation. In order to avoid binding of the nitrogen
ligands in both positions, which would inhibit the binding of the molecular oxygen or the
single oxygen donor, models using capped porphyrins were developed.*

More recently, model systems have focused on the development of functionalised
porphyrins for regio- and stereoselective oxidation reactions.””’' In this context an
interesting example is represented by the metal-porphyrin model developed by Elemans
and coworkers, ? in which the metal porphyrin is appended with a diphenylglycoluril-based
cavity, which effectively shields one side of the porphyrin plane (Figure 1.4). The cavity is
capable of binding N-containing axial ligands very strongly as the result of a combination
of metal-ligand coordination and cavity-filling effects, so that only one equivalent of
ligand is required to achieve an essentially complete occupation of the manganese metal.
This is reflected in a high activity in the catalytic epoxidation of olefins by this system
which is furthermore more stereoselective in the epoxidation of, for example, cis-stilbene
into cis-stilbene oxide than normal meso-substituted porphyrins catalytic systems. This
could be interpreted in terms of the strong coordination of the axial ligand, which pulls the
metal centre into the plane of the porphyrin prohibiting the rotation of the C—C bond of the

cis-stilbene substrate coordinated to the other face of the porphyrin in the transition state.

Figure 1.4 Diphenylglycoluril-based cavity Mn porphyrin.
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Other interesting Cytochrome P-450 mimics are the ones that contain a porphyrin
attached to a cavitand like a cyclodextrin or a cyclophane. For example, Fang and

774 have described hydroxylations of steroids directed by geometric control, in

Breslow
complexes of the substrates with cytochrome P-450 mimics based on manganese
porphyrins carrying cyclodextrin binding groups.

In their initial attempts, they used as catalyst TPhcyDP1 (Figure 1.5) which binds
and hydroxylates the steroid substrate, which contains two ester groups attached at C-3 and
C-17, in water with iodosobenzene as the oxidant. The product was exclusively the 60
hydroxy of the diester steroid, which was not further oxidized to ketone because of the
inaccessibility of the product 6B hydrogen in the complex. However, the turnover of the
catalyst was small before it was oxidatively destroyed. The catalyst was improved by
fluorinating the meso phenyl substituents TPFcyDP4 , which stabilizes the catalyst against

oxidative destruction and improved significantly the turnover before the catalyst was

oxidatively destroyed’*(Figure 1.5).

Figure 1.5 Cyclodextrin substituted porphyrin catalysts.

They also showed that using the perfluorinated TPFcyDP4 with thiol ligands
bridging two of the four cyclodextrins at the opposite sides of the porphyrin, the substrate
oxidation could be achieved even with hydrogen peroxide, which did not work with the
previous two catalysts.

An interesting aspect of cytochrome P-450 is the fact that it is a membrane-bound
enzyme, and that phospholipids stimulate the transfer of electrons to the isolated enzyme
and enhance its affinity for the substrate. This has inspired the preparation of some

cytochrome P-450 mimics in which a hydrophobic porphyrin is incorporated in the bilayer

10
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of a vesicle membrane,’® or encapsulated within dendrimers,”’ mainly employed to study
the effect of site isolation.

Furthermore, the immobilisation of metalloporphyrin catalysts onto solid supports
could lead to their commercial application. This strategy could make possible the
separation and the reuse of the catalyst from the products and enhance the catalyst stability
toward oxidative decomposition through site isolation. An interesting example is the one
reported by Che and co-workers,”® who prepared polymer supported catalytic systems
employing simple porphyrinato ligands, which showed high stability and versatility, and
which efficiently and diasteoselectively catalyse alkenes epoxydation reactions. In their
first attempts they immobilised two ruthenium porphyrins onto a surface-modified
mesoporous molecular sieve (MCM-41) to form the heterogenized catalysts P1Ru-H,N-
MCM-41 and P2Ru-H;N-MCM-41 (Figure 1.6) and examined their catalytic behaviour

toward alkene epoxidation.”*°

P1Ru; X=H,X'=Cl
P2Ru; X=CI, X'=H

N
]

Figure 1.6. Schematic structures of Ruthenium porphyrins. a) coordinatively grafted onto the
surface modified MCM-41 .

P2Ru-NH;-MCM-41, was highly efficient and selective in alkene epoxidations by C
2,6-dichloropyridine N-oxide,’® but subsequent reuse experiments showed significant
catalyst leaching and/or deactivation. As an alternative approach, ruthenium porphyrins
were covalently attached to Merrifield’s peptide resin (MPR), a chloromethylated styrene-
divinylbenzene copolymer, which swells greatly in certain organic solvents and allows the
metalloporphyrins to be attached not only at the surface of the polymer bead but also
within its interior. Two asymmetrically substituted meso-tetraarylporphyrin-5,10,15-tris(4-
R-phenyl)-20-(4-hydroxyphenyl)porphyrins (R = ClI or Me) were attached to the resin by
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treating the complexes with MPR in DMF at 80 °C for 4 h in the presence of anhydrous
potassium carbonate (Scheme 1.4).

Scheme1.4. Ruthenium porphyrins covalently immobilized onto Merrifield's peptide resin.

Preliminary experiments revealed their efficiency, stability and recyclability as
catalysts for epoxidation with 2,6-dichloropyridine N-oxide for a wide variety of alkenes,
with high number of tumovers.

Numerous other heterogenous metalloporphyrins catalytic systems, especially with
iron and manganese porphyrins®'*2 have been reported in the literature. In some cases new
hybrid organic-inorganic materials have been developed, such as the so-called

porphyrinosilicas developed by Battioni and co-workers.®

1.5.3 Phthalocyanines as mimic models of cytochrome P-450

Metallophthalocyanines have been studied as catalysts due to their structural
similarities to the porphyrins, although less extensively. They offer some advantages over
porphyrins because they are more easily synthesised, more stable to degradation and,
furthermore are readily accessible on an industrial scale.* Indeed, Pcs are already used as
industrial catalysts in the Merox process, in which mercaptans are removed from
petroleum via their oxidation to disulfides.®®’

Metal-containing Pcs, like porphyrins, have been shown to exhibit good biomimetic
catalytic activity which is enhanced by ring substitution with electronegative substituents
or in particular cases, such in the oxidation of cyclohexane, when supported derivatives
are required.®® Incorporation into heterogeneous systems may allow easier recovery and

recycling as well as reduce the degradation of the catalyst. Many examples in which they
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8889 immobilized in mesoporous materials® and

have been encapsulated in zeolites,
supported on polymers®" are reported in the literature.

Impressive results were obtained by Parton et al., who reported®” a catalytic system
that achieves similar performances to the P-450 enzyme and with a turnover rate that
makes the system industrially viable. The catalyst is based on iron phthalocyanine
complexes encapsulated in crystals of zeolite Y (FePcY), synthesised within the pores
using a version of the metallocene method.”® The zeolite encapsulated Pc was then
immobilised in a polydimethyl siloxane (PMDS) membrane. The polymer acts as mimic of
the phospholipid membrane in which the cytochrome P-450 resides acting as interface
between two immiscible phases avoiding the need of phase transfer (Figure 1.7). The
system revealed to oxidize alkanes at room temperature at rates that proved comparable to

the one exerted by the enzyme.

PEROXIDE

O o0 0 OO0
OO0 O OO

ALKANE

Figure1.7. Schematic representation of the incorporation of PcFe complex in the supercages of
zeolite Y and subsequent incorporation of these zeolite crystals in the PDMS-membrane.

This system proved to be a big improvement compared to heterogeneous mimics of
the enzyme previously designed in which organometallic complexes were encapsulated in
zeolites supercages,” which did not show the same mechanism as the enzymatic process
of the cytochrome P-450 and had low oxidation rate.

In other work Parton et al.” tested carbon black as a support for iron phthalocyanine
in alkane oxidation with r-butylhydroperoxide, showing that there is a relation between the
polarity of the carrier surface and the activity of the heterogeneous complex. In this case
the iron phthalocyanine complexes were adsorbed onto the carbon black, which had been

demonstrated to have a macroporous structure by previous characterisation. In direct
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comparisons between carbon black and zeolite Y as support materials for PcFe, the first
system showed a better conversion rate in the oxidation reaction of cyclohexane. This was
attributed to improved alkane absorption on carbon due to its high hydrophobicity. The
major problem with this system was the catalyst leaching from the support, which led to

oxidative degradation of the complex and a drop in activity after regeneration.

1.6 Microporous organic materials

In the last few years there has been growing interest in the preparation of organic
nanoporous materials. Such organic-based materials are expected to allow the introduction
of specific molecular recognition or catalytic sites for their potential exploitation in
adsorption, separations and heterogeneous catalysis.*®

Organic compounds, especially those with rigid molecular structures can crystallise
forming clathrates, from which the loss of the included solvent could form a nanoporous
solid, but, in general, the removal of the solvent causes loss of crystalline order.”
Nevertheless, quite recently remarkable crystals from organic—inorganic hybrid materials,
in which rigid and extended organic components are linked together by coordination to
metal ions, the so called metal organic frameworks (MOFs)”® have been shown to survive
the removal of the included solvent to give highly microporous materials.”

Numerous crystalline porphyrin-based clathrates'*'"

and nanoporous coordination
polymers'%'® have been reported and some of these are stable to the removal of the
crystallisation solvent.'®!% In contrast, there are few reports of phthalocyanine-based
clathrates in the literature, perhaps due to the strong tendency of Pcs to form densely
packed cofacial aggregates, owing to their extended planar shape. It is clear that cofacial
self-association needs to be prohibited in order to obtain open nanoporous structure that

will allow access of reagent to the metal cation to facilitate catalysis.

1.6.1 Metal-organic frameworks

Metal-organic frameworks (MOFs), extensively developed by Yaghi and co-

workers, are crystalline solids that are assembled by the connection of metal ions or

107

clusters through molecular (i.e. organic) bridges.” They are widely considered as
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promising materials for applications108 in catalysis, separation, gas storage and molecular
recognition. Compared to conventional microporous materials such as zeolites and
activated carbons, these organic structures offer the possibility for more flexible rational
design. Yaghi and co-workers have named reticular chemistry “the process of assembling
judiciously designed rigid molecular building blocks into predetermined ordered structures
(networks), which are held together by strong bonding”.1® They have largely used the
carboxylate functionality to chelate metal ions in order to lock them into rigid and
therefore directional metal-oxygen-carbon clusters creating geometrical shapes defined as
secondary building units (SBUs).110 The same approach has led to the synthesis and the use
of numerous inorganic and organic SBUs with different geometries. By reticulating these
units into extended networks, porous structures with various pore size and functionality
have been prepared.110 112

An outstanding example by Yaghi is MOF-5, 113 in which units containing four ZnCs-4
tetrahedra with a common vertex and six carboxylate C atoms, belonging to
benzenedicarboxylate molecules, are joined together by benzene links to form a cubic
network, in which the vertices are the octahedral subunits and the edges are the benzene

molecules (Figure 1.8).

Figure 1.8. MOF-5 X-ray single crystal structure. The yellow sphere represents the size of the

largest sphere that would occupy the cavity without contacting the interior van der Waals surface.

MOF-5 cubic crystals were obtained by the slow diffusion of triethylamine into a
solution of zinc (II) nitrate and benzenedicarboxylic acid in DMF/chlorobenzene that led to
deprotonation of the dicarboxylic acid and its consequent reaction with Zn2+ A small
amount of hydrogen peroxide was added to the reaction in order to provide the O2 at the

centre of the secondary building unit. The elemental analysis of the cubic crystals so
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obtained suggested that the formula was Zn40(BDC).3(DMF)8(C6H3CI) and the presence
ofthe solvents was confirmed by solid-state 13C NMR.

The framework atoms in MOF-5 occupy a small fraction of the available space in the
crystal and if overlapping spheres with van der Waals radii are placed at the atomic
positions, the unoccupied space results in the 80% of the total volume. In practice, it was
shown that 55-61% of the space was available to the guest species. The guest molecules
could be completely exchanged with chloroform and the latter could be evacuated without
loss of crystallinity. The stability of the desolvated crystals was confirmed by their X-ray
analysis after heating them in air at 300 °C for 24h. The density (0.59 g cm'3) of desolvated
crystals was among the lowest recorded for any crystalline material.

Using different inorganic and organic SBUs they were able to produce various
crystalline MOFs and MOPs (metal-organic polyhedra)lllll4 for which cavities were
occupied by solvent molecules (some examples in Figure 1.9). In many cases it was
demonstrated that the crystals were stable upon removal of the guest species and their
porosity was attested by measurement of gas adsorption isotherms. In some case they
showed very high surface areas (4500 irTg'l for MOF-177) (Figure 1.9 b) a property

which gives them potential as materials for hydrogen storage. 114

a) b) c)

Figure 1.9. Ball and stick model of MOP-28, MOF-177 and MOP-17 with yellow sphere showing

the internal cavity.
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1.6.2 Porphyrin clathrates

Porphyrins represent ideal building blocks for functional supramolecular materials,'"®
due to their extended planar shape, the possible functionalisation at different sites, and
their well established catalytic activity. Hence, numerous meso-substituted porphyrins have
been studied as possible components for the design of nanoporous materials.

Strouse and co-workers!''®

examined the crystal structure of a large number of
porphyrin clathrates in which the predominant intermolecular bonding interactions were
weak van der Waals forces. All these clathrates showed similar structural features with a
recurrent planar packing due the interaction between the meso-phenyl groups on adjacent
tetraphenylporphyrins. Unfortunately, none of these crystals survived the removal of the
solvent.

Goldberg and co-workers have tried to obtain more robust frameworks introducing
different substituents''’ onto the meso-phenyl subunits to provide new dipole-dipole
interactions and hydrogen bonding. However, only a modest stabilisation of the solids was
observed once the included solvent was removed.''®

Suslick and coworkers explored supramolecular networks based on hydrogen

"9 The structural

bonding between ortho and meta-tetrakis(dihydroxyphenyl)porphyrins.
features of the clathrates deriving from these molecules were strongly influenced by the
position of the peripheral hydroxyl groups, the choice of metalated or metal-free porphyrin,
and the nature of solvate. The highest channel volume void calculated from X-ray crystal
structures of these clathrates was equal to the 67% of the unit cell.

Another approach toward the synthesis of more robust open framework and networks
from porphyrin derivatives has been the use of metal to ligand coordinative bonding.
Interesting examples prepared by Robson and co-workers'”? are three-dimensional
network solids formed by copper complexes of 5,10,15,20-tetra-4’-pyridylporphyrin,
Cu(TPyP), and 5,10,15,20-tetra-4’-cyanophenylporphyrin, Cu(T(@-CN)PP). For
Cu(TpyP) a framework ((Cu(I)(TPyP)Cu(I))** which occupied less than a half the
volume of the crystal was obtained (Figure 1.10 a), with solvent molecules and anions
occupying the remaining space. For Cu(T(p-CN)PP) two independent but interpenetrating
((Cu(II)(T(p-CN)PP)Cu(I),)"* frameworks were present (Figure 1.10 b). Even in this
case the channels were occupied by solvent molecules and anions. However, both

frameworks did not survive the removal of the solvent.'%
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a) b)
Figure 1.10. Extended structure of a) the ((Cu(ll)(tpp)Cu(l))rn> framework and b) the two
interpenetating frameworks of ((Cu(1l)(tcp)Cu(l)n)n.

A similar approach was used to prepare a three dimensional coordination polymer
from Zn(II)(TpyP), by coordinative bonding of the central zinc by the meso-pyridine
substituents, forming a porous material with -o.s nm wide channels with a quite high
thermal stability. Identical frameworks were obtained from Co(II)(TpyP) and
Mn(II)(TpyP).120

A layered framework with large cavities obtained from both Co(II)(TpyP) and
Mn(II)(TpyP) was reported by Lin. " Each metal centre is octahedrally coordinated by
four nitrogen atoms of the porphyrin and two nitrogen atoms of the trans pyridyl groups of
the TpyP. The structure presents a hexameric cage which results in an infinite hexagonal
channel along the crystallographic ¢ axis, owing to the n-n interactions between the
porphyrins molecules. The porous structure was stable to the removal of the included
solvent.

Goldberg and co-workersios have also reported the formation of three-dimensional
supramolecular architectures based on coordinative bonding and cooperative
intermolecular (O-H...OH and O-H...N) hydrogen bonding from the reaction of meso-
(4-hydroxyphenyl)porphyrinato zinc and various bipyridyl derivatives. In this case the
supramolecular arrangement is affected by the competition between the two kinds of
interactions along with the different length and functionality of the bipyridyl ligands. In
addition,  interesting  structures @ have been  obtained by using meso-
(carboxypheny)porphyrins as building blocks. Suslik and co-workers reportedios the
synthesis of a functional microporous material, closely related to a MOF, based on the

supramolecular assembly of carboxylate-substituted porphyrins with cobalt ions. The
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compound, named PIZA-1 (Figure 1.11), was prepared solvothermally by heating a

mixture of metal free porphyrin acid and cobalt chloride.

a) b)

Figure 1.11. PIZA-1 network a) structure along the a axis, b) Space filling view along b or caxes.

By single crystal x-ray diffraction it was found that the distorted porphyrin
derivatives (with the pyrrole rings alternatively displaced above and below the porphyrin
plane) are connected by bridging trinuclear Co(II)- carboxylate clusters to form a neutral
network with oval-shaped channels (9 x 7 A) along the crystallographic b and c axes and
another set of large (14 x 7 A) channels along a. Crystallographic analysis showed the
presence of fifty six pyridine molecules per unit cell (12 coordinated ligands and 44
disordered solvate guests). The void volume of the solvate-free material was calculated to
be 74 % of the unit cell volume. The clathrate was stable to the removal of the solvent as
showed by powder X-ray diffraction studies on the solvate-filled and evacuated framework
solids. Its stability was also confirmed by nitrogen absorption studies.

Suslik and co-workersios have also reported the synthesis of z114C) framework with
zinc-(I) frans-biscarboxylate-tetraarylporphyrin bridges (named PIZA-4). The X-ray
analysis showed an interpenetrated three-dimensional framework of zinc trans-
biscarboxylate tetraarylporphyrins whose carboxylates coordinate the six edges of
tetrahedral ZruO6* clusters (Figure 1.12). Even in this case, the structure demonstrated

stability to the removal of the solvent.
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&0

Cluster

Pmphyrin

Figure 1.12. Crystal structure of interpenetrated PIZA-4 along the cubic axis.

1.6.3 Phthalocyanine clathrates

Phthalocyanines have been less investigated than porphyrins as possible building
units of nanoporous solid materials, although some benefits would be gained from their
use. They are more resistant to chemical and oxidative degradation and possess a major
advantage in that, unlike porphyrins, they are made routinely in large scale by industry.

There are several hundred Pc XRD crystal structures in Cambridge Structural
Database (CSD). ~ However, up to now, only few examples of clathrates formed by
phthalocyanine derivatives are reported in the literature. Gorun et al reported the
synthesis of a perfluorinated metal free phthalocyanine with peripheral perfluoro-isopropyl
substituents (Fs4«PCH:) that form crystals containing fluorine lined channels which
accounted for -39% of the unit cell volume and were occupied by acetone molecules
(Figure 1.13). The phthalocyanine ring exhibited a dome-like distortion which is normally
observed for metallated phthalocyanines with large metal ions such as Pb2t The

interplanar distance was quite short indicating a strong aggregation between the molecules.

Figure 1.13. Packing arrangement of Fe4dPcH2along the caxis.
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The synthesis and the crystal structures of the cobalt and zinc derivatives of the same
perfluorinated phthalocyanine had been previously reported. W For both complexes, an
X-ray structure reveals a planar Pc ring with the CFs groups of the perfluoro-isopropyl
substituents above and below the phthalocyanine plane and two acetone molecules axially
coordinated to the metal, which impart a biconcave character to the complex. In this case
no strong X-K interaction was observed in the solid state. They demonstrated that the cobalt
derivative was also catalytically active in the oxidative formation of carbon phosphorous
double bond.

More recently Zeng and co-workers reported the synthesis and characterisation of
supramolecular complexes obtained from the reaction of PcZn with different bipyridyl
ligands, 126 whose conformations played an important role in the molecular arrangement in
the crystals. They obtained crystals with some included molecules for three supramolecular
complexes. In two of them two PcZn molecules were linked by 1,2-bis(4-pyridyl)ethane,
1,2-di(4-pyridyl)ethylene (Figure 1.14) respectively to form a H shape complex. In the
third, where 1,3-di(4-pyridyl)-propane was used as axial ligand, only one of the nitrogen
atoms of the bipyridyl coordinated the Zn forming a T shape complex. In all three
complexes the molecules seem to pack quite efficiently and no presence of significant free

volume or other molecules was indicated.

Figure 1.14. The crystal-packing of 1,2-di(4-pyridyl)ethylene PcZn complex along the b axis.

Recently, our research group reportedm*7 the formation of a cubic clathrate crystal
with a very interesting molecular packing arrangement that provides interconnected
solvent-filled nanovoids. These crystals are formed by zinc 2,3,9,10,16,17,23,24-
octa(z ’,6 *-di-/$o -propylphenoxy)phthalocyanine (PclZn), which was prepared via metal

template cyclotetramerisation of the preformed phthalonitrile obtained from the reaction of
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4,5-dichlorophthalonitrile ~ and  2,6-di-iso-propylphenol ~ (Scheme 1.5).°  This
phthalocyanine derivative was originally designed to avoid cofacial self-association by the
introduction of substitutents (2,6-di-iso-propylphenoxy groups) that cause severe steric

crowding adjacent to the phthalocyanine core.*®

Scheme 1.5. The synthesis of Pc1Zn. Reagents and conditions: i) K,COz DMF, 70 °C; ii)
Zn(OACc),, NMP, 150 °C.

Single crystal X-ray analysis found a remarkable crystal structure, with 12
phthalocyanine molecules in the cubic unit cell (a=3.77 nm), which belongs to the
exceptionally rare space group Pn-3n (Figure 1.15). The phthalocyanine core of Pc1Zn
adopts a shallow cone-shape and the central Zn** ion and the oxygen atom of its axial
ligand protrude from the molecular plane. As predicted, the 2,6-di-iso-propylphenoxy
substituents lie out of the plane of the macrocycle prohibiting the formation of columnar
stacks. The molecules arrange to form two cubic cavities per unit cell with a molecule of
phthalocyanine comprising each of the six faces, with the Zn** jon and its axial ligand
pointing toward the centre of the cavity. The distance between the protruding Zn** jons on
opposite sides of the cube is 2.33 nm, which gives a cavity volume of at least 8 nm’, even
if the width, calculated from the sum of the van der Waals radii, of the phthalocyanine unit
(0.33 nm) is taken into account.

By X-ray analysis, other than 24 water molecules per unit cell which seems to be
associated through hydrogen-bonding interactions to the meso nitrogen atoms of the
phthalocyanine ring, no further solvent could be located within the crystal structure. The
solvent-accessible void was calculated to be 38.2% of the total volume. Thermogravimetric
analysis (TGA) showed a mass loss of 25.5% on heating up to 120 °C, for which the water

of solvation observed in the crystal structure could account for only 1.6%.
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Figure 1.15. The molecular and crystal structure of PcIZn. a) Face-on and b) edge-on molecular
views c¢) The cubic packing arrangement of PcIZn, the phenoxy substituents have been removed
for clarity. The outer cube represents the unit cell, the inner cube represents one of the two voids of
volume 8 nm3found in each unit cell, and the second nanovoid is distributed at each corner of the

unit cell in 8 x1 nm3portions

The additional mass loss could be attributed to included disordered solvent of
recrystallisation which was estimated to be present approximately in the ratio 1/11,
Pc/acetone. This value was confirmed by 'H NMR spectroscopic analysis of dissolved
crystals. X-ray analysis showed that the crystal was not stable to the removal of the
included solvent although no change in the macroscopic appearance was observed.

The void space appears almost fully enclosed by the six phthalocyanine units, but
narrow cylindrical channels (-0.4 nm in diameter) that connect the voids are situated at
each comer of the cubic arrangement. The interconnectivity of the voids was demonstrated
by solvent exchange experiments, followed by !'H NMR analysis which showed that the
included solvent was readily exchanged by acetone-d6, MeOH and water. Subsequent X-
ray analysis showed that the solvent exchange does not affect the basic crystal structure.

Based on these results it was envisaged to prepare similar clathrates by inserting
catalytically active metals within the phthalocyanine to allow for exploitation in
heterogeneous catalysis. Furthermore, it was hoped that the insertion of substituents in the
2,6-diisopropyl units would stabilise the structure.

More recently the synthesis and formation of clathrates from the analogous
2,3,9,10,16,17,23,24-octa(2,6-di-fso-propyl-phenoxy)-1,4,8,11,15,18,22,25-
octaazaphthalocyanine (AzaPcl; M = H2 Ni, Zn) and also 2,3,9,10,16,17,23,24-octa(2,6-
diphenylphenoxy)-1,4,8,1 1,15,18,22,25-octaazaphthalocyanine (AzaPc2; M = H2 Ni, Zn)
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were reported. 281 AzaPclZn, formed by recrystallisation by slow diffusion of methanol
into a concentrated DCM solution of the compound, formed large crystals which are
isomorphous with the nanoporous cubic crystals, of Pn-3n space group, derived from
PclZn. By 'H NMR analysis a 20/1 ratio MeOH/AzaPclZn was measured. Exchange of
the included methanol could be achieved by placing the crystals of AzaPclZn in contact
with other solvents such as hexane, acetone, H:0. In contrast, metal free and nickel

AzaPcl both formed orthorhombic crystals in which DCM is included (Figure 1.16).

Figure 1.16 The molecular and crystal structure of AzaPcl (M = Ni). a) Face-on and b) side views,
c) A view of the herrringbone arrangement of the macrocycles looking down the x axis of the
crystal, d) A view along the z axis of the crystal showing the disordered solvent (DCM, acetone and

H2)) the 2,6-di-iso-propylphenoxyl groups are not shown in for clarity c) and d).

The AzaPc cores are planar with the phenoxy substituents disposed almost
perpendicular to the plane of the AzaPc prohibiting cofacial self-association of the AzaPc
and providing a cavity above and below the macrocycle. The molecules adopt a planar
packing structure in which the AzaPc cores form a herringbone structure with the 2,6-di-
/so-propylphenoxy groups of one molecule placed within the cavity of its neighbour. In
the metal free AzaPcl crystals, four solvent molecules of DCM for each AzaPc molecule
are present, two of which are weakly hydrogen-bonded to the benzo-nitrogens of the

AzaPc and placed mid-way within the plane of the herringbone arrangement, instead the
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other two DCM molecules are highly disordered and lie in between these planes (Figure
1.16 c). Within the isomorphous crystal structure derived from AzaPcINi, the included
guest is composed of a disordered mixture of DCM, acetone and water.

For the AzaPc2 derivatives only the zinc-containing derivative gave suitable crystals
for X-ray analysis. The crystals are of tetragonal symmetry, of P-42ic spacegroup, where
the macrocycle is slightly twisted from planarity and the phenyl groups of the eight 2,6-
diphenylphenoxy substituents lie out of the plane of the macrocycle assuming a
configuration which gives the whole molecule a square shape, which in turn leads to
tetrahedral packing of the molecules in columns (Figure 1.17). The cavities above and
below the macrocycle produced by the bulky substituents are partially occupied by CHCI3
and H20 molecules (1/2/2 AzaPc2Zn/CHCIl3s/ H20) with the former hydrogen bonded to
the four m”so-nitrogens. One of the HXD molecules is present as an axial ligand on the Zn
cation and the other hydrogen bonded to the axial ligand and is disordered over four

equivalent sites.

Figure 1.17. The molecular and crystal structure of AzaPc2-Zn. a) Face-on and b) side views of
the molecule, c) A view of the tetragonal arrangement of the macrocycles looking down the zaxis

of the crystal.

It can be concluded that placing eight bulky phenoxyl substituents at the periphery of
Pcs or AzaPc proved successful in prohibiting self-association of the macrocycle, so that
efficient packing of the molecules in the crystalline state is only achieved by the inclusion

of solvent molecules.
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1.7 Aims and objectives

The remarkable crystal structure containing 8 nm’® cubic voids, interconnected by
narrow channels, formed from zinc 2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)
phthalocyanine (PclZn) suggested the possibility of applications in heterogeneous
catalysis. Since up to 70 elemental ions can be placed within the central cavity of the
phthalocyanine macrocycle, our first aim was to synthesise novel metal derivatives of Pcl,
especially with metals of primary catalytic relevance such as iron, manganese and
ruthenium and evaluate the reproducibility of the nanoporous cubic crystal structure
(Scheme 1.6).

Secondly, the cubic packing arrangements of Pcl seems to be due to the van der
Waals interactions between the eight interleaved phenoxy rings present at each edge of the
phthalocyanine cube. Therefore, the insertion of substituents at the 4-position of the
phenoxy groups, in order to enhance the stability of the crystal structure, due to stronger
dipole-dipole (e.g., R = Br, Cl, CN, OMe, NO;) or hydrogen bond interactions (e.g., R =
OH, COOH, NH,), was undertaken (Scheme 1.6).
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Scheme 1.6. Target molecules

Used nomenclature:

PcRM(X)

Pc:2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy) phthalocyanine

R : substituent at the 4-position of the phenoxy groups, when this is a proton R=1

M : central metal cation
X : axial ligands.
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Chapter 2 Metal and ligand modifications

2. Results and discussion: metal and ligand
modifications

2.1. Introduction

Previous experiments on the cubic crystal formed by zinc 2,3,9,10,16,17,23,24-octa-
(2’,6’-di-iso-propylphenoxy)phthalocyanine (Pcl1Zn), such as exchange of included
solvent, showed that the 8 nm® cubic voids present in the structure are interconnected,
thus demonstrating the accessibility of the central metal ion. That suggested the possibility
of exploitation of this kind of molecule for heterogeneous catalysis. In order to do so, it is
necessary to introduce active metals, that possess catalytic properties such as cobalt, iron,
manganese,’'**’ into the central cavity of the phthalocyanine macrocycle. In addition,
since it is possible for phthalocyanines to form complexes with more than seventy metal
ions we decided to prepare a number of metal 2,3,9,10,16,17,23,24-octa-(2’,6’-di-iso-
propylphenoxy)phthalocyanine complexes (Co, Ni, Cu, Fe, Ru, Mn, etc.) to test the

generality of the cubic crystal packing.

2.2. Preparation of phthalonitrile starting material

Synthesis of octa-substituted phthalocyanines can be achieved starting from 4,5-
disubstituted derivatives of 1,2-dicyanobenzene (phthalonitrile) that can be obtained by
nucleophilic aromatic substitution of 4,5-dichlorophthalonitrile using different phenol or
thiol compounds.20

In order to carry out the synthesis of a good number of novel metal derivatives of Pcl
we needed a large quantity of 4,5-di(2’,6’ -di-iso-propylphenoxy)phthalonitrile (Pn1) and
therefore a big amount of 4,5-dichlorophthalonitrile, which although commercially
available, is quite expensive. Therefore, this precursor was prepared following an existing
four step pvocedure,20 a route (Scheme 2.1) which starts with the dehydration of the cheap
precursor 4,5-dichlorophthalic acid to form the anhydride, which is then reacted with
formamide to give the imide, which then reacts with ammonium hydroxide to form the

diamide. In the last step, the diamide is dehydrated with thionyl chloride to form the 4,5-
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dichlorophthalonitrile. The overall yield of the synthesis was 49%, as reported in

literature.?®

NH,
CN

Scheme 2.1. Synthesis of 4,5-dichlorophthalonitrile. Reagents and conditions: i) acetic anhydride,
reflux, 5h; ii) formamide, reflux, 3h; iii) ammonia solution, r.t., 48h, iv thionyl chloride, DMF, 0-5 °C,
5h,rt.24 h

The next step was the synthesis of 4,5-di(2’,6’-di-iso-propylphenoxy)phthalonitrile,
which was carried out under nitrogen at 70 °C over three days, using dry
dimethylformamide as solvent and an excess of anhydrous potassium carbonate to activate
the phenol, also in excess, via deprotonationl27 (Scheme 2.2). The desired product was
obtained in a yield of 65%.

Qi-Pr
i-Pr
. ™ c CN O CN
i-Pr i-Pr + jr\:(
c CN CN
i-Pr.
i-Pr

Scheme 2.2. Synthesis of Pn1. Reagents and conditions: K,CO3;, DMF 80 °C.

2.3. Synthesis of metal derivatives of Pc1

A good number of metal complexes of Pcl have been prepared, following known or
modified existing procedures. In most cases the synthesis was straightforward and gave the
desired compounds in reasonable or good yields, but for other derivatives problems were
encountered and different approaches were attempted in order to obtain the product in

sufficient quantity for crystallisation studies.

30



Chapter 2 Metal and ligand modifications

2.3.1. Synthesis of zinc derivative of Pc1

The synthesis of the cube-forming Pc1Zn was repeated in order to have sufficient
material for solvent and ligand exchange reactions. The molecule was synthesised
following the reported procedure'”’ by stirring a mixture of 4,5-di(2°,6’-di-iso-
propylphenoxy) phthalonitrile and anhydrous Zn(IT)acetate in dry NMP at 165 °C. Pc1Zn
was obtained with a yield of 67%.

2.3.2. Synthesis of the cobalt derivative Pc1Co

The first metal that we decided to insert in our Pcl was cobalt for its well-established
catalytic properties. Cobalt phthalocyanines are, in fact, already used commercially in

87,130

homogeneous catalysis for oxidation reactions (e.g. Merox process). They have also

been studied as potential biomimetic catalysts of vitamin B,;, in alkyl transfer
reactions."*""'3? Pc1Co was synthesised in the same way as Pc1Zn, starting from Pn1 but
using cobalt acetate as the metal salt (Scheme 2.3). The yield of Pc1Co was 40%, slightly
lower than that of Pc1Zn, but satisfactory.

l-Pl’ |-Pr
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CN i-Pr | 3
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N Pr, O |
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-Pr iPr
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Scheme 2.3. Synthesis of Pc1Co. Reagents and conditions: CoAc,, NMP, 165 °C.
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2.3.3. Synthesis of metal-free and copper derivatives of Pc1

It was of interest to insert copper into Pcl. The first attempt of the synthesis of
Pc1Cu was based upon the method previously used successfully for Pc1Co and Pcl1Zn,
but unfortunately in this case the reaction led only to traces of the desired compound.
Hence, we decided to try another general route used for the synthesis of metal
phthalocyanines, which starts from the metal free derivative.""

d"'*? via the lithium derivative

Metal free phthalocyanines are generally prepare
which is formed from addition of lithium metal to a refluxing solution of the corresponding
phthalonitrile in n-pentanol (the ‘Linstead method’). The resulting dilithium derivative is
then hydrolysed during an acidic work up with diluted acetic acid to give the metal free

phthalocyanine. Following this route, Pcl was obtained with a yield of 40%. (Scheme 2.4)

Scheme 2.4. Synthesis of Pc 1. Reagents and conditions: i) Li, n-pentanol, reflux; ii) dilute
CH,;COOH.

The copper derivative Pcl1Cu was readily prepared via a metal insertion reaction
starting from Pcl with a good yield of 77% achieved by stirring the Pcl in refluxing n-
pentanol with a large excess of copper(ll)acetate22 (Scheme 2.5).
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Scheme 2.5 Synthesis of Pc1Cu. Reagents and conditions: Copper(ll) acetate, n-pentanol, reflux.

2.3.4. Synthesis of the nickel derivative Pc1Ni
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Scheme 2.6. Synthesis of Pc1Ni. Reagents and conditions: NiCl,, quinoline, 165 °C

The initial attempt at the synthesis of PcINi was the same as that employed
successfully for the zinc and cobalt derivatives, using Ni(II)acetate as metal salt. However,
in this case, the phthalocyanine was formed only in traces. It was decided to change the
metal salt and leave all the other conditions unchanged. Our choice was NiCl,, since it is
often employed in this kind of reaction.'*'**'*> This time the desired compound was

obtained with a modest, but sufficient, yield of 15%. Even though this method enabled us
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to have the nickel derivative in such an amount that could allow various recrystallization
experiments, we tried to increase the yield. Because nickel(II) chloride had already led to
an improvement of the reaction it was used again as metal template, but in addition, the
solvent was changed from the usual NMP to another high boiling solvent often used for the
synthesis of phthalocyanines, quinoline.'®'*'*" In this case Pc1Ni was obtained with the
much improved yield of 50% (Scheme 2.6).

2.3.5. Synthesis of the magnesium derivative Pc1Mg

PclMg was easily synthesised, adapting a recently reported procedure'®® for the
synthesis of some substituted porphyrazines (Scheme 2.7). The reaction involved stirring
magnesium metal, in presence of iodine, in n-pentanol at reflux, in order to form
Mg(OCsHj1)2 and then adding the phthalonitrile and leaving the mixture to heat at reflux
for an additional two hours. The crude product was easily purified by reprecipitation to

give the desired compound in a reasonable yield of 40%.

Scheme 2.7. Synthesis of Pc1Mg. Reagents and conditions: Magnesium, pentanol, iodine, reflux.
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2.3.6. Synthesis of the manganese derivative Pc1Mn

It was reported in the literature'>® that highly hindered hexadecasubstituted
manganese phthalocyanines can be formed from their equivalent metal free derivatives in
appreciable yields, therefore it was anticipated that this would be a suitable method for the
synthesis of the hindered manganese phthalocyanine PclMn. Indeed, following this
reported procedure, the metal free phthalocyanine was successfully metallated in the
presence of an excess of manganese (II) acetate in refluxing dimethylformamide (Scheme
2.8). The reaction was complete after five hours and the product was isolated with a yield
of 30 %.
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Scheme 2.8. Synthesis of Pc1Mn. Reagents and conditions: Manganese(ll) acetate, DMF, reflux.

In analogy with the results obtained in the literature, a Mn(III) phthalocyanine with
an acetate ion in the axial position should have been the product of the reaction, but the
experimental data suggested that in our case a Mn(II) derivative was formed. The UV
spectrum showed a Q band at 732 nm, which is typical for Mn(II)phthalocyanine.'39'142
This was further confirmed from the MALDI spectrum where there was not sign of the
peak corresponding to acetate-Pc1Mn(III) but a main cluster of peaks centred at m/z
1978.14 consistent with the MH" ion of Pc1Mn. Further confirmation was given later from
X-ray analysis and from elemental analysis of the crystals of this derivative, both
indicating the presence of two molecules of water which were linked to the metal in the

axial position.
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2.3.7. Synthesis of the iron derivative Pc1Fe

So far, the synthesis of the different metal Pcl derivatives had not been problematic.
However, the synmesis of the iron derivative proved much more challenging. Nevertheless,
the insertion of this metal into Pcl was of critical importance due to its potential
exploitation as a heterogeneous mimic of the cytochrome P450 enzyme in oxidation
reactions.

Since many reported methods for synthesis of iron phthalocyanines start from the
corresponding phthalonitrile and since in numerous cases the iron acetate'*"'** is employed
as metal template, our first attempt in the synthesis of Pc1Fe was similar to that used
previously for the zinc derivative. Unfortunately, after one day, only the starting material
was observed by TLC from the reaction mixture.

We then tried another general procedure that had previously been used to make the
copper derivative, by refluxing the metal free phthalocyanine in pentanol for one day in the
presence of a large excess of iron(Il) acetate. We could observe by TLC, UV and MALDI
spectra that a very small amount of the desired compound was formed but that the reaction
mixture largely consisted of starting material. A very small amount of desired product was
isolated from the reaction between Pcl and iron(Il) acetate in refluxing DMF, which
produced crystals suitable for XRD analysis.

We then tried the reaction between the phthalonitrile, iron pentacarbonyl as a metal
template and ethylene glycol as a solvent at a temperature of 210 °C, as described in the
literature.'** In this case, after two hours the starting material disappeared. We were
puzzled by the very dark brown colour of the compound obtained from this reaction, as it
was not the characteristic green or blue expected for a phthalocyanine. The compound was
not easily purified and after flash chromatography, a very poor amount of it was obtained.
In its MALDI spectrum a cluster of peaks centred on the expected mass of Pcl1Fe plus a
molecule of water was present together with other clusters centred at M + 481, M + 962
and M - 481, (481 being the mass of the starting phthalonitrile). Even using a larger
amount of iron pentacarbonyl, we were able to isolate only a very small amount of green
product, which gave a MALDI spectrum similar to that obtained previously. Attempts to
grow crystals of this compound resulted only in decolouration of the solution, indicating

that decomposition had occurred.
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We anticipated that the use of microwave irradiation could be useful to improve the
reaction yield, since it allows the maintenance of higher temperatures (e.g. 235 °C)
compared to traditional heating. So a mixture of Pnl and iron pentacarbonyl in dry
ethylene glycol was irradiated with microwaves (200 W). The temperature of 235 °C was
reached within five minutes and the reaction was kept at this temperature for fifteen
minutes at which time, by TLC and UV, it seemed complete. In the UV-visible spectrum
the Q band was observed at 669 nm.

In previous work'**'*® it had been demonstrated that the addition of axial ligands
such as pyridine facilitate the isolation of iron-containing phthalocyanine as PcFe(py),.
Thus, before purification the crude product was dissolved in pyridine and the solution was
heated at 90 °C, in order to promote the formation of PclFe(py),; (Scheme 2.9).
Purification was assisted by the use of column chromatography for which the silica gel was

passivated by pyridine or triethylamine prior to use.

Scheme 2.9. Synthesis of Pc1Fe and Pc1Fe(py).. Reagents and condition: i) Fe(CO)s, Ethylene
glycol, yW, 200 W, 235 °C, 240 psi. ii) pyridine.

In the MALDI spectrum the cluster of peaks corresponding to Pc1Fe was present.
We concluded that little advantage had been obtained from the use of microwave
irradiation, apart from shortening the time of reaction. Instead, the isolation of a larger
amount of product was due to the addition of pyridine to the crude reaction, which avoided
the formation of the bridged-oxo complex. We found in the literature'**'*’ that rerr-
butylisocyanide can be used in the same way to form bis(zert-butylisocyanide)-
phthalocyaninatoiron(II). Hence, we attempted to prepare Pc1Fe by the simple application
of the well-established method in which metal phthalocyanines are prepared via metal
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exchange from lithium derivatives.'*'* Lithium metal was added to a refluxing mixture of
Pnl in pentanol within which an excess of iron acetate was present. After two hours the
reaction was complete. The crude product was stirred in tert-butylisocyanide for 24 hours
at 50 °C, then the solvent was evaporated to give a bright blue solid, with 63% of yield
obtained following purification by column chromatography (Scheme 2.10)

CN -~ RG] Y '
el N-- 'Fei- -N \ . R = t-BuNC
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Scheme 2.10. Synthesis of Pc1Fe. Reagents and conditions: i) Lithium metal, iron(ll) acetate, n-
pentanol, reflux; ii) +-butylisocyanide 50 °C.

2.3.8. Synthesis of the ruthenium derivative Pc1Ru

As for Pc1Fe, difficulties were initially encountered in the synthesis and isolation of
the ruthenium derivative PclRu. We were particularly interested to obtain this molecule
and its crystal, not only for its possible employment as catalyst™ but also because it would
provide a direct comparison with the iron derivative. Furthermore, since ruthenium
phthalocyanines are widely employed to form polymeric and oligomeric bridged

5614 we would have had the opportunity to try to form some

macrocyclic complexes,
oligomers with Pc1Ru as macrocyclic component and perhaps the chance to study their
crystalline structure.

The first attempt at the synthesis of Pcl1Ru was the reaction of metal free Pcl with
RuCls-H,0,% but after 40 h at reflux in pentanol or DMF only the starting material was

present as indicated from UV-Vis spectroscopy and by TLC. In the second attempt, the
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crude lithium derivative, which was synthesised in situ by the cyclotetramerization of Pnl
with lithium in pentanol, was added to RuCl;-H;O. In this case we expected, as had been
reported in the literature for similar procedures,” the formation of a complex in which a
carbonyl group would have been the axial ligand on the metal. Unfortunately, we were

unable to recover any of the expected compound.
n-Pr |—Pr
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Scheme 2.11. Synthesis of Pc¢1Ru. Reagents and conditions: Ruthenium(lll) chloride,
DBU, 160 <C.

Finally, starting from the phthalonitrile and reacting with RuCls-H,0O in DBU>
(Scheme 2.11) we were able to isolate the desired compound with a yield of 13%. The
TLC of the reaction mixture showed that other weak blue-green spots were present,
probably corresponding to the ruthenium phthalocyanine coordinated with unspecified
additional ligands,'’ but we were not able to isolate any other compound.

On the basis of this encouraging result, we tried another reaction starting again from
the phthalonitrile and using the same metal salt, but using NMP as solvent. Due to the

5456149150 we anticipated that the

ability of ruthenium to bind further axial ligands,
introduction of two terr-butylisocyanide molecules in axial position would help the
isolation of the product as was shown to be the case for Pc1Fe. Hence, the crude product
obtained from the latter reaction was stirred in t-butylisocyanide for 24 hours (Scheme
2.12). Following chromatographic purification, a blue solid corresponding to the expected
compound was isolated with a yield of 17%. This yield was not as good as for Pc1Fe but

it gave sufficient compound to grow some crystals.
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Scheme 2.12. Synthesis of Pc1Ru(#+BuNC),. Reagents and condition: i) Ruthenium(lll) chioride,
NMP, 170 °C; ii) +-BuNC, 50 °C.

2.3.9. Synthesis of the titanium derivative Pc1Ti

As for the previous two molecules, many attempts were carried out before finding a
successful way of preparing the titanium phthalocyanine derivative PelTi.

Since phthalocyaninatotitanium(IV)oxide, together with peripherally substituted and
naphthalocyaninatotitanium(IV) oxides have been thoroughly investigated as charge
generation materials and this property depends not only on the central metal atom but also
on the crystal structure, we thought that it would be interesting to study the structure of the
crystals grown from Pc1Ti.

Following a procedure for the synthesis of peripherally substituted titanium
phthalocyanines,'s 1152 pn1 was reacted with an excess of Ti(OBu), in pentanol at 110 °C.
After forty hours there was no sign of phthalocyanine, so the temperature was raised to 130
°C and some DBU was added to the reaction mixture. After a further ten hours from the
addition of DBU, the TLC indicated a trace of phthalocyanine together with other
unidentified spots. However, the addition of DBU seemed to have helped the reaction so it
was used in the following two experiments that we carried out.

In the first experiment a solution of Pnl and Ti(OBu), in DBU was heated at 195°C
for 24 hours and a very small amount of a greenish solid was isolated by column

chromatography, but MALDI revealed that it was a complex mixture of compounds.
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In the second experiment a mixture of Pn 1 and DBU in pentanol was heated at 140
°C, then titanium(IV) butoxide was added. In this case a mixture of Pcl and Pc1TiO was
obtained. Unfortunately, the former product was the major one and the latter was present
only in a small amount. Then, a similar procedure was attempted in which, instead of
DBU, lithium pentoxide was used as the initiator of the cyclotetramerisation. This
procedure was very similar to the one successfully used for the synthesis of the iron
derivative, except that titanium(IV) butoxide was used as source of the metal. Even this
reaction was a failure.

The next attempt was carried out without any solvent' so that Pn 1 and titanium(IV)
butoxide were heated at 200 °C for several hours, but even this did not succeed in
producing significant quantities of the desired Pc1TiO. At this point, quite discouraged
from the previous results, we attempted the reaction in NMP (Scheme 2.13). Fortunately
this time the right product was formed and isolated with a yield of 29%.

SN

i-Pr i-Pr
i-Pr Pr

Scheme 2.13. Synthesis of Pc1TIO. Reagents and conditions: Titanium(IV) butoxide, NMP, 165°C.

2.3.10. Synthesis of the Indium derivative Pc1InCI

Literature provides|53 some examples of substituted indium(III) phthalocyanines on
which X-ray crystallographic studies, focusing on the effects of the axial ligand and
peripheral substituents, were carried out. Therefore, it was of interest to insert this metal

into Pcl and try to obtain suitable crystals for X-ray analysis. Pc1InCl was synthesised,
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with a satisfactory yield of 36%, following a reported procedure in which the metal free
phthalocyanine is stirred with indium(III) chloride in pentanol at reflux'** (Scheme 2.14).

Eo oD S e

-Pr i-Pr i-Pr i-Pr

i-Pr i-Pr

selee

-Pr i-Pr iPr i-Pr

Scheme 2.14. Synthesis of Pc1InCl. Reagents and conditions: Indium(lil)chloride, pentanol, reflux.

2.3.11. Synthesis of the aluminium derivative Pc1AICI

To complete our study of the effect of the central metal cation on packing
arrangement, we inserted aluminium into Pcl. This synthesis was achieved quite easily by
reacting Pn 1 with aluminium(Ill) chloride in quinoline at 160 °C. The product was
obtained with a reasonable yield of 25% (Scheme 2.15)
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Scheme 2.15. Synthesis of Pc1AICL. Reagents and conditions: Aluminum(lll) chloride, quinoline,
160 C.
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2.4. Crystallographic studies

Suitable crystals for X-ray analysis were grown for the metal free and all the various
metal derivatives of Pci synthesised. In every case, the technique used for the
crystallization was slow diffusion of a non-solvent into a solution of the phthalocyanine in
a suitable solvent.

To our initial disappointment, the first attempts to recrystallise PclCo from
DCM/acetone gave a non-cubic form, which was identified as a monoclinic clathrate
crystal belonging to the space group P2//c, with four phthalocyanine molecules in the unit
cell. Figure 2.1 shows a view of the crystal packing along the cell axis a¢. From this view
the Pc molecules seem to have a herringbone arrangement and form channels in which
DCM molecules are present (ratio 2:1 DCM/Pc) the maximum width of which is

approximately 0.86 nm.

b-axis

Figure 2.1 The monoclinic packing of Pc1Co, view along a axis.

However, the real packing is quite different from the impression given by this
picture, so that even in this case the 2, -di-/so -propylphenoxy substituents are quite
efficient at blocking the cofacial aggregation of the phthalocyanine molecules.

By taking a closer look at the packing structure and considering one molecular layer
along the a axis (Figure 2.2) it is possible to see that within the b-c plane Pc molecules lie
oriented in two different directions which form an angle of 86.08° to each other. Between
two molecules of the same orientation there is always a Pc molecule that lies in the near-

perpendicular plane. Every Pc molecule in this layer is surrounded by four other Pc
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molecules, which are parallel to each other and more or less perpendicular to the central
molecule. The molecules adopt the same arrangement in every monomolecular layer but

with a shift along ¢ of halfthe length of this cell axis

Figure 2.2 A monomolecular layer along a axis in the packing of PclCo

A comparison of the crystal structures of PclCo and PclZn (Figure 2.3) has been
useful to understand what could have caused the different arrangement of these molecules

in their crystalline forms.

Figure 2.3 The molecular structure of PclZn. a) Face-on and b) edge-on molecular views, and

PclCo. c) Face-on and d) edge-on molecular views
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The zinc cation of Pc1Zn in the cubic crystal is pentacoordinate and has one water
molecule as an axial ligand and assumes a distorted square-pyramidal conformation
whereas the cobalt is only tetracoordinated and forms a planar square complex. For Pc1Zn
the phthalocyanine core deviates from its normal planarity by adopting a conical shape,
with all the 2,6-di-iso-propylphenoxy substituents arranged more or less perpendicularly
and always with the same angle to the phthalocyanine macrocycle. For the non-cubic
crystal form of Pc1Co, the phthalocyanine core is planar and the substituents are disposed
always more or less in perpendicular positions but at different angles relative to the central
plane. Therefore, the conformation adopted by PclZn in the solid state is more
symmetrical than that of Pc1Co. In fact, the zinc phthalocyanine has a four-fold symmetry
axis that passes through the metal, which is not present in the cobalt phthalocyanine and
the lower symmetry of the latter molecule is reflected in a lower symmetry in its crystal
packing.

In view of these results and in order to confirm the necessity for the presence of an
axial ligand on the metal for the molecules to adopt the more symmetrical cubic packing in
the solid state, a pyridine molecule was introduced on the cobalt phthalocyanine. This was
done in two different ways. In the first case a solution of Pc1Co in pyridine was heated at
90 °C for 3 h and then the pyridine was evaporated, but not completely, chloroform was
added and methanol layered on the top of the solution and in a couple of days crystals
formed. In the second case, simply a drop of pyridine was added to a solution of Pc1Co in
chloroform and methanol was diffused slowly into the solution. Pleasingly, in both cases a
cubic form which was isomorphic (space group = Pn-3n, a = 37.39 A, 12 molecules per
unit cell) with that of the zinc derivative was obtained (Figure 2.4a). Surprisingly, another
cubic crystal, isomorphic with the others, was obtained for Pc1Co simply by the slow
diffusion of methanol into a solution in chloroform (Figure 2.4 b). In this case the metal
was hexacoordinated and formed a slightly distorted octahedral complex with both axial
sites occupied, one by a water molecule and the other by water/methanol (1:1 occupancy).
From the pictures, it is possible to notice that both the pyridine and the methanol in the

axial position point towards the centre of the cubic nanovoids present in the structure
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Figure 2.4 The cubic packing arrangement of PclCo (the 2,6-di-isopropylphenoxy substituents
have been removed for clarity) a) recrystailised from pyridine/CHCla/MeOH - note the pyridine
axial ligands; b) recrystallized from slow diffusion of MeOH into DCM - note the HO and MeOH

axial ligands (MeOH pointing towards the centre of the cubic void).

These results seem to confirm that the presence of the axial ligand or ligands seems
to be essential for the molecules to adopt a cone shape and to be more symmetrical (Figure

2.5) and therefore arrange in a cubic form.

Figure 2.5 Edge-on molecular views of the molecular structure of a) PcICoPy, and b) PclCo
recrystallized from CHCI3/MeOH.

These results were quite encouraging, especially as a good number of the seventy or
so metals that could be placed within the central cavity of the phthalocyanine could form
penta or hexacoordinated complexes. The necessity of the presence of axial ligands on the
metal for the molecule to adopt a cubic morphology was confirmed from the fact that metal

free, copper and nickel derivatives, in which no axial ligands would be expected, formed
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clathrates belonging to other crystalline systems. A view of the molecular structures
(Figure 2.6) confirms that no axial ligands are present and that the conformation of the

phthalocyanine core is essentially planar as seen for PclCo in its monoclinic crystal.

Figure 2.6. The molecular structures of PcICu, Pel and PcINi. PcICu a) Face-on and b) edge-
on views; P d c) Face-on and edge-on molecular views d) in the orthorhombic packing e) in the

monoclinic packing. PcINi f) Face-on and g) edge-on molecular views.
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Pc1Cu crystallized with a monoclinic arrangement (space group P2,/c, a = 38.60, b =
16.86, c = 18.42 A, B=91.37°, V = 11997 A ®) which was isomorphic with the non-cubic
crystal previously obtained for Pc1Co. In this case the crystal hosts an acetone molecule
per Pc and some disordered solvent assumed to be DCM.

Two different polymorphs, both non-cubic, were obtained for crystallization of the
metal free derivative. The formation of the two different arrangements is probably due to
the fact that the crystallisation was performed in different solvents and since all these
molecules form clathrates, obviously, the crystal packing is influenced by the nature of the
guest solvent, which can interact in various ways with the host molecules. In both
morphologies the conformation assumed by the Pcl molecule is the same as seen for the
other derivatives that did not adopt the cubic morphology, with the central macrocycle
practically planar and the substituents rings arranged in more or less perpendicular
positions but at different angles relative to the central plane (Figure 2.6 ¢, d and e).

The first polymorph of Pcl was obtained by using slow diffusion of methanol into its
solution in ethyl acetate to which a few drops of dichloromethane were added in order to
improve its solubility. The packing of this crystal was orthorhombic with a quite
voluminous unit cell (V = 12201 A’), belonging to the space group Pbca. Four
phthalocyanine molecules and ethyl acetate as guest solvent, in a ratio 1:1 (Pc/EtOAc) are
present in the unit cell. Even in this case the 2,6-di-iso-propylphenoxy substituents have
been quite efficient in preventing the typical cofacial aggregation of the phthalocyanines.
From the view of the packing along the c-axis, the molecules are placed in parallel planes
with two different directions, which are more or less perpendicular to each other (angle
74.73°), to form channels that appear to be half the length of the a-axis wide (Figure 2.7
a). The packing is quite similar to the one showed before for the monoclinic polymorph of
Pc1Co. Comparing the picture of one molecular layer (Figure 2.7 b) and the overall view
of the cell along the c-axis, it is possible to see that every molecule in every molecular
layer is surrounded by other four molecules, which are oriented at an angle of 74.7°
relative to the first. The arrangement of the molecules is the same in each molecular layer
but they are shifted by half the length of the a-axis.
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a-axis

Figure 2.7 a) The orthorhombic packing of Pel, view along caxis. b) A monomolecular layer along

C.

The second polymorph of Pci was obtained by the slow diffusion of acetone into
dichloromethane solution. In the unit cell (@ = 21.29, b = 16.90, ¢ = 18.28 A, ft = 114.65°,
V =5977.8 A3), which belongs to the space group P2//c, there are two phthalocyanine

molecules and one acetone molecule as guest solvent (Figure 2.8).

b-axis

c-axis a-axis

Figure 2.8. The monoclinic packing of Pel, view along a face diagonal.

In this case, the herringbone-packing is similar to the commonly encountered
phthalocyanine crystal morphology, defined as (3-form (monoclinic, space group P2//a,

typical cell parameters a = 19.4, b =4.8, c= 14.6 A, p - 120°two molecules per unit cell),
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adopted by non substituted H2PC and essentially planar MPcs which contain small divalent
metal ions, such as Cu(I).1 However, the bulky substituents prevent the typical cofacial
aggregation of unsubstituted Pcs, therefore the distance between two parallel molecules,
which is in both cases equal to the length of the b-axis, is much larger (b = 16.89 A) than
the typical found for the molecule that crystallized in the P-form (b = 4.8 A) From the
view along the a-axis (Figure 2.9) that corresponds to the view of a monolayer of
molecules along the same direction, it is possible to see that every molecule in each
monolayer is surrounded by other four molecules which are oriented in more or less

perpendicular direction compared to the first.

c-axis
Figure 2.9 The monoclinic packing of Pel, view along a.

The fact that this molecule could easily form different polymorphs made us think
about some artifice, with which to trick the molecule into adopting the cubic arrangement.
Magnesium phthalocyanines can be converted into the metal-free analogues by simple
reaction with aqueous acids.14139 It was anticipated that PcIM g would form cubic crystals
since the magnesium is usually pentacoordinated in phthalocyanine complexes.iss
Fortunately, the crystallization of PclIM g led to cubic crystals, isomorphic with the ones
from the cobalt and zinc derivatives. As expected, the magnesium was pentacoordinated,
with a water molecule in the axial position. The phthalocyanine molecule in the crystal
assumed the typical conical shape already seen for the zinc and the cobalt derivatives

(figure 2.10).
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Figure 2.10 The molecular structure of Pc 1 Mg. a) Face-on and b) edge-on molecular view.

At this point, the crystals were exposed to acidic conditions and it was hoped that not
only was the reaction to form the metal free phthalocyanine successful but also that the
crystal would maintain the same morphology. In the first attempt, a couple of PcIM g cubic
crystals were put in a solution 1:1 of concentrated acetic acid/acetone and after 24 hours
they were washed with acetone and then one of them was dissolved in DCM to allow its
UV-vis spectrum to be measured. UV-vis spectroscopy is the most convenient method of
following a reaction in which a metal free phthalocyanine is converted into a metal one and
vice versa. All simple phthalocyanines show a strong absorption between 670 and 700 nm,
termed the Q band, which is responsible for the characteristic intense blue-green colour of
the phthalocyanines and which has a different shape for the metal and metal free
derivatives. For the latter the Q band is split in two because of its lower symmetry in
comparison to the metal phthalocyanine.

Initially the spectrum showed no splitting in the Q band, which was at 681 nm,
meaning that the reaction did not work. We thought that more time and addition of water
would help the hydrolysis and therefore the crystals were exposed to a solution of 1:1:1
acetic acid/water/acetone and their status was checked after two weeks. The crystals were
filtered from solution, thoroughly washed with acetone and then one of them was dissolved
in DCM to allow the measurement of the UV-vis spectrum, which revealed that the
reaction had worked since the split Q band, typical for metal free phthalocyanines, was

observed.
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In the meanwhile, another experiment on the crystals was performed using
trifluoroacetic acid (6 drops in 1 ml of water/acetone, 1/1) in which case the reaction was
complete after only one day. Although both methods successfully provided the solid state
demetallation of the phthalocyanine, in each case the cubic crystals became very fragile on
manipulation and liable to shatter into small fragments suggesting that a transition in
crystal form had taking place. When examined by XRD the modified crystals gave a
scattering pattern consistent with a microcrystalline material. These experiments appear to
exclude the possibility that Pcl can be tricked into forming a cubic crystal, and it can be
concluded that losing the metal and its axial ligand removes the ability of the
phthalocyanine to adopt the cubic packing arrangement.

Given the apparent requirement of an axial ligand it was not expected that the nickel
derivative of Pcl would crystallize with a cubic packing. Indeed, crystals which are
isomorphic (a = 21.37, b = 16.88, c = 18.72 A, B = 115.06°, V = 6098.7 A ) with the
monoclinic polymorph of Pcl were obtained for this molecule. In this case chloroform is
the guest solvent and is present in a ratio of 1:1 with the phthalocyanine molecule. The
molecular structure of PcINi is very similar to the ones obtained for Pcl and Pc1Cu
(Figure 2.6 f and g).

A monoclinic polymorph, similar to that obtained for the non-cubic crystal of Pc1Co,
was formed by the iron derivative of Pcl that had been isolated without previous addition
of r-butylisocyanide, although, in this case a water molecule was axially bonded to the
metal cation. Instead, Pc1Fe(t-BuNC), gave cubic crystals with different axial ligands
from changing only the solvent of crystallization, so that when the crystals of Pc1Fe(t-
BuNC); were grown from deuterated chloroform/methanol, the displacement of one
isocyanide by one water molecule occurred, perhaps due to the greater acidity of the
chloroform. Instead, for the crystals grown from DCM/methanol or either CHCl;/ MeOH
both the isocyanide ligands were retained.

The ruthenium derivative also gave cubic crystals with different axial ligands, as two
different derivatives Pcl1Ru and Pc 1 Ru(t-BuNC); were crystallized. Therefore, we had
the possibility to assess how the presence of different ligands bonded to the axial sites of
the metal influences the deviation from planarity of the phthalocyanine core. For example,
when two r-butylisocyanide molecules are the axial ligands the distortion is slightly more
pronounced. The opposite might be expected, especially for the iron derivative, since the

effect on the two sides of the molecule of two identical ligands should be the same.
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However, looking at these structures it is evident that the two r-butylisocyanide ligands are

bonded in different ways to the metal (Figure 2.11).

Figure 2.11 Edge-on molecular views of the molecular structure of a) PclFe(f-BuNC)(H20), b)
Pel Fe(f-BuNC)2 c¢) PclRu(H20)2and d) Pcl1Ru(f-BuNC)2

In both the IR spectrum of PclFe(/-BuNC)2 and PclRu(f-BuNC)2, only one band, at
2144 cm'1and at 2135 cm1 respectively, was present for C-N stretching, showing that the
two ligands must be bound in the same way or, more likely, there is a dynamic equilibrium
between the two forms. Since the stretching band of the iron-bound isocyanides is more or
less at the same frequency of that of the free isocyanide (2135 cm'l) we would expect to
find the same features for the two t-butyl isocyanides in the crystal molecular structure,
with a linear arrangement for N-C-Fe and an angle for C-N-C close to 180° both sides of
the iron cation. Instead, from the edge-views of the molecular structures of PclFe(/-
BuNCh and PclRu(f-BuNC)2 in figure 2.11 b and d, it is possible to see that only one of
the two ligands is linear but the other is tilted. The different configurations of the ligands
could be due to packing interactions as the tilted ligands are outside the cubic nanovoids
and interact sterically with the axial ligand of a neighbouring phthalocyanine (Figure

2.12).
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a) b)

Figure 2.12. The cubic packing arrangement of a) Pc1Fe(f-BuNC)2and b) Pc1Ru(f-BuNC)2

For the iron derivative in which in the axial ligands are a water and a r-butyl
isocyanide, the latter occupies the apical position probably for steric reasons. In addition,
for this complex a water cluster is present at the non-apical site and chloroform is also

localised within the nanoscale voids (Figure 2.13).

Figure 2.13. The cubic packing arrangement of Pc1Fe(f-BuNC)(H20).

Even in the ruthenium derivative which contains two molecules of water in the axial
positions, the Ru-O distances are different, the water molecule in apical site is closer
(1.957 A) than the other (2.193 A), indicating stronger bonding at the apical axial site.

The electronic structure and the coordination state of the central iron in the cubic
crystal have been investigated by mean of 57Fe Mossbauer spectroscopic technique. The

57Fe Mossbauer spectrum was measured at University of East Anglia in Norwich by Prof.
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David Evans. The spectrum of a frozen suspension of PcFe(/-BuNC)2 grown from
CHC*/MeOH and dispersed in FOMBLIN Y®oil was recorded at 80 K (Figure 2.14).

The spectrum consists of two quadrupole splitting doublets. The main component has
an isomer shift s = 0.24 mm/s consistent with low spin iron(II) and a quadrupole splitting
AEa = 0.67 mm/s which is toward the lower end of the range for low spin
iron(Il)phthalocyanines. The hyperfine parameters lie in the typical range of
phthalocyaninatoiron complexes coordinated with isocyanide ligands,i43 therefore we
could conclude that the main component corresponds to PcFe(/-BuNC>2. The minor
component which has isomer shift ¢ = 0.25 mm/s and quadrupole splitting AEa = 1.75(2)

mm/s may correspond to PcFe(f-BuNC)(H20), present due to hydrolysis. 1ss
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Figure 2.14. Mossbauer spectrum of a suspension of Pc1Fe(f-BuNC)2 crystals in FOMBLIN Y®

measured at 80 K.

It was very pleasing that clathrates isomorphic with the cubic form of PclZn have
been obtained for most of the metal Pci derivatives investigated. Indeed, the cubic
arrangement formed for all cases in which the central metal could bind to either one or two
ligands in its axial positions.

For all these molecules the central core of the phthalocyanine deviates, to a greater or
lesser degree, from planarity by the adoption of a conical shape. A good indication of the
degree of deviation from planarity of these phthalocyanine molecules is given from the

measure of the distance of the metal ion from the plane formed from the four nitrogen in
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the meso positions of the macrocycle. More indicative still is the angle formed between the
latter and the plane passing through the metal and the two carbon atoms on the benzo-
subunits where the phenoxy substituents are bonded. The program Mercury was used to
make these measurements for all our metal Pci derivatives and in figure 2.15 an example
of the molecule for which the biggest distortion was observed, Pclin(CI/OH) is shown. A
summary of these data for all the molecules within the cubic crystals is reported in table

2.1.

18 77

Figure 2.15 Edge-on molecular view of PcInCI. Measurement of the displacement from the plane

of the metal and measurement of the angle of deviation from planarity of the Pc molecule.

DISTANCE M - ANGLE PLANE Ns meso-
COMPOUND
PLANE Ns meso PLANE (MCC)

PclZn(HD) 0.682 A 13.24°
PclCo(HD)(MeOH) 0.144 A 6.71°
PclCo(Py) 0252 A 12.13°
PclFe(f-BuNC)2 0.195 A 8.36°
PclFe(f-BuNC)(H2) 0.141 A 7.02°
PcIRu (-BUNC)2 0.229 A 8.78°
PcIRu (H)2 0.200 A 7.45°
PcIMn (HY)2 0.185 A 7.10°
PcIMg (H2) 0.800 A 14.66°
PcITi 0.908 A 14.02°
Pcln (C1TOH) 1.230 A 18.77°
PcAI(CI) 0.189 A 7.78°

Table 2.1. The displacement from the macrocyclic plane of the metal and the angle of deviation

from planarity of the Pc molecule.
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It is possible to notice that the deviation from planarity is bigger in the cases in which
the metal is pentacordinated and assumes a distorted pyramidal square conformation and
that, predictably, it increases with the radius of the metal (In>Mg>Ti>Zn>Co).

In all the other cases, the metals are hexacordinated and assume a slightly distorted
octahedral conformation. Even here, it is observed that when the axial ligands are the same
the distortion increases with the radius of the metal (Ru>Mn and Ru>Fe).

Table 2.2 summarises the crystal structures of the metal phthalocyanines derived
from Pcl, with the solvents used for the crystallization and the main structural
characteristics of the crystal. All the different metal Pcl compounds crystallise to form
clathrates, which in most cases were cubic and isomorphic with the crystal formed from
PclZn.

One characteristic of the central metal seems to have critical influence on the crystal
arrangement: cubic crystals have been obtained only for metals that can have one (or two)
additional ligand(s) in the axial position(s). Hence, this kind of packing was not obtained
for the metal free, the nickel and the copper derivatives for which axial ligands are either
impossible (metal free) or highly unusual in phthalocyanine chemistry (Cu, Ni).

For the metal free and cobalt derivatives of Pcl different polymorphs were obtained,
depending upon the different conditions of crystallization. Also different polymorphs were
obtained for the Pc1Fe including a monoclinic crystal, despite the iron bearing a water

molecule as axial ligand.
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COMPOUND | coYOTXLLIZATION | SOLVENT PERPc | SYSTEM | GROUP UNIT CELL PARAMETERS Z | LIGANDGS)
DCM/ Acetone 2 acetone Monoclinic P2yc a=21.29,b=16,89,c = 18.28 A, B= 114,66° 2 none
Pel (EtOAc-DCM/MeOH) 2 EtOAc Orthothombic |  Pbca 2=19.49,b=16.29,c=3842 A 4 none
DCM/acetone 2DCM Monoclinic P2/c a=38.71,b=16.84,c = 1821 A, B =90.73° 4 none
PclCo DCM/MeOH) 33(DCM +McOH)* Cubic Pn-3n a=3739A 12 | MeOH, H;0
CHClyMeOH/pyridine 162 acetone* Cubic Pn-3n a=3755A 12 pyridine
Pcl1Cu DCM/Acetone 1 DCM + 1 acetone Monoclinic P2,/c 2=3861,b=1687,c=1843 A, p=9137° 4 none
PcINi CHCl,/MeOH 1 CHCl, Monoclinic P2/c a=2137,b=1688,c=18.72 A, B =115.06° 2 none
PclMg CHCly Acetone 12 Acetone + 6 H,0° Cubic Pn-3n a=37334A 12 H,0
PclMn CHCly/MeOH Not determined Cubic Pn-3n a=3725A 12 2H,0
PclFe CDClyMeOH _ Monoclinic P2y/c a=18.94,b =18.66, c =33.27 A, B = 92.83° 4 H,0
Pe1Fe(t-BuNC); CDClyMeOH 20 MeOH + 14 H,0° Cubic Pn-3n a=3757A 12 | +BuNC,H,0
DCM /MeOH _ Cubic Pn-3n 2a=3736A 12 2 1-BuNC
Pc1Ru CHClyMeOH - Cubic Pn-3n a=3756 A 12 2 H,0
Pc1Ru(t-BuNC), CHClyMeOH 33 MeOH + TH,0" Cubic Pn-3n a=3763A 12 2 t-BuNC
PcITi CHClyMeOH 8 (MeOH + CHCly)* Cubic Pn-3n a=3751A 12 =0
Pclin(Ch) CHClyMeOH 12 CHCl; + 13 MeOH* Cubic Pn-3n a=3744A 12 | TOH,CI, (1:1)
Pc1AI(Cl) CHCIyMeOH 14 MeOH ﬁzf)?"ch* Cubic Pn-3n a=37414 12 “OH

Table 2.2 Crystals structures of the different metal derivatives of Pc1, solvent of crystallization and main features of the crystals packings. (a) SQUEEZE, (b)

NMR
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2.5 Solvent and ligand exchange

In order to further investigate the interconnectivity between the cubic nanovoids,
solvent-exchange experiments were repeated and extended to the use of other solvents. As

previously reported,'?’

the experiments were performed by placing the clathrate crystals in
the desired solvent, followed by NMR spectroscopic analysis of the crystals dissolved in
CDClI;. The results, which are summarised in table 2.3, prove the accessibility of the
crystals pores confirming the preliminary experiments. Other experiments were tried using
1/1(V/V) mixture of solvents in order to examine whether the crystals had shown some
selectivity for one of the solvents. In no case was high selectivity of one solvent over

another observed (Table 2.3).

SOLVENT PclZn/ SOLVENT Pc1Zn/ H,O

acetone 1:11 1:3

H;O 1.1* 1:30

MeOH 1:20 1:2
EtOH 1:21 _
iso-propanol 1:14 1:2
hexane 1:9 1:1
Hexane/cyclohexane® 1:7:6 _
MeOH/ +-BuOH® 1:24:7 _

Table 2.3. Composition of the included solvent within the cubic crystals of Pc1Zn. (a) Residual
amount of acetone remained included with the crystals of Pc1Zn on exchange with water. (b)
solution 1/1, w/w.

In addition, ligand exchanges on the central metal ion were attempted to ascertain the
accessibility of the metal, which is essential for the possible exploitation of these
molecules for catalytic purposes. As for the solvent exchange, preliminary experiments
were carried out on Pc1Zn. These experiments were performed by adding a small excess
of a chosen ligand to some Pc1Zn crystals in the solution of crystallization. In this way the
water molecule present as axial ligand on the metal was partially exchanged with ligands
such as pyridine, 3,5-dimethylpyridine, DABCO and t-butylpyridine. The exchange was

complete when picoline or N-methyl imidazole were employed.
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LIGAND(L) Pcl1Zn(L)
Pyridine 50%
t-butylpyridine 48%
3,5-dimethylpyridine 72%
DABCO 68%
4-Picoline 100%
N-methylimidazole 100%

Table 2.4 Extent of exchange of axial ligands on Pc1Zn.

Meanwhile, the ligand exchange experiments were attempted on Pcl1Co(Py) with
picoline, r-butylpyridine and n-butylamine. The substitution of pyridine in the axial
position was incomplete for picoline (60%) and z-butylpyridine (18%) and did not occur
for n-butylamine. Instead, a cubic crystal of the cobalt derivative with n-butylamine in
axial position on the metal was afforded from the crystallization of this molecule by slow
diffusion of methanol into its chloroform solution, to which had been previously added the
amine. Surprisingly the amine was not in the usual apical position and did not point toward
the centre of the cube as had been found with all the other ligands, but was instead on the
other side of the metal. A detailed look at the cubic crystal structure showed that the access
of small ligands to the non apical side of the metal is allowed by the presence of narrow
channels (0.25 nm) running through the crystal. This result showed that it could be possible
to exert control over the coordination chemistry on both sides of the central metal cation
and furthermore, of particular interest, is the fact that the non-apical ligands could behave

3,156-
73,15 158to

analogously to the proximal ligands found at the active metal centres of enzymes
provide biomimetic catalysis. Hence, the possibility of incorporating small bidentate
ligands such as 1,6-diaminohexane, which could act as proximal ligands and tune the
reactivity of the metal site for catalysis was envisaged. In addition, by simultaneously
binding two phthalocyanine molecules in different cubic subunits it is possible that the
crystal structure could be stabilised in the same way as wall-ties stabilise buildings with
cavity brick walls.

Cubic crystals containing 1,6-diaminohexane binding two Pc1Co molecules were
obtained successfully from a crystallization experiment in which methanol was diffused
slowly into a solution of the cobalt derivative in chloroform to which a very small amount

of 1,6-diaminohexane had been previously added (Figure 2.17). From the crystal structure
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it appears that the 1,6 -diaminohexane ligand pulls the two cobalt cations closer, shortening
the distance by about 0.5 A (Co-Co = 11.766 A) in comparison with the same distance in
all the other PclCo derivatives structures obtained (for example Co-Co = 12.568 A and
12.801 A for the derivatives with methanol and pyridine in axial position respectively).
From Figure 2.16 it is clearly visible that the carbon atoms in the aliphatic chain of 1,6-
diaminohexane are disordered due to the flexibility of the chain. This suggested that

shorter or more rigid bidentate ligands could be used for the same purpose.

Figure 2.16 a) Edge*on molecular view of the molecular structure and b) cubic packing

arrangement of Pc1Co(1,6-diaminohexane)(H20).

Therefore the same kind of experiment was repeated with different bidentate ligands
(Table 2.5). Unfortunately, all these experiments failed to give the expected results.
Crystals in which these ligands were coordinated in the apical axial position to the cobalt
cation, therefore with their other coordinating end pointing toward the centre of the cubic
nanovoid, were obtained only with 4,4’-bipyridyl and 1,2-bisimidazol-I-ylethane. The
latter procedure of crystallization was employed even with monodentate ligands, such as 4-
picoline and imidazole, since the exchange of ligands experiments on the cobalt
phthalocyanine had led only to a partial substitution of the pyridine. Following this
method, cubic crystals in which the cobalt cation in all the molecules was bearing
respectively 4-picoline as axial ligand in the apical site and imidazole in both axial

positions were obtained.
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LIGAND APICAL SITE NON-APICAL SITE
1,5-diaminopentane HD HD
1,4-diami nobutane MeOH MeOH
1,3-diaminopropane MeOH MeOH

4,4’-bipyridyl 4.4’-bipyridyl (100%) -
1,2-bisimidazol-1-ylethane 1,2-bisimidazol- 1-ylethane (100%) MeOH
p-Xylylenediamine HD HD

Table 2.5 Results of ligands exchange experiments on PclCo.

In view of these results it was envisaged the possibility to incorporate a bidentate
ligand in the non-apical site by its addition to a preformed crystal where an axial ligand
was already present in the apical site of the cobalt phthalocyanine derivative. Hence, by
addition of 4,4’-bipyridyl to PcCo(Py), cubic crystals in which the bidentate ligand is
bonded to two cobalt phthalocyanines (Co to Co distance = 12.121 A) were obtained. The

apical sites are occupied 60 % by pyridine and 40 % by water molecules (Figure 2.17).

Figure 2.17 a) Edge-on molecular view of the molecular structure and b) cubic packing

arrangement of Pc1Co(bipy)(Py).

In addition, experiments to try to incorporate mono and bidentate ligands on other
metal (Zn, Mn, Fe, Ru) Pci derivatives were carried out, using both exchange of ligands
on preformed crystals and crystallization in presence of the ligand in solution. Interesting

but sometimes contrasting results were obtained.
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In particular, for the cubic crystals derived from PeclZn, not one of the bidentate
ligands was found axially bonded to the metal. However, some of the aliphatic diamines
such as 1,5-diaminopentane and 1,6-diaminohexane molecules were included in the
crystals, but outside of the void, in the confined space between two phthalocyanine
molecules. For these crystals a large amount of chloroform was present in the cubic pores
of the crystals (Figure 2.18). The same results were obtained even when molecular sieves
were added to both the solution and to the non-solvent of crystallization as drying agent in

order to help the displacement of the axial water by these ligands.

Figure 2.18 a) Edge-on molecular view of the molecular structure and b) cubic packing

arrangement of Pcl1Zn(H20) with 1,6-diaminohexane molecules as included guest.

Various experiments were tried in order to introduce 4,4’-bipyridyl as axial ligand
onto the Zn. Apart from the two methods mentioned before, which were both also tried in
the presence of molecular sieves, a solution of the zinc derivative and 4,4’-bipyridyl in
chloroform was heated, and crystals grown by slow diffusion of acetone. None of these
techniques proved successful and no trace of the ligand was found in the crystals.

PcIlMn showed even less reactivity toward axial substitution than PclZn. Although
exchange with pyridine, imidazole, 1,2-bisimidazol-l-ylethane, 4,4’-bipyridyl, and 1,4-
phenylenediisocyanide were tried, only imidazole was incorporated in the crystals to
occupy the axial apical position on the metal. This result was achieved by exchange of
ligand on the preformed crystals in presence of molecular sieves.

In contrast, quite interesting results were obtained for the iron derivative, especially

considering the fact that this molecule could be employed for catalysis purposes and
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therefore the possibility to exert control on the coordination of the central metal assumes
more importance. Most of the ligand exchange experiments were carried out starting from
PclFe(t-BuNC),. For this molecule, both techniques of ligand substitution on the
preformed crystals and also ligand addition into the solution of the metal derivative
followed by crystallization, proved efficient in most cases (Table 2.6).

LIGAND APICAL SITE NON-APICAL SITE
Pyridine’ (ms) Py (70%), 1-BuNC (30%) t-BuNC
Imidazole’ imidazole H,0
1-methylimidazole® 1-methylimidazole MeOH
1,2-bisimidazol-1-ylethane’ (ms) 1,2-bisimidazol-1-ylethane, t-BuNC MeOH
4.4’-bipyridyl" t-BuNC 4.4’-bipyridyl (<80%)
4,4"-bipyridyl°(ms) +-BuNC 4,4’ -bipyridyl (80%)
1,4-phenylenediisocyanide® (ms) (0% 1,4-PhNC (83%)
1,4-diaminobutane® (ms) t-BuNC t-BuNC
1,4-diaminobutane® H,0 H,0
1,5-diaminopentane’(ms) H,0 H,0
p-Xylylenediamine*’ ? ?
1,4-benzenedimethanethiol * t-BuNC t-BuNC
1,4-benzenedimethanethiol "(ms) t-BuNC t-BuNC

Table 2.6 Results of ligands exchange experiments on Pc1Fe{t-BuNC), (a) substitution on the
preformed crystals experiments, (b) previous addition of the ligand to the solution of the
phthalocyanine derivative experiments, (ms) experiments carried out in presence of molecular
sieves.

Particularly interesting results were obtained with the bidentate ligands 4,4’-bipyridyl
and 1,4-phenyleneisocyanide. In both cases the ligands were found in the non-apical axial
position and joining together two phthalocyanine molecules. However, the results of the
XRD analysis of the crystals obtained from both kind of exchange procedure with p-
xylylendiamine were highly ambiguous. The structure could not be completely solved and
the axial ligands were indistinct.

4,4’-Bipyridyl was easily incorporated into the crystals using both of the above
methodologies, even though the substitution was not complete (at about 80% exchange)
and it proved slightly more efficient to add the new ligand before crystallization. In both

cases, the structure was composed of a minor component for which it was impossible to
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locate the axial ligands. As seen previously for the cobalt derivative, the two metal cations
are pulled closer by the bidentate ligand with their distance (Fe to Fe distance = 11.353 A)
significantly shorter than in PclFe(f-BuNCh (Fe to Fe distance = 13.006 A), PclFe(f-
BUNCHH:0) (Fe to Fe distance = 12.699A) and the same distance in the minor
component in the same structure (Fe to Fe distance = 12.355 A).

Even with 1,4-phenylenediisocyanide the exchange achieved by its addition to the
preformed crystals of PclFe(/-BuNC)2 was not quite complete (about 83% exchange). An
interesting feature is showed by the molecular structure, the substitution of the metal of the
t-BuNC by what appears to be molecular oxygen in the apical position (Figure 2.19).
Crystals with the same structure were obtained also from the addition of 1,4-
phenylenediisocyanide to PclFe crude and crystallization by slow diffusion of methanol

into its solution in chloroform.

Figure 2.19 a) Edge-on molecular view of the molecular structure and b) cubic packing

arrangement of PclFe(1,4-phenylenediisocyanide)(02).

Analogous crystal structure was obtained for the ruthenium derivative. The
crystallization experiment was carried out by diffusion of methanol into a solution of
PclRu(f-BuNC): in chloroform to which had been previously added 1,4-
phenyleneisocyanide. In this case the axial ligand substitution was complete.

Surprisingly, for both derivatives the oxygen molecule does not adopt the bent
disposition usually found in oxygenated iron porphyrins,se161 but it is completely aligned
along the central axis. Therefore, the possibility that the axial ligand could be carbon

monoxide was considered, especially because in some cases of ruthenium phthalocyanine
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formation reported in the literature the CO complex was isolated even though a carbon
monoxide-containing precursors was not used during the reaction.’> In order to ascertain
the nature of the axial ligand, the IR spectra of both of these crystals were measured. For
both of them there was no sign of coordinated CO stretching band but there was one at
1138.9 cm™ and one at 1143.8 cm™ for the iron and the ruthenium derivatives respectively
which could plausibly correspond to O-O stretching.161 Even in these crystals the central
metals which are bonded by the ligand are pulled closer (Fe to Fe distance = 11.693 A).

Other experiments were carried out on the recrystallisation of crude Pc1Fe with
different bidentate ligands such as 1,4-diaminopentane, 1,5-diaminopentane and 4,4’-
bipyridyl, but unfortunately suitable crystals for XRD analysis were obtained only with
1,5-diaminopentane. Even in this case and despite the addition of molecular sieves to the
solution, two molecules of water were found axially bonded to the metal rather than the
bidentate ligand.

In the same way, for the ruthenium derivative the only successful inclusion of a
ligand was achieved with 1,4-phenyleneisocyanide. All the other exchange experiments
were carried out adding one of a ligand (pyridine, 4,4’-bipyridyl, 1,5-diaminopentane or
1,2-bisimidazol-1-ylethane) to the preformed crystals of Pc1Ru(-BuNC).. Two molecules
of water were found as axial ligands on the ruthenium when 1,5-diaminopentane was used
and ¢-butylisocyanide in all the other cases.

In general a less significant deviation from planarity was observed for the
phthalocyanine molecules linked together through a bidentate ligand in comparison with
those bearing monodentate axial ligands giving the impression that the bidentate ligands
“pull” the metals closer (Figure 2.20). To give an indication of the different degree of
deviation, the measure of the distance of the metal ion from the plane formed from the four
nitrogens in the meso positions of the macrocycle, and in addition, the angle between this
plane and the plane passing through the metal and the two carbons on the benzo-subunits,
where the phenoxy substituents are bonded, were calculated and compared to the data
previously obtained for the same phthalocyanines with monodentate ligands. Indeed from
these data it is possible to observe that the closer the metals are “pulled” by the bidentate
ligands, the smaller is the deviation from planarity of the molecule (Table 2.7). Even for
these crystals, it is observed that when the axial ligands are the same the distortion

increases with the radius of the metal (Ru>Fe).
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Figure 2.20. Edge-on molecular view of the molecular structures of a) Pcl1Ru(f-BuNC)2 and b)
Pel Ru(l,4-phenylenediisocyanide)(02)

DISTANCE ANGLE PLANE

COMPOUND M -PLANE Ns meso- DISTANCE
Ns meso PLANE (MCC) MM

PclCo(H2)(MeOH)  monodentate 0.144 A 6.71° 12.568 A
PclCo(Py) 0.252 A 12.13° 12.801 A
PclCo(l,6-diahex) bidentate 0.043 A 4.2° 11.766 A
PclCo(py)(bipy) 0.108 A 5.52° 12.121 A
PclFe(/-BuNC)2 monodentate 0.195 A 8.36° 13.006 A
PclFe(/~-BuNC)(HY) 0.141 A 7.02° 12.699 A
PclFe(/-BuNC)(bipy) bidentate 0.033 A 3.57° 11.353 A
PclIF e(02)(Phic) 0.061 A 3.82° 11.693 A
PclRu (/-BUNC)2 monodentate 0.229 A 8.78° 13.193 A
PcIRu (HY)2 0.200 A 7.45° 12.756 A
PcIRu(02)(Phic) bidentate 0.082 A 4.50° 11.831 A

Table 2.7. The displacement from the macrocyclic plane of the metal, the angle of deviation and

the distance between the metals.

2.6 Conclusions

Various Pci metal derivatives (Co, Cu, Ni, Fe, Ru, Mn, Mg, In, Al, Ti) were
synthesised and crystallised forming clathrates, which in most of the cases were

isomorphic with the cubic crystal obtained for PclZn. A common feature showed by the
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molecules which packed with the cubic morphology was the presence of one or two extra
axial ligands coordinated to the central metal. Indeed only for the copper, nickel, which
generally form square planar complexes with phthalocyanines, and metal-free derivatives
were not obtained cubic crystals.

Solvent and ligands exchange experiments showed the interconnectivity of the voids
within the crystals and the accessibility of the central metal, which offer possibilities for
exploitation of iron, cobalt, manganese etc. Pcl derivatives for catalytic purposes. In
addition, it was shown that it is possible to exert control over the coordination chemistry on
both sides of the central metal. Bidentate ligands of appropriate size were successfully
placed in the non apical site of the metal to link together two PcsM molecules. This may
enhance the stability of the crystal structure and furthermore could have an important role

in tuning the catalytic activity of the metal complexes.
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Chapter 3 Addition of substituents

3. Results and discussion: addition of
substituents.

3.1 Introduction

Unfortunately, XRD analysis indicates that the cubic crystals formed by the zinc
2,3,9,10,16,17,23,24-octa-(2’,6’-di-iso-propylphenoxy)phthalocyanine are not stable to the
loss of the included solvent although macroscopically they appear unchanged. Careful
analysis of the crystal structure of zinc 2,3,9,10,16,17,23,24-octa-(2’,6’-di-iso-
propylphenoxy)phthalocyanine reveals that each edge of the phthalocyanine cube contains
eight interleaved phenoxy rings and it is the van der Waals interactions between these
groups that appear to induce its cubic packing arrangement. Therefore, we thought that the
introduction of substituents in the 4-position of the phenoxy groups could enhance the
stability of the crystal structure, due to stronger dipole-dipole (e.g., R = Br, Cl, CN, OMe,
NO,) or hydrogen bond interactions (e.g., R = OH, COOH, NH,). An outline of possible

phthalocyanine synthetic targets is given in Scheme 3.1.
R

/ Pcl:R=H
[}
PcBr; R = Br .
Pnt: H e H PcCI; R = CI
V’ PcCOOH; R = COOH
O:CE PnBr; R = Br —'lﬂ" PnCl;R=Cl /
X PnCN; R=CN —= pcCN; R = CN

R i-Pr PnOMe R= OM\
) vi )

g gr PANO,; R = NO, PcOMe; R = OMe — PcOH; R = OH
R = OMe vii
R= NO; PcNO2; R =NO; — o PcNH,; R = NH,

SHPr i-Pr,,

R-Q—O O—Qn Pc1;R=H
R . ; R
*ng’ PcBr; R = Br
A e PcCl; R =Cl

= PcCN; R = CN

-- --z

4
= PcOMe; R = OMe
=N
le@ Q@ PcOH; R = OH
' i PcNO,; R = NO,
R i-Pr i-Pr, R M=2H*
‘< s— ‘< >‘R

R 0 O M=2Zn?*  PcNHy; R = NH,
“i-Pr PP M = Co?*
HPr M=Cu?>* PcCOOH;R = COOH

Z

Scheme 3.1. The outline synthesis of PcR. Reagents and conditions: i) 4,5-Dichlorophthalonitrile,
K2CO3;, DMF 80 °C; ii) Metal acetate, NMP, 165 °C; iii) CuCl, DMF, 150 °C; iv) CuCN, DMF, 150
°C; v) KOH, EtOH, reflux; vi) BBr3, CH,Cl,, rt; vii) Sn, HCI

70



Chapter 3 Addition of substituents

3.2 Synthesis of Phthalonitriles

3.2.1 Synthesis of 4,5-di(4’-bromo-2’,6’-di-iso-propylphenoxy)
phthalonitrile

The bromine was the first substituent which we tried to introduce in the 4-position on
the phenoxy groups. The 4,5-di(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalonitrile,
PnBr, could constitute, in fact, the starting material not just for the synthesis of the
corresponding phthalocyanine but also for the 4,5-di(4’-chloro-2’,6’-di-iso-propylphenoxy)
and 4,5-di(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalonitriles, (PnCl and PnCN). As
shown in Scheme 3.1, a possible strategy for the synthesis of this molecule involves the
introduction of bromine via the electrophilic aromatic substitution 2,6-di-iso-propylphenol,
followed by nucleophilic aromatic substitution of the phenol on the dichlorophthalonitrile.
However, the 4,5-di(2’,6’-di-iso-propylphenoxy)phthalonitrile was available and the
possibility of preparing PnBr by electrophilic aromatic substitution of bromine directly on

this molecule was explored (Scheme 3.2).

Q\i-w i-Pr
i-Pr i-Pr

O CN O CN
XX > X
O CN (0] CN
i-Pr. i-Pr.
@—Wr i-Pr

Br
Scheme 3.2. Bromination of Pn1.

We tried this reaction under a number of different conditions, always starting by
dropwise addition, of bromine at 0 °C to a solution of 4,5-(2,6-di-iso-propylphenoxy)-
phthalonitrile in dichloromethane.'®? The reaction was then heated to room temperature,
and later at reflux. Because of the lack of reaction, the addition of FeBr; as catalyst and
greatly increased time of reaction were used to try and force the reaction, but
unfortunately, the desired product was not obtained in good yield. From the first reaction,
achieved for 1h at room temperature and further S5h at reflux, without catalyst, we only

obtained the starting material. In all the other conditions, a mixture of mono-substituted
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and di-substituted compounds was obtained, which could not be separated by column
chromatography.

The presence of the electron-withdrawing nitrile groups appeared to deactivate the
phenoxy group towards electrophilic aromatic substitutions, even in the presence of a
Lewis acid catalyst. After these failed attempts, we decided to return to the original
strategy: the bromination of 2,6-di-iso-propylphenol (Scheme 3.3). The reaction was

achieved, as described in literature'®?

adding bromine dropwise, at 0 °C to a stirred
solution of 2,6 di-iso-propylphenol in dichloromethane. The reaction was left for 1h at
room temperature then the temperature was increased to 45 °C to drive-off the remaining

hydrogen bromine. The desired product was obtained with almost quantitative yield.

OH

OH i-Pr. i-Pr

i-Pr i-Pr

Br

Scheme 3.3. Bromination of 2,6-di-iso-propylphenol. Reagents and conditions: Br,, DCM.

The synthesis of 4,5-bis(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalonitrile, PnBr,
has been achieved, as for Pnl, by nucleophilic aromatic substitution of the phenol on the
1,2-dichlorophthalonitrile, using potassium carbonate as base and DMF as solvent.?*'%"1¢?
The bromine, which acts as an electron withdrawing group, facilitated the formation of the
phenoxy anion, leading to an improvement on the yield of reaction, which increased from

65%, for Pnl, to 82% for PnBr (Scheme 3.4).

Br
i-Pr
H i-Pr
i-Pr i-Pr Cl CN o CN
- L — XX
cl CN o) CN
Br i-Pr.
i-Pr
B

Scheme 3.4. Synthesis of PnBr. Reagents and conditions: K,CO,, anhydrous DMF 70 °C
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3.2.2 Synthesis of 4,5-bis(4’-chloro-2’,6’-di-iso-propylphenoxy)
phthalonitrile

In accordance with the synthetic strategy, 4,5-bis(4’-chloro-2’,6’-di-iso-
propylphenoxy)phthalonitrile, PnCl, was prepared by the reaction of PnBr with an excess
of copper (I) chloride in dry dimethylformamide at 150 °C (Scheme 3.5).'® The high
temperature and the presence of a copper salt favoured the formation of a complex mixture

of phthalocyanines together with the desired product, which was isolated in a yield of 35%

by column chromatography.
Br cl

i-Pr i-Pr

i-Pr i-Pr

0O CN o) CN

i-Pr. i-Pr.

i-Pr i-Pr
Br cl

Scheme 3.5. Synthesis of Pn3. Reagents and conditions: CuCl, anhydrous DMF, 150 <C

3.2.3 Synthesis of 4,5-bis(4’-cyano-2’,6’-di-iso-propylphenoxy)
phthalonitrile

A similar procedure was used to synthesise 4,5-bis(4’-cyano-2’,6’-di-iso-

propylphenoxy)phthalonitrile, PnCN (Scheme 3.6).'%

A large excess of CuCN was added
to a solution of PnBr in dry dimethylformamide under nitrogen and the reaction was

complete at 150 °C after 24 h to give a yield of 54 %.
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Br NG
-Pr i-Pr
i-Pr i-Pr
B Bo
O CN (o) CN
i-Pr. i-Pr.
i-Pr i-Pr
Br NC

Scheme 3.6. Synthesis of Pnd. Reagents and conditions: CuCN, anhydrous DMF, 150 °C

3.2.4 Synthesis of 4,5-bis(4’-methoxy-2’,6’-di-iso-propylphenoxy)
phthalonitrile

Our next target molecule was 4,5-bis(4’-methoxy-2’,6’-di-iso-propylphenoxy),
phthalonitrile, PnOMe. Our original strategy was to synthesise the 4-methoxy-2,6-di-iso-
propylphenol via 2,6-di-isopropylhydroquinone using a previously reported four step route
involving the diazotisation of 4-aminophenol and then employing a selective methylation
of the less hindered 4-hydroxyl group.'®® However, we decided to synthesise the
hydroquinone starting from 2,6-di-iso-propylphenol, via its previous oxidation to quinone
(Scheme 3.7). The oxidation was achieved using lead (IV) oxide and perchloric acid in
acetic acid,'®’” in 83% yield. After using several different reagents the reduction to the

hydroquinone was achieved with sodium borohydride in methanol at 0 °C in 93% yield.'®®

OH 0] OH
) . . i-Pr i-Pr .. i-Pr: i-Pr
|-Pr\(‘:r|-Pr i ﬁ ii \©/
0] OH

Scheme 3.7. Synthesis of 2,6-di-iso-propyl-p-quinone and of 2,6-di-iso-propyl-p-hydroquinone.
Reagents and Conditions: i) HCIO, (70%), PbO,, acstic acid; ii) NaBH,, MeOH, 0 °C

The selective methylation of the 4-hydroxyl group proved more problematic. The
initial attempts using Methyl iodide as methylating agent, potassium carbonate as base and
2-butanone as solvent under various conditions failed to give the required product

selectively.'®®!'" However, with careful chromatography, the desired isomer was isolated
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but in a very poor yield. In order to confirm that the correct isomer was isolated, a (H
NOESY NMR spectrum was obtained (Figure 3.1) from which it is possible to see that the
protons of the methoxy group interact through space with the aromatic protons and that the
hydroxyl proton interacts with the isopropyl groups, as indicated from the cross peaks that

have been is circled in red.

-OCH3

ArW -OH

} } (cH3)2C H-
] t 4+ A -

(C/-fe)2CH -

ArH

75 7> 65 60 55 6.0 4.6 40 38530 25 20 15 10 05 ppm
Figure 3.1.1H NOESY NMR of 4-methoxy-2,6-di-/so-propylphenol.

The low yield of this reaction prompted the use of other bulkier methylating agents
and for such as dimethylsulfatel7I' I3 and para-toluene-methylsulfonate 14 but despite a

range of reaction conditions only a mixture of products was obtained in each case.

OH OCH3 OH OCH3 [¢]
Scheme 3.8. Synthesis of 4 methoxy-2,6-di-/so-propylphenol. Reagents and Conditions: a) CH3|,

K2C 03, 2-butanone; b) (CH3)2So4, K2C 03 acetone; c) p-toluene-methylsulfonate, NaOH (20%) or
K2C 03, acetone
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Instead, the synthesis of PnOMe from PnBr was attempted using a copper mediated
substitution of bromine by methoxide anion (Scheme 3.9). Following a reported
procedure”s for the synthesis of methyl aryl ethers from aryl bromides, the reaction was
carried out adding sodium methoxide in methanol to a solution of PnBr in anhydrous
dimethylformamide. The temperature was increased to 110 °C and the methanol was
distilled off using a Dean and Stark apparatus. The reaction mixture became green-blue.
Copper (I) bromide was added and the reaction was left at 110 °C for two hours. MALDI
mass spectroscopic analysis of the resulting crude product showed a cluster centred at
2617.46 consistent with the formation of Pc2Cu along with other clusters centred at
2538.52, 2459.59, and 2379.68 that indicate the substitution of one, two and three
bromines, respectively. Clearly this reaction had produced a complex mixture of
phthalocyanines, a result that could be explained by taking into consideration the high
temperature and the presence of the copper salt.

Br H,CO
i-Pr i-Pr
i-Pr i-Pr
. (o) CN 0 CN
i-Pr. i-Pr.
i-Pr i-Pr
Br H3CO

Scheme 3.9. Synthesis of PnOMe. Reagents and Conditions: NaOCH3z/MeOH, DMF, CuBr, 110 °C

Therefore a similar substitution reaction was attempted on the acetyl ester of 4-

bromo-2,6-di-iso-propylphenol readily prepared in 90.5% yield by adding sulphuric acid to

a solution of the phenol in acetic anhydride (Scheme 3.10).

OH
i-Pr i-Pr

176

OH
i-Pr i-Pr

I
. iPr i-Pr i
Br OCH3
Br

3.10. Protection of 4-bromo-2,6-di-iso-propylphenol and synthesis of 4-methoxy-2,6-di-iso-
propylphenol. Reagents and Conditions: i) Acetic anhydride, H;SO,.i) NaOCH3/CH;OH, DMF,
CuBr, 110 «C
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An excess of sodium methoxide in methanol was added to a solution of 4-acetoxy-
3,5-di-iso-propyl-bromobenzene in anhydrous dimethylformamide and, the temperature
was increased to 110 °C in order to allow the methanol to distil off, then copper(I)bromide
was added.'” As an added benefit, the ester protecting group was removed during the
course of the reaction to give pure 4-methoxy-2,6-di-iso-propylphenol in 89% yield
(Scheme 3.10).

At this point we could proceed with the synthesis of 4,5-bis(4’-methoxy-2’,6’-di-iso-
propylphenoxy)phthalonitrile, PnOMe. We followed the same procedure used for the
synthesis of Pn1 (Scheme 3.11).'*"'® The product was isolated by recrystallization from
methanol with a yield of 72%.

H,CO
i-Pr
OH i-Pr
i-Pr i-Pr GI:[CN O:C[cn
+ an———
cl CN o) CN
OCHj,4 i-Pr.
i-Pr
H,CO

Scheme 3.11. Synthesis of PnOMe. Reagents and conditions: K;COs;, DMF, 70 °C.

3.2.5 Alternative route for PnCl synthesis

Considering the simplicity and the high yields of the various steps that led to the
synthesis of PnOMe, an analogous approach to PnCl was tried and proved successful with

176 (Scheme

a near quantitative yield of the 4-chloro-2,6-di-iso-propylphenol precursor
3.13) and avoided any need for chromatographic purification, which was necessary with
the previous synthesis to get rid of the mixture of phthalocyanines formed during the
reaction.

PnCl was synthesised from 4-chloro-2,6-di-iso-propylphenol and 4,5-
dichlorophthalonitrile in 77% yield.?>'?"'®*Despite requiring more steps, this route proved
effective with a much higher overall yield of 62% versus only 29% for the previous

transhalogenation reaction (Scheme 3.5).
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(o) 0]
OH
O/u\ _ OJ\ ) i-Pr i-Pr
i-Pr i-Pr i, iPr i-Pr ",
Cl
Br Cl
Cl
i-Pr
OH i-Pr
i-Pr i-Pr cl CN o CN
- L, — XX
Cl CN 0 CN
Cl i-Pr
i-Pr
Cl

Scheme 3.13. Synthesis and hydrolysis of the 4-acetoxy-3,5-di-iso-propyl-chlorobenzene.
Reagents and conditions: i) CuCl, DMF, 150°C.ii) NaOH (40%), MeOH and synthesis of PnCl.
Reagents and conditions: K;CO;, anhydrous DMF, 70 °C.

3.2.6 Attempted synthesis of nitro-containing phthalonitrile

The preparation of 4,5-bis(4’-nitro-2’,6’-di-iso-propylphenoxy)phthalonitrile, Pn7,
proved highly problematic. Attempts to obtain Pn7 by direct nitration of Pnl (Scheme
3.16) failed instead it gave a complex mixture of products.'’’(19)

Q\ioPr i-Pr
i-Pr i-Pr
i-Pr i-Pr.

i-Pr i-Pr

ON

Scheme 3.16. Nitration of Pn1. Reagents and conditions: a) HNOyH,SO,; b) HNOyCH3;COOH,
DCM.
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Due to the difficulties encountered during the nitration of Pnl, the direct
electrophilic nitration of the phenol was attempted following literature reports'®®'7’.
However in most cases the oxidatively coupled product was formed rather than the desired

nitrated phenol as had been previously reported for this reaction.'s%'"

H i-Pr i-Pr

i-Pr i-Pr i-Pr i-Pr
+ HNOYCHsCOOH —= + 0 C—Q o
NO, i-Pr i-Pr

Scheme 3.17. Synthesis of 4-nitro-2,6-di-iso-propylphenol. Reagents and condition: HNO;, acetic
acid, DCM, 0 °C.

However, after much effort the synthesis of the 4-nitro-2,6-di-iso-propylphenol was

finally achieved with a yield of 60%. Unfortunately, the synthesis of PnNQO; by adapting

20,127,163

the usual reaction with 4,5-dichlorophthalonitrile gave after four days at 70 °C only

the monosubstituted product. Even under forcing conditions (i.e. large excess of phenol,

extended reaction period) only the monosubstituted product was obtained.

O2:N

i-Pr

i-Pr. i-Pr cl CN
+ I:[ —_— i-Pr
cl CN o CN
XX
cl CN

Scheme 3.19. Attempted Synthesis of PNNO,. Reagents and conditions: K,CO3;, DMF 70 °C
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3.3 Synthesis of phthalocyanines

3.3.1 Zinc and cobalt phthalocyanine derivatives

All the zinc and cobalt phthalocyanines were synthesised using the same reaction that
proved effective for the synthesis of Pc1Zn.'?” The appropriate metal salt (zinc or cobalt
acetate) was added to a solution of the phthalonitrile in NMP and the reaction mixture was
heated at 165 °C for 20 h (Scheme 3.20). Each phthalocyanine derivative was obtained in
reasonable yields and purified by column chromatography (Table 3.1)

Q-Pr R
i-Pr—<’ :> .
i‘Pf/©\i-Pf Q N N Pc2;R=Br
| \ O i-Pr Pc3;R=Cl
i-Pr --——M—--—N
\ i-Pr Pc4;R=CN
o~ |
i-Pr i-Pr Nx N =N Pc 5; R = OMe
i-Pr i-Pr
R
R i-Pr i-Pr
M = Zn2+ O o
M = Co2+
M = Cu2+ only for Pc 3 R . . R

Scheme 3.20. Synthesis of PcsM. Reagents and conditions: Metal salt, NMP, 165 °C.

3.3.2 Metal free and copper phthalocyanine derivatives

The same procedure (i.e. reaction with copper acetate) was attempted for the
synthesis of the copper-containing phthalocyanine derivatives but unfortunately this
procedure proved successful only for the chlorinated phthalonitrile, PnCl (Scheme 3.20).

During the attempted synthesis of PcBrCu, instead, a complex mixture of copper
phthalocyanines was formed. We tried to separate the mixture by means of column
chromatography but without success. The mixture was analysed by MALDI mass
spectrometry showed a cluster of peaks corresponding to PcBrCu together with numerous

other clusters of peaks which indicated loss of bromine (Figure 3.2).
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Figure 3.2 MALDI spectrum of a column chromatography fraction deriving from the attempted

synthesis of PcBrCu using copper acetate.

Clearly, this method was not suitable for the synthesis for PcBrCu since the copper
salt mediates the removal of bromine. Copper phthalocyanines, along with many other
metal derivatives, are prepared easily by the metal-insertion reaction of the metal free
derivative and so attention was switched to the prepared of the metal-free derivatives. 1142

All metal free phthalocyanines were synthesised quite efficiently following the
‘Linstead method’ in which lithium metal is added to refluxing solution of the
phthalonitrile in H-pentanoll,14133148 (Scheme 3.21). These molecules were purified by

column chromatography and were obtained in satisfactory yields (Table 3.1).
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n
Pr i-Pr Pc2;R=Br
OI:( HPr Pc3;R=Cl
‘ Pr pea;RaCN
HPr i-Pr Pc 5; R = OMe
n

R

Pr i-Pr R

Scheme 3.21. Synthesis of PcRH,. Reagents and conditions: Li, pentanol, reflux.

All the metal free derivatives were then reacted with an excess of copper acetate in

refluxing pentanol®

after purification by recrystallization (Table 3.1).

(Scheme 3.22) and gave the target molecules in reasonable yields

o iPr i-Pr 4 | 3 :
i —_— /N—- -Cu---N\ | P
) +-Pr iPr | FPr
Nx N =N
i-Pr i-Pr
A Pc2;R=Br R

Pc3:R=Cl T HPr i-Pr
o)
Pc4;R=CN
R
Pc 5; R = OMe +Pr i-Pr R

Scheme 3.22. Synthesis of PcCus. Reagents and conditions: Cu(OOCCHj3),, DCM, 0°C.

3.3.3 Preparation of PcOHs and PcCOHs

PcOH and PcCOOH contain hydroxyl and carboxylic groups at each of the 4-
positions of the eight phenoxy-rings, respectively. PcOHs were readily obtained in good
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yield by the demethylation reactions of the appropriate PcOMes using an excess of boron
tribromide in anhydrous DCM'7%'% (Scheme 3.23; Table 3.1).

OH

Scheme 3.23. Synthesis of PCOHs. Reagents and conditions: BBrz, DCM, 0°C.

For the synthesis of the PcCCOOHs the nitrile groups on the corresponding PcCNs
had to be hydrolysed to carboxylic acids. The simultaneous and complete hydrolysis of the
eight nitrile substituents proved to be challenging. Initially a basic hydrolysis performed
with KOH (85%)'%""'* in refluxing ethanol was attempted on PcCNCo but MALDI
analysis of the product formed after 8 h revealed that it was practically all amide.
Therefore, the reaction mixture was refluxed for a further 24 hours. A green solid, which
was only partially soluble in polar solvent such as methanol and acetone, was obtained
(Scheme 3.24). Despite the low solubility, the MALDI spectrum of the product showed a
cluster of peaks which was close to the right mass, but still two units lower, together with
other peaks, which we were not able to assign. Therefore, the hydrolysis seemed to be
slowly taking place, but it was not complete. Other reaction conditions were tried in order
to obtain the fully hydrolysed product but with similar results. The low solubility of this
product mixture suggested that the completely hydrolysed compound could be even less

soluble and therefore would be difficult to purify and study for clathrate formation.
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- X Me
b\c u :
= HOOC
NC P iPr N M = Cu2+ -Pr -Pr COOH

Scheme 3.24. Attempted synthesis of PCCOOHS. Reagents and conditions: KOH (85% aqueous
solution), ethanol, reflux.

To conclude, most of the target molecules were prepared in reasonable yields (Table
3.1), and therefore it was possible to determine if the different substituents placed in the 4-
position of the phenoxy rings, with their possible dipole-dipole (Br, Cl, CN, OMe) or

hydrogen bonding (OH) interactions, were compatible with the formation of stable cubic

crystals.
M=H, M=2Zn M=Co M=Cu
PcBr 40%* 20%" 50% " 90%°
PcCl 56%* 2%"° 44%° 31%"
PcCN 10%* 15%° 16%° 32%°©
PcOMe 45%"* 70%° 60% ° 34% °
PcOH 85% ¢ 61%° 55% ¢ 70% ¢

Table 3.1 Summary of the yields for each of the phthalocyanine derivatives Pcs 1-6. a) by
“Linstead method" b) Metal salt, NMP, 165 <C, c) Cu(OOCCH,),, n-pentanal, reflux, d) BBrz, DCM,
0<C.
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3.4  Crystallographic studies

Suitable crystals for XRD analysis were obtained for most of the substituted
phthalocyanines synthesised with all of these crystals being clathrates that play host to a
number of different solvent molecules, but unfortunately, none of them has the cubic
arrangement seen for Pci.

Based upon the crystals formed by the metal-free and copper derivatives of Pei (R =
H), the lack of cubic crystal formation from the metal-free and copper derivatives of PesR
(R = Br, Cl, CN, OMe, OH) was expected as axial ligands appear to be a necessary
condition for cubic packing. However, in order to understand the reasons why the
substituted phthalocyanines containing zinc and cobalt do not crystallize with a cubic
arrangement their molecular structures are examined and compared with that of PclZn.

In figure 3.3 the molecular structures of PclZn and PcOHZn are shown together for
comparison. In their crystalline form, all the substituted molecules PesR (R = Br, CI, CN,

OMe, OH) assumed a conformation which is less symmetric than that of PclZn.

Figure 3.3 The molecular structure of PclZn. a) Face-on and b) edge-on molecular views, and

PcOHZn. c) Face-on and d) edge-on molecular views.
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For all PcR, as seen earlier for the non-cubic forming derivatives of Pci, the central
core of the phthalocyanine is practically planar and the phenoxy substituents are disposed
more or less perpendicularly to this plane, but at different angles. For these molecules the
presence of axial ligands does not induce the conical conformation, which seems an
essential prerequisite for them to pack with a cubic arrangement.

Of course, the substituents have a fundamental effect on the molecular conformation
and the molecular packing within the crystals. For example, for PcOHZn it is possible to
see that four of the hydroxyl substituents form two intramolecular hydrogen bonds and, in
order to do that, four of the phenoxy rings are pushed up and four down relative to the
plane of the phthalocyanine core. This causes a slight deviation from planarity in the
phthalocyanine macrocycle with two benzo-subunits lying in the same plane passing
through the four meso-nitrogen atoms and one is above this plane whereas the other is
below (figure 3.4). This arrangement, together with steric effects between the bulky
isopropyl groups prohibits the formation of the other two possible intramolecular hydrogen

bonds between the other hydroxyl groups (Figure 3.5).

Figure 3.4 Distortion of phthalocyanine macrocycle in PcOHZn

The aromatic planes of the phenoxy substituents lie almost perpendicularly to the
plane of the central core of the molecule, providing a cavity above and below the
phthalocyanine macrocycle and prohibiting cofacial aggregation. The molecules pack in a
triclinic arrangement, with one molecule per unit cell. The phthalocyanine’s near-planar
cores lie parallel to each other, so that the minimum distance between two central Zn
cations is equal to the length of the a axis (Zn-Zn = 13.299 A) and two of the 2,6-di-iso-
propylphenoxy of one molecule are accommodated in the cavity of its neighbour. The
central metal ion is disordered over two sites that protrudes from the macrocycle and is
bound to a water molecule (Zn-O = 2.091 A). Four acetone molecules per phthalocyanine

are present, two of them, at 0.5 of occupancy, are hydrogen bonded to the axial water
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(Oacetone-Hwater= 2.716 and 2.793 A respectively), and to another water molecule, which has
an occupancy of 0.25. The other two acetone molecules form hydrogen bonds with two of
the eight hydroxyl groups (Odetone-Hhydaxy = 2.657 A). Some other disordered water
molecules are present. Considering the whole structure, it is possible to see that numerous
intermolecular hydrogen bonds are formed between different phthalocyanines molecules,
these must contribute to the conformation assumed by the Pc molecule. In figure 3.5 both
the intramolecular, which are highlighted in blue, and some of the intermolecular

hydrogen bonding interactions (pink lines)for PcOHZn are shown.

Figure 3.4 Hydrogen bonding interactions between PcOHZn molecules in the crystals

Similar molecular conformations were assumed by all the substituted
phthalocyanines, as the molecules have to distort in comparison with the Pc molecules
within the cubic crystals of Pci in order to accommodate the bulkier substituents. In fact,
considering the distance between two hydrogen atoms in the 4-position in the phenoxy
rings in the cubic crystal of Pei, which is 2.706 A (calculated with Mercury), it is evident
that two bulkier substituents could not occupy the same positions deforming the structure
significantly. A summary of the crystals structures of the various phthalocyanine

derivatives with the main characteristics of the unit cell is reported in Table 3.2.
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PARA- M SOLVENTS OF CRYSTAL SPACE UNIT CELL z
SUBST. CRYST. SYSTEM GROUP PARAMETERS

a=23.28
H, DCM/MeOH Monoclinic P2/n b=12.46 B=114.18 | 2
c=24.19
a=938
DCM/acetone Monoclinic P2/n b=131.86 B=100.16 | 2
Zn ¢ =23.56
Br a=2224
DCM/MeOH Monoclinic P2/n b=942 B=9244 | 2
c=31.33
a=961 o=67.28
Co | CHCl3+ Py/MeOH Triclinic P-1 b=18.31 B=79.15 1
c=2151 v=77.24
Cu No crystal
a=17.64
H, CHCIly/ acetone Monoclinic P2/c b=12.82 B=103.49
c=28.75
a=2091 o = 86.39
Zn DCM/acetone Triclinic P-1 b=2271 B =66.92 3
c=2594 ¥=63.23
Cl a=20.96 o=72.78,
DCM/acetone Triclinic P-1 b=2287 B=66.31, 3
Co c=26.09 Y=62.73
a=12351
DCM/hexane Monoclinic P2/n b=12.58 B=11560 | 2
c=2364
Cu No crystal
a=11.66 o=10643
H, DCM/acetone Triclinic P-1 b=16.81 B=97.04 1
c=2129 Y= 106.58
a=11.69 o =105.88
N Zn DCM/MeOH Triclinic P-1 b =16.69 B =96.31 1
c=21.03 v=107.27
a=9.75 o=69.15
Co CHCL + Triclinic P-1 b=18.10 B =178.33, 1
Py/MeOH
c=2247 ¥=176.76
Cu No crystal
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PARA- M SOLVENTS OF CRYSTAL SPACE UNIT CELL z
SUBST. CRYST. SYSTEM GROUP PARAMETERS
a=39.95

H, DCM/MeOH Monoclinic C2/c b=13.08 B=121.08 | 4
c=3411
a=9.68 a =65.32

Zn CHCly/MeOH Triclinic P-1 b=19.18 B=79.78 1
c=20.61 Y=79.10

OMe
a=9.69 o =65.49,

Co CHCl1yMeOH Triclinic P-1 b=19.14 B=79.79 1
c=2049 Y=78.93
a=971 o =65.23

Cu CHClyMeOH Triclinic P-1 b=19.15 B =79.56 1
¢ =20.65 Y=78.94

H, No crystal
a=1329 a=76.51

Zn Acetone/hex Triclinic P-1 b=1452 B =76.06 1

oH c=19.68 v =86.81

Co No crystal
a=18.76

Cu Acetone/hex Monoclinic 12/a b=1647 B =90.56
c=44.59

Table 3.2 Summary of the crystals structures of phthalocyanine derivatives

Monoclinic and triclinic seem to be the favoured crystal systems for these molecules.
In some cases, as for PcsBr and OMe the same crystal morphology is assumed by
different metal derivatives. This suggests that the crystal packing is controlled by the
substituents. However, it is not possible to find a particular trend of morphology based upon
the substituents or the solvent of crystallization. In fact, PcBr and PcClCo formed
isomorphic crystals, despite having different substituents, central cations and
recrystallisation solvents.

Five compounds, the three metal derivatives of PcOMe with methoxy substituents
and the cobalt phthalocyanines containing bromine (PcCoBr) and nitrile (PcCoCN)
substituents and two molecules of pyridine in the axial sites, crystallise with the same

triclinic cell. The molecular packing is very similar to the one described previously for
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PcOHZn. The molecules are arranged so that there is one in every vertex of the unit cell
and are shared by four contiguous unit cells (figure 3.5). In all these isomorphous crystals
apart from PcBrCoPy, chloroform is the main guest solvent. For the zinc and cobalt
PcsOMe, a molecule of methanol as axial ligand is present for each molecule of
phthalocyanine. An acetone molecule, at 0.5 occupancy, per phthalocyanine is present as
guest solvent in the copper derivative crystal. The distance between the metal and the
oxygen of the acetone molecule is equal to 2.751 A, which indicates only a weak
coordination of the acetone to the central cation.18318 Acetone is the main guest solvent in

PcBrCoPy.

a axis

Figure 3.5. The triclinic packing of PcOMeCu

In figure 3.5 the triclinic cell of PcOMeCu is shown as an example of the molecular
arrangement for these molecules. The molecules lie parallel to each other and the minimum
distance between two central Cu cations is equal to the length of the a axis (Cu-Cu =9.719
A). Therefore, they are closer as compared to analogous distance within the crystals of
PcOHZn molecules but the bulky substituents still prohibit n-n interactions between the
phthalocyanine macrocycles, and as seen before, the molecules are shifted so that the
cavities above and below the macrocycle can accommodate two 2,6-di-/so-propylphenoxy
substituents of a neighbour molecule. This shift is equivalent to the tf-axis orthogonal

projection onto one of the planes where the central core of the phthalocyanine lies and
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therefore, it can be easily determined. Using Mercury version 1.4.2 it is possible to
determine the distance between two consecutive parallel planes where two closest
molecule lie and then work out the shift using the Pythagoras theorem (Figure 3.6 a).

The centres of these two molecules are separated by 6.7 A, which is practically
double the distance between the central metal and each meso-nitrogen in the
phthalocyanine. In fact, as shown in (figure 3.6 b) where, for clarity, only two molecules
of the unit cell are represented, the correspondence of the shift is readily seen in the

perpendicular direction to the macrocyclic plane of the phthalocyanine.

di =6.9 A
d2=9.7A

d=6.8A

Figure 3.6 Shift between two phthalocyanine molecules in PcOMeCu crystal packing.

This is more easily visualised by looking at the packing of both PcOMeCo.Py and
PcCNCo.Py, where the perpendicular axial pyridine ligands give a clear indication of the
shift between the phthalocyanine molecules (Figure 3.7). This seems due to the interaction
of the the axial pyridine on one molecule with one of the meso-nitrogen and the 2,6-d"\-iso-

propylphenoxy substituents of the neighbouring phthalocyanine molecule.
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Figure 3.7 Shift between two molecules in PcCNCoPy crystal packing.

The other phthalocyanines (PcClZn, PcClCo, PcCN) that crystallise with a triclinic
cell, all assume very similar packing arrangements within the crystal. Indeed, even the
molecular arrangements for the phthalocyanine derivatives (PcBr, PcZnBr, PcCI,
PcCoCl, PcOMe, PcCuOH) that crystallized with monoclinic unit cell belonging to
P2j/m space group and P2j/c possess quite similar packing. The crystal packing of
PcBrZn, which crystals were grown from DCM/MeOH, is shown in figure 3.8 as general

example.

axis

b axis a axis *

Figure 3.8 The monoclinic packing of PcBrZn crystals from DCM/MeOH.
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Looking at the packing along the a-axis, the phthalocyanine molecules seem to
assume a herringbone arrangement to form channels that are 7.11 A wide, containing
water and methanol molecules. They lie in parallel planes, which are oriented in two
different directions, more or less perpendicular to each other, with an angle of 82.14°
between them. Each of the molecules is shared between two contiguous repeat units.
Therefore, overall, only two molecules are in each unit cell. The minimum distance
between two central metal cations is equal to the length of the b-axis (9.424 A). The zinc
ion is disordered over two sites and a methanol is present as axial ligand (Zn-O = 2.162
A). The methanol is off axis and bent in a particular direction in order to interact with one
of the isopropyl groups of a neighbour phthalocyanine. In this case each cavity above and
below the core of every phthalocyanine accommodates three of the phenoxy substituents
of a neighbouring molecule. Another methanol, at 0.50 occupancy, weakly interacts with
two meso-nitrogens (Nmeso-Hmethanot = 3.329 A). Some other disordered water molecules
are present.

In the other monoclinic polymorph obtained for PcBrZn there are disordered
acetone and methanol in 50:50 ratio in the axial site. Some other disordered acetone
together with disordered water and DCM are present in the unit cell. Isomorphic
monoclinic crystals belonging to the P2;/n space group were grown from PcBr and
PcClICo. In both of them DCM is the guest solvent, which is present in the ratio of two
molecules per phthalocyanine. The monoclinic crystal belonging to the P2,/c space group
obtained for PcCl hosts two molecules of chloroform per phthalocyanine.

The crystals with a monoclinic unit cell belonging to the space group /2/a obtained
for PcOHCu shows a very interesting packing arrangement (Figure 3.9). Four
phthalocyanine molecules together with four acetone molecules are present in the unit cell
which has a volume of 13788 A’. The molecules are arranged so that two of the
hydroxy! groups in the para position on the phenoxy rings weakly interact with the metal
ion of two neighbour molecules. Therefore, the copper ions assume an axially elongated
octahedral conformation. Even in this case the molecules lie in planes oriented in two
different directions with an angle between them equal to 61.07° and the minimum

distance between two central metals Cu-Cu is equal to the length of the a axis (18.76 A).
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b axis c axis

Figure 3.9. The monoclinic packing of PcOHCu crystals

The monoclinic crystal, belonging to the C2/c space group, obtained for the metal
free phthalocyanine derivative PcOMe with methoxy substituents in the para position of
the phenoxy rings is not dissimilar from the previously described structure (Figure 3.10).
The bulky substituents also prohibit an efficient packing of the phthalocyanine molecules,
which as a result assume a herringbone arrangement, forming channels 13.08 A large.
These channels host some disordered methanol and water molecules. The angle between

the molecules is equal to 68.14°, which is narrower than seen in the preceding example.

axis
c axis

Figure 3.10. The monoclinic packing of PcOMe crystals
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3.5 Insertion of further bulky substituents in the
phthalocyanine peripheral positions.

Inspired by a work on porphyrins,''® in which the insertion of dihydroxyphenyl
groups in their meso positions led to the formation of interesting supramolecular network,
the synthesis of different metal derivatives of 2,3,9,10,16,17,23,24-octa(3’,5’-
dimethoxyphenoxy)phthalocyanine (PcOMe;s) and 2,39,10,16,17,23,24-octa(3’,5’-
dimethoxyphenoxy)phthalocyanine (PcOMes4) was undertaken. They were easily
synthesised by metal templated cyclotetramerisation of the relative phthalonitriles which
had been obtained reacting the starting phenols with dichlorophthalonitrile, then
demethylated by reaction with an excess of BBr; in DCM to give the corresponding octa-
dihydroxyphenoxy substituted phthalocyanines PcOH34 and PcOHj34 (Scheme 3.25).

R
o
M = 2H+, Zn2+, Co2+ R

PcOMejs R =OMe or OH; PcOMe3 4 R = OMe or OH;
or R'=H or R’ = OMe or OH;
P00H3'5 R" = OMe or OH; PcOH3_4 R"'=H

Scheme 3.25. Synthesis of dimethoxy- and dihydroxy-phenoxyl substituted Pcs. Reagents and
conditions: i) K;CO3, DMF 70 °C.ii) Li, pentanol, reflux or metal salt, NMP, 165 °C, followed by
demethylation with BBr; to form the hydroxy derivatives.

Unfortunately both methoxy an hydroxy phenyl substituents did not seem to
sufficiently prohibit the usual co-facial aggregation and the compounds that resulted were
quite difficult to purify and characterise. Indeed, UV spectra were recorded for very diluted
solutions and aggregation was also confirmed by 'H NMR spectra that showed very broad
peaks, that did not allow a proper characterisation by this technique. Some crystallisation
experiments were attempted, but these molecules seemed to form microcrystalline clusters

and no suitable crystals for XRD analysis were obtained.
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3.6 Synthesis of asymmetric phthalocyanines using Pn1.

The synthesis of asymmetric phthalocyanines consisting of three Pnl units and a
fourth differently functionalised phthalonitrile was also envisaged especially for their
evaluation as materials for sensor and thin film fabrication (e.g. photovoltaic devices).

It would be desirable to prepare amphiphilic molecules which could form LB- thin
films. We outlined the synthesis of 2,3,9,10,16,17-hexakis(2’,6’-di-iso-propylphenoxy)-
23,24-bis(4’-carboxy-2’,6’ -di-iso-propylphenoxy) phthalocyaninato zinc
(Pc13PcCOOHZn), starting from 2,3,9,10,16,17-hexakis(2’,6’-di-iso-propylphenoxy)-
23,24-bis(4’-cyano-2’,6’-di-iso-propylphenoxy) phthalocyaninato zinc (Pcl3PcCNZn),
which could be easily prepared by metal template mixed cyclotetramerisation reaction of
Pnl with PnCN, that we had previously obtained. (Pc13PcCNZn) was successfully
prepared but some difficulties were encountered in the hydrolysis reaction of the nitrile

substituents to carboxy! groups (Scheme 3.26).

COOH

i-Pr i-Pr

i-Pr i-Pr

Scheme 3.26. Synthesis of Pc1,PcCNZn i) Zn(ll)acetate, NMP, 165 <C. Synthesis
Pc1;PcCOOHZn ii) KOH, ethylene glycol, 24h, 160 °C. HPO,, 160°C, 24h.
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In addition, another asymmetric phthalocyanine composed of three Pn1 units and a 4-
tert-butylcalix(4)arene substituted phthalonitrile (Pncalix) was synthesised. Pncalix was
prepared reacting 4-tert-butylcalix(4)arene with 4,5-dichlorophthalonitrile (Scheme 3.27).
Double substitution by two of the hydroxy groups on the calixarene on the phthalonitrile
was expected, but surprisingly only one of the two chlorines was substituted even forcing
the conditions of reactions. It was envisaged that this substituent would introduce a cavity
in the molecule which could be a site of recognition for some organic molecules offering
possibilities for its exploitation as an optical sensor. The potential of application of this
molecule as sensor will be investigated by studying its interaction with appropriate organic
molecules by mean of fluorescence experiments and possibly XRD analysis of the
complexes will be carried out. A monoclinic clathrate belonging to the P2,/n space group,
with three phthalocyanine molecules per unit cell, was obtained for this molecule. Two
acetone molecules per Pc are present as guest solvent and one of which is axially bonded

to the central cation (Figure 3.11)

i-Pr i-Pr.

i-Pr
N
% KI{
) N
i-Pr i-Pr
O O
i-Pr i-Pr

Scheme 3.27. Synthesis of Pncalix and Pc1;PccalixZn. Reagents and conditions: i) K;COs, 70
°C, 72 h. Synthesis ii) Zn(ll)acetate, NMP, 165 °C.
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b)

Figure 3.11. The molecular structure of Pc13PccalixZn. a) Face-on and b) edge-on molecular

3.7 Conclusions

Numerous metal-free and metal (M = Zn, Co, Cu) derivatives of Pci with
substituent at the 4-position (R = Br, Cl, CN, OMe, OH) of the phenoxy groups were
synthesised.

Most of these molecules crystallised forming clathrates, which were examined by
X-ray diffraction. Unfortunately, the introduction of substituents in the 4-position of the
phenoxy groups in these molecules did not lead to the desired enhancement of the cubic
crystal arrangement, but induced different unit crystal structures. The amount of included
solvent in these crystals was unremarkable in comparison with that found in the cubic

structure.
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Experimental

Nuclear Magnetic Resonance (NMR)

'H NMR spectra were recorded in CDCI; (unless otherwise stated) using an Avance
Bruker DPX 400 instrument (400 MHz) or an Avance Bruker DPX 500 (500 MHz), with
13C NMR spectra recorded at 100 MHz or 125 MHz respectively. Chemical shifts (8 and
d¢) were recorded in parts per million (ppm) from tetramethylsilane (or chloroform) and
are corrected to 0.00 (TMS) and 7.26 (CHCls) for 'H NMR and 77.00 (CHCl), centre line,
for °C NMR. The abbreviations s, d, t, g, m and br. denote singlet, doublet, triplet,
quartet, multiplet and broadened resonances; all coupling constants were recorded in Hertz
(Hz).

Mass spectrometry

Low-resolution mass spectrometric data were determined using a Fisons VG
Platform II quadrupole instrument using electrospray ionisation (ES) unless otherwise
stated.

High-resolution mass spectrometric data were obtained in electrospray (ES) mode
unless otherwise reported, on a Waters Q-TOF micromass spectrometer. MALDI-TOF
analyses were performed with a Waters MALDI Micro MX spectrometer.

Elemental analysis

Elemental analyses were obtained using a Carlo Erba Instruments CHNS-O EA 108

elemental analyzer.

X-Ray crystal structure determination

X-ray crystal structures data were recorded at Manchester University X-Ray
Crystallography Facility, at 100 K or 150 K, on a Bruker APEX CCD diffractometer
(graphite monochromated MoK, radiation A = 0.71073 A) or using synchrotron radiation
at Daresbury SRS, UK (Station 9.8), on a Bruker APEXII CCD diffractometer (4= 0.6710
A) and the structures were solved by direct methods. All calculations were carried out by
using the SHELX-97 package.
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General experimental procedures

a) General procedure for the synthesis of substituted phthalonitriles. In a typical
procedure, anhydrous potassium carbonate (100.0 mmol) was added to a solution of 4,5-
dichlorophthalonitrile (250 mmol) and phenol (75.0mmol) in anhydrous
dimethylformamide (70 ml). The mixture was stirred under nitrogen atmosphere for 72 h at
70 °C. After cooling, the reaction mixture was poured into water (200 ml) and neutralised
with hydrochloric acid (2N). The aqueous solution was extracted with dichloromethane (3
x 150 ml), dried over magnesium sulphate and filtered. The solvent was evaporated under

vacuum to give the crude product.

b) General procedure for the synthesis of metal free phthalocyanines. In a typical
procedure, to a solution of phthalonitrile (1mmol) in refluxing anhydrous 1-pentanol (3
ml), under nitrogen and with stirring, lithium (0.02 g) was added. The mixture of reaction
was refluxed for 5 h and then cooled and acetic acid added (1 ml, 0.1 M). The solvent was

removed under reduced pressure to give the crude product.

¢) General procedure for the synthesis of metal phthalocyanines. A stirred solution of
phthalonitrile (Immol) and the appropriate metal salt (1 mmol) in anhydrous N-
methylpyrrolidone (1.5 ml) was heated at 165 °C for 20 h under nitrogen. The reaction
mixture was cooled to room temperature and poured into water (15 ml). The crude product
was collected by filtration.
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5,6-Dichloroisobenzofuran-1,3-dione*’

O
Cl
0]
cl
o)
4,5-Dichlorophthalic acid (90 g, 381 mmol) and acetic anhydride (150 ml) were heated
under gentle reflux for 5 h with slow distillation of solvent (20 ml). After cooling, the
solid was filtered, washed with petroleum ether, then dried under vacuum (77.8 g, 95%).
M.p.184-186 (1it*® m.p. 184-186°C); IR (film)/cm™ 1830, 1786, 1378, 1310, 1248, 1094,

915, 733; "H NMR (400 MHz; CDCl3) § 8.44 (s, 2H, ArH); *C NMR (100 MHz; CDCl5) &
161.1, 139.1, 131.1, 127.0; LRMS, (ED), m/z: (M™* 216, 35%).

5,6-Dichloroisoindoline-1,3-dione>’

O
Cl
NH
cl
(o)
5,6-Dichlorobenzofuran-1,3-dione (77 g, 356 mmol) in formamide (100 ml) was heated at
reflux for 3 h, under stirring. After cooling, the precipitate formed was filtered, washed
with water and dried under vacuum (75.36 g, 98%). M.p. 202-203 (1it*® m.p. 193-195°C);
IR 3225, 1711, 1345, 1059, 906, 742 cm™'; '"H NMR (400 MHz; CDCls) § 8.05 (s, 2H,

ArH); *C NMR (100 MHz; CDCl) § 167.0, 136.9, 132.4, 124.9; LRMS, (EI), m/z: 215
M™, 100%).

4,5-Dichlorobenzene-l,2-diamide2°

o)

NH,
NH,

o)
5,6-Dichloroisoindoline-1,3-dione (75 g, 347 mmol) was stirred for 24 h in 25% NH,OH
(900 ml) then 33% NH4OH was added and stirring was continued for other 24 h. The
precipitate was filtered, washed with water and dried under vacuum (60 g, 70%). M.p. 235-

Cl

Cl
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237 °C (1it®® m.p. 245-247 °C); IR (nujol)/cm™ 3426, 3296, 3131, 1667, 1608, 1173, 1121,
916, 897; '"H NMR (400 MHz; CDCl3) § 7.84 (s, 2H, NH,), 7.71 (s, 2H, AtH), 7.46 (s, 2H,
NH,); >C NMR (100 MHz; CDCl;) 3 167.3, 136.2, 131.4, 129.3; LRMS, (EI), m/z: 232
(M™, 100%).

4,5- Dichlorophthalonitrile?

JCC,

o] CN
At 0 °C, SOCl; (200 ml) was added under stirring and under N, to anhydrous DMF (300
ml). After 2 h, 4,5-dichlorobenzene-1,2-diamide ( 60g, 257 mmol) was added and the
mixture was stirred at 0 °C for 5 h then at r.t. for 20 h. The mixture was slowly added to
ice water to quench the excess of SOCl, The product was collected by filtration and
washed with water, then recrystallized twice from methanol (38 g, 75%). M.p. 180-183 °C
(1it*® m.p. 182-184°C); IR (film)/cm™ 2916, 2237, 1815, 1467, 1348, 1262, 1217, 1132,

917, 683; '"H NMR (400 MHz; CDCl) & 7.91 (s, 2H, ArH); '*C NMR (100 MHz; CDCl;) &
139.0, 134.9, 114.9, 113.6; LRMS, (APCI), m/z: 197 (MH?*, 100%).

4-Bromo-2,6-di-iso-propylphenol '

OH
i-Pr i-Pr

Br

To a solution of 2,6-di-iso-propylphenol (2.00g, 11mmol) in dichloromethane (10ml),
under stirring at 0°C, was added dropwise bromine (1.80g, 11 mmol). Hydrogen bromide
was evolved copiously. The solution was stirred for one hour at room temperature, and
then heated at 50°C to drive off solvent and the remaining hydrogen bromide. After two
hours, the solution was allowed to return to room temperature, then poured into S0 ml of
water and sodium bisulphite was added to eliminate excess bromine. The aqueous solution
was extracted with dichloromethane (3 x 20 ml), dried over magnesium sulphate, filtered
and evaporated under vacuum to give a pink pale oil (2.82 g, 98%). IR (film)/cm™ 3581,
2963, 1599, 1462, 1301, 1198, 865, 726 ; 'H NMR (400 MHz; CDCl;) § 7.15 (s, 2H, ArH),
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4.08 (s, 1H, OH), 3.16 (sept, 2H, J = 6.8 Hz, CH;CHCH3), 1.29 (d, 12H, J = 6.8 Hz,
CH;CHCH;); ')C NMR (100 MHz; CDCl;) & 148.9, 1359, 126.4, 113.2, 27.2, 22.5;
HRMS Calc. for C;,H,70"°Br 256.0463 found 256.0458.

4-Acetoxy-3,5-di-iso-propyl-bromobenzene

o)

N

Me~ O
i-Pr i-Pr

Br

To a solution of 4-bromo-2,6-di-iso-propylphenol (14.15 g, 55 mmol) in acetic anhydride
(70 ml) was added sulphuric acid (0.25 ml) with stirring. Instantly, formation of a white
precipitate was observed and TLC analysis showed that after 15 minutes the reaction was
complete. The solid was filtered and washed with methanol (14.88 g, 90.5%). M.p. 95-98
°C; IR (film)/cm™ 2962, 1761, 1449, 1364,1322, 1214, 1163, 1011, 911, 871, 782; 'H
NMR (400 MHz; CDCl3) & 7.26 (s, 2H, ArH), 2.87 (sept, 2H, J = 6.8 Hz, CH;CHCH3,),
2.35 (s, 3H, CH5CO), 1.19 (d, 12H, J = 6.8 Hz, CH;CHCH;); °C NMR (100 MHz; CDCl3)
8 169.3, 144.6, 142.7, 127.2, 120.0, 27.7, 22.9, 20.5, LRMS, (APCI), m/z: 299 (MH"*,
100%).

4-Methoxy-2,6-di-iso-propylphenol

o
X, o
Me™ O i-Pr i-Pr

i-Pr i-Pr
OMe

In a three-necked round bottomed flask equipped with a Dean-Stark apparatus to a solution
of 4-acetoxy-3,5-di-iso-propyl-bromobenzene (144 g, 48 mmol) in anhydrous
dimethylformamide (100 ml) was added sodium methoxide in methanol (25%; 52 ml) at
room temperature, under stirring and under nitrogen. The temperature was increased to 110

°C while methanol was collected in the Dean-Stark apparatus.
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Copper (I) bromide (1.38 g, 9.6 mmol) was then added to the reaction mixture.
During the reaction methanol was continuously distilled off. The reaction was monitored
by TLC and after 3 h the starting material had completely disappeared. After cooling, the
reaction mixture was poured into 250 ml of water, dichloromethane was added and then
was filtered over Celite® in order to eliminate the copper metal which was formed during
the reaction. The mixture was extracted with dichloromethane (3 x 150 ml) and then
washed with water (3 x 200 ml) and brine (1 x 100 ml). The organic layer was dried over
magnesium sulphate, filtered and the solvent evaporated to give a dark orange oil (8.93 g,
89%). The compound was pure by NMR and was used for the next reaction without any
further purification. IR (film)/cm™ 3484, 2961, 2869, 1603, 1486, 1436, 1320, 1197, 1041,
941, 863, 780; 'H NMR (400 MHz; CDCl;) § 6.62 (s, 2H, ArH), 4.33(br s, 1H, OH),3.78
(s, 3H, CH50) 3.16 (sept, 2H, J = 6.8 Hz, CH;CHCH,),1.25 (d, 12H, J = 6.8 Hz,
CH;CHCH;); *C NMR (100 MHz; CDCl3) § 153.5, 143.7, 135.0, 108.7, 55.5, 27.3, 22.7;
LRMS, (APCI), m/z: 209.1 (MH', 100%); HRMS Calc. for C;3H20; 208.1463 found
208.1462.

4-Acetoxy-3,5-di-iso-propyl-chlorobenzene

o)

PN

Me~ O
i-Pr i-Pr

c

To a solution of 4-acetoxy-3,5-di-iso-propyl-bromobenzene (2.5 g, 8.3 mmol) in anhydrous
DMF (40 ml), under stirring and under N, copper(I) chloride (1,65g, 17mmol) was added.
The temperature was increased to 150 °C for 24 h. After cooling, the mixture was filtered
through Celite® to eliminate the copper metal, then poured into water and extracted with
DCM (3 x 100 ml). The combined organic layers were washed repeatedly with water in
order to eliminate the DMF, then dried over MgSO4 and evaporated under reduced
pressure to give the crude product. Purification was achieved by recrystallization from
methanol to yield a white solid (2.1 g, 99%). M.p. 85-86 °C; IR (film)/ cm™' 2964, 2752,
1560, 1458, 1364, 1214, 1166, 874, 795; '"H NMR (400 MHz; CDCl3) & 7.10 (s, 2H, ArH),
2.89 (sept, 2H, J = 6.8 Hz, CH;CHCHa), 2.34 (s, 3H, CH3CO), 1.17(d, 12H, J = 6.8 Hz,
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CH;CHCH3); °C NMR (100 MHz; CDCL;) § 169.5, 144.1, 142.4, 132.0, 124.3, 27.8,
23.37, 20.60; HRMS Calc.for C4H;60,%°C1 254.1074 found 254.1074.

4-Chloro-2,6-di-iso-propylphenol

OH
i-Pr i-Pr

Cl

To a solution of 4-acetoxy-3,5-di-iso-propyl-chlorobenzene (2.0 g, 7.9 mmol) in methanol
(20 ml) was added NaOH (40%; 20 ml). The reaction was left stirring for 3h. Water (100
ml) was added to the reaction mixture and conc. HCl was added at 0 °C, dropwise, until
neutral pH. The aqueous layer was extracted with DCM (3 x 100 ml), the organic layer
was then washed with brine (100 ml). The solvent was dried over MgSQ,, filtered and
evaporated under vacuum to give a pale yellow oil (1.6g, 90%). IR (film)/cm™ 3584, 2964,
1461, 1435, 1303, 1198, 1149, 868, 745; '"H NMR (400 MHz; CDCL)'"” § 6.99 (s, 2H,
ArH), 3.12 (sept, 2H, J = 6.8 Hz, CH;CHCH; ), 1.24 (d, 12H, J = 6.8 Hz, CH;CHCH,);
3C NMR (100 MHz; CDCl3) § 148.5, 135.6, 125.7, 123.5, 27.3, 22.6 HRMS Calc. for
C12H;70%°C1 212.0968 found 212.0967.

4-Nitro-2,6-di-iso-propylphenol'®

OH
i-Pr i-Pr

NO,

Conc. HNO; (1.12ml) in glacial acetic acid (11 ml) was added, dropwise, at 0 °C with
stirring, to a solution of 2,6-di-iso-propylphenol (2.00 g, 11.2mmol) in acetic acid
(18ml)/DCM(11 ml). The mixture became yellow then orange. After 2h of stirring at room
temperature, water was added and the mixture was extracted with DCM. The solution was
dried with MgSO4 and the solvent removed under reduced pressure. The crude compound
was recrystallized by diethyl ether/ hexane to give a pale yellow solid (1.50 g, 60%). M.p.
118-120 °C (lit'*® m.p. 121°C); IR (film)/cm™' 3488, 2960, 1587, 1518, 1459, 1334, 1193,
1144, 934, 900; '"H NMR (400 MHz; CDCls) § 7.99, (s, 2H, ArH), 5.66 (s, 1H, OH), 3.18

107



Experimental

(sept, 2H, J = 6,8 Hz, CH;CHCH3),1.30 (d, 12H, J = 6.8 Hz, CH;CHCH;); >°C NMR (100
MHz; CDCl3) 6 155.71, 141.6, 134.5, 120.0, 27.2, 22.3; HRMS Calc.for C,H;7NO;
223.1208, found 223.1207.

4,5-Bis(2’,6’-di-iso-propylphenoxy)phthalonitrile (Pn1)."?’

Q\i-Pr

i-P

i-Pr. % CN
\®/i-Pr

Anhydrous potassium carbonate (26.24 g, 190.0mmol) was added to a solution of 2,6-di-
iso-propylphenol (25.40 g, 142.5 mmol) and 4,5-dichlorophthalonitrile (9.35 g, 47.5 mmol)
in anhydrous dimethylformamide according to the general procedure (a) to give the crude
compound which was purified by recrystallization from methanol (14.69 g, 65%). Mp 161-
163 °C; IR (nujol)/cm™ 3080, 2228, 1589, 1503, 1332, 1096, 881, 795; 'H NMR (400
MHz; CDCl;) § 7.26 (m, 6H, ArH), 6.69 (s, 2H, ArH), 2.87 (sept, 4H, J = 6.7 Hz,
CH3CHCH3), 1.18 (d, 12H, J = 6.7 Hz, CH3;CHCH3), 1.10 (d, 12H, J = 6.7 Hz,
CH-CHCHs); °C NMR (100 MHz; CDCls) § 151.4, 147.0, 140.6, 127.3, 125.1, 117.7,
115.3, 109.1, 27.4, 24.1, 22.4; LRMS, (APCI), m/z: 481 (MH", 100%); HRMS Calc.for
C32H360,N2 480.2777 found 480.2796.

4,5-Bis(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnBr).

Br
i-Pr
N
i-Pr 0 C
i-Pr

Br
Anhydrous potassium carbonate (8.3 g, 60.0mmol) was added to a solution of 4-bromo-
2,6-di-iso-propylphenol (11.35 g, 45.0 mmol) and 4,5-dichlorophthalonitrile (2.9 g, 15.0
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mmol) in anhydrous dimethylformamide according to the general procedure (a) to give the
crude compound which was purified by recrystallization from methanol (7.8 g, 82%) M.p.
203-204 °C ; IR (nujol)/cm™ 3100, 2230, 1584, 1503, 1342, 1202, 876, 795, 755; 'H NMR
(400 MHz; CDCl3) & 7.40 (s, 4H, ArH), 6.76 (s, 2H, ArH), 2.87 (sept, J = 6.8 Hz, 4H,
CH;CHCH;), 1.23 (d, 12H, J = 6.8 Hz, CHsCHCH;), 1.16(d, 12H, J =6.8 Hz,
CH,CHCH,); °C NMR (100 MHz; CDCl3) 150.8, 146.0, 143.0, 128.5, 121.0, 117.7,
114.9, 109.7, 27.7, 23.9, 22.1; LRMS, (APCI), m/z,: 639 (MH', 100%); HRMS Calc. for
C3:H34N,0,""Br, 636.0987, found 636.1005.

4,5-Bis(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCl).

Cl
i-Pr
i-Pr. 1% CN
i-Pr
Cl

4,5-Dichlorophthalonitrile (1.5 g, 7.5 mmol), 4-chloro-2,6-di-iso-propylphenol (4.8 g, 22.5
mmol) and potassium carbonate (4,2 g, 30 mmol) were reacted according to the general
procedure (a). The compound was recrystallized by methanol (3.18 g, 77%). M.p. 185-186
°C; IR (nujol)/cm™ 2227, 1589, 1503, 1348, 1207, 1177, 1061, 865, 800; 'H NMR (400
MHz; CDClL) & 7.19 (s, 4H, ArH ), 6.69 (s, 2H, ArH), 2.81 (sept, 4H, J = 6.9 Hz,
CH;CHCH;), 1.17 d, 12H, J = 6.9 Hz, CH;CHCH;), 1.10 (d, 12H, J = 6.9 Hz,
CH;CHCHS,); °C NMR (100 MHz; CDCl;) & 150.9, 145.4, 142.6, 133.0, 125.5, 117.7,
1149, 109.7, 27.7, 23.9, 22.1; LRMS, (EI), m/z: 548 (M60%); HRMS Calc. for
C32H3N,0, *Cl, 548.1997, found 548.1997.
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4,5-Bis(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCN).

NC
i-Pr
i-Pr. o CN
i-Pr
NC

To a solution of PnBr (4,5 g, 7 mmol) in anhydrous dimethylformamide (100 ml), under
nitrogen and with stirring, copper cyanide (5 g, 55 mmol) was added, then the temperature
was increased to 120 °C for 3 h and then 140 °C. The reaction was monitored by TLC and
after 20 h all starting material had been consumed. The reaction mixture was poured into 1
litre of ammonia solution and left under stirring for 2 h then filtered. The solid was washed
with ammonia solution until the solution became colourless, then with water and finally
with methanol. The compound was recrystallized from methanol (2.1 g, 54%). M.p. 254-
255 °C; IR (film)/cm™' 2969, 2232, 1586, 1503, 1465, 1400, 1337, 1284, 1205, 1118, 1007,
886; '"H NMR (400 MHz; CDCL) § 7.62 (s, 4H, ArH), 6.72 (s, 2H, ArH), 2.92 (sept, 4H, J
= 6.8 Hz, CH3CHCH3), 1.25 (d, 12H, J = 6.8 Hz, CH3CHCH3), 1.21 (d, 12H, J = 6.8 Hz,
CH3CHCH;); *C NMR (100 MHz; CDCl3) & 150.3, 150.1, 142.6, 129.6, 118.3, 117.6,
114.5, 111.8, 1104, 27.7, 23.8, 21.9; LRMS, (APCD, m/z: 531 (MH", 100%); HRMS
Calc. for C34H34N4O2 530.2682, found 530.2697.
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4,5-Bis(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnOMe).

MeO
Q\i-Pr
i-Pr o CN
i-Pr OI:[CN
i-Pr
MeO
4,5-Dichlorophthalonitrile (1.5 g, 7.5 mmol), 4-methoxy-2,6-di-iso-propylphenol (4,7 g,
22,5 mmol) and potassium carbonate (4,2 g, 30 mmol) were reacted according to the
general procedure (a). The compound was recrystallized from methanol (2.91 g, 72%).
M.p. 177-178 °C. IR (film)/cm™' 2966, 2226, 1595, 1503, 1462, 1336, 1285, 1196, 1074,
1032, 869; 'H NMR (400 MHz; CDCl) § 6.81 (s, 4H, ArH), 6.78 (s, 2H, ArH), 3.88 (s,
6H, CH;0), 2.90 (sept, 4H, J = 6.8 Hz, CH3;CHCHj;), 1.23 (d, 12H, J = 6.8 Hz,
CH,CHCH;), 1.15 (d, 12H, J = 6.8 Hz, CH:CHCH;); '°C NMR (100 MHz; CDCl;) §
158.2, 151.8, 141.8, 140.6, 117.8, 115.3, 110.2, 109.0, 55.4, 27.6, 24.0, 22.4; LRMS,
(APCI), mvz: 541 (MH?, 100 %); HRMS Calc. for C34H4oN204 540.2988, found 540.2987

4,5-Bis(3’,5’-di-methoxyphenoxy)phthalonitrile (PnOMe; s).
OMe
O CN
M.,OQ
OMe

Anhydrous potassium carbonate (4.2 g, 30.4 mmol) was added to a solution of 3,5-
dimethoxyphenol (3.5 g, 22.8 mmol) and 4,5-dichlorophthalonitrile (1.5 g, 7.6 mmol) in
anhydrous dimethylformamide and were reacted according to the general procedure (a).
After 24 h TLC indicated the complete consumption of 4,5-dichlorophthalonitrile. After

cooling, the reaction mixture was poured into water and neutralised with hydrochloric acid
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(2N), then the solid was filtered and thoroughly washed with methanol (2.75 g, 84%). M.p.
234-235 °C; IR (nujol)/cm™ 2230,1621, 1572, 1503,1341, 1293, 1191, 1160, 1061, 972,
876, 829,612; 'H NMR (500 MHz; CDCl;) § 7.23 (s, 2H, ArH), 6.37 (1, 2H, J = 2.2 Hz,
ArH), 6,22 (d, 4H, J = 2.2 Hz, ArH), 3.79 (s, 12H, OCH3); >C NMR (125 MHz; CDCl;) §
162.1, 122.3, 98.4, 97.7, 60.6, 55.5, some Cs are missing due to low solubility of the
sample; HRMS Calc. for C24H20N2O¢ 432.1321, found 432.1330.

4,5-Bis(3’,4’-di-methoxyphenoxy)phthalonitrile (PnOMes 4).

MeO
-
(0] Cl

O CN

N

MeO
MeO

Anhydrous potassium carbonate (4.2 g, 30.4 mmol) was added to a solution of 3,4-
dimethoxyphenol (3,5 g, 22.8 mmol) and 4,5-dichlorophthalonitrile (1.5 g, 7.6 mmol) in
dry dimethylformamide according to the general procedure (a). After 24 h, the 4,5-
dichlorophthalonitrile was fully consumed as shown by TLC. After cooling, the reaction
mixture was poured into water and neutralised with hydrochloric acid (2N). The resulting
solid was filtered and thoroughly washed with methanol (3.15 g, 95%). M.p. 165-167 °C;
IR (nujol)/cm™ 3090, 2225, 1603, 1584, 1508,1396, 1346, 1289, 1231, 1073, 1025, 947,
881, 635; 'H NMR (400 MHz; CDCls) & 7.08 (s, 2H, ArH), 6.91 (d, 2H, J = 7.8 Hz, ArH),
6,67(m, 4H, ArH), 3.92 (s, 6H, OCH) 3.88 (s, 6H, OCH3); °C NMR (100 MHz; CDCl) &
151.2, 149.3, 146.1, 1459, 119.3, 114.1, 110.7, 110.6, 108.6, 103.6, 55.2, 55.0; HRMS
Calc. for Co4HpgN,Og 432.1321, found 432.1328.
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4-Chloro-5-(4-tert-butylcalix(4)arene)phthalonitrile (Pncalix)

Anhydrous potassium carbonate (2.1 g, 15.2 mmol) was added to a solution of fert-
butylcalix(4)arene (1.65 g, 2.5 mmol) and 4,5-dichlorophthalonitrile (0.50 g, 2.5 mmol) in
anhydrous dimethylformamide (20 ml). The mixture was stirred under nitrogen atmosphere
for 72 h at 70 °C. After cooling, the reaction mixture was poured into water (200 ml) and
the aqueous solution was neutralised with hydrochloric acid (2N). The resulting solid was
filtered and washed with water. Purification by column chromatography on SiO, eluting
with hexane-ethyl acetate, gave the title compound as a white solid (1.5 g, 73%). M.p. 185-
186 °C; IR (nujol)/cm™ 3461, 3288, 2234, 1585, 1302, 1269, 1202, 1012, 897, 872, 740;
'H NMR (500 MHz; CDCls) § 9.19 (br s, 1H, OH), 7.72 (br s, 2H, OH), 7.28 (s, 2H, ArH),
7.09 (s, 2H, ArH), 7.05 (s, 2H, ArH), 7.04 (s, 1H, ArH), 6,79 (s, 1H, ArH), 6.74 (s, 2H,
ArH), 3.99 (m, 2H, ArCH,Ar), 3.72 (m, 4H, ArCH,Ar), 3.61 (m, ArCH>Ar), 1.29 (s, 9H,
C(CH3)3), 1.25 (s, 9H, C(CH3)3), 1.15 (s, 18H, C(CHs)3); >)C NMR (100 MHz; CDCl) &
156.7, 151.1, 148.4, 147.2, 144.0, 143.4, 135.3, 131.9, 128.7, 128.0, 127.9, 127.6, 127.1,
126.2, 125.9, 125.4, 124.8, 117.6, 115.2, 114.7, 114.2, 109.2, 34.5, 34.0, 33.8, 32.2, 31.4,
31.1; LRMS, (EI), m/z: 808.42 (M™, 100%). Crystal data (calix): crystal size 0.3 x 0.07 x
0.02 mm, triclinic, space group P-1, a = 1.5385(12) nm, b = 1.7110(13) nm, ¢ = 2.0965(16)
nm, a= 91.613(10, B = 109.176(10), y=112.248(10), V = 4.750(6) nm’, Z = 2, R, =
0.1156, the asymmetric unit contains 2 molecules together with some solvent methanol and

H,0 molecules, the latter at partial occupancy.

1,2-Di(1H-imidazol-1-yl)ethane'®®
/::\ N \

A mixture of imidazole (2.00 g, 29 mmol), 10 ml of 40% aqueous sodium hydroxide
terabutylammonium bromide (0.45 g, 1.4 mmol) and 1,2-dibromoethane (2.72 g, 14.5
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mmol) in 25 ml of toluene were heated at reflux for 72h. After cooling, the aqueous layer
was extracted with dichloromethane (3 x 40 ml) and the extracts combined with the
organic phase. The solvent was evaporated under reduced pressure and the crude product
was purified by column chromatography on SiO; eluting with DCM: methanol 10:1 to give
the title compound as white solid (1.00 g, 43%). M.p. 137-138 °C (lit'** m.p. 142-144 °C);
IR (nujol)/cm’ 1748, 1586, 1294, 1231, 1108, 1075, 909, 808, 778, 659; 'H NMR (400
MHz; CDCls) & 7.22 ( s, 2H, ArH), 7.02 (s, 2H, ArH), 6.65 (s, 2H, ArH), 4.24 (s, 4H,
ArCH>); *C NMR (100 MHz; CDCl) & 137.2, 130.5, 118.7, 48.0; LRMS, (APCI), m/z:
163.09 M™, 100%).

Metal free phthalocyanine derivatives

P pct;R=H
Pc2;R=Br

R Pc 3;R=ClI
R pca;r=CN
Pc 5; R = OMe

i-Pr Pc6;R=0H

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyanine (Pcl). 4,5-
Bis(2,6-di-iso-propylphenoxy)phthalonitrile (Pn1) (0.20 g, 0.42 mmol) was reacted
according to the general procedure (b). Purification by column chromatography on SiO,
eluting with DCM, gave the title compound as a green solid (0.08 g, 40%). M.p. > 300 °C;
IR (film)/cm™ 3576, 2962, 1439, 1328, 1265, 1184, 1093, 1017, 877, 754; UV/vis (DCM):
Amax 702.5, 667.5, 607, 420.5, 348.5, 297, 229.5 nm; '"H NMR (500 MHz; CDCl;) § 8.13
(br, 8H), 7.50(m, 24H, ArH), 3.37 (sept, 16H, J = 6.5 Hz, CH3;CHCHj3), 1.28 (br m, 96 H,
CH;CHCH), -0.84 (s, 2H, NH); >C NMR (125 MHz; CDCl;) § 151.0, 149.1, 141.7,
126.4, 124.7, 107.4, 27.4, some Cs are missing; MS (MALDI-TOF): cluster centred at m/z
1925.71(MH"); elemental analysis calc (%) for Cj23H;46N3Os: C 79.88, H 7.65, N 5.82,
found C 80.04, H 7.70, N 5.70. Crystal data: first polymorph (DCM/acetone): crystal size:
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0.6 x 0.6 x 0.05 mm, monoclinic, space group P2,/c, a = 2.1293(7) nm, b = 1.6896(5) nm,
¢ = 1.8283(6) nm, B = 114,657(4), V = 5.9778(7) nm’, Z = 2, R; = 0.0838. The asymmetric
unit contains %2 of Pcl with a solvent acetone molecule; second polymorph (EtOAc-
DCM/MeOH): crystal size: 0.8 x 0.6 x 0.10 mm, orthorhombic, space group Pbca, a =
1.94927(12) nm, b = 1.62918(10) nm, ¢ = 3.8420(2) nm, V =1.2201(1) nm?>, Z =4, R; =
0.0677. The asymmetric unit contains %2 of Pcl with 2 solvent ethyl acetate molecules.

2,3,9,10,16,17,23,24-octa(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalocyanine (PcBr).
4,5-Bis(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnBr) (0.20 g, 0.31 mmol)
was reacted according to the general procedure (b). The crude product was purified by
column chromatography on SiO,, eluting with hexane-DCM (7:3) to give a green solid
(0.08 g, 40%). M.p. > 300 °C; IR (film)/cm™' 3298, 2962, 1613, 1443, 1328, 1265, 1185,
1091, 1009, 877, 797, 757 UV/vis (DCM): Amax 702, 667, 607, 400, 349, 294, 234 nm; 'H
NMR (500 MHz; CDCls) é 8.24 (s, 8H, ArH), 7.67 (s, 16 H, ArH), 3.40 (sept, 16 H, J =
6.7 Hz, CH;CHCH;),1.29 (br m, 96 H, CH;CHCH3), -0.78 (s, 2H, NH,); MS C NMR
(125 MHz; CDCls) 8 150.7, 148.2, 144.3, 128.3, 120.2, 107.7, 27.74 some C are missing;
(MALDI-TOF): cluster centred at m/z 2556.60 (MH"); elemental analysis calc (%) for
Ci28H,38BrgNsgOg: C 60.15, H 5.44, N 4.38, Br 25.01, found C 60.48, H 5.69, N 4.06, Br
23.82. Crystal data:(DCM/MeOH): the crystal was found to be twinned, crystal size 0.2 x
0.05 x 0.02 mm, monoclinic, space group P2,/n, a = 2.3287(5) nm, b = 1.2468(5) nm, ¢ =
2.4191(5) nm, B = 114.185(5), V = 6.407(19) nm’, Z = 2, R; = 0.1103. The asymmetric

unit contains ¥ of PcBr with a solvent DCM molecule.

2,3,9,10,16,17,23,24-octa(4’-chloro-2°,6’-di-iso-propylphenoxy)phthalocyanine (PcCl).
4,5-Bis(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCl) (0.50 g, 0.91 mmol)
was reacted according to the general procedure (b). The crude product was purified by
column chromatography on SiO, eluting with hexane-DCM (7:3) to give a green solid
(0.28 g, 56%). M.p. > 300 °C; IR (film)/cm™ 2962, 1609, 1442, 1326, 1270, 1185, 1091,
1007, 876, 811, 758, 699; UV/vis (DCM): Amax 702, 667, 396, 350,295, 230 nm; 'H NMR
(500 MHz; CDCls) 6 8.22 (s, 8H, ArH), 7.51 (s, 16 H, ArH), 3.40 (sept, 16 H, J = 6.7 Hz,
CH3CHCHS,),1.29 (br m, 96 H, CH;CHCH?), -0.80 (s, 2H, NH,); °C NMR (125 MHz;
CDCl) & 150.7, 147.6, 143.8, 132.0, 125.2, 114.0, 107.6, 27.7, some C are missing; MS
(MALDI-TOF): cluster centred at m/z 2201.94 (MH"); elemental analysis calc (%) for
C128H,3sClgNgOsg: C 69.88, H 6.32, N 5.09, Cl 12.89, found C 69.93, H 6.41, N 4.77, Cl
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13.27. Crystal data:(CHCls/MeOH): crystal size 0.30 x 0.03 x 0.01 mm, monoclinic, space
group P2;/c, a = 1.7641(12) nm, b = 1.2824(9) nm, ¢ = 2.875(2) nm, S = 103.486(7), V =
6324(8) nm’, Z = 2, R; = 0.0725. The asymmetric unit contains %2 of PcCl with a solvent
CHCI3 molecule.

2,3,9,10,16,17,23,24-octa(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalocyanine (PcCN).
4,5-bis(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCN) (0.20 g, 0.37 mmol)
was reacted according to the general procedure (b). The crude product was purified by
column chromatography on SiO; eluting with DCM to give a green solid (0.02 g, 10%).
M.p. > 300 °C; IR (film)/cm™ 2965, 2232, 1613, 1443, 1334, 1283, 1198, 1092, 1016, 887;
UV/vis (DCM): Amsx 700, 666, 605, 396, 349, 233 nm; '"H NMR (500 MHz; CDCl) & 8.09
(s, 8H, ArH), 7.92 (s, 16 H, ArH), 3.40 (sept, 16 H, J = 6.8 Hz, CH3CHCH3) 1.33 (br m, 96
H, CH;CHCH), -0.87(s, 2H, NH,); °C NMR (125 MHz; CDCl)152.7, 150.3, 143.8,
129.5, 119.2, 111.1, 107.7, 27.8, 23.92, 22.43, some Cs are missing; MS (MALDI-TOF):
cluster centred at m/z 2125.81 (MH"); elemental analysis calc (%) for C36H;3sN160s: C
76.88, H 6.55, N 10.55 found C 76.98, H 6.90, N 10.13. Crystal data: (DCM/acetone):
crystal size 0.2 x 0.1 x 0.02 mm, triclinic, space group P-1, a = 1.16617(9) nm, b =
1.68193(13) nm, ¢ = 2.1294(2) nm, a= 106.4350(10), 8 = 97.0490(10), = 106.5810(10),
V =3.74419 nm’, Z = 1, R, = 0.1056, the asymmetric unit contains %2 of PcCN with some

disordered solvent, acetone and H,O or O atom with occupancies of 0.5 or 0.25.

2,3,9,10,16,17,23,24-octa(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalocyanine

(PcOMe). 4,5-bis(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnOMe) (0.75
g, 1.4 mmol) was reacted according to the general procedure (b).The crude product was
purified by column chromatography on SiO; eluting with DCM/hexane/ethyl acetate, 2/8/1
to give a green solid (0.34g, 45%). M.p. > 300 °C; IR (film)/cm’™ 2963, 1608, 1456, 1334,
1198, 1090, 1040, 1016, 878; UV/vis (DCM): Amax 704, 671, 420.5, 347, 292, 205 nm; 'H
NMR (500 MHz; CDCl;) 88.27 (s, 8H, ArH), 6.99 (s, 16 H, ArH), 4.09 (s, 24 H, OCH,),
3.44 (sept, 16 H, J = 6.9 Hz, CH;CHCH3), 1.28 (br m, 96 H, CH;CHCH3), -0.75 (s, 2H,
NH); '>*C NMR (125 MHz; CDCly) 157.7, 151.5, 142.9, 142.8, 110.0, 107.7, 55.5, 27.6;
MS (MALDI-TOF): cluster centred at m/z 2164.22 (M"); elemental analysis calc (%) for
Ci36H162NgO16: C 75.46, H 7.54, N 5.18 found C 75.58, H 7.26, N 4.74. Crystal data:
DCM/MeOH: crystal size 0.8 x 0.1 x 0.05 mm, monoclinic, space group C2/, a =
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3.9950(5) nm, b = 1.3082(5) nm, ¢ = 3.4112(5) nm, B =121.087(5), V=15.267(5) nm’>, Z =
4, R; = 0.1161, the asymmetric unit contains %2 of PcOMe with a number of MeOH and

H>0 molecules mostly at partial occupancy.

2,3,9,10,16,17,23,24-octa(4’-hydroxy-2’,6’-di-iso-propylphenoxy)phthalocyanine
(PcOH). Boron tribromide (0.1ml, 1 mmol) was added dropwise to a solution of PcOMe
(0.19 g, 0.09mmol) in anhydrous dichloromethane (5 ml), with stirring and under nitrogen,
at 0 °C. The reaction was monitored by TLC and after 1 h PcOMe was fully consumed.
The excess of boron tribromide was left to evaporate, then the reaction was quenched with
water and a green precipitate isolated. The solid was purified by recrystallization from
acetone/hexane (0.16 g, 85%). M.p. > 300 °C; IR (nujol)/cm"l 3345, 1601, 1188, 1088,
1013, 876; UV/vis (DCM): Amax 701, 667, 346, 206 nm; '"H NMR (400 MHz; AcD6) & 8.69
(br, 8 H, OH), 8.30 (s, 8H, ArH), 7.14 (s, 16 H, ArH), 3.46 (sept, 16 H, J = 6.9 Hz,
CH;CHCHj ), 1.27 (br m, 96 H, CH;CHCHS), -0.65(s, 2H, NH) ; °C NMR (100 MHz;
AcD6) § 157.2, 144.5, 143.9, 143.7, 113.5, 113.3, 109.1, 29.4, some Cs are missing; MS
(MALDI-TOF): cluster centred at m/z 2052.28 (M"); elemental analysis calc (%) for
Ci128H;54NgO2 (PcOH + 4H,0, hygroscopic): C 72.36, H 7.31, N 5.27 found C 71.69, H
7.31,N 4.82.

Pc1 Metal derivatives

Q ‘@
Pc1;M=Co*

N
\ l-Pr Pc1;M=Cu®
- M—N
i-Pr, I Pc1; M= N>
N
i-Pr Pc 1; M = Mg?*
Pc1; M = Mn2*

Pc1; M = Ru?*

Pc1;M=2Zn*

|Pr lPr

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato zinc
(Pc1Zn)."”’ 4,5-Bis(2,6-di-iso-propylphenoxy)-phthalonitrile (Pn1) (0.3 g, 0.6 mmol) and
zinc(IT)acetate (0.11 g, 0.6 mmol) in anhydrous NMP (1 ml) were reacted according to the
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procedure (c). Purification by column chromatography on SiO,, eluting with hexane-DCM
(3:7), gave the title compound as a green solid (0.2 g, 67%). M.p. > 300 °C; IR (film)/cm’*
2963, 1609, 1456, 1400, 1329, 1271, 1186, 1092, 1025, 894, 795; UV/vis (DCM): Amax
683, 653, 615, 347,296, 229 nm; 'H NMR (400 MHz; CDCl) § 8.16 (s, 8H, ArH), 7.51(m,
24 H, ArH), 3.46 (sept, 16 H, J = 6.9 Hz, CH;CHCH; ), 1.30 (br m, 96 H, CH;CHCH,);
'>C NMR (100 MHz; CDCl3) § 152.6, 150.7, 149.3, 141.8, 139.8, 132.2, 126.3, 124.7,
107.4, 275, 23.8, 23.6,MS (MALDI-TOF): cluster centred at m/z 1988.62 (MH");
elemental analysis calc (%) for Ci29H46NgOsZn: C 76.64, H 7.34, N 5.59 found C 76.95, H
7.53, N 5.58.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato cobalt

(Pc1Co). 4,5-Bis(2,6-di-iso-propylphenoxy)-phthalonitrile (Pn1) (0.50 g, 1.04 mmol) and
cobalt(IT)acetate (0.18 g, 1.01 mmol) in anhydrous NMP (1 ml) were reacted according to
the procedure (c). Purification by column chromatography on SiO,, eluting with hexane-
DCM (4:6), gave the title compound as a green solid (0.22 g, 40%). M.p. >300 °C; IR
(film)/cm™ 2961, 1612, 1456, 1462, 1413, 1353, 1269, 1186, 1095, 1050, 904, 864, 799,
771, 155, 7129; UV/vis (DCM): Amax 673, 608, 404, 331, 302, 229 nm; MS (MALDI-TOF):
cluster centred at m/z 1982.055 (MH"); elemental analysis calc (%) for Cj23H44NsOsCo: C
77.59, H 7.32, N 5.66 found C 77.68, H 7.52, N 5.52. Crystal data: first isomorph
DCM/acetone: crystal size 0.3 x 0.3 x 0.1 mm, monoclinic, space group P2;/c, a =
3.8714(3) nm, b = 1.68469(12) nm, ¢ = 1.82104(13) nm, B =90.7290(10), V =
11.8761(15) nm’, Z = 4, R, = 0.0792, the asymmetric unit contains 1 molecule of Pc1Co
with 2 disordered DCM solvent molecules; second polymorph (DCM/MeOH): crystal size
1.00 x 0.80 x 0.50 mm cubic, Pn-3n, a = 3.7391(3), V=52.2759, Z = 12, R; = 0.0983. The
asymmetric unit contains % of Pc1Co molecule together with a solvent atom, assumed to
be water at an occupancy of 0.5. In the axial sites there is a water molecule at one site and

a water/MeQOH at the other site.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy) phthalocyaninato copper

(Pc1Cu). A solution of Pcl (0.10g, 0.05 mmol) and a large excess of Cu(Il)acetate (0.47g,
2.5 mmol) in dry n-pentanol (5Sml) was heated at reflux for four hours. After cooling, the
slurry of reaction was dissolved in toluene and filtered to remove the excess of
Cu(Il)acetate, the solvent was evaporated under reduced pressure. The crude product was

purified by repeated reprecipitation with methanol from its solution in DCM to give a
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green solid (0.08 g, 77%).M.p. > 300 °C; IR (film)/cm™ 2962, 1611, 1461, 1406, 1351,
1271, 1186, 1095, 1034, 899, 797, 775; UV/vis (DCM): Anax 682, 614, 405, 343, 295, 230
nm; MS (MALDI-TOF): cluster centred at m/z 1988.33(MH"); elemental analysis calc (%)
for C128H144NgOgCu: C 77.41, H 7.31, N 5.64 found C 77.97, H 7.52, N 5.36. Crystal data
(DCM/acetone): crystal size 0.4 x 0.2 x 0.04 mm, monoclinic, space group P2/, a =
3.8607(2) nm, b = 1.68676(10) nm, ¢ = 1.84282(11) nm, B =91.3750, V =11.997 nm’, Z =
4, R; = 0.0747, the asymmetric unit contains 1 molecule of Pc1Cu with a solvent acetone
molecule and some disordered solvent assumed to be DCM over 2 sites whose occupancies

sum to 0.5 and water at 0.5 occupancy.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato nickel (Pc1Ni).
A stirred solution of 4,5-bis(2,6-di-iso-propylphenoxy)-phthalonitrile Pn1 (0.5 g,1.0
mmol) and nickel(IT)chloride (0.10 g , 0.77 mmol) in anhydrous quinoline (1 ml), was
heated at 165 °C for 30h under nitrogen. The reaction mixture was cooled to room
temperature, poured into a mixture of methanol - water (20 ml, 1:1) then filtered off. The
crude product was purified by reprecipitation with methanol from DCM solution to give a
green solid (0.26 g, 50%). M.p. > 300 °C; IR (film)/cm™ 2962,1464, 1417, 1359, 1272,
1189, 1095, 1051, 905; UV/vis (CH2Cl): Amax = 673, 608, 405, 309, 234nm ; 'H NMR
(500 MHz; CDCl;) & 8.03(s , 8H, ArH), 7.56 (t, 8H, J = 7.7 Hz, ArH ), 745 (d, 16H, J =
7.7 Hz, ArH), 3.42 (sept, 16H, J = 6.8 Hz, CH;CHCH3), 1.25 (br m, 96 H, CH;CHCH3);
>C NMR (100 MHz; CDCl;) 150.8, 149.1, 145.3, 141.7, 131.4, 106.5, 27.4, some Cs are
missing; MS (MALDI-TOF): cluster centred at m/z 1980.65 (M*); elemental analysis calc
(%) for C23H144N3OsNi: C 77.60, H 7.33, N 5.66 found C 77.67, H 7.22, N 5.27. Crystal
data (CHCI3/): crystal size 0.45 x 0.3 x 0.04 mm, monoclinic, space group P2,/c, a =
2.1370(2) nm, b = 1.688255(18) nm, ¢ = 1.8726(2) nm, B =115.0680(10), V = 6.0987(11)
nm’, Z = 2, R; = 0.0550, the asymmetric unit contains % molecule of PcINi with a fully

occupied CHCI3 molecule.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato magnesium
(Pc1Mg). Magnesium turnings (0.02 g, 0.35 mmol), iodine (1 crystal) were stirred in
pentanol (10 ml) at reflux, in inert atmosphere, for 2 h, then 4,5-bis(2,6-di-iso-
propylphenoxy)-phthalonitrile (Pn1) (0.50 g, 1 mmol) was added. After 2 h the solvent
was left to evaporate and the solid was dissolved in DCM. The crude product was purified
by reprecipitation with methanol from DCM solution to give a green solid (0.20 g, 40%).
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M.p. > 300 °C; IR (film)/cm™ 2963, 1610, 1455, 1399, 1330, 1270, 1186, 1084, 1025, 896,
795; UV/vis (DCM): Apax 681, 616, 421, 359, 294 nm; '"H NMR (500 MHz; CDCL3) § 8.13
(s, 8H, ArH), 7.56(t, 9 H, J = 7.7 Hz, ArH), 7.46 (t, 18 H, J = 7.7 Hz, ArH), 3.46 (sept, 16
H, J = 6.8 Hz, CH;CHCHs), 1.28 (br m, 96 H, CH;CHCHs); °C NMR (125 MHz; CDCl3)
0 153.2, 1504, 149.3, 141.8, 132.6, 126.3, 124.7, 107.3, 27.4, 24.2, 22.9; MS (MALDI-
TOF): cluster centred at m/z 1946.43 (M*); elemental analysis calc (%) for C;28H144NgOsg
Mg: C 7897, H 746, N 576 found C 78.62, H 7.54, N 5.62. Crystal data
(CHCls/acetone): crystal size 0.6 x 0.45 x 0.4 mm, cubic, space group Pn-3n, a =
3.73320(5) nm, V = 52.02888(12) nm’, Z=12, R; = 0.1377, the asymmetric unit contains
14 of Pc1Mg molecule together with a solvent atom, assumed to be water at an occupancy

of 0.5. One axial site appears to be occupied by a water molecule.

2,3,9,10,16,17,23,24-0cta(2’,6’-di-iso-propylphenoxy)phthalocyaninato manganese
(Pc1Mn). A mixture of Pcl (0.1 g, 0.05 mmol) and Mn(II)acetate (0.1g, 0.6 mmol) in
anhydrous DMF (2 ml) were refluxed for 5 hours. After cooling, water was added to the
reaction mixture and the resulting solid formed was filtered. The crude product was
purified by column chromatography on SiO; eluting with hexane-dichloromethane (7:3) to
give the title compound as a green-reddish solid (0.03 g, 30%). M.p. > 300 °C; IR
(film)/cm™ 2963, 1610, 1463, 1406, 1352, 1272, 1188, 1087, 904; UV/vis (DCM): Amax
733, 658, 435, 397, 282, 241 nm; MS (MALDI-TOF): cluster centred at m/z 1978.14
(MH"); elemental analysis calc (%) for Ci2sH;54NsO13Mn (Pc1Mn + 5H;0): C 74.36, H
7.51, N 5.42 found C 74.26, H 7.21, N 5.32. Crystal data (CHCl;/MeOH): crystal size 0.28
x 0.2 x 0.2 mm, cubic, space group Pn-3n, a = 3.72511(5) nm, V = 51.6913(12) nm’, Z =
12, R; = 0.1374, the asymmetric unit contains % of Pc1Mn molecule together with 5
solvent atom, assumed to be water at partial occupancy. In the axial sites there is a water

molecule at both sites.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato ruthenium
(Pc1Ru). A mixture of 4,5-bis(2,6-di-iso-propylphenoxy)-phthalonitrile (Pn1) (0.15 g,
0.31 mmol) and ruthenium(III)chloride trihydrate(0.06 g, 0.31 mmol) in DBU was stirred
at 150 °C in inert atmosphere for 3 h. After cooling, the reaction mixture was poured into
water-methanol (1:1; 10ml) then filtered. The crude product was purified by column
chromatography on SiO; eluting with dichloromethane-methanol (98:2) to give the title
compound as a green (0.02 g, 13%). M.p. > 300 °C. IR (ﬁlm)/cm'l 2962, 1609, 1465, 1405,
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1351, 1270, 1186, 1094, 1025, 899; UV/vis (DCM): Amax 630, 327, 252, 231; MS (MALDI-
TOF): cluster centred at m/z 2024.28 (M™); Crystal data (CHCl;/MeOH): crystal size 0.4 x
0.3 x 0.3 mm, cubic, space group Pn-3n, a = 3.75645(8) nm, V = 53.007(2) nm>, Z = 12, R,
= 0.1009, the asymmetric unit contains % of PclRu molecule together with 3 solvent
atoms, assumed to be water at an occupancy of 0.25. In both axial sites there is a water

molecule.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato ruthenium
bis(t-butylisocyanide) (Pc1Ru)(¢-BuNC),.

-Pr
QFPT |-PrQ
I-
i-Pr = t-
N~--Ru--—N I-Pr R=t-BuNC
i-Pr

|-Pr

|Pr |Pr

A mixture of 4,5-bis(2,6-di-iso-propylphenoxy)-phthalonitrile (Pn1) (0.20 g, 0.42 mmol)
and ruthenium(Ill)chloride hydrate (0.05 g, 0.21 mmol) in dry NMP (1 ml) was stirred at
170 °C in inert atmosphere for 3 h. After cooling, the reaction mixture was poured into
water-methanol (1:1, 10ml) then filtered. To the dark brown solid, ¢-butylisocyanide (0.25
ml) was added and the mixture was stirred at 50 ° C for 24 h, then the excess of t-
butylisocyanide was left to evaporate. The crude product was purified by column
chromatography on SiO; eluting with hexane-DCM (7:3) to give the title compound as a
blue solid 0.04 g, 17%). M.p. > 300 °C; IR (film)/cm™ 2965, 2135, 1685, 1438, 1404,
1267, 1184, 1034, 864; UV/vis (DCM): Amax 648, 327, 238, 206; 'H NMR (500 MHz;
CDCls) § 7.89 (s, 8H, ArH), 7.51(t, 8H, J = 7.5 Hz, ArH), 7.42 (t, 16H, J = 7.5 Hz, AtH),
3.50 (sept, 16 H, J = 6.8 Hz, CH;CHCH3), 1.28 (br m, 96 H, CH;CHCH3), -0.64 (s, 18H,
(CH»):C); *C NMR (125 MHz; CDCl3) § 149.5, 149.1, 142.6, 141.8, 134.0, 126.0, 124.5,
106.7, 28.4, 27.3, some Cs are missing; MS (MALDI-TOF): cluster centred at m/z 2107.90
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(M") (Pc1Ru(t-BuNC),); elemental analysis calc (%) for C;3gH;62N100s Ru: C 75.69, H
7.46, N 6.40, found C 75.49, H 7.61, N 6.28. Crystal data (CHCl;/MeOH): crystal size 0.6
x 0.4 x 0.4 mm, cubic, space group Pn-3n, a =3.76390(4) nm, V = 53.322(10) nm>, Z = 12,
R; = 0.0872; the asymmetric unit contains % of the molecule with some disordered solvent
assumed to be water and MeOH. In both axial sites there is a r-butylisocyanide molecule,

of which one is out of axis.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato iron
bis(¢-butylisocyanide) (Pc1Fe)(t-BuNC);

Pr  i-Pr
e O
i-Pr i-Pr
i-Pr i-Pr
N N N
pl O |R ) o iPr
N- - ;Fé‘ --N Py R=t-BuNC
Pr R |
NN =N
i-Pr i-Pr

Lithium metal (0.005 g) was added to a refluxing mixture of 4,5-bis(2,6-di-iso-
propylphenoxy)-phthalonitrile (Pn1) (0.15 g, 0.31mmol) and iron(II) acetate (0.10 g 0.58
mmol) in anhydrous pentanol (2 ml), under nitrogen and with stirring. The reaction was
monitored by TLC and UV and after 2 h was complete. The solvent was evaporated and
distilled water (10 ml) was added to the dark solid. After filtration, the solid was stirred
with ¢-butylisocyanide (0.5 ml) for 24 h under nitrogen, at 50°C. Then the excess of ¢-
butylisocyanide was left to evaporate and the crude product was purified by column
chromatography on SiO; eluting with hexane-DCM (5:5) to give the title compound as a
blue solid (0.1 g, 63%). M.p. > 300 °C; IR (film)/cm™ 2963, 2144, 1456, 1410, 1268, 1185,
1139,1097; UV/vis (DCM): Amax 664, 349, 238, 222; '"H NMR (500 MHz; CDCl;) § 7.95
(s, 8H, ArH), 7.51(t, 8H, J = 7.5 Hz, ArH), 7.43 (d, 16H, J = 7.5 Hz, ArH), 3.49 (sept, 16
H, J = 6.8 Hz, CH;CHCHs), 1.25 (br m, 96 H, CH;CHCH), -0.68 (s, 18H, (CH3);C); °C
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NMR (125 MHz; CDCl3) § 149.6, 149.2, 145.8, 141.8, 134.8, 126.0, 124.5, 106.1, 28.3,
27.3, some Cs are missing; MS (MALDI-TOF): cluster centred at m/z 1979.48 (M")
(Pcl1Fe); elemental analysis calc (%) for C;33H;s4 Fe NgOo (Pcl1Fe(H,0)(¢-BuNC))
(crystals obtained by crystallisation from(CDCl;/MeOH): C 76.85, H 7.47, N 6.06, found
C 76.64, H 7.80, N 6.20.C; Crystal data (CDCl;/MeOH): crystal size 0.70 x 0.45 x 0.40
mm, cubic, space group Pn-3n, a = 3.757680(10) nm, V = 53.0590(2) nm’, Z = 12, R, =
0.1386, the asymmetric unit contains % of the molecule together with 4 solvent atoms,
assumed to be water at an occupancy of 0.5 and a CHCls. In the axial sites there is a t-
butylisocyanide molecule at one site and a water molecule at the other site; (DCM/MeOH):
crystal size 0.80 x 0.60 x 0.60 mm, cubic, space group Pn-3n, a = 3.7362(4) nm, V =
52.154(10) nm’, Z = 12, R; = 0.1202, the asymmetric unit contains % of the molecule and

in the axial sites there are ¢-butylisocyanide ligands.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato indium
chloride (Pc1InCl).

N

Pr Pr
i-

N----m-—- i-Pr
I-Pr 0

N N/N

i-Pr i-Pr
éﬁ °>ﬁ>
i-Pr i-Pr
Indium(IIl) chloride(0.16g, 0.72 mmol) was added to a solution of 2,3,9,10,16,17,23,24-
octa(2’,6’-di-iso-propylphenoxy)phthalocyanine (Pcl) (0.08g, 0.04mmol) in refluxing
anhydrous 1-pentanol (3 ml), under nitrogen and with stirring. After 24 h, the solvent was
evaporated and methanol (5 ml) was added to the resultant solid. The crude product was
filtered off and purified by column chromatography on SiO; eluting with DCM to give the
title compound as a green solid (0.03 g, 36%). M.p. > 300 °C; IR (ﬁlm)/cm'l 2963, 1607,
1460, 1410, 1270, 1186, 1094; UV/vis (DCM): Amax 700, 683, 364, 279, 228; '"H NMR
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(500 MHz; CDCl3) 6 8.17 (s, 8H, ArH), 7.61 (t, 8H, J = 7.5 Hz, ArH), 7.50 (br s, 16H,
ArH), 3.37 (br m, 16 H, CH;CHCHs), 1.28 (br m, 96 H, CH;CHCH>); >C NMR (125
MHz; CDCly) 6 152.2, 151.4, 148.9, 141.6, 131.5, 126.5, 124.8, 107.4, 27.5, 24.4, 23.0;
MS (MALDI-TOF): cluster centred at m/z 2072.09 (M"); elemental analysis calc (%) for
Ci28H144ClInNgOg: C 74.17, H 7.00, N 5.41, Cl 1.71 found C 73.62, H 7.36, N 4.93, Cl
1.81; Crystal data (CHCl3/MeOH): crystal size 1.00 x 0.70 x 0.40 mm, cubic, space group
Pn-3n, a = 3.74428(8) nm, V = 52.4934(19) nm3, Z =12, R;=0.1008, the asymmetric unit

contains % of the molecule and in the axial site there is part Cl- and part OH- in 1:1 ratio.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato aluminum

chloride (Pc1AICl).
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A mixture of 4,5-bis(2,6-di-iso-propylphenoxy)-phthalonitrile (Pn1) (0.50 g, 1.04 mmol)
and aluminum(III)chloride (0.27 g, 2.04 mmol) in quinoline (1 ml) was stirred at 160 °C in
an inert atmosphere for 24 h. After cooling, the reaction mixture was poured into water-
methanol (1:1; 10ml) then filtered. The crude product was purified by column
chromatography on SiO; eluting with hexane-DCM-ethyl acetate (6:4:1) to give the title
compound as a green solid (0.13 g, 25%). M.p. > 300 °C; IR (film)/cm™* 2963, 1611, 1465,
1414, 1356, 1328, 1273, 1188, 1093, 900, 776; UV/vis (DCM): Amax 691, 626, 421, 348,
299, 252 nm; 'H NMR (500 MHz; CDCl3) § 8.21 (s, 8H, ArH), 7.60(t, 8H, J = 7.8 Hz,
ArH), 7.48 (br s, 16H, ArH), 3.43 (brs, 16 H, CH;CHCH3), 1.28 (br m, 96 H, CH;CHCH5)
151.8, 151.6, 148.9, 141.7, 131.0, 126.5, 124.7, 107.3, 27.4, 24 .4, 24.3, 23.0, 22.9, 22.9;
3C NMR (100 MHz; CDCls) & 151.8, 151.6, 148.9, 141.7, 131.0, 126.5, 124.7, 107.3,
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274, 24.4, 23.0; MS (MALDI-TOF): cluster centred at m/z 1985.16; elemental analysis
calc (%) for C,,3H44CI1AINgOg: C 77.45, H 7.31, N 5.65, C1 1.49 found C 77.09, H 7.44,
N 5.59, Cl trace; Crystal data (CHCl3/MeOH): crystal size 0.30 x 0.30 x 0.25 mm, cubic,
space group Pn-3n, a = 3.74064(4) nm, V = 52.3405(10) nm’, Z =12, R, = 0.1106, the
asymmetric unit contains % of the molecule and in the axial sites there are water

molecules.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato titanium oxide
(Pc1TiO).

i-Pr

&

i-Pr i-Pr

4,5-Bis(2,6-di-iso-propylphenoxy)-phthalonitrile ~(Pn1) (0.20g, 042 mmol) and
titanium(IV) butoxide (0.14 g, 0.42 mmol) were reacted according to the general procedure
(c). Purification by column chromatography on SiO; eluting with hexane-DCM-ethyl
acetate (7:3:0.5) gave the title compound as a green solid (0.06 g, 29%). M.p. > 300 °C; IR
(film)y/cm™ 2963, 1607, 1462, 1401, 1327, 1270, 1186, 1081, 900, 795; UV/vis (DCM):
Amax 702, 634, 430, 348, 302, 230; 'H NMR (500 MHz; CDCl3) § 8.17 (s, 8H, ArH), 7.52
(t, 8H, J = 7.5 Hz, ArH), 7.42 (br s, 16H, ArH), 3.38 (br, 16 H, CH;CHCH3), 1.25 (br m,
96 H, CH;CHCHs3); '>*C NMR (100 MHz; CDCl;) § 151.8, 151.1, 148.9, 141.7, 140.9,
131.3, 126.6, 1249, 124.8, 107.7, 27.5; MS (MALDI-TOF): cluster centred at m/z
1986.55; elemental analysis calc (%) for Cj2sH144Cl TiNgOo: C 77.39, H 7.31, N 5.64
found C 76.10, H 7.14, N 5.39; Crystal data (CHCl3/MeOH): crystal size 0.20 x 0.20 x
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0.20 mm, cubic, space group Pn-3n, a = 3.75117(9) nm, V = 52.784(2) nm’, Z= 12, R; =
0.1259.

Bromo s_ubstituted Pcs
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2,3,9,10,16,17,23,24-octa(4’-bromo-2°,6’-di-iso-propylphenoxy)phthalocyaninato zinc
(PcBrZn). 4,5-Bis(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnBr) (0.50 g,
0.78 mmol) and zinc acetate were reacted according to the general procedure (c). The
crude product was purified by column chromatography on SiO; eluting with hexane-DCM
(4:6) to give a green solid (0.10 g, 20%). M.p.> 300°C; IR (film)/cm'l 2964, 1453, 1400,
1328, 1271, 1186, 1092, 1027, 897; UV/vis (DCM): Amax 683, 615, 371, 345, 294 nm; 'H
NMR (500 MHz; CDCl;) 6 8.26 (s, 8 H, ArH), 7.67 (s, 16 H, ArH), 3.42 (sept, 16 H, J =
6.7 Hz, CH;CHCH;), 1.36 (br m, 96 H, CH;CHCHs;); '>)C NMR (125 MHz; CDCl;) &
152.6, 150.3, 148.3, 144.3, 132.4, 128.3, 120.1, 107.7, 27.7 some Cs are missing; MS
(MALDI-TOF): m/z 2619.66 (M"); elemental analysis calc (%) for C;2sH;3sBrsNsOoZn
(PcBrZn + H;0): C 58.30, Br 24.41, H 5.27, N 4.25, found C 57.80, Br 23.47, H 5.33, N
4.28. Crystal data: first polymorph (DCM/acetone): crystal size 0.7 x 0.05 x 0.02 mm,
monoclinic, space group P2,/n, a = 0.93801(3) nm, b = 3.18629(11) nm, ¢ = 2.35605(8)
nm, £ = 100.1600(10), V = 6.9313 nm’, Z = 2, R; = 0.0602, the asymmetric unit contains
14 of the molecule; second polymorph (DCM/MeOH) (gbznbr2a): crystal size 0.4 x 0.2 x
0.5 mm, monoclinic, space group P2,/n, a = 2.22409(16) nm, b = 9.4245(7) nm, ¢ =
3.1332(2) nm, B = 92.4490(10); V =6.5616(8) nm’, Z = 2, R, = 0.0712, the asymmetric

unit contains ¥2 of molecule.
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2,3,9,10,16,17,23,24-octa(4’-bromo-2°,6’-di-iso-propylphenoxy)phthalocyaninato

cobalt (PcBrCo). 4,5-Bis(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnBr)
(0.50 g, 0.78 mmol) was reacted according to the general procedure (c). The crude product
was purified by column chromatography on SiO- eluting with hexane-ethyl acetate (8:2) to
give a green solid (0.26 g, 50%). M.p. > 300 °C; IR (film)/cm™ 2971, 1610, 1461, 1413,
1325, 1270, 1188, 1094, 1044, 903, 866; UV/vis (DCM): Amax 674, 302, 230 nm; MS
(MALDI-TOF): m/z 2612.594 (M"); elemental analysis calc (%) for Cj23H;36BrsCoNgOs:
C 58.84, H 5.25, N 4.29, Br 24.47, found C 58.13, H 4.88, N 4.03 (insufficient sample for
Br). Crystal data (CHCl;+ Py/acetone): crystal size 0.175 x 0.095 x 0.05 mm, triclinic,
space group P-1, a = 0.9619(3) nm, b = 1.8313(5) nm, ¢ = 2.1519(6) nm, a= 67.283(3),
B =79.158(3), y="77.249(3), V = 3.3879(15) nm’, Z = 1, R; = 0.0940, the asymmetric unit
contains %2 of the molecule with a solvent acetone molecule. In both the axial sites there is

a pyridine molecule.

2,3,9,10,16,17,23,24-octa(4’-bromo-2’,6’-di-iso-propylphenoxy)phthalocyaninato
copper (PcBrCu).

A solution of PcBr (0.15g, 0.06 mmol) and a large excess of Cu(Il)acetate (0.65g, 3.6
mmol) in dry n-pentanol (Sml) was heated at reflux for 24 h. After cooling, the pentanol
was evaporated and the resulting slurry was dissolved in DCM and filtered to remove the
excess of Cu(OOCCH3). The solvent was evaporated under reduced pressure and the crude
product was purified by reprecipitation with methanol from DCM solution to give a green
solid (0.14 g, 90%). M.p. > 300 °C; IR (film)/cm™ 2963, 1613, 1461, 1408, 1348, 1328,
1271, 1188, 1094, 1036, 899, 880, 866, 826, 728; UV/vis (DCM): A1.682, 615, 371, 340
265 nm; MS (MALDI-TOF): m/z 2617.15 (M"). Elemental analysis calc (%) for
Ci28H136BrsCuNgOs: C 58.74, H 5.24, N 4.28, Br 24.42, found C 58.07, H 4.92, N 4.11

(insufficient sample for Br).
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2,3,9,10,16,17,23,24-octa(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalocyaninato zinc
(PcClZn). 4,5-Bis(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCl) (0.30 g,
0.55 mmol) was reacted with zinc acetate according to the general procedure (c). The crude
product was purified by column chromatography on SiO; eluting with hexane-DCM-ethyl
acetate (7.5:2:0.5) to give a green solid (0.13 g, 42%). M.p.> 300°C; IR (ﬁlm)/cm‘l 2965,
1609, 1455, 1401, 1328, 1273, 1186, 1094, 1028, 888, 830; UV/vis (DCM): Amax 682, 615,
348, 294, 230 nm; '"H NMR (500 MHz; CDCls) & 8.25 (s, 8 H, ArH), 7.51 (s, 16 H, ArH),
3.42 (sept, 16 H, J = 6.7 Hz, CH3;CHCH3), 1.29 (br m, 96 H, CH;CHCH,); °C NMR (125
MHz; CDCl3) § 152.6, 150.4, 147.7, 143.8, 132.3, 131.9, 125.2, 107.6, 27.7 some Cs are
missing; MS (MALDI-TOF): m/z 2263.86(MH"); elemental analysis calc (%) for
Ci20H;35C110N3OsZn (PcClZn + DCM) : C 65.97, C1 12.53, H 5.92, N 4.77, found C 65.91,
H 5.97, N 4.55 (insufficient sample for Cl). Crystal data (DCM/acetone): crystal size 1 x
0.1 x 0.02 mm, triclinic, space group P-1, a = 2.0917(5) nm, b = 2.2711(5) nm, ¢ =
2.5941(5) nm, a= 86.390(5), B = 66.921(5), y=63.231(5), V = 10.0125(4) nm’, Z=3, R,
= 0.0789, the asymmetric unit contains 1.5 of the molecule with 4 ordered solvent acetone

molecules.

2,3,9,10,16,17,23,24-octa(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalocyaninato
cobalt (PcClCo). 4,5-Bis(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCl)
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(0.40 g, 0.73 mmol) was reacted with cobalt acetate according to the general procedure (c).
The crude product was purified by column chromatography on SiO, eluting with hexane-
dichloromethane (7:3) to give a green solid (0.18 g, 44%). M.p. > 300°C; IR (ﬁlm)/cm'l
2965, 1608, 1461, 1414, 1351, 12712, 1188, 1093, 1044, 905, 869, 836, 730; UV/vis
(DCM): Amax 672, 610, 303, 278, 230 nm; MS (MALDI-TOF): m/z 2257.83(MH").
elemental analysis calc (%) for C;28H36ClsCoNgOs: C 68.11, Cl 12.57, H 6.07, N 4.96,
found C 67.82, H 5.78, N 4.75, (insufficient sample for Cl). Crystal data: first polymorph
(DCM/acetone): crystal size 0.2 x 0.02 x 0.02 mm, triclinic, space group P-1, a =
2.0961(10) nm, b = 2.2872(11) nm, ¢ = 2.609(2) nm, a= 72.786(4), B = 66.31, y=62.73,
V =10.084(10) nm3, Z = 3, R, = 0.0959, the asymmetric unit contains 1.5 of the molecule
together with 3 acetone molecules and 2 water molecules the latter with 0.5 occupancy;
second polymorph (DCM/hexane):the crystal was a twinned crystal of size 1.0 x 0.5 x 0. 2
mm, monoclinic, P2;/n, a = 2.3518(6) nm, b = 1.2582(3) nm, ¢ = 2.3640 (6) nm, B =
115.601(12), V = 6.309(3) nm’, Z = 2, R; = 0.1431, the asymmetric unit contains %2 of

molecule together with a DCM molecule whose occupancy is 0.5.

2,3,9,10,16,17,23,24-octa(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalocyaninato
copper (PcCICu). 4,5-Bis(4’-chloro-2’,6’-di-iso-propylphenoxy)phthalonitrile (PnCl)
(0.50 g, 0.91 mmol) was reacted with copper(Il) acetate according to the general procedure
(c). The crude product was purified by column chromatography on SiO; eluting with
hexane-dichloromethane (8:2) to give a green solid (0.16g, 31%). M.p. > 300°C; IR
(film)/cm™ 2965, 1723, 1609, 1461, 1408, 1326, 1273, 1189, 1096, 1037, 904, 868, 836,
728; UV/vis (DCM): Amax 681, 613, 340, 294, 229 nm; MS (MALDI-TOF): m/z 2261.91
(MH"); elemental analysis calc (%) for C;2sH;36ClsgCuN3Og: C 67.98, Cl 12.54, H 6.06, N
4.95, found C 67.88, H6.17, N 4.83 (insufficient sample for Cl).

129



Experimental

Nitrile substituted Pcs

N
NC £
Q/. i-Pr

Pr O i-Pr
i-Pr i-Pr

i-Prb

N

N C

M = Zn?*, Co?*, Cu?*

Nc’C( D\
i-Pr i-Pr CN

2,3,9,10,16,17,23,24-octa(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalocyaninato  zinc
(PcCNZn). 4,5-Bis(4’ cyano-2’,6’-di-iso-propylphenoxy)phthalonitrile (Pn4) (0.50 g, 0.94
mmol) was reacted with zinc acetate according to the general procedure (c). The crude
product was purified by column chromatography on SiO; eluting with hexane-DCM-ethyl
acetate (5.5:4:1) to give a green solid (0.08 g, 15%). M.p. > 300°C; IR (ﬁlm)/cm'l 2966,
2231, 1448, 1400, 1338, 1282, 1198, 1091, 1026, 890; UV/vis (DCM): An,a 680, 651, 613,
349, 294, 232 nm; '"H NMR (500 MHz; CDCl;) & 8.07 (s, 8H, ArH), 7.88 (s, 16 H, ArH),
3.43 (br m, 16 H, CH3CHCH;), 1.29 (br m, 96 H, CH;CHCH3); °C NMR (125 MHz;
CDCl;) & 1529, 143.8, 132.7, 1294, 129.3, 119.1, 110.8, 107.5, 27.7, some Cs are
missing; MS (MALDI-TOF): cluster centred at m/z 2188.97 (MH"); elemental analysis
calc (%) for Cy33H140CLN1603Zn (PcCNZn + 2 DCM): C 70.29, H 5.98, N 9.50, found C
70.58, H 5.17, N 9.29. Crystal data (DCM/MeOH): crystal size 0.5 x 0.5 x 0.1 mm,
triclinic, space group P-1, a = 1.1691(5) nm, b = 1.6694(5) nm, ¢ = 2.1039(5) nm, a=
105.880(5), B = 96.314(5), y=107.278, V =3.689(2) nm’, Z = 1, R; = 0.0961, the
asymmetric unit contains %2 of the molecule together with some disordered solvent DCM,
MeOH, and water, some at an occupancy of 0.5. In the axial site there is a methanol

molecule.

.2,3,9,10,16,17,23,24-0cta(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalocyaninato
cobalt (PcCNCo). 4,5-Bis(4’-cyano-2’°,6’-di-iso-propylphenoxy)phthalonitrile (PnCN)

(0.40 g, 0.75 mmol) was reacted with cobalt acetate according to the general procedure (c).
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The crude product was purified by column chromatography on SiO, eluting with
DCM/hexane/ethyl acetate (7:2.5:0.5) to give a green-blue solid (0.07g, 16%). M.p. > 300
°C; IR (film)/cm™ 2965, 2225, 1608, 1451, 1414, 1282, 1198, 1097, 1044, 904, 851
UV/vis (DCM): Amax 671, 606, 334, 304, 230nm; MS (MALDI-TOF): cluster centred at
m/z 2182.01 (M"); elemental analysis calc (%) for C;37H;3;CiCoN;60s (PcCNCo +
CHCI3): C 71.51, H 6.00, N 9.74 found C 70.89, H 5.48, N 9.33 . Crystal data (CHCl; +
pyridine/acetone): crystal size 0.60 x 0.02 x 0.02 mm, triclinic, space group P-1, a =
0.9759(3) nm, b = 1.8102(6) nm, ¢ = 2.2476(8) nm, a= 69.154(4), S = 78.334(4),
Y= 76.760(4), V = 3.580(2) nm’, Z= 1, R; = 0.0774, the asymmetric unit contains %2 of the

molecule together with an acetone and a CHCl3; molecules each at 0.5 occupancy.

2,3,9,10,16,17,23,24-octa(4’-cyano-2’,6’-di-iso-propylphenoxy)phthalocyaninato
copper (PcCNCu) A solution of PcCN (0.10 g, 0.05 mmol) and a big excess of
Cu(I)acetate (0.54 g, 3.0 mmol) in anhydrous n-pentanol (5 ml) was heated at reflux for
four hours. After cooling, the pentanol was evaporated and the reaction mixture was
dissolved in DCM and filtered to remove the excess of Cu(I)acetate. The solvent was
evaporated under reduced pressure and the crude product was purified by reprecipitation
with methanol from its solution in DCM to give a green solid (0.03 g, 32%). M.p. > 300
°C; IR (film)/cm™ 2963, 2223, 1607, 1411, 1283, 1196, 1094, 1042, 899, 856; UV/vis
(DCM): Amax682, 614, 340, 246 nm; MS (MALDI-TOF): m/z 2186.07 (M"), elemental
analysis calc (%) for Cj36H;36CuN;60s: C 74.72, H 6.27, N 10.25, found C 74.58, H 6.16,
N 9.86.
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2,3,9,10,16,17,23,24-octa(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalocyaninato

zinc (PcOMeZn). 4,5-Bis(4’-methoxy-2’,6’ -di-iso-propylphenoxy)phthalonitrile
(PnOMe) (0.50 g, 0.92 mmol) was reacted with zinc acetate according to the general
procedure (c). The crude product was purified by column chromatography on SiO; eluting
with hexane- DCM- ethyl acetate (7:2:1) to give a green solid (0.36g, 70%). M.p. > 300
°C; IR (film)/cm™' 2963, 1607,1453, 1398, 1335, 1266,1198, 1088, 1040, 889, 846; UV/vis
(DCM): Amax 684, 656, 618, 346, 294, 230 nm; '"H NMR (500 MHz; CDCl;) 58.28 (s, 8 H,
ArH), 6.97(s, 16 H, ArH), 4.08 (s, 24 H, OCH3), 3.45 (sept,16 H, J = 6.7 Hz,
CH;CHCH,), 1.26 (br m, 96 H, CH;CHCHs); °C NMR (125 MHz; CDCl;) & 157.7,
152.6, 151.1, 143.1, 142.8, 132.1, 109.9, 107.7, 55.5, 27.6, some Cs are missing; MS
(MALDI-TOF): cluster centred at m/z 2228.04 (M*); elemental analysis calc (%) for
Ci136H162N3017 Zn(PcOMeZn + H,0): C 72.72, H 7.27, N 4.99, found C 72.56, H 7.31, N
4.82. Crystal data (CHCL3/MeOH): crystal size 0.42 x 0.05 x 0.05 mm, triclinic, space
group P-1, a = 0.9688(15) nm, b = 1.9183(3) nm, ¢ = 2.0601(3) nm, &= 65.324(2), B =
79.787(2), y=179.107(2), V =3.3957(9) nm’, Z = 1, R; = 0.0769, the asymmetric unit
contains %2 of the molecule together with a disordered chloroform solvent molecule at 0.5

occupancy. In the axial site there is a methanol molecule.
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2,3,9,10,16,17,23,24-octa(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalocyaninato

cobalt (PcOMeCo).  4,5-Bis(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalonitrile
(PnOMe) (0.50 g, 0.92 mmol) was reacted with cobalt acetate according to the general
procedure (c). The crude product was purified by column chromatography on SiO; eluting
with hexane- DCM- ethyl acetate (7.5:2:0.5) to give a green-blue solid (0.30g, 60%). M.p.
> 300 °C; IR (film)/cm™ 2962, 1609, 1455, 1412, 1334, 1268, 1197, 1096, 1047, 855;
UV/vis (DCM): Aqax 676, 610, 302, 230 nm; MS (MALDI-TOF): cluster centred at m/z
2222.07 (M"); elemental analysis calc (%) for Ci3¢H160CoNgOy6 : C 73.52, H 7.26, N 5.04,
found C 73.26, H 7.44, N 5.02. Crystal data (CHCl3/MeOH): crystal size 0.4 x 0.1 x 0.06
mm, triclinic, space group P-1, a = 0.96955(13) nm, b = 1.9140(3) nm, ¢ = 2.0491(3)
nm, a@= 65.492(2), B = 79.794(2), y=78.938(2), V =3.3752(8) nm’, Z = 1, R; = 0.0584,
the asymmetric unit contains %2 of the molecule together with a disordered chloroform

solvent molecule at 0.5 occupancy. In the axial site there is a methanol molecule.

2,3,9,10,16,17,23,24-octa(4’-methoxy-2’,6’-di-iso-propylphenoxy)phthalocyaninato

copper (PcOMeCu). An excess of lithium metal (0.01 g) was added to a solution of
PnOMe (0.40 g, 0.74mmol) and a big excess of Cu(II)acetate (0.67 g, 3.7 mmol) in dry n-
pentanol (Sml) at reflux with stirring and under N,. After 20 h, the cooled reaction was
quenched with water/methanol (50:50) and the resulting precipitate was collected by
filtration. Purification was achieved by reprecipitation from DCM solution with methanol
to give a green solid (0.14 g, 34%,). M.p. over 300 °C; IR (film)/cm™ 2963, 1608, 1455,
1406, 1334, 1268, 1197, 1095, 1041, 895, 851; UV/vis (DCM): Anmax 684,, 616, 395, 340,
286, 235 nm; MS (MALDI-TOF): cluster centred at m/z 2225.88 (MH"); elemental
analysis calc (%) for Cy36H;60CuNsOj6 C 73.37, H 7.24, N 5.03, found C 72.98, H 7.38, N
4.87. Crystal data (CHCls/acetone): crystal size 0.4 x 0.08 x 0.05 mm, triclinic, space
group P-1, a = 0.97190(4) nm, b = 1.91522(8) nm, ¢ = 2.06589(9) nm, a@= 65.2300(10),
B = 79.5650(10), y=78.9490(10), V =3.4049(2) nm’, Z = 1, R; = 0.0599, the asymmetric
unit contains %2 of the molecule together with a disordered chloroform solvent molecule at

0.5 occupancy.
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2,3,9,10,16,17,23,24-octa(4’-hydroxy-2’,6’-di-iso-propylphenoxy)phthalocyaninato

zinc (PcOHZn). Boron tribromide (0.1ml, 1 mmol) was added dropwise to a solution of
PcOMeZn (0.10 g, 0.05mmol) in anhydrous DCM (5 ml), with stirring and under nitrogen,
at 0 °C. The reaction was monitored by TLC and after 4 h was finished. The excess of
boron tribromide was left to evaporate, then the reaction was quenched with distilled water
and the purple precipitate and crushed and collected by filtration. The solid was dissolved
in ethyl acetate, then washed with water. The organic layer was dried over magnesium
sulphate and evaporated to give a green solid that was purified by recrystallization from
ethyl acetate/hexane (0.065 g, 61%). M.p. > 300 °C; IR (nujol)/cm'l 3306, 1604, 1455,
1397, 1339, 1265, 1222, 1183, 1088, 1026, 967, 891, 851, 748; UV/vis (methanol): Apax
676, 646.5, 610, 357 nm; '"H NMR (500 MHz; AcDg) 6 8.66 (br s, 8 H, OH), 8.27 (s, 8H,
ArH), 7.11 (s, 16H, ArH), 3.44 (sept, 16 H, J = 6.8 Hz, CH;CHCH3;, ), 1.27 ( br m, 96H,
CH;CHCH3); >C NMR (125 MHz; AcDg) 157.0, 154.6, 152.7, 144.6, 143.9, 134.2, 113.4,
108.8, 25.7, 25.5, 24.1, 24.0; MS (MALDI-TOF): cluster centred at m/z 2115.88 (M");
elemental analysis calc (%) for Ci28H146NsO17Zn (PcOHZn + H;0): C 72.04, H 6.90, N
5.25, found C 71.54, H 7.62, N 5.03 . Crystal data (acetone/hexane): crystal size 0.9 x 0.4 x
0.08 mm, triclinic, space group P-1, a = 1.3299(2) nm, b = 1.4527(3) nm, ¢ = 1.9689(4)
nm, @=76.518(2), B = 76.060(2), y=86.816(2), V =3.580(2) nm’, Z = 1, R; = 0.1171, the
asymmetric unit contains %2 of the molecule together with a number of acetone and water

molecules, some at 0.5 or 0.25 occupancies.
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2,3,9,10,16,17,23,24-octa(4’-hydroxy-2,6°-di-iso-propylphenoxy)phthalocyaninato
cobalt (PcOHCo). The title compound was obtained by the same procedure as above.
(0.08 g, 55%) M.p. over 300 °C; IR (nujol)/cm™ 3297, 1599, 1525, 1455, 1413, 1363,
1339, 1270, 1221, 1186, 1096, 1047, 861; UV/vis (methanol): Amax 673, 607, 364 nm; MS
(MALDI-TOF): cluster centred at m/z 2110.00 (M™).

2,3,9,10,16,17,23,24-octa(4’-hydroxy-2’,6’-di-iso-propylphenoxy)phthalocyaninato

Copper (PcOHCu) The title compound was obtained by the same procedure as above.
(0.045 g, 70%) M.p. over 300 °C; IR (nujol)/cm™ 3373, 1607, 1407, 1340, 1268, 1186,
1096, 1037, 897, 856; UV/vis (methanol): Ay 677, 611, 409, 342 nm; MS (MALDI-
TOF): cluster centred at m/z 2114.08 (M"); elemental analysis calc (%) for
Ci28H14sCuNgOy3 C 72.72, H 6.87, N 5.30, found C 72.34, H 6.69, N 4.87. Crystal data
(acetone/hexane) crystal size not measured, monoclinic, space group 12/a, a = 1.8757(10)
nm, b = 1.6486(7)nm, ¢ = 4.459(2) nm, B = 90.563(17), V =13.786(11)nm’, Z = 4, R, =
0.1231, the asymmetric unit contains %2 of the molecule together with a acetone and a

water molecules.

3,5 methoxy substituted Pcs

\Qfo O\Q/R R = OMe, OH
M = 2H*, Zn?*, Co®*

2,3,9,10,16,17,23,24-octa(3’,5’-dimethoxyphenoxy)phthalocyanine (PcOMes;s). 4,5-
bis(3’,5’-dimethoxyphenoxy)-phthalonitrile (0.5 g, 1.1 mmol) was reacted according to the
general procedure (b). The crude product was thoroughly washed with methanol and

further purified by reprecipitation with methanol from DCM solution to afford a green
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solid (0.32 g, 67%). M.p. > 300 °C; IR (film)/cm™ 3292, 2997, 2939, 2837, 1608, 1472,
1439, 1320, 1267, 1205, 1176, 1153, 1130, 1063, 1016, 820, 751; UV/vis (DCM): Amax
700, 667, 608, 345, 290, 230 nm; MS (MALDI-TOF): cluster centred at m/z 1733.32
(MH"); elemental analysis calc (%) for CosHs:NgO24: C 66.58, H 4.77, N 6.47, found C
66.23, H 4.84, N 6.13

2,3,9,10,16,17,23,24-octa(3’,5’-dimethoxyphenoxy)phthalocyaninato zinc (PcOMess
Zn). 4,5-Bis(3’,5’-dimethoxyphenoxy)-phthalonitrile PnOMess (0.3 g, 0.7mmol) and
zinc(Il)acetate (0.13 g, 0.7 mmol) were reacted according to the procedure (c). The crude
product was washed with methanol and reprecipitated with methanol from its solution in
DCM to give the title compound as a green solid (0.11 g, 35%). M.p. over 300 °C; IR
(filmy/cm™ 2939, 2837, 1606, 1471, 1400, 1266, 1205, 1176, 1152, 1130, 1086, 1053, 985,
822; UV/vis (DCM): Amax 686, 621, 349, 285, 230 nm;MS (MALDI-TOF): cluster centred
at m/z 1796.30 (MH").

2,3,9,10,16,17,23,24-octa(3’,5’-dimethoxyphenoxy)phthalocyaninato cobalt (PcOMejs
Co). 4,5-Bis(3’,5’-dimethoxyphenoxy)-phthalonitrile PnOMes;s (0.5 g, 1.1 mmol) and
cobalt(Il)acetate (0.20 g, 1.1 mmol) were reacted according to the procedure (c). The crude
product was washed with methanol and then reprecipitated with methanol from DCM
solution to give the title compound as a green-blue solid (0.15 g, 30%). M.p. > 300 °C; IR
(filmy/cm™ 3004, 2938, 2840, 1598, 1455, 1415, 1269, 1205, 1153, 1131, 1097, 1054, 823;
UV/vis (DCM): Amax 681, 612, 292, 241 nm; MS (MALDI-TOF): cluster centred at m/z
1790.22 (MH"); elemental analysis calc (%) for CosHgoN3O24: C 64.46, H 4.51, N 6.26,
found C 64.18, H4.62, N 6.16.

2,3,9,10,16,17,23,24-octa(3’,5’-dihydroxyphenoxy)phthalocyanine (PcOHss). Boron
tribromide (0.17 ml, 1.8 mmol) was added dropwise to a stirred solution of PcOMes s (0.15
g, 0.09mmol) in dry DCM (10 ml), under nitrogen, at 0 °C. The reaction was monitored by
TLC and after 20 h the starting material had been consumed. The excess of boron
tribromide was left to evaporate, then the reaction was quenched with distilled water. The
resulting solid was crushed and thoroughly washed with water and with DCM, then
purified by reprecipitation with DCM from methanol solution to give a green solid (0.08 g,
58%). M.p. over 300 °C; IR (nujol)/cm™ 3372, 1609, 1267,1155, 1126, 1035, 1001;
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UV/vis (MeOH): Amax 698, 665, 340, 292, 229 nm; MS (MALDI-TOF): cluster centred at
m/z 1508.00 (MH™).

2,3,9,10,16,17,23,24-octa(3’,5’-dihydroxyphenoxy)phthalocyaninato zinc (PcOHj3sZn).
Boron tribromide (0.16 ml, 1.7 mmol) was added dropwise to a stirred solution of
PcOMessZn (0.15 g, 0.08mmol) in dry DCM (10 ml), under nitrogen, at 0 °C. The
reaction was monitored by TLC and after 20 h the starting material was fully consumed.
The excess of boron tribromide was left to evaporate, then the reaction was quenched with
distilled water. The resulting purple solid was crushed and thoroughly washed with water
and with DCM, then purified by reprecipitation with DCM from its solution in methanol to
give a green solid (0.09 g, 72%). M.p. > 300 °C; IR (nujol)/cm'l 3373, 1609, 1268, 1155,
1126, 1036, 1002; UV/vis (methanol): Ay. 677, 612, 354, 286, 211 nm; MS (MALDI-
TOF): cluster centred at m/z 1571.86 (MH").

2,3,9,10,16,17,23,24-octa(3’,5’-dihydroxyphenoxy)phthalocyaninato cobalt
(PcOH;35Co). Boron tribromide (0.11 ml, 1.1 mmol) was added dropwise to a stirred
solution of PcOMe; sCo (0.10 g, 0.06mmol) in dry DCM (8 ml), under nitrogen, at 0 °C.
The reaction was monitored by TLC and after 20 h the starting material was fully
consumed. The excess of boron tribromide was left to evaporate, then the reaction was
quenched with distilled water and a purple precipitate collected by filration. The solid was
thoroughly washed with water and with DCM, then purified by reprecipitation with DCM
from a methanol solution to give a green solid (0.07 g, 75%). M.p.> 300 °C; IR (nujol)/cm’
13365, 1610, 1520, 1268, 1175, 1125, 1034, 1001; UV/vis (methanol): Amax 665, 313, 223
nm; MS (MALDI-TOF): cluster centred at m/z 1564.40 (MH").
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3,4 methoxy substituted Pcs

Q
----t@

R R = OMe, OH

R

Z D —Z

R

R M = 2H*, Zn?*, Co?*

2,3,9,10,16,17,23,24-octa(3’,4’-dimethoxyphenoxy)phthalocyanine (PcOMe;,4). 4,5-
Bis(3’,4’-dimethoxyphenoxy)-phthalonitrile (0.5 g, 1.1 mmol) was reacted according to the
general procedure (b). The crude product was thoroughly washed with methanol and
further purified by reprecipitation with methanol from DCM solution to afford a green
solid (0.33g, 69%). M.p. over 300 °C; IR (film)/cm™ 2937, 2830, 1602, 1509, 1439, 1260,
1229, 1192, 1085, 1025, 956, 862, 749; UV/vis (DCM): Amax 702, 669, 608, 343, 289, 238
nm; MS (MALDI-TOF): cluster centred at m/z 1732.74 (M"); elemental analysis calc (%)
for CosHgaNgO24: C 66.58, H 4.77, N 6.47, found C 65.91, H4.59, N 6.21.

2,3,9,10,16,17,23,24-octa(3’,4’-dimethoxyphenoxy)phthalocyaninato zinc
(PcOMes 4Zn). 4,5-Bis(3’,4’-dimethoxyphenoxy)-phthalonitrile PnOMe;4 (0.5 g,
1.1mmol) and zinc(I)acetate (0.20 g, 1.1 mmol) were reacted according to the procedure
(c). The crude product was washed with methanol and reprecipitated with methanol from
DCM solution and further purified by column chromatography on SiO, eluting with DCM-
methanol (9:1) to give the title compound as a green solid (0.31 g, 65%). M.p. > 300 °C;
IR (film)/cm™ 2998, 2937, 2834, 1604, 1509, 1447, 1401, 1260, 1229, 1193, 1128, 1091,
1028, 957, 879, 731; UV/vis (DCM): Anax 690, 618, 354, 288, 231 nm; MS (MALDI-
TOF): cluster centred at m/z 1796.12 (MH"); elemental analysis calc (%) for CosHgoNgO24:
C 64.23, H 4.49, N 6.24, found C 63.84, H 4.32, N 6,54.
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2,3,9,10,16,17,23,24-octa(3’,4’-dimethoxyphenoxy)phthalocyaninato cobalt
(PcOMe; 4Co). 4,5-Bis(3’,4’-dimethoxyphenoxy)-phthalonitrile PnOMes4 (0.5 g, 1.1
mmol) and cobalt(I)acetate (0.20 g, 1.1 mmol) were reacted according to the procedure
(c). The crude product was washed with methanol and reprecipitated with methanol from
its solution in DCM and further purified by column chromatography on SiO, eluting with
DCM- methanol (98:2) to give the title compound as a green-blue solid (0.12 g, 25%).
M.p. > 300 °C; IR (film)/cm™' 3003, 2937, 2834, 1603, 1509, 1455, 1415, 1261, 1229,
1193, 1095, 1027, 957, 889, 753; UV/vis (DCM): Amax 688, 610, 349, 313, 236 nm; MS
(MALDI-TOF): cluster centred at m/z 1790.17 (MH"); elemental analysis calc (%) for
CocHgoNgO24: C 64.46, H 4.51, N 6.26, found C 64.09, H 4.48, N 6.26.

2,3,9,10,16,17,23,24-octa(3’,4’-dihydroxyphenoxy)phthalocyanine (PcOH34). Boron
tribromide (0.17 ml, 1.8 mmol) was added dropwise to a stirred solution of PcOMes 4 (0.15
g, 0.09mmol) in dry DCM (10 ml), and under nitrogen, at 0 °C. The reaction was
monitored by TLC and after 20 h the starting Pc was fully consumed. The excess of boron
tribromide was left to evaporate, then the reaction was quenched with distilled water and a
purple precipitate collected by filtration. The crushed solid was thoroughly washed with
water and with DCM, then purified by reprecipitation with DCM from methanol solution
to give a green solid (0.11 g, 81%). M.p. > 300 °C; IR (nujol)/cm™ 3358, 1612, 1515,
1267, 1176, 1089, 1018, 967, 873, 746; UV/vis (MeOH): Amax 700, 665, 607, 338, 290, 206
nm; '"H NMR (500MHz; MeOD) & 8.34 (br s, 8H, ArH), 7.02 (br s, 8H ArH), 6.90 (br,16
H, ArH); MS (MALDI-TOF): cluster centred at m/z 1508.92 (MH").

2,3,9,10,16,17,23,24-octa(3’,4’-dihydroxyphenoxy)phthalocyaninato zinc (PcOH;34Zn).
Boron tribromide (0.16 ml, 1.7 mmol) was added dropwise to a stirred solution of
PcOMe;s4Zn (0.15 g, 0.08mmol) in dry DCM (10 ml), under nitrogen, at 0 °C. The
reaction was monitored by TLC and after 20 h the starting Pc was fully consumed. The
excess of boron tribromide was left to evaporate, then the reaction was quenched with
distilled water and a purple precipitate collected by filtration. The crushed solid was
thoroughly washed with water and with DCM, then purified by reprecipitation with DCM
from a methanol solution to give a green solid (0.09 g, 72%). M.p. > 300 °C; IR
(nujol)/cm™ 3360, 1607, 1512, 1264, 1174, 1137, 1095, 1025, 965, 880, 788; UV/vis
(MeOH): Amax 679, 616, 347, 289, 209 nm; MS (MALDI-TOF): cluster centred at m/z
1571.75 (MH"Y).
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2,3,9,10,16,17,23,24-octa(3’,4’-dihydroxyphenoxy)phthalocyaninato cobalt
(PcOH;34Co). Boron tribromide (0.21 ml, 2.2 mmol) was added dropwise to a stirred
solution of PcOMe;4Co (0.20 g, 0.11 mmol) in dry DCM (10 ml), under nitrogen, at 0 °C.
The reaction was monitored by TLC and after 20 h the starting Pc was fully consumed.
The excess of boron tribromide was left to evaporate, then the reaction was quenched with
distilled water and a purple precipitate collected by filtration. The crushed solid was
thoroughly washed with water and with DCM, then purified by reprecipitation with DCM
from its solution in methanol to give a green solid (0.15 g, 87%). M.p. > 300 °C; IR
(nujol)/cm’™ 3368, 1610, 1518, 1266, 1175, 1127, 1035, 1003; UV/vis (MeOH): Amay 664,
309, 222 nm; MS (MALDI-TOF): cluster centred at m/z 1565.90 (MH"); elemental
analysis calc (%) for CggHygCoNgOo4: C 61.43, H 3.09, N 7.16, foundC 59.26, H 2.44, N
7.01.

2,3,9,10,16,17-hexakis(2’,6’-di-iso-propylphenoxy)-23,24-bis(4’-cyano-2°,6’-di-iso-
propylphenoxy) phthalocyaninato zinc (Pc13PcCNZn).

A mixture of Pnl (2.04 g, 4.23 mmol) and PnCN(0.25 g, 0.47 mmol) and zinc(II) acetate
(0.86 g, 4.7 mmol) in dry N-methylpyrrolidone (3mi) was heated at 150 °C for twenty
hours. The reaction mixture was cooled to room temperature, poured in 20 ml of distilled
water and the precipitate collected by filtration. Purification by column chromatography on

SiO, eluting with dichloromethane-hexane (7:3), led to 0.7g of Pc1Zn (yield 48%) and
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0.3g of Pc13PcCNZn (yield 31 %). M.p. > 300 °C; UV/vis (DCM): Amax 682, 615, 370,
351, 340, 292, 235 nm; IR (film)/cm™ 2964, 2869, 2233,1610, 1452, 1400, 1364, 1330,
1269, 1183, 1094, 1025, 893, 748, 725; '"H NMR (500 MHz; CDCl;) 5 8.13(s, 4H, ArH),
8.11 (s, 2H, ArH), 8.07 (s, 2H, ArH), 7.75 (s, 4H, ArH), 7.67 (t, 2H, ] = 7.8 Hz, ArH), 7.54
(m, 8H, ArH), 7.45 (d, 8H, J = 7.8 Hz, ArH), 3.43 (br m, 16H, ArH), 1.26 (br m, 96H,
ArH); *C NMR (500Mhz; CDCl;) § 154.0, 153.7, 153.0, 152.9, 151.6, 150.6, 150.5, 149.3,
148.7, 143.9, 141.7, 136.8, 132.7, 132.5, 132.4, 132.3, 129.2, 126.5, 126.3, 124.8, 124.6,
123.2, 119.4, 1104, 107.3, 107.0, 106.9, 29.7, 27.8, 27.5, 24.2 ; MS (MALDI-TOF):
cluster centred at m/z 2038,51 (M™); elemental analysis calc (%) for Cy30H142N00sZn: C
76.61, H 7.02, N 6.87, found C 75.65, H 6.89, N 6.73.

2,3,9,10,16,17-Hexakis(2’,6’-di-iso-propylphenoxy)-23-(4-tert-butylcalix(4)arene)-24-
chloro phthalocyaninato zinc (Pcl3;Pccalix Zn).

i-Pr i-Pr

i-Pr i-Pr

A mixture of Pnl (1.60 g, 3.35 mmol) and Pncalix (0.30 g, 0.37 mmol) and zinc(II)
acetate ( 0.55 g, 2.96 mmol) in dry N-methylpyrrolidone (Sml) was heated at 150 °C for
twenty hours. The reaction mixture was cooled to room temperature, poured in 20 ml of
distilled water and then filtered off. Purification by column chromatography on SiO,,
eluting with toluene, gave the title compound as a green solid (0.10 g, 12 %) and 0.68 g of
PclZn (62%). M.p. > 300 °C; UV/vis (DCM): Anax 684, 615, 348, 292, 230 nm; IR
(film)/cm™'3387, 2963, 2869, 1609, 1440, 1397, 1269, 1183, 1095, 1025, 893, 794, 724,
MS (MALDI-TOF): cluster centred at m/z 2038,51 (M"); elemental analysis calc (%) for
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CiasHi65CINgO10Zn: C 76.73, H 7.18, C1 1.53, N 4.84, found C 76.20, H 7.38, N 4.71, not
enough sample for Cl analysis. Crystal data (CHCls/acetone): crystal size 0.8 x 0.5 x 0.4
mm, monoclinic, space group P2,/n, a = 2.60440(3) nm, b = 1.98390(2)nm, ¢ = 3.08170(4)
nm, B=101.8030(10), V =15.5861(3)nm’, Z =3, R, = 0.1378.

Insertion of different axial ligands

Axial substituted Pc12Zn derivatives

. R = pyridine
i-Pr i-Pr t-butylpyridine
o o) 3,5-dimethylpyridine
DABCO
4-picoline
i-Pr i-Pr N-methylimidazole

An excess of the appropriate ligand was added to some PclZn crystals in contact with

acetone. XRD analysis of the crystals showed that the axial water molecule had been

exchanged to at least some extent by the different ligands.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato pyridyl zinc
(Pc1Zn(py)). 50% exchange of water by pyridine. Crystal data: crystal size 0.35 x 0.35 x
0.25 mm, cubic, Pn-3n , a = 3.73006(3) nm, V = 51.8976(7) nm’, Z = 12, R; = 0.1203. The
asymmetric unit contains % of the molecule together with some disordered solvent

molecules. Py and water at 50:50 ratio, are axially bonded to Zn.
2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato ¢-butylpyridyl

zinc (Pc1Zn(t-bupy)). 48% exchange of water by t-butylpyridine. Crystal data: crystal size
0.50 x 0.40 x 0.25 mm, cubic, Pn-3n , a = 3.72390(8) nm, V = 51.6409(19) nm’, Z = 12,
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R; = 0.134. The asymmetric unit contains % of the molecule together with some disordered

solvent molecules. t-butylpyridine and water at 48:52 ratio, are axially bonded to Zn.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato 3,5-dimethyl
pyridyl zinc (Pc1Zn(dimepy)). 72% exchange of water by 3,5-dimethylpyridine. Crystal
data: crystal size 0.40 x 0.40 x 0.30 mm, cubic, Pn-3n, a = 3.71952(3) nm, V = 51.4589(7)
nm’, Z = 12, R, = 0.1019. The asymmetric unit contains % of the molecule together with
some disordered solvent molecules. 3,5-dimethylpyridine and water at 72:28 ratio, are
axially bonded to Zn.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato dabco zinc
(Pc1Zn(dabco)). 68% exchange of water by DABCO. Crystal data: crystal size 1.00 x
1.00 x 1.00 mm, cubic, Pn-3n , a = 3.72379(9) nm, V = 51.636(2) nm’, Z = 12, R, =
0.1673. The asymmetric unit contains %4 of the molecule together with some disordered

solvent molecules. DABCO and water at 68:32 ratio, are axially bonded to Zn.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato 4-picolyl zinc
(Pc1Zn(pic)). 100% exchange of water by 4-picoline. Crystal data: crystal size 0.70 x 0.70
x 0.50 mm, cubic, Pn-3n , a = 3.75099(9) nm, V = 52.776(2) nm’, Z = 12, R, = 0.0777.
The asymmetric unit contains % of the molecule together with some disordered solvent

molecules. 4-picoline was axially bonded to Zn.

2,3,9,10,16,17,23,24-0cta(2’,6’-di-iso-propylphenoxy)phthalocyaninato N-methylimi-
dazolyl zinc (Pc1Zn(NMIm)). 100% exchange of water by N-methylimidazole. Crystal
data: crystal size 0.60 x 0.60 x 0.60 mm, cubic, Pn-3n , a = 3.74277(6) nm, V =
52.4300(15) nm’, Z = 12, R, = 0.0899. The asymmetric unit contains % of the molecule
together with some disordered solvent molecules. N-methylimidazole was axially bonded

to Zn.
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Axial substituted Pc1Co derivatives

R = pyridine
i-Pr R = t-butylpyridine/pyridine (18/82)

d R = 4-picoline/pyridine (60/40)
R = 4-picoline, R' H,0
R = imidazole, R' = imidazole

.6-diaminohexane, R' = H,O
,2-bisimidazolyl-ethane, R' = MeOH
4'bipyridyl

1
1
4]

4,4'bipyridyl, R' = pyridine/H,O (60/40)

DIJDD
wuonon

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato pyridyl cobalt
(Pc1Co(py)). A solution of Pc1Co (0.02 g, 0.01 mmol) in pyridine (1 ml) was stirred at 90
°C for 3 h in an inert atmosphere, then most of the pyridine was evaporated under N,. The
pyridine-soaked product was dissolved in chloroform (1 ml) and methanol (3 ml) was
layered above this solution. After 2 days at 4°C, cubic crystals of Pc1Co(Py) formed.

The same result was obtained for slow diffusion of methanol into a solution Pc1Co (0.01
g, 0.005 mmol), to which was previously added 2 drops of pyridine to the compound.
Crystal data: crystal size 0.80 x 0.60 x 0.60 mm, cubic, Pn-3n , a = 3.75596(4) nm, V =
52.9862(10) nm>, Z = 12, R; = 0.0625. The asymmetric unit contains % of the molecule
together with some disordered solvent molecules. In the axial site there is a pyridine

molecule.

An excess of the appropriate ligand was added to some Pc1Co(Py) crystals in contact with
acetone. XRD analysis of the crystals showed that the axial pyridine molecule had been
exchanged at least to some extent by 4-picoline and t-butylpyridine.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato t-butylpyridyl
cobalt (Pc1Co(z-Bupy)). 18% exchange of pyridine by r-butylpyridine. Crystal data:
crystal size 0.60 x 0.60 x 0.50 mm, cubic, Pn-3n, a = 3.75512(3) nm, V = 52.9507(7) nm’,
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Z = 12, R, = 0.0876. The asymmetric unit contains % of the molecule together with some
disordered solvent molecules. t-butylpyridine and pyridine in 18:82 ratio, are axially

bonded to Zn in the apical position.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato picolyl cobalt
(Pcl1Co(pic)). 60% exchange of pyridine by 4-picoline. Crystal data: crystal size 0.25 x
0.25 x 0.20 mm, cubic, Pn-3n, a = 3.71172(4) nm, V = 51.1358(10) nm’?, Z = 12, R, =
0.1432. The asymmetric unit contains % of the molecule together with some disordered
solvent molecules. 4-Picoline and pyridine 60:40 ratio, are axially bonded to Zn in the
apical position and a water molecule is axially bonded in the other side of the metal at 0.5

occupancy.

The following cubic Pc1Co crystals with different axial ligands were obtained for slow
diffusion of methanol in a solution of Pc1Co (about 0.01 g, 0.005 mmol) in chloroform
(0.5 ml), to which an excess of the desired ligand had been added.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato picolyl cobalt
(Pc1Co(pic)). Crystal data: crystal size 0.90 x 0.60 x 0.60 mm, cubic, Pn-3n, a = 3.75208
nm, V = 52.8222(5) nm’, Z = 12, R, = 0.0611. The asymmetric unit contains % of the
molecule together with some disordered solvent molecules. In the axial site there is a

picoline molecule.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(1,6-diamino-

hexane) cobalt (Pc1Co(1,6-diahex)). Crystal data: crystal size 0.35 x 0.28 x 0.1 mm,
cubic, Pn-3n, a = 3.74908 nm, V = 52.6956(5) nm’, Z = 12, R, = 0.1458. The asymmetric
unit contains % of the molecule together with a CHCl; solvent molecule. A 1,6-
diaminohexane molecule which links together two Pc1Co is in the non-apical axial site of

the metal and a water molecule is in the apical axial site.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(1,2-bisimida-

zol-1-ylethane) cobalt (Pc1Co(BisIm)). Crystal data: crystal size 0.20 x 0.16 x 0.16 mm,
cubic, Pn-3n , a = 3.75504(3) nm, V = 52.9473(7) nm’, Z = 12, R; = 0.2880. The
asymmetric unit contains % of the molecule. In the apical axial site there is a bisimidazole

ligand and in the other axial site a methanol molecule.
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2,3,9,10,16,17,23,24-0cta(2’,6’-di-iso-propylphenoxy)phthalocyaninato(4,4’-bipyridyl)
cobalt (Pc1Co(bipy)). Crystal data: crystal size 0.80 x 0.60 x 0.60 mm, cubic, Pn-3n, a =
3.74921 nm, V = 52.701(2) nm’, Z = 12, R; = 0.1792. The asymmetric unit contains % of

the molecule. In the axial site there is a 4,4-bipyridyl molecule.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(imidazole),
cobalt (Pc1Co(Im);). Crystal data (coimlsqa): crystal size 0.25 x 0.20 x 0.15 mm, cubic,
Pn-3n,a=3.75719(16) nm, V = 53.038(4) nm’, Z = 12, R, = 0.0835. The asymmetric unit

contains % of the molecule. Imidazole is axially bonded in both sides of the metal.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(pyridine)( 4,4°-
bipyridyl)cobalt (Pc1Co(py)(bipy). Crystal data: crystal size 0.22 x 0.22 x 0.22 mm,
cubic, Pn-3n , a =3.7647(3) nm, V = 53.359(7) nm’, Z = 12, R; = 0.1051. A 4,4-bipyridyl
molecule which links together two Pc1Co is in the non-apical axial site of the metal and

pyridine/water in 60/40 ratio are is in the apical axial site.

Axial substituted Pc1Fe derivatives

5
z
z
\
3

pyridinet-BuNC(70/30), R' = t-BuNC
1-methylimidazol, R' = MeOH

4,4'bipyridyl, R' =t-BuNC
1,4-phenylenediisocyanide, R' = O,
imidazole, R' = H,0O
1,2-bisimidazolyl-ethane/t-BuNC, R' = t-BuNC

i-Pr i-Pr
el

i-Pr i-Pr

DDV
(I T I

The exchange of axial ligands in the following crystals was performed adding an excess of
the appropriate ligand to some Pc1Fe(t-BuNC); crystals in contact with methanol and was

evaluated by mean of XRD analysis of the crystals .
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2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(pyridyl)(t-
butylisocyanide) iron (Pc1Fe(py)(¢-BuNC)). This experiment was performed as above,
but in presence of molecular sieves. 70% one side exchange of t-BuNC by pyridine.
Crystal data: crystal size 0.55 x 0.50 x 0.50 mm, cubic, Pn-3n, a = 3.75004(9) nm, V =
52.736(2) nm’, Z = 12, R, = 0.1015. The asymmetric unit contains ¥ of the molecule
together with some disordered solvent molecules. Pyridine and t-BuNC 60:40 ratio, are
axially bonded to Fe in the apical position and a +~-BuNC is axially bonded in the other side
of the metal.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(1-methyl

imidazolyl) iron (Pcl1Fe(MeIlm)) 100% both sides exchange of t-BuNC by 1-
methylimidazole and MeOH respectively. Crystal data: crystal size 0.30 x 0.25 x 0.25
mm, cubic, Pn-3n, a = 3.75202(5) nm, V = 52.8196(12) nm’, Z = 12, R, = 0.1091. The
asymmetric unit contains % of the molecule together with some solvent molecules. In the
axial sites there is a 1-methylimidazole in the apical site and a methanol molecule in the

other side.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(1,4-phenylene-
isocyanide) iron (Pc1Fe(Phic)). This experiment was performed as above but in presence
of molecular sieves. 83% exchange of t-BuNC by 1,4-phenyleneisocyanide in one side and
100% by O in the other. Crystal data: crystal size 0.30 x 0.20 x 0.15 mm, cubic, Pn-3n, a
= 3.76840(14) nm, V = 53.514(3) nm>, Z = 12, R, = 0.1233. The asymmetric unit contains
V4 of the molecule together with some solvent molecules. In the non apical site there is 1,4-
phenileneisocyanide acting as bridge between two molecules and in the apical site there

appears to be a oxygen molecule.

The following cubic Pc1Fe crystals with different axial ligands were obtained for slow
diffusion of methanol in a solution of PclFe(t-BuNC); (about 0.01 g, 0.005 mmol) in
chloroform (0.5 ml), to which an excess of the desired ligand had been added.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(:-BuNC)(4,4°’-

bipyridyl) iron (Pc1Fe(z-BuNC)(bipy)). This experiment was carried out as above with
addition of molecular sieves. 80% one side exchange of t-BuNC by 4-4’-bipyridyl.
Crystal data: crystal size 0.468 x 0.35 x 0.239 mm, cubic, Pn-3n, a = 3.76091(3)nm, V =
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53.196.0(7) nm’, Z = 12, R, =0.1212. The asymmetric unit contains % of the molecule
together with some disordered solvent molecules. In the non apical site there is a 4,4’-
bipyridyl ligand acting as bridge between two molecules and in the apical site there is t-
BuNC.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(imidazolyl)

(H20) iron (Pc1Fe(Im)(H,0)). 100% one side exchange of +-BuNC by imidazole and
H,0 in the other. Crystal data: crystal size 0.30 x 0.25 x 0.25 mm cubic, Pn-3n, a =
3.75202(5)nm, V = 52.8196(12) nm3, Z =12, R, =0.1091. The asymmetric unit contains Y4
of the molecule together with some disordered solvent molecules. In the axial sites there is

a imidazole molecule in the apical site and a H,O molecule in the other side.

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(1,2-bisimida-

zol-1-ylethane)(z-BuNC) iron (Pc1Fe(BisIm)(2-BuNC)). Crystal data: crystal size 0.36 x
0.30 x 0.30 mm, cubic, Pn-3n, a = 3.74367(4) nm, V = 52.4678(10) nm’, Z = 12, R,
=0.1359. The asymmetric unit contains % of the molecule together with some disordered
solvent molecules. One of the axial sites seems to be occupied by bisimidazole and t-
BuNC but neither ligand can be fully developed and t-BuNC is axially bonded in the other

side.

Axial substituted Pc1Ru derivatives

i-Pr i-Pr
Q O
i-Pr i-Pr
N N
\ R |Pr
I-Pf o R/ .
u | -Pr
|-Pr R" I
NxN._=N
|-Pr R = 1,4-phenylenediisocyanide, R' = O,
| -Pr i- Pr

2,3,9,10,16,17,23,24-octa(2’,6’-di-iso-propylphenoxy)phthalocyaninato(1,4-phenylene-

isocyanide) iron (Pc1Ru(Phic)). The crystals of this derivative were obtained for slow
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diffusion of methanol in a solution of Pc1Ru(-BuNC); (about 0.01 g, 0.005 mmol) in
chloroform (0.5 ml), to which an excess of the 1,4-phenileneisocyanide had been added.
100 % exchange of t-BuNC by 1,4-phenyleneisocyanide in one side and by O in the other.
Crystal data: crystal size 0.40 x 0.40 x 0.40 mm, cubic, Pn-3n , a = 3.77453(4) nm, V =
53.770(10) nm’, Z = 12, R, = 0.0894. The asymmetric unit contains % of the molecule
together with some solvent molecules. In the non apical site there is 1,4-
phenileneisocyanide acting as bridge between two molecules and in the apical site there

seems to be a oxygen molecule.
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