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I. General part
1 Introduction

Phthalocyanine (Pc) and metallophthalocyanines (PcM) have been investigated for
many years in much detail. They have been mostly used as dyes and catalysts.."! However,
recently, the chemistry of phthalocyanine has been undergoing a renaissance because
phthalocyanine and many of its derivatives exhibit properties which are interesting for
applications in materials science. Phthalocyanines and structurally related compounds are of
interest for example, in nonlinear optics,'! as liquid crystals,””! in Langmuir-Blodgett (LB)
films,* *! in optical data storage as active materials in recordable compact discs (CDs) and

71 as  semiconducting

[12]

digital versatile discs (DVDs),[® as electrochromic substance,

9] . o . 10 11 .
I in rectifying devices,"'” as gas sensors,!'!! as photosensitizers

materials,> ¥ and as
carrier generation materials in NIR. %!
The.substituted derivatives of phthalocyanines function as acvtive components in

various processes driven by visible light: photoredox reactions and photooxidations in

solution,!"'*"* activity in the therapy of cancer,'"'®'”) photoelectrochemical cells,!'® '*]
photovoltaic cells,** *!! electrophotographic applications. 1!
A summary of some applications are illustrated in the following chart :
*Pigments
*Optical disks
sNon-linear optics
=Electrochromic 'High—densi_ty memory
=Fuel cell display sPhotodyanime therapy
sbattery of cancer
[ Electrochemical properties Optical properties J
Y
=Charge generator
Phthalocyammnes in photocopiers
=Solar cells y

b

[ Chemical Properties J Electrical Properties}

*Deodorant
*Catalvsis

=Orgam c semiconductors ]
In the following a short introduction to the chemistry and properties of Pc’s is

=Synthetic metals

[ *Chemical Sensors ]

presented, which is the basis of the research described in this thesis.



2. Phthalocyanines ]

2.1 General Remarks

Interest in phthalocyanines (Pc’s) and their structurally related compounds has grown
enormously. The attractive and challenging characteristics of Pc's are their potential
applicability in many fields, their thermal and chemical stabilities, the relative ease with
which they can be prepared and purified and the strong dependence of their properties on

peripheral and axial substitution patterns.”! At present, they are a widespread material.

2.2 Discovery of phthalocyanines (Pc’s)

The accidental discovery of phthalocyanine happened more than seventy years ago
and a metal-free phthalocyanine was found for the first time in 1907 as by—product during the
prepartation of 2-cyanobenzamide. Linstead was the first to investigate the structure of
phthalocyanine and describe the name from the Greek words naphta (rock oil) and cyanine

(blue).?*!

2.3 Structures of phthalocyanines

Pc is a conjugated heterocyclic 18- electron containing compound and is structurally
similar to a porphyrin system. Unlike porphyrin, which can be found in the nature such as in
hemoglobin, chlorophyll and vitamin B, Pc’s do not occur in nature. In Pc system, methine-
bridges of porphyrin are replaced by aza-bridges and, therefore, Pc's are tetrabenzotetra-

azaporphyrins (Figure 1).
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Figure 1: Basic structures of metal-porphyrine (PorM) (a), metal-tetraazaporphyrine

(TAPM) (b), metalfree phthalocyanine (PcH>) (c), metal-phthalocyanine (PcM) (d)
and metal-2,3-naphthalocyanine (NcM) (e).

Through substitution of hydrogens in metal-free Pc (PcH,) by metal atoms,
metallophthalocyanines (PcM) are obtained. Pc complexes with small-sized metal elements,
such as Cu*", Ni*", Pt*", in its central cavity form quadratic-planar structures. Larger cations,
such as Pb*", Sn*", form PcM complexes with a quadratic pyramidal configuration.””) When
large three- or four-fold charged cations, such as Nd® +, Gd3+, Th4+, are introduced,

bimolecular complexes in which they are sandwiched between both Pc rings are formed.!**!

2.4 Syntheses of phthalocyanine

2.4.1 General synthetic routes

Up to now over seventy different metallic and non-metallic cations have been
incorporated in the central cavity of Pc moiety, thereby enabling the control of the oxidation
potential and consequently, the electrical properties of the complexes. The basic synthetic

methods of PcM compounds are shown in Scheme 1.
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Scheme 1: Basic synthetic methods of PcM.

The majority of PcM can be prepared by the high temperature cyclotetramerization of
phthalodinitriles in the presence of corresponding metal or metal salt or by later insertion of
the metal into PcH,. On account of the insolubility of unsubstituted Pc in common organic
solvent, soluble impurities can be removed by extracting with hot organic solvents or boiling
with acids or bases. More soluble substituted Pc's can be purified by common methods used

for organic compounds, usually by chromatography, recrystallization and extraction.

Recently, substituted phthalocyanines are prepared in high yield under microwave

heating in the presence of suitable solvent.”*”!

Industrially, phthalocyanines were produced by using inexpensive materials like
phthalic anhydride and urea *® which is more useful and cheaper than phthalonitrile route

(Scheme 1) to produce higher-volume with lower cost applications as shown in Scheme 2.
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Scheme 2: Industrial preparation of phthalocyanines .

2.4.2 Electrochemical synthesis of phthalocyanines

Yang and co-workers *) have reported the electrosynthesis of metal free and metallo-
phthalocyanines through the electroreduction of phthalonitrile (PN) in high yields in polar
protic and aprotic solvents. Generally, the yields of the electrosynthesis are affected by
several factors such as the medium, the reaction temperature, the initial PN concentration, the

intensity of the current and the amount of charge which was used during the procedure.

2.5 Soluble phthalocyanines

Due to strong interactions between ring systems, unsubstituted PcMs are practically
insoluble in common organic solvents, as mentioned above. The introduction of voluminous
hydrophobic substituents into the periphery of the macrocycle enables an increased solubility.
Another approach employed is the introduction of axial substituents at the central metal atom
decreasing the aggregation effect. By the introduction of selected substituents, the physical
and electrical properties of Pc's can be verified and tailored, resulting in the broadening of

their applications.

The best investigated soluble substituted Pc's are the tetra- and octasubstituted
ones.*” The former generally has higher solubility in common organic solvents than the latter
because of its lower degree of order compared with the symmetrical structure of the latter and

its higher dipole moment caused by the unsymmetrical rearrangement.



2.5.1 Tetrasubstituted phthalocyanines

Synthesis of tetrasubstituted Pc's can be achieved from 3- and 4-substituted
phthalodinitriles, respectively, which results in a mixture of four possible constitutional

isomers with different symmetries as shown in Figure 2.

Figure 2: Possible constitutional isomers of tetraubstituted phthalocyanines

The synthetic routes for the preparation of tetrasubstituted phthalocyanines can be
summarized as in Scheme 3. The complete separation of the mixture can be carried out by
MPLC and HPLC technique which was first achieved by us with the C,, and C; isomers of (2-
Et-C6H120)4PcNi.[3 U we reported the successful separation of the Dy, Cyy, Cs and Cyp

isomers of tetrasubstituted Pc's and naphthalocyanines.*!
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Scheme 3: Preparation of tetrasubstituted phthalocyanines

2.5.2 Octasubstituted phthalocyanines

The synthetic pathway for octasubstituted Pc's is similar to that of tetrasubstituted one,
only that 3,6- and 4,5-disubstituted phthalodinitriles are used instead of 3- and 4-substituted
derivatives, respectively. Two different types of products are obtained. One having
substituents in the 1,4,8,11,15,18,22,25- and the other in 2,3,9,10,16,17,23,24-positions,
which are depicted as 1,4- and 2,3-octasubstituted Pc's, respectively. Their structures are

represented in Figure 4.
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Figure 4: Structure of a) 1,4,8,11,15,18,22,25- and b) 2,3,9,10,16,17,-23,24-

octasubstituted phthalocyanines.

Compared to 2,3-substituted macrocycles, the synthesis of 1,4-octasubstituted Pcs is
more difficult and usually gives lower yields because of steric hindrance from the
substituents. However, they are more soluble in common organic solvents than their isomers

due to an out-of-plane arrangement of their substituents.”

2.5.3 Unsymmetrically substituted phthalocyanines

This novel kind of Pc's has attracted interest in recent years not only because of their
outstanding electronic and optical properties, but also due to their processability in various

33, 34

applications. For instance, the fabrication of versatile LB thin films,! I the synthesis of

ladder polymers **) and the preparation of chemically modified electrodes.*®’

Up to now there are three methods available for the synthesis of unsymmetrically
substituted Pc's comprising one different and three identical isoindole subunits (A3;B form),
namely the subphthalocyanine approach (Scheme 4), the polymeric support method, and the

statistical condensation.”**
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Scheme 4: Overview of the different methods to prepare asymmetric Pc's.

The two pathways (b) and (c) are regarded as selective methods, however, these

methods have still many problems, In the case of the subphthalocyanine approach (a),

fragmentation of the subphthalocyanine can occur in the reaction process, resulting in all

possible Pc’s containing all the combination of iminoisonidoline units presented in the

starting material. Another method to reduce the number of possible Pc products is the cross

condensation (Scheme 4d) of

substituted diimnoisoindolines

with  6/7-nitro-1,3,3-

trichloroisoindolenine. This approach is suitable for the synthesis of bisdienophilic Pcs of the

form ABAB.P”! Hence, the most usual method for the preparative work is the statistical

condensation between two different phthalodinitriles A and B (Scheme 5) in the appropriate

stoichiometric ratio followed by chromatographic separation.

[1b]



In a statistical condensation up to six possible Pcs can be formed: Pc molecules
containing four A or B units (AAAA or BBBB), three a and one B units (AAAB), two A and
two B units (AABB and ABAB), or one A and three B units (ABBB).*"]

CN . (c; M _

Scheme 5: Statistical condensation and all possible phthalocyanine products.“b]

Many efforts have been made to synthesize a large number of this kind of Pc

derivatives bearing various functional groups.’*”!

10



3 Ladder polymers
3.1 Synthesis of ladder polymers

The synthesis of ladder-type polymers containing macrocyclic units was attempted by
Wohrle and coworkers already in 1968, Various polymers consisting of hemipophyrazine
(Hp) subunits were synthesized from tetracyanobenzene and diamines, °*) and other ladder

polymers with tetraaza(14)annulene units.*”!

Planar, two-dimensional PcM oligomers and polymers as shown in Figure 5 were

prepared from 1,2,4,5-tetracyanobenzene and metal salts, however the corresponding

polymeric Pc's have not been characterize very well.[*”

(b) ’N
@ ]:;_,\IAN
|
[ — N
=\ #
j A i
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)j.i@ ¢©i.,¢t\
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- —'n
M =Fe, Co, Ni, Cu

N

¢E

/7 \
f\i
Z—§—Z

@/ §

|
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U

Z
Z—§—Z
Z

-

U

Z
Z—z—Z
Z

Figure 5: Planar, two-dimensional PcM oligomers

The use of the repetitive DA reaction allows the stepwise formation of macrocyclic
ladder oligomers,*" and the synthesis of polymers of high structural regularity, as shown in

Scheme 6.
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R R R
N N=>NTSN
P00 + XEK - soen |

R R R R
R, R’= alkyl, alkoxy

Scheme 6: Possible synthesis of a ladder polymer with macrocyclic subunits in a

repetitive DA reaction.

3.2 Selected dimers, trimers and oligomers of phthalocyanines

Pc dimers, trimers and oligomers were reported by our group.’>* The Pc dimer
(Figure 6a) was prepared from a precursor obtained from three phthalonitrile units and one
6,7-dicyano-1,4-dihydro-1,4-epoxynaphthalene. To this epoxy unit, tetraphenylcyclone was
fused by a Diels—Alder reaction, and the resultant Pc derivative was reacted with -

benzoquinone in refluxing toluene (Figure 6a).

Another example of a linear ladder-type Pc trimer (Figure 6b) was also synthesized by

our group from Pc's substituted with two 1,4-epoxy units at opposite positions applying the

Diels-Alder reaction.'**!

RQ OR RO, OR

()
g g
RO N N

~0 N ’;‘N| N Q‘OO N ’i\ll N or
N
\%;T} R= 2-ethy|hexy| 8

RO OR RO OR
(b) R R

R Ry R

Do ,
: ”2;5 2;5 ) ”2;5”
R R R

R= C,H,

Figure 6: Planar Pc-dimer (a) and trimer (b)
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4 Stacked phthalocyanines
4.1 Nonbridged stacked polyphthalocyanines

Phthalocyanines crystallize in a columnar arrangement through a large variety of

metal-macrocycle-ligand combinations as shown in Figure 7a,b.

\
\
\
\
\
)
)
1
I\

N M N
N v N
N M N \
N M N
N M N \
N M—N—
N M N i
N M N
N M N !
N M N
() (b)

Figure 7: Possible stacked arrangements of metal-macrocycle complexes:

(a) one dimensional arrangement and (b) o- or -crystal structures.

Nonbridged stacked polyphthalocyanines could be classified intro two categories:

unsubstituted **! and substituted phthalocyanines.** Some examples are given in Figure
8a,b.

b) o=

Figure 8: a) Columnar structure of unsubstituted PcPb, b) Columnar structure of

octasubstituted metal-phthalocyanine.
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4.2 Bridged stacked polyphthalocyanines

The stacked arrangement can also be achieved by bidentate ligands L (Figure 9).[ 3% %!

These columnar structures represents a noteworthy achievement in materials science .

e

Figure 9: General structure of a metal-macrocycle complex in the stacked
arrangement with the central atoms connected via a bidentate ligand L. The square
indicates the coordinating macrocycle.

This group of stacked polymeric phthalocyanines is characterized by the presences of
coordination bonds as links which bridge the metal-macrocycles adducts via the ligand. The
central metal atoms are in divalent, trivalent or tetravalent oxidation states as shown in

Scheme 7. PY

>>: / \é \—N excess
g ié CHCI, , 2 days

Scheme 7: Synthesis of [PcRu(tz),]

The cofacially linked stacked polyphthalocyaninatometalloxanes [PcMO], (M= Si, Ge,

Sn) are shown schematically in Figure 10.146-47]

i | \N %\N %\
/2 o M/ \N /A Ns‘n-/ \N /N\ /

11 M

N
\
7 . o—H M- 0— N 0----
: M
ad 'a e 'al!
2~ 7 I~
M= Si, Ge

Figure 10: u-Oxo-phthalocyaninatometal(IV) compounds
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5 Optical limiting: A nonlinear optical effect

Nonlinear optical (NLO) phenomena are associated with changes in the optical
properties of materials which are exposed to intense light. The importance of the study of
NLO phenomena relies mostly upon the manifold possibilities of their exploitation in the
development of photonic technology. Infact, several optical devices or technologies such as
optical rectifiers, optical switches, dynamic holography and optical data-recording are based

on NLO effects. [**]

One of the first observations of nonlinear optical phenomena was reported by Franken

et al.,[* when frequency doubling in a quartz crystal illuminated by a laser occurred.

In general, light intensity modifies the absorptive, refractive and scattering properties
of the illuminated system once I >Iji,. (see section 5.2). In the case of molecular species, the

extinction coefficient k can vary with the intensity I according to the relationship:
k=ky [1/ 1+( I/L;n)] (1)

with &y corresponding to the low intensity limit value of k. Equation (1) describes the optical
behaviour of a saturable absorber and expresses the fact that the extinction coefficient &
decreases with the increase of the incident intensity. In doing so, the optical system gets more
transparent at higher incident intensities, and behaves like an intensity-activated optical
switch. On the other hand, in the case of optical limiting (OL) systems the opposite situation
is verified, i.e. the optical system has an extinction coefficient which increases reversibly with
the augmentation of the incident radiation intensity.’ °!! This phenomenon constitutes the so
called reverse saturable absorption (RSA), and takes place mostly with the irradiation of
organic dyes, donor-acceptor molecules, fullerenes and in less extent inorganic
semiconductors. The OL effect can be produced also by means of several other mechanisms
based on fundamental optical processes different to absorption, e.g. refraction and/or
scattering. In fact, OL effect based on radiation diffraction or scattering does not allow the
formation of a well-resolved image once the incident light rays have interacted with the
optical limiter system. As a consequence, optical limiters based on phenomena other than
absorption have the practical limitation of not being useful for the protection of those complex
light-sensitive elements, e.g. the eye, employed in direct viewing operations which require a
clear vision of the surrounding environment. For this reason among the available systems for
the limiting of intense radiations, those based upon the phenomenon of RSA absorption are

preferable.
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5.1 Optical limiting phenomena

Optical limiters are an important application of the nonlinear optical properties of the
phthalocyanines. An optical limiter is a device that has a high transmission at normal light
intensities and a decreasing transmission for intense beams (Figurell). Such devices can
perform useful optical functions; the most obvious is the protection of human eyes from high-
intensity light sources.””! Various designs for optical limiters have been described **! based

on several mechanisms giving rise to nonlinear optical responses.>* >

5.2 Nonlinearity of the optical effect

Devices such as optical limiters or saturable filters show the OL effect when the
intensity of a light beam is strongly attenuated once the input intensity exceeds a threshold

value (I 1im)-

The latter is determined by the characteristics of the system interacting with the light
beam, and represents a critical parameter for the evaluation of the OL properties of the device.
The ideal behaviour of an optical limiter is shown in Figure 11, I, and I, being respectively,
the intensity of the light beam transmitted by the optical limiter and the intensity of the

incoming light. !

Iout/ Watt

i
m 1,/ Watt
Figure 11: Trend of light intensity I, transmitted by an ideal optical limiter vs.

incoming light intensity /;,. The threshold intensity /ji, at which I, saturates is

indicated.
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The transmittance T [= d(Loy) / d(Zin)] of an ideal optical limiter is not constant within
the whole regime of irradiation and T becomes a function of Ij, with Ty for Iiy >> L. A
useful parameter for the evaluation of the OL effectiveness of different systems is the
intensity threshold defined as the incident intensity value at which the transmittance of the

system is equal to the 50% of the linear transmittance.

An important mechanism for the occurrence of NLO effects like OL is optical
pumping. In this case the incident laser frequency approaches a transition frequency in the
molecule. The light is absorbed, causing transitions to the excited state. The optical properties
of the excited state differ considerably from those of the ground state and the higher the

population in the excited state, the larger the changes in the optical properties of the material.

Optical pumping involves real transitions to the excited state, and this phenomenon is
quite different from the small perturbations of the electronic cloud which are verified in the
regime of linear polarization. Optical pumping can induce both saturable and reverse saturable
absorption depending on the difference of the absorption properties of the system between the

ground and excited states at the wavelength of irradiation.

5.3 Optical limiting: mechanism and model
The intensity dependent absorption coefficient has been derived assuming that
Reverse Saturable Absorption is the dominant dissipating mechanism. The dynamic solution
to the optical limiting problem has been derived and will be outlined briefly here. In general
the electronic states can be described via a 5 level energy diagram (Figure 12).
The system can be described using the following series of rate equations where the
population of the levels Sp, S; and T, are given by nj, n; and ns, respectively. S; represents
singlet levels and T; represent triplet levels. T, and 1,y are the inter-system crossing and

phosphorescence lifetimes, respectively.

on o,/ n, n
P _Lnl 4243
ot hv To Ton
om _of, _m_m
- 1
at hV Tisc TIO
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Figurel2. Generalized 5 level model used in calculation of excited state
dynamics of phthalocyanine system. S; represents singlet levels and T; represents
triplet levels. Solid arrows imply an excitation resulting from photon absorption
and dashed arrows represent relaxations.

The attenuation of the laser beam is governed by the steady state approximation, which is
valid when the pulse width is much longer than any of the relaxation times, all the time
derivatives may be set equal to zero. This is valid for nanosecond pulses as the lifetimes in
phyhalocyanines are typically in the order picoseconds. The total population, N is now

introduced and n; is expressed in terms of it.
n,=N-—n,—n,

This can be substituted back into the rate equations above to give,

o,/ T
n, = | N- n,—n, 2 Tise
,z-l-YC

where the following approximation has been applied
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Noting that tjsc << 1, and using the expression

hv
O-O Tph

. =

Sat

an expression for n; in terms of the total population N is found and is given by

gl LN
’ Tph ISat 1+ L
ISat
n3 is then found to be given by
0= 1 N
=
[Sat 1+ L
]Sat
and n; is then expressed as
= N
1
1+ =S

Sat

The populations for each level, can then be substituted back to give

Sat
The merit coefficient k can be defined as Kk = o1/0p, and as the triplet yield is ~ 100% for

phthalocyanines and tisc << T,n, We are then left with

(1,1, ):LOI(HK—J

which can be fitted to the data. The above equation was applied to the optical limiting data of

all compounds.

The excited state absorption is not the sole mechanism with which optical limiting

effects can be achieved. In fact other mechanisms can intervene in processes of optical

[58]

limiting like thermal refractive beam spreading,””! non-linear refraction or optical

[59. 691 1y the latter case, a perturbation of the electronic

breakdown-induced scattering.
distribution with the electric field associated with the incident light, or a directional

rearrangement of polar molecules with intensity-dependent changes of the refractive index
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represent the active mechanisms for the occurrence of optical limiting.
In the following, paragraphs the nonlinear optical properties of phthalocyanines will be

explained.

5.4 Phthalocyanines for optical limiting

Phthalocyanines and their derivatives are an important group of molecular materials
for NLO applications.[®’! The reason for this is ascribed to the high delocalization of the
electronic cloud between the macrocyclic ligand and the coordinated metal atom, which

affords large NLO coefficients.[*”

Most optically linear active phthalocyanines which have been reported in the literature
are classified into three groups °): (i) Pc's containg carbons in the side chain. This type of Pc
is further divided into two gropus, i.e. Pc's with eight long alkyl chains attached directly or

indirectly onto the periphery of the pc core,®

and pc’s linked with small cyclic
compounds,'® (ii) Pcs with optically active aromatic molecules. This group includes helicene
and binaphthyl-substituted species.'” and (iii) phthalocyanines with an optically active

aromatic molecule as peripheral substitution or as an axial ligand. [*”!

To be used as optical limiters, phthalocyanines must show a high level of linear
transmission and large nonlinear absorption over a broad spectral bandwidth, as well as a high
threshold for damage. Moreover, the nonlinear absorption must appear within a
subnanosecond response time. Among the phthalocyanine based nonlinear absorbers that have
been used as optical limiting materials and approach the necessary characteristics for a
practical device one example called: (state of art molecule) can be cited: (rBu)sPcInX

(compounds A, [** Figure 13).
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t-Bu
X
t-Bu
=N t-Bu
t-Bu LN i:@

N In N

( ! ) t-Bu

N 5N

\ /
t-Bu A t-Bu
X=CL or Phor P -TMP R,=t-Bu,R=H

(Mirxture of isomers)

Figure13: Chloro-and arylindium(IIT)phthalocyanines A,

Phthalocyaninatotitanium(IV)catecholato complex B

Another significant factor influencing the OL properities of Pc’s is the variation of the
axial substituents. In phthalocyaninatotitanium(IV) catecholato complexes B the charateristic
pattern of the nonlinear transmission curves depend on the nature of the various axial

substituents (compounds B, Figure 13).1°%"]

R

Figure14 : Fluorinated substituted Pc's C, Oxo-titanium Pc's D

The introduction and variation of peripheral substituents in phthalocyanines can also
modify the structural arrangement of the molecule or the spatial relationship between
neighbouring molecules. The use of unsymmetrically substituted phthalocyanines is another
approach to enhance the OL properties of phthalocyanines, since the introduction of

nonsymmetry can change the electronic structure of the macrocycle.

Peripheral electron withdrawing or relasing groups also change the electronic structure
of the substituted Pc’s, as e.g. shown in Figure 14 for compounds C and D. The presence of
electron withdrawing substitutents like fluoro on the Pc ring, as in compound C or peripheral

substituents, as in compound D, enhances the OL effect due to the increase of the transition
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dipole moment between the excited states involved in the electronic transition responsible for

the OL effect.[®?]

The optical limiting property of sandwich-type rare earth metal diphthalocyanines,
Eu[Pc(R)s]2[R= n-C7H;s5, OCsH;;] (Figure 15) , has been investigated via fluence-dependent
transmittance measurments.'®”’ The results demonstrated that Eu[Pc(OCsHy)s], E exhibited
better optical limiting behavior than Eu[Pc(C;H,s)g], F. This attributed to the enhanced
delocalization of the m—conjugated system in Eu[Pc(OCsH;;)s], because of the stronger

electron-donating ability of alkoxy relative to that of alkyl.

Qe
st

Figure 15: Structure of sandwich-type rare earth metal dimers Pc's E and F

E,I{::()CB}IH

F,I{::HfCH}{H

==

\

[70- 71 connected by an

We have recently published the synthesis of several pc's dimers
oxo-bridge. Indium and gallium phthalocyanine dimers, G and H, are two example
(Figurel6), synthesized by the reaction of the corresponding chloro complexes with
concentrated H,SO4 at —20 °C. These compounds have good solubility in common organic
solvents and show no aggregation in solution form. The transient absorption spectra revealed
their absorption band centered at ~ 520 nm, in agreement with their good optical limiting

performance at 532 nm.

-t-Bu

t-Bu t-Bu ~ N
/N // ! l
N —
N leu/(O)N'NWJ. N G, M=Ga
M N .

N : 4
: N t-Bu
N t-Bu

Figure 16: Structure of metal-metal oxo-bridged dimer Pc’s G and H

t-B
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A few metal-metal directly linked dimers have been reported over the last few years
172761 but no optical data were recorded. A new axially linked indium phthalocyanine dimer
with a direct In-In bond [fBusPcIn], 2tmed (temd = N,N,N’,N’-tetramethylenediamine) I
(Figure 17) has been synthesized by our group.’” The values of Im{x(3)} and y at 532 nm
for I were determined to be (0.9 £ 0.2) x 107! and (1.45 + 0.3) x 107 esu, respectively. Its

optical limiting response was significantly enhanced by dimerization. [’*!

We have reported a pc dimer assembled by two Ti atoms (Figure 17) synthesized by
the dimerization of titanium(IV) phthalocyanines through the bridging species tetrahydroxy-
p-benzenoquinone. The dimeric complex (BusPcTi),04(C60,) K shows an improvement of

the nonlinear optical behavior with respect to the monomer.!””!

u u

(CH,C (CH)G  (CHYC (CHY.C

Tl
SN

CHIC oy d .y

I K

Figure 17: Structure of metal-metal directly linked dimer Pc I and bridged
titanium(IV) phthalocyanine K
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II. Aim of the work

In the present thesis several aspects of phthalocyanine chemistry have been planned

for investigation:

1. As a continuation of an earlier non successful approach we plan to synthesize for

the first time a fully conjugated soluble phthalocyanine dimer of structure 11 as represented in

Scheme 8.%%%

The rather complicated synthesis of 11 starting with the unsymmetrical phthalocyanine
4a is described on pages 29-37.

RO OR RO OR RO OR

i 9a, Xylene, reflux

NZN SN oH, N=N PN NS =N

RO b1 I ii10, TsOH, Toluol, 60 °C  RONA~NA 10 Y (i OR
N--l;li--N O‘é, - NN @OOO N—l}ll—N

RO 1 ) RO i) { OR
N CH3 - 2 H20 N=, N N N /N =N

;\Z
z
4

Q

I

%

(@]

.

%

RO OR RO OR RO OR
4a

Scheme 8: Symmterically substituted binuclear nickel phthalocyanine 11

2. Compound 4a for the first time it should be reacted with heterocyclic pyridine-N-
oxides 14a-c via cycloaddition to form the correspounding furopyridine-type phthalocyanines
15a-c (which will be applied to several aspects in pharmaceutical industries) as shown in

Scheme 17. (see page 46).

RO OR RO OR

NR

Y
N N CH, N Toluene RO N o 1 X
RO Y X (2-20) hrs. S N I N
N-- ’?“" N + — (80-120)°C > N- l}lr' N N
RO \ ) N - RO \ )
N N
N N CH N N CH
8 | ! 8 |
14a-c
RO OR RO OR
4a 15a-c

Scheme 9: Synthesis of furopyridine-type phthalocyanines 15a-c

24



3. The extensive investigations which have been done in our group on the optical
limiting properties of axially substituted indium phthalocyanines will be extended to a new
type of compounds namely the axially substituted phthalocyaninatoindium(III)
acetylacetonates 16, 19 and the phthalocyaninatoindium(Ill)acetylacetonate trimer 20 (Figure
18). The syntheses had to be developed for 16, 19 and 20 which is described in Schemes 18-
20 on pages (51-54), respectively. The optical limiting properties of 16, 19 and 20 will be
compared with other axially substituted phthalocyanine indium compounds e.g. with the

“state of art’* molecule, tetra-tert-butylphthalocyaninatoindium(Ill)chloride (21a).
CH3 CH3 RO OR
O%=< g
(0]

RO “WoIn N

RO 1 N o
N

Nz\ /5
t-Bu

on t-Bu RO OR CL

3 CH
0.
A < N =N
t-Bu N t-Bu A
N In N)/;Q N In o
S t-Bu N t-Bu
N N N N
E\ /é \_/
t-Bu t-Bu
19 21a

(Mixture of isomers)

Figure 18: Phthalocyaninatoindium(IIl)acetylacetonates 16, 19 and 20
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4. For the first time hexadecafluoro(phthalocyaninato)ruthenium(Il) F;sPcRu 23a,b
will be synthesized and structurally characterized e.g. with EXAFS spectroscopy. Pc 23 will
be compared in its general properties with the unsubstituted PcRu especially concerning the

question whether or not it has monomeric (a) or a dimeric structure (b) which is described in

Scheme 21 on page 66.

Ru

F
F
Ru F > rY
— - N-Ru—N
F N F
F F

23a

m z

I

/
n Z
CC o

Figure 19: Hexadecafluoro(phthalocyaninato)ruthenium(Il) 23a,b

26



ITI. Results and Discussion
1 Synthesis of the fully conjugated soluble binuclear phthalocyanine 11

A binuclear nickel Pc L (Scheme 10) with twelve (2-ethylhexyloxy) substituents was

[80]

earlier described in a thesis. To prepare a dehydrated binuclear nickel Pc was not

successful * only a binuclear nickel Pc with the structure M shown in Scheme 10 containing

a hydroxyl group was formed after dehydration of L with p-toluenesulfonic acid.

RO OR R R
N

(0] (0]
RN
N
RO {7 ) L) R
N--’;“--N N-- ,ilf"N
! \ l/ OR
RO \ NN N

N
Nz\ /g'“ 8\ ]

RO OR RO OR

TsOH, Toluene, 60°C
-2H20

RO OR RO OR

NRN OH NRN

| OR
. /4 A\ . 4
-hoetod-l

RO 1 p S OR

Nig %:N N:g %:N

RO OR RO OR

RO
A\

Z—Z—2Z

Scheme 10: Synthesis of binuclear phthalocyanines ™’
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To avoid the formation of a hydroxylated product M in our new attempt for the
synthesis of a fully conjugated system methyl groups were introduced into the structure to

obtain as the final the dimer 11 as shown in page 37.

The synthesis of 11 (page 37) starts with new phthalonitriles, one of them carring two
methyl groups on the epoxy ring 2B to afford the new unsymmetrically dienophilic PcNi type
AAAB 4a by the statistical condensation shown in Scheme 11.

1.1 Synthesis of the dienophilic phthalocyanines

To date, the best method to obtain conjugated binuclear and trinuclear
metallophthalocyanines with high structural regularity is the repetitive Diels—Alder reaction.
%) The monomers used for such a reaction also allow the stepwise synthesis of defined
oligomers. The starting Pc's have to fulfill three requirements to qualify as substrates for the
synthesis of these Pc's. They must (i) possess Diels-Alder functionalities, (ii) exhibit AAAB

or ABAB symmetry, and (iii) have a conjugated m-electron system. ™

The complicated synthesis of binuclear Pc 11 is demonstrated in Schemes 11,12, 13

and 14 on pages (29, 32, 34 and 37).%

General Synthesis

The syntheses described in Schemes 12-14 started with the preparation of the
precursor 4a which is obtained from the statistical condensation between 1A and 2B in
Scheme 11 resulting in the formation of six different phthalocyanines, viz. AAAA (self-
condensation of 1), AAAB, AABB, ABAB, ABBB and BBBB (self-condensation of 2) (c.f.
Scheme 11). By changing the ratio between the two dinitriles 1 and 2 in the statistical
synthesis, the resulting amount of each isomer can be varied, so that the required isomer 4a,b

is obtained in good yield when the ratio between the dinitriles A (1) and B (2) is 3: 1.

The separation of these products by common chromatographic methods is not easy due
to their tendency to form aggregates. One method of reducing the number of possible
combinations is by attaching bulky alkoxy substituents such as (2-ethylhexyloxy) at the 3,6
positions of the reacting component 1 which confers good solubility and suppress aggregation

tendencies. Diels—Alder monomers based on unsymmetrical nickel hemiporphyrazines and
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phthalocyanines that can be used as dienes and dienophiles have previously been

described. 3%

R
RZ:@(CN @O N Pentanol , 145°C
+ >
R CN N DBU, Ni(OAc),
R’
1 2
A B
RO OR RO OR RO OR
Ni NZ\N o N§ NZ\N R’ R Ni NZ\N R
RO OR
OO L o QO
| OR RO \ ) \ )
RO \ N [/ N N N N R’
\ / \ / \ /
RO OR RO OR RO OR
3a,b 4a,b 5a,b
AAAA AAAB ABAB
RO OR RO OR RR’
RO A\ . . 74 A\ . I-- 72
OO0 QUL XY QOG- Y
RO N , N NN R NN
\ { R \ 1 \ ]
- w—doyw —ne
6a,b 7a,b 8a,b
AABB ABBB BBBB
R= /\(\/\
a; M= Ni, R'= CH,
b; M=H,R'=H

Scheme 11: Synthesis of phthalocyanines 3-8

In Table 1 an example with the number of permutations and the relative portions of products

3-8 for different stoichiometry is given.[*% 5!
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Table 1: Expected relative portions from the statistical condensation mixture of

products.
A:B 3 (AAAA) |4 (AAAB) | 5(ABAB) | 6 (AABB) | 7(ABBB) | 8 (BBBB)
1:1 6.25 25 12.5 25 25 6.25
3:1 31.6 42.2 7.0 14.1 4.7 0.4
9:1 65.6 29.2 1.6 3.2 0.4 0.01

1.2 Synthesis of asymmetrically substituted mono dienophilic

nickel(I)phthalocyanine 4a with AAAB-Symmetry:

The preparation of the asymmetrically alkoxy substituted PcNi 4a (AAAB) was
realized by condensation reaction between one equivalent of 6,7-dicyano-1,4-dihydro-1,4-
epoxy-1,4-dimethylnaphthalene  *” (2), 3.5 equivalents of 1,2-dicyano-4,5-bis(2-
ethylhexyloxy)benzene 881 (1) and nickel(II) acetate in pentanol at 145 °C in the presence of
catalytic amounts of DBU [1,8-Diazabicyclo(5.4.0)-undec-7-ene]. In this process the main
product was 4a. The Pc's 3a and 8a, respectively, are formed due to self-condensation of 1 or
2 in 12 % yield, (Scheme 11) They were also isolated during the chromatographic workup.
The blue green compound 4a, was separated from the first fraction containing 3a with
dichloromethane (DCM) as eluent. After the collection of the first fraction, the second, which
was the desired fraction, was eluted (compound 4a), using a mixture of DCM- hexane (2:1).
Chromatography was continued, but the subsequent fractions were eluted all together with a
mixture of DCM: ethyl acetate (4:1), since the rest of the products were not needed for our

purpose (see Experimental part).

1.2.1 Spectroscopic characterization of phthalocyanine 4a

The '"H-NMR spectrum for 4a shows the expected aggregation and broadening of the
signals. The multiplets of the 2-ethylhexyloxy substituents present an unstructured signal
between 1.02 and 2.09 ppm. The aromatic signals, in spite of the broadening, appear as
singlets. Characteristic signals for the epoxybenzo unit in 4a are two singlets arising from 1-H
and 5-H.at 7.39 and 9.09 ppm respectively. In addition, strong and well resolved resonances
are observed for the methyl groups on the epoxy ring at & = 1.2. The methyl groups increase
the solubility and stability properties of Pc 4a. (see Scheme 11, compound 4a).
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In the *C-NMR spectrum of 4a, there are characteristic signals for the epoxybenzo
units at 144.4 ppm (C-1). For C-11 there is a resonance at 153 ppm and for C-5 and C-10
appear at 102.5 and 112.6, respectively, (see experimental, page 79).

The use of IR spectroscopy is of restricted value in the characterization of
phthalocyanines. The characteristic vibrations are predominantly found in the fingerprint
region. Comparing these vibrations in a new complex with those of an authentic
phthalocyanine sample was the technique formerly used as proof for the formation of a new
phthalocyanine derivative. It was shown that this technique was useful to determine the
particular polymorph of a solid phthalocyanine.!*”! This is especially important in solid state

applications, where mostly unsubstituted phthalocyanines are employed.

However, in the case of substituted phthalocyanines, the typical vibrations of the

substituents dominate the spectrum.
In IR spectrum, the aliphatic band of C-H appear between 3000 and 2800 cm™.

In the UV/Vis spectra of phthalocyanines, besides the intense Q-bands (601-666 nm),
the Soret-band appears between 310 and 400 nm. Both bands are due to 7 - T* transitions in

the 18-m—electron systems of the macrocycle.”***

1.3 Synthesis and spectroscopic characterization of Pc-tetracyclone adduct 9
Compound 4a was converted into the corresponding Pc-tetracyclone adduct 9 by
heating the corresponding Pc 4a with 1 equivalent of tetraphenylcyclopentadien-1-one

(tetracyclone) in toluene at 75 °C (3—4 days) in 70 % yield after chromatographic work
up.
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Scheme 12: Synthesis of Pc-tetracyclone adduct 9

By addition of tetracyclone to the isolated double bond in 4a, the '"H NMR spectrum of
9 shows the characteristic signals from the phenyl protons in the aromatic region between 7.2
and 7.68 ppm. The signals of the vinylic protons 1-H at 6 = 7.00, for 4a disappear and singlets
for the methine protons 3-H are found at & = 3.39 for 9, which is in agreement with the
expected exo-orientation of the tetracyclone adduct. The alkyloxy chains in the nonaromatic

region resonate between 1.10 and 2.09 ppm.

The *C-NMR shows also the characteristic C=0 signal at 196.6 ppm, among the other

assigned signals (see experimental, page 81).

The UV/Vis spectrum of 9, when compared to its precursor, 4a, shows a seven nm
red-shift, from 666.0 nm in 4a to 673.0 nm, for the Q-band. Also the appearance of the
carbonyl bands in the IR spectrum for 9 at v = 1716, is in agreement with the structure of the

tetracyclone adduct.

In the FD-MS spectrum, two fragments peaks at m/z = 1819.9 and 1408.5 (M" —
isobenzofuran) for 9a are seen. These peaks are due to the loss of CO and 1,2,3,4-

tetraphenylbenzene (TPB).
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1.4 Synthesis of planar binuclear metallophthalocyanine dimer 10 [822]

Planar or nearly planar binuclear Pc's, binuclear Pc-triazolehemiporphyrazinates

[93-91 are known. As an example, a dimer in which

[94]

(Thp) ®*! and phthalocyanine based dimers
two Pc's are linked with a bis(acetylene) bridge was obtained by coupling the Pc
derivatives having two acetylene units in the presence of a copper salt in pyridine. Another
example is an oligo(phenylenevinylene)-bridged Pc dimer ! obtained by our group through
the reaction of 2 equivalents of a modified Pc-monoaldehyde with 1 equivalent of p-xylene
bis(triphenylphosphonium)bromide. Also a Pc dimer fused with anthraquinone was prepared
recently by our group.” Torres et al. synthesized a heterodimetallic binuclear Pc-derivatives,
having Ni and Zn as different metals. ) Preparation of heterodimetallic binuclear Pc-Thp-

compounds with Ni and Zn have also been done by the same authors.””

The synthesis and spectroscopic characterization of the symmetrically substituted
binuclear metallophthalocyanine 10 (Scheme 13) containing two methyl groups on the
epoxybenzo unit are described here. Compared to an earlier work reported by us *** where
the absence of methyl groups on the epoxybenzo unit prevented the complete aromatization of
the target dimer 10, we could successfully dehydrogenate the dimer 10 to the fully conjugated

compound 11.

Thermolysis of precursor 9 at 120 °C in xylene leads to the loss of CO and 1,2,3,4-
tetraphenylbenzene with in situ generation of the reactive intermediates 9a (Scheme 13).The
DA reaction of the isobenzofuran intermediate 9a (generated from 9) with 4a afforded the

phthalocyanine dimer 10 (R = 2-ethylhexyl) in 25% yield (Scheme 13).
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1.4.1 Spectroscopic characterization of phthalocyanine dimer 10

The 'H-NMR spectrum of 10 exhibits relatively broad peaks of the Pc substituents (2-

ethylhexyloxy) groups and broad aromatic signals in the region between 8.00 and 10.20 nm.

The broadening is caused by the essentially flat nature of the molecules leading to

aggregation. Compound 10 with its symmetric structure. The protons from C-2 and C-7

carbons appear at 8.82 ppm (see Figure 20 for numbering), while the C-10 protons are

assigned at 8.96 ppm. The C-15 protons are detected at 10.30 ppm.

N CH CH315 =N
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CHCI,
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Figure 20: "H-NMR spectrum of phthalocyanine dimer 10

Also the >C-NMR spectra of the same type of compounds are quite different. The

symmetry present in structure of 10, leads to less similar peaks, the aromatic carbon peaks for

C-2, C-7 and C-10 appear around 126 ppm. Carbons C-17 are allocated at 80 ppm, while the
C-3, C-6, C-11, C-14 and C-16 carbons are assigned between 127.0 and 130.5 ppm. The C-4,
C-5, C-12 and C-13 carbons are detected between 133.0 and 140.0 (Figure 21).
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Figure 21: *C-NMR spectrum of 10

The UV/Vis spectrum of 10 in CH,Cl, shows the Q-band maxima at 668.5 nm,

(Figure 22). In comparison to the monomeric (RO)sPcNi (AAAA product, R = 2-ethylhexyl),

broad absorptions in the Q-band region can be seen in 10 due to aggregation, which differ

characteristically from the sharp peaks of the monomeric phthalocyanine 3a. No or only a

small red shift is observed for the Q-bands of 10. This points to little m-electron delocalisation

in the binuclear systems 10, showing an almost independent behaviour of the two Pc-rings, in

terms of their UV/Vis spectra. When comparing the spectra of 10 and (RO)gPcNi (3a), a blue
shift from the (RO)gPcNi (670.0 nm) to 10 (668.5 nm) is seen.
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1.5 Synthesis of dehydrated planar metal phthalocyanine dimer 11

By treating dimer 10 with a 6-fold excess of p-toluenesulfonic acid in toluene at 80 °C
the fully unsaturated dimer 11 (R = 2-ethylhexyl) was obtained in a yield of 22%, after
purification by flash chromatography. During the reaction a monodehydrated dimer was also

observed on TLC control (Scheme 14).
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Scheme 14: Synthesis of dehydrated Pc dimer 11

1.5.1 Spectroscopic characterization of dimer phthalocyanine 11

An analytically pure sample of 11 was identified by Maldi-Tof MS. It showed a
molecular mass of m/z = 2809.16 corresponding to its structure. The UV/Vis spectrum of the
dehydrated dimer 11 (in CH,Cl;) shows only a small influence in comparison to the
nondehydrated dimer 10 on the wavelength values of the electronic transitions. The Q band of
dimer 10 appears at 668 nm, for the corresponding dehydrated dimer 11 it was found at 690
nm (Figure 22). This point to the fact that, the two Pc rings in 11 are electronically separated

from each other.
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Figure 22: UV/Vis spectra of compounds 10 (----) and 11 (—) for comparison

As described above, the presence of the methyl groups on the epoxide ring in dimer 10

prevent the formation of hydroxyl groups of the target molecule 11 as previously described.

[80]
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2. Synthesis of planar trinuclear metal free phthalocyanine 13

We have reported the preparation of ladder-type oligomers earlier from Diels-Alder
monomers based on Hps or Pc's systems that can be used as bisdienophiles (Figure 6b, page
12).15%- 7] The formation of ladder-type oligomers occurs by generation of intermediates and
reaction of macrocyclic bisdienophiles, these trimers contain three linked Pc macrocyclic

units, which are isomeric mixtures.

Among the reported trinuclear Pc's, the metal free trinuclear compound 13 with

twelve (2-ethylhexyloxy) substituents was synthesized (Scheme 16).

The complicated synthetic pathway starts from the bis-dienophillic metal free Pc Sb
with ABAB symmetry. (see section 2.1).

2.1 Synthesis of symmetrically substituted bis-dienophillic

metal free phthalocyanine Sb with ABAB-symmetry:
In general, as previously discussed (pages 27-29), in a reaction of two different
dinitriles A and B, six different products can be expected. But for the synthesis of the
trinuclear 13 (Scheme 16) by using the repetitive Diels-Alder reaction (DA) via the

(89-81] the necessary starting material

isobenzofuran route *”) which we have described earlier,
to carry out a straightforward synthesis of target trimer 13 is the symmetrically substituted
bisdienophilic phthalocyanine PcH, Sb (see Scheme 11). By changing the ratio between the
two dinitriles 1 and 2 in the statistical synthesis into 1(A): 2(B) = 1:1, the resulting amount of
each isomer will be varied, so that the required isomer Sb is obtained in good yield in

comparison with previous cases.

The reaction of phthalonitriles 1 and 2 results in the formation of six phthalocyanines,
viz. AAAA (3b) (self-condensation of 1), AAAB (4b), ABAB (5b), AABB (6b), ABBB (7b)
and BBBB (8b) (self-condensation of 2) (Scheme 11). The main products isolated were 5b
and 6b; The blue green compound Sb was separated from the rest of products by flash
chromatography starting with DCM-hexane (3:1) and finally DCM—ethyl acetate (2:1) as the
mobile phase (see experimental part). PcH, 5b was obtained in yield of up to 17 %.
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2.1.1 Spectroscopic characterization of phthalocyanine 5b

The "H-NMR spectrum of 5b exhibits two singlets for the protons of the epoxybenzo
units 2-H and 1-H at 0 = 6.2 and 7.30-7.38, respectively, in addition to the sharp singlets of
the NH- at & = -2.4, -2.5 (see Experimental part). Aggregation of 5b in solution leads to broad
resonances in its "H-NMR spectra, in addition to the signals of the alkyloxy chains in the

nonaromatic region between 0.95 and 2.10 ppm,

The symmetry present in the structure of Sb, leads to somewhat similar peaks in the
BC-NMR spectrum in spite of its aggregation, showing the aromatic carbon peaks for C-9 and
C-4 around 104 and 113 ppm, respectively. Carbons C-8 and C-6 are allocated at 130 and
149.1 respectively, while the alkyloxy substituted aromatic carbons C-10 is assigned around

152 ppm.

2.2 Synthesis and spectroscopic characterization of Pc-tetracyclone bisadduct 12

Compound 5b and excess tetraphenylcyclopentadien-1-one (tetracyclone) were
dissolved in dry toluene and stirred at 70 °C for 3-4 days. Compound 12 was obtained in 84%

yield after chromatographic work-up.
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Scheme 15: Synthesis of Pc-tetracyclone bisadduct 12

The "H-NMR spectrum of 12 shows the characteristic signals of the phenyl protons in
the aromatic region, between 7.10 and 7.67 ppm, as well as the appearance of singlets for 3-H
in 12 at § = 3.4 which is in agreement with the expected exo-orientation of the tetracyclone
adduct Additional signals for the alkyloxy chains are in the nonaromatic region, between 0.91

and 2.30 ppm. while the >C-NMR spectrum presents the characteristic C=O signal at 196.6
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ppm, among the other assigned signals (see experimental, page 83).
The UV/Vis spectrum shows a five nm red-shift, from 690.0 in Sb to 695.0 nm in 12.
The IR spectrum of 12 also reveals clearly the C=O band at 1772 cm™.

The MALDI-TOF MS of 12 shows two fragments peaks at m/z = 1928.46 (100) M.

2.3 Synthesis of trinuclear metallophthalocyanine trimer 13 [82b]

For the synthesis of the trimer 13, we used a repetitive Diels-Alder reaction (DA) via

81.820] starting with the bisdienophilic Pc

the isobenzofuran route as we have described earlier.!
5b. Thermolysis of 12 at 120°C in toluene leads to loss of CO and 1,2,3,4-tetraphenylbenzene
(TBP) with in situ generation of the reactive intermediate 12a, which reacts with a 3 fold

excess of the bisdienophile Sb to form the trimer 13 in 25% yield (Scheme 16).

Trimer 13 is a mixture of isomers concerning the position of the oxygen bridges. We
did not attempt to separate the isomers, according to earlier results the separation of these

b]

kind of isomers is very difficult.®™ Purification of the trimer 13 was performed, by

extracting several times with methanol and acetone to remove TPB and excess of 5b.
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Scheme 16: Synthesis of trinuclear phthalocyanine 13




2.3.1 Spectroscopic characterization of 13

The 'H-NMR spectrum of phthalocyanine 13 shows, as pointed out before for the
corresponding Ni-dimer 10, the predictable aggregation and broadening of the signals. The
identification and assignment of the peaks became easier when the 'H- and >C-NMR spectra
were recorded in deuterated THF as solvent. In the 'H-NMR spectrum, the 2-ethylhexyloxy
substituents appear between 0.99 and 2.15 ppm, plus the OCH, groups at 5.00 ppm.
Characteristic resonance of & = 3.5 (H-20) (the linkage between the macrocycles), and the
other signals are in agreement with the "H-NMR data of the macrocyclic monomer 5b (see

experimental, page 86).
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Figure 23: "H-NMR spectrum of phthalocyanine trimer 13

The "C-NMR spectra of 13 shows extremely broad and weak resonances, due to
aggregation of the molecules, The *C-NMR spectrum is also very similar for the compound
10. The assigned carbon peaks appear in the same region for these compounds (see
experimental, page 86). It shows the aromatic carbon peaks for C-9, C-12 and C-17 in the
region around 105 ppm. The C-2 and C-19 carbon atoms of the epoxy rings can be assigned

around 79 ppm.
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Figure 24: >C-NMR spectrum of trimer 13

The UV/Vis measured in CH,Cl, shows two Q-band maxima at 699 and 661 nm.

Broad absorptions in the Q-band region are observed for 13 due to aggregation.
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3 Synthesis of pyridine N-oxide adducts 15a-c. 58]
Reactions of asymmetrically substituted dienophilic hemiporphyrazines and

99, 100]

phthalocyanines e.g. 4a and similar Pc's | with dienes to provide, e.g. materials for the

preparation of conductive phthalocyanine polymers or compounds for nonlinear optical

applications have been studied in our group quite intensively. %4979

4a as pointed above was especially used in Diels-Alder reactions e.g. with
tetraphenylcyclopentdienone to afford the Pc-tetracyclone adduct, which is a precursor to

synthesize binuclear or trinuclear Pc's.*?!

(821 we studied here its reaction with

To study additional cycloaddition reactions of 4a,
the pyridine N-oxides 14a-c. Through this reaction a series of phthalocyanines 15a-c¢
containing fused furopyridine rings are obtained (Scheme 17). Furopyridines are targets for

pharmacological studies, e.g. for treatment of several infectious diseases. !'"

The reaction of electron-deficient pyridine N-oxides in inverse-type 1,3-cycloaddition

[102]

reactions with dipolarphiles e.g. functionalized olefins, cumulenes, acetylenes, phenyl

1193} and N-phenylmaleimides,"'®! have been investigated in detail by Hisano and

1socyanates,
co-workers."®! The reaction of pyridine N-oxides with 1,4-epoxy-1,4-dihydronaphthalene to
afford the aromatized furopyridine-type cycloadducts was also investigated by the same

authors. 1%

General synthesis

PcNi 4a with nickel as the central metal ion and (2-ethylhexyloxy) as substituents
were chosen in order to facilitate chelating, to achieve good solubility and to suppress
aggregation. 3-Methylpyridine-N-oxide (14a), 3-carboxypyridine-N-oxide (14b) and 4-
cyanopyridine-N-oxide (14¢) were reacted with PcNi 4a forming the adducts 15a-c¢
(Schemel7) in 52-75% yield (see below).
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Scheme 17: Synthesis of pyridine N-oxides 15a-c

The nickel phthalocyanines 15a-¢ are formed via 1,3-dipolar cycloaddition of the
pyridine N-oxides 14a-c with the 1,4-epoxy-1,4-dimethyl-1,4-dihydrobenzene unit in PcNi 4a
to give intermediate endo-exo cycloadducts. Thermal conversion of the intermediate adducts

to the products 15a-c takes place via a 1,5-sigmatropic rearrangement as shown in Figure 25.
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Figure 25: 1,3-cycloaddition of PcNi 4a with pyridine N-oxides 15a-¢
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The starting material PcNi 4a and the pyridine N-oxides reagents were dissolved in 20
mL of the appropriate solvent and stirred at different temperatures (TLC control) for different
times (Table 2). Isolation and purification of adducts 15a-¢ were performed by flash
chromatography (see experimental part). The reactions were performed in an autoclave

always using an excess of 14a-c.

Table 2: Reaction of pyridine N-oxides 14a-c¢ with PcNi 4a

Pyridine N-Oxides Reaction Conditions Product
X Y Solvent | Temp.(°C) | Time Adduct 15a-¢ Yield (%)
X Y
14a CH; H Toluene 80 2 15a |CH;| H 52
14b | COOH H Xylene 120 20 15b | H | H 58
14c H CN Xylene 110 4 15¢c | H |[CN 75

According to Table 2 only a moderate difference in reactivity in case of pyridine N-
oxides 14a and 14c is obtained in spite of the fact that the yield of 15¢ with somewhat higher
reaction time is larger than the yield of 15a. Pyridine N-oxide 14b containing the COOH
group shows a low reactivity towards the 1,4-epoxy-1,4-dimethyl-1,4-dihydrobenzene unit,
which might be due to the stabilization of the 1,3-dipole by intermolecular hydrogen bonding

on the oxygen atom of the N — O group.

3.1 Spectroscopic characterization of pyridine N-oxide adducts 15a-c

The purified products 15a-¢ were identified by their NMR, IR and FD- or FAB-MS

spectra (see Experimental part).

General characteristic signals in the '"H NMR spectra for the furopyridine units in

15a-c are 1-H/7-H at 6 = 4.41 and 3.98 ppm and 3-H/4-H and 5-H of the pyridine ring.

In addition, strong and well resolved resonances are observed for the methyl groups on
the epoxybenzo ring at 6 = 1.2 for 15a-c. The presence of the methyl groups increase the
solubility and stability properties in both of PcNi 4a and Pc'sNi 15a-c. (see Experimental
part)
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For example, the "H NMR data and integral values for 15b and the obtained data are

consistent with it’s chemical structure (see Figure 26).
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Figure 26: 'H-NMR spectrum of 15b

The UV/Vis spectra of the produced adducts 15a-c are quite similar in shape in
comparison with the starting material PcNi 4a, except for small red shift of the Q-bands
between 1 and 6 nm. The formation of the adducts 15a-c¢ shows that the reactions of 4a
described in the introduction can be extended also for the attachment of other heterocyclic

rings to the phthalocyanine macrocycles.
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Figure 27: UV/Vis spectra of adducts 15a-c

In summary, we have successfully demonstrated the usage of an effective building
block for synthesizing a series of geometrically variable nickel phthalocyanine complexes
using pyridine N-oxides. The described route is easy and all the products obtained were
purified and well characterized. From our results, the use of the Diels-Alder strategy as a
novel and general approach to asymmetrically substituted monoadducts of nickel

phthalocyanine systems 15a-c¢ has proved to be efficient and convenient.
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4 Synthesis and properties of phthalocyaninatoindium(IIT)acetylacetonates 16,
19 and 20 designed for optical limiting purposes [828]

Pc’s are especially attractive because of their NLO properties which can be modified
via suitable structural modifications (pages 20-23 ff). The change of the central atom (metal)
in phthalocyanines can lead to a considerable variation of the relevant NLO properties for OL.
Another significant factor influencing the OL properties of Pc's is the variation of the axial
substituents in phthalocyanines (see pages 21-23 ff).

Most of the axial substituents which have been used so far for this purpose are e.g.

halogen (mostly C1), p-CF; phenyl, oxygen e.g. in PcTiO and derivatives theirfrom. %]

For the first time we introduce here a new axial substituent in metal phthalocyanines,

namely acetylacetonate (acac) with In>" as central atom e.g. in 16 and 19 and trimer 20 to
study the NLO properties. *2"

These compounds will be compared with other described axially pc's with chloro, aryl

substituted In(Ill)phthalocyanines concerning their OL properties.

The parent compound of indium phthalocyanines, the unsubstituted PcInCl, has been

prepared starting from phthalonitrile and indium(Ill)chloride in high-boiling solvents like

[110] [111]

or I-chloronaphthalene, or from PcLi; and indium(Ill)chloride in 1-

[112]

quinoline.

chloronaphthalene.

The greatest disadvantage of peripherally unsubstituted phthalocyanines is their poor
solubility in common organic solvents. To overcome this problem, a variety of substituents
have been attached to the macrocycle, in varying numbers and different substitution patterns

(see page 22 ff).

To obtain the substituted phthalocyanines 16, 19 and 20 (Schemes 18-20) with
In(acac) as central moiety is expected to be difficult, due to the poor stability of this moiety
against the number of steps which are necessary to obtain also the corresponding trinuclear

metal phthalocyanines (see page 54).

To solve this problem an approach was used in which Inacac is inserted only in the
final step, avoiding the expectable big losses of material throughout all steps shown in

Schemes 18-20 (pages 51-54).
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4.1. Synthesis of Octa-(2-ethylhexyloxy)phthalocyaninatoindium(III)
acetylacetonate (16)

For the first time we synthesized an octaalkoxy substituted indium Pc compound with

acac as axial substituent, namely (RO)gPcInacac with R = 2-ethylhexyl.

(RO)sPcInacac 16 (R = 2-ethylhexyl) was prepared by reacting (RO)sPcH; 3b (R = 2-
ethylhexyl) with In(acac); in DMF at 140°C (Scheme 18). Compound 3b was collected as the
first fraction from the chromatographic separation of the products shown in Scheme 11 (page

29)

N In (acac)
OR =
RO { 1 ) 3 > N/'I\l N OR
Now N OR RO “Woin N
RO N DMF N OR
N N

Scheme 18: Synthesis of (RO)gPclnacac 16

4.1.1 Spectroscopic characterization of 16

In the "H-NMR spectrum, the 2-ethylhexyloxy substituents appear between 0.85 and
2.05 ppm, plus the OCH, groups at 4.15 ppm. No NH-protons could be seen in the '"H NMR

spectrum of a pure sample of Pc 16.

In the IR spectrum of 16 the absorption of the carbonyl band appears at 1726 cm™ (see
Experimental part). The split Q-band in the UV/Vis spectra of a dilute sample of (RO)sPcInH,
3b (toluene) is centered at 662 and 700 nm, the single Q-band of (RO)sPcInacac 16 appears at
696 nm.
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4.2 Synthesis of tetra-ter-butylphthalocyaninatoindium(IIl)acetylacetonate (19)

The method used for the preparation of the tetra-fert-butylphthalocyaninatoindium(III)
acetylacetonate 19 was similar to the one used for the preparation of 16. Tetra-tert-
butylphthalocyaninatoindium(IIl)acetylacetonate, (fBu)sPclnacac 19 was obtained in good
yield by reacting the metal-free (Bu)4PcH, 18 ['"’]

DMF (Scheme 19).
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Scheme 19: Synthesis of (rBu)sPclnacac 19
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4.2.1 Spectroscopic characterization of 19

The 'H-NMR spectrum reveals that the chemical shifts of the protons of the
macrocycle for 19 are close to the corresponding values for the respective chloro complex
(1Bu)4PcInCl 21a. This shows that there is only little influence of the axial ligand (acac) on

the electronic structure of the complex 19.

19 exhibits three multiplets in the aromatic region at 6 = 8.38, 9.41 and 9.46 for the 1°,

2 and the 2" protons, respectively (see Experimental part).

The tert-butyl groups of 19 give rise to absorptions in the IR-spectrum due to the C-H
stretching mode in the range 2867-2958 cm™ and the C-H deformation modes in the 1486-
1330 cm™ range. Comparing the IR spectrum of 21a and 19 reveals that they are almost
identical. The only difference is the appearance of the In-L vibration. In the case of the axially
chloro substituted complex, a weak absorption band of the In-Cl stretching mode appears at
336 cm™, in case of 19, the corresponding C=0-absorption stretching frequencies are shifted

to 1726 cm™.

The UV/Vis absorption spectrum of 19 reveals that the influence of the axial (acac) on
the electronic structure of the macrocycle is only small. The UV/Vis spectrum of a dilute
sample of metal-free (rBu)sPcInH, 18 (recorded in toluene) shows the splitted Q-bands
centered at 663 and 700 nm [''*! For (1Bu)4Pclnacac 19, the Q-band appears without shifting
at 671 nm. (Figure 28). The axial (acac) ligand has little influence on the position of the non
splitted Q-band maxima in comparison with the chlorine ligand in 21a "'* (697 nm) (Figure

28).
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Figure 28: UV/Vis spectra of compounds 18 (----) and 19 (—) for comparison

4.3 Synthesis of trimeric phthalocyaninatoindium(IlI)acetylacetonate 20

Trimer 20 was obtained by reacting the trimeric metal-free PcH, 13 with an excess of
In(acac); in refluxing DMF. After completion of the reaction (monitored by UV/Vis
spectroscopy and thin-layer chromatography), water was added dropwise to the mixture to
precipitate the compound. After further purification (see Experimental part), trimer 20 was

obtained as a blue green powder.(Scheme 20).

CH

CH 3
3 3 CH
CH3 CH3 3
e} — O o —

O
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DMF N
RO OR

Scheme 20: Synthesis of trimeric PcInacac 20
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4.3.1 Spectroscopic characterization of 20

The solubility of 20 in organic solvents is comparatively low, the structure of 20 was

established by °C CP/MAS spectroscopy (Figure 29).

9,12
17,23 ll"|
i 218 cHy
16,11 CCH; CHa
6, 14 ﬂ 13,8 | Prl
co | [\ Ifll r'J lk\ 20 lllll || \'\
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(ppm}180 160 140 120 100 80 60 40 20

Figure 29: *C CP/MAS spectrum of phthalocyanine trimer 20

The characteristic signal of C-20 is found at & =51.00, the other signals are in

agreement with the ?C NMR data of the macrocyclic monomer 5b (see Experimental part).

The UV-Vis spectrum of 13 in toluene shows the splitted Q-band centered at 661 and

699 nm, in 20 the nonsplitted Q-band is observed at 686 nm (Figure 30).

—20

Absorbance

Wavlength (nm)

Figure 30: UV/Vis spectra of compounds 13 (----) and 20 (—) for comparison
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Table 3 shows the Q and B-band absorptions of the newly synthesized compounds for

comparison.

Table 3: Q and B band absorptions for the list of compounds.

Compound Q(nm) B(nm)
16 696 627 404 350
19 671 607 410 361
20 686 605 420 350
21a 696 665 359 339

" All spectra were recorded in CH,Cl, as solvent

From the spectra of the trimer 20 nothing can be concluded about the relative position
of the (acac) substituent to each other, syn or anti. Also from the chromatographic results no

indication was obtained about the relative compositon of the possible isomers.
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5 Nonlinear optical properties of phthalocyaninatoindium(III)acetylacetonates
16, 19 and 20 **"
As described on pages 50-56. Pc's have been extensively investigated recently for their
nonlinear optical (NLO) properties of which optical limiting (OL) is closest to practical

applications t''>12]

We have synthesized earlier the soluble axially substituted arylphthalocyaninato-
indium complexes, listed in Table 4 and studied the effect of the axial substituent L on the
optical limiting behaviour.!'?" ** P¢'s 21b-e were found to be better optical limiters than the
chloro compound 21a."*" Axial substitution alters the electronic structure of the Pc through
the presence of an additional dipole moment oriented perpendicularly with respect to the

125

macrocycle.!'*! Axial substitution also diminishes aggregation in solution. Both effects

strongly influence the OL properties of these compounds.!'2%!2!:126!

We also prepared the corresponding gallium phthalocyanines (/Bu)sPcGaL (L = Cl, p-
TMP) and p-oxo-bridged Pc-gallium compounds [R,PcGa],O '*% and investigated their OL
properties.

Table 4: Chloro- and arylindium(lIl)phthalocyanines

21 L abbreviation

b| — )—c" p-TMP

\ /
d —@—F p-FP
e - GFs PFP 21
f - Ph

In the following, the optical limiting properties of octa-(2-ethylhexyloxy)
phthalocyaninatoindium(IIl)acetylacetonate (16), tetra-ters-butylphthalocyaninatoindium(III)

acetylacetonate (19) and trimer 20 are compared with the "'state of art”” molecule, tetra-fert-

butylphthalocyaninatoindium(IIl)chloride (21a)./'2% %]
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5.1 Z-Scan measurements

The measurement techniques used in general to study NLO-effects are third-harmonic

127] degenerate four-wave mixing (DFWM),“Z&BI] electric field induced

132 [133,134]

generation (THG),[

second harmonic generation (EFISH),[ Jand Z-scan methods.

The Z-scan method will be discussed in the following in more detail, in connection
with themeasurements of the OL effect of the compounds 16, 19 and 20.

133 134 allows the experimental determination of the nonlinear

The Z-scan technique [
transmission and nonlinear refraction. In the Z-scan technique the sample under investigation
moves along the optical axis of a focused Gaussian beam. The sample experiences a large
variation of the incident intensity along its path and nonlinear optical effects can be then

induced.

Considering a Gaussian beam in a tight focus geometry as shown in Figure 31, the
transmittance of a nonlinear medium is recorded through an open or closed aperture as a
function of the sample position z measured with respect to the focal plane (z = 0). The sample
for a Z-scan determination must have a thickness smaller than the diffraction length w,
/A (w,is the beam waist radius at the focus and A is the laser wavelength) of the focused

beam (thin medium condition).

Beamsplitter

D2

Open
detector

Reference
Detector

Figure 31: Typical Z-scan set-up. The ratio of the signal measured by the photo diodes

D2/D1 is recorded as a function of sample position z
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The Z-scan is completed as the sample is moved away from focus (positive z) such
that the transmittance becomes linear since the irradiance is again low. Therefore, a prefocal
transmittance minimum (valley) followed by a post focal transmittance maximum (peak) is
the Z-scan signature of the sole positive refractive nonlinearity as shown in Figure 32 when a
Z-scan closed aperture configuration is adopted (presence of a spatial filter in front of D2
withan aperture smaller than the beam diameter in Figure 31). Negative nonlinear refraction,
following the same analogy, gives rise to an opposite peak-valley pattern. The sign of the

nonlinear index is then immediately obvious from these patterns (Figure 32).

Z (mm)

Figure 32: Z-scan signature for the sole occurrence of negative (positive)
refractionnonlinearity resulting from a prefocal beam narrowing (broadening)

followed by a postfocal beam broadening (narrowing).

In case of positive nonlinear absorption, i.e. occurrence of RSA, then in the open
aperture configuration (presence of a spatial filter in front of D2 with an aperture larger than
the beam diameter in Figure 31), the typical Z-scan pattern is that presented in Figure 33. As
the sample approaches the beam focus the increase of beam intensity promotes changes in the
sample in such a way that the overall absorption coefficient of the sample increases and,
consequently, the transmission decreases. In the far field region, i.e. Z >> 0 or Z <<0, which

corresponds to the linear optical regime.
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Figure 33: Z-scan pattern of a positive nonlinear absorber (RSA occurrence).

t 1133 was used to measure the optical limiting

The open aperture of a Z-scan experimen
response in the samples. All experiments described in this study were performed using 6 ns
532 nm laser light pulses from a Q switched frequency doubled Nd:YAG laser with a pulse
repetition rate of 10 Hz. The beam was spatially filtered to remove the higher order modes
and tightly focused using a 9 cm focal length lens. All samples were measured in quartz cells
with a 1 mm optical path length, and at concentrations of 0.5 g/L in spectroscopic grade

toluene.
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5.2 Optical limiting measurements of 16, 19 and 20

All Z-scans performed exhibit a decrease of transmittance about the focus typical of an
induced positive nonlinear absorption of incident light. The nonlinear absorption coefficient,
1, experienced by the incident pulses was determined from these spectra as a function of the
on focus intensity. Recently we have adopted this approach in determining effective values of

(136, 137 The values of B for compounds 21a, 16, 19

Br of gallium and indium phthalocyanines.
and 20 as a function of the on focus intensity (Ip) are plotted in Figure 34. It can clearly be
seen that as Iy increases P; tends to decreases in magnitude for all samples except for
compound, tetra-fert-butylphthalocyaninatoindium(Ill)chloride (21a) which was measured

1361 At intensities beyond those in the figure its Py coefficient

over a larger intensity range.!
also decreases with increasing intensity. It can be seen that the magnitude of the nonlinear
absorption coefficient is largest, over the intensity region presented in the plot, for the
compounds in order of 16 > 21a > 19 > 20. The nonlinear absorption coefficient in all cases is

of the order of 10 =107 cm W',

The optical limiting data plotted with the normalised transmission (Tnom) against the
incident energy density per pulse (J cm™) are depicted in Figure 35. The nonlinear absorption
coefficient oF, Fsy, k) where ou(F, Fsyt, K)-00(1 + F/Fsm)'l(l + KF/Fsa) derived from laser rate
equations in the static state was used to fit the normalised transmission as a function of this
energy density to a superposition of all open aperture datasets for each compound. In this
expression F represents the energy density, Fs, the saturation energy density and « the ratio of
the excited to ground state absorption cross sections G./Go. The parameters K (realistically Gex
as o was measured) and Fg,; were treated as free constants in the fitting algorithm. The plots
of normalised transmission against pulse energy density for compounds 21a, 19, 16 and 20

where the solid lines are theoretical fits to the experimental data are shown in Figure 35.
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Figure 34: Plots of effective ; against the on focus beam intensity Iy for compounds
21a, 16, 19 and 20. Each data point represents an independent open aperture z-scan,

the solid lines are intended as guides to the eye.

The plot is expanded in Figure 35 about the section where the data almost overlaps for

clarity. The o, k¥ and Fg, values for each compound are presented in Table 5.

The Fsy value for the axially substituted acetylacetonate indium monomer 19 is
reduced significantly compared to that of compound 21a. The addition of the acetyl acetonate
group reduced the magnitude of the saturation energy density by a factor of approximately
2.1. This effect was far more dramatic through the modification of the (Bu)sPcInCl 21a. The
magnitude of the saturation energy density was reduced by more than one order of magnitude
when 21a was modified to 16. Compound 20 has a far less dramatic effect reducing the Fgy

value by a factor of about 1.2 over compound 21a.
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Figure 35: Plot of normalised transmission against pulse energy density for

compounds 21a, 16, 19 and 20 at 0.5 g/L in toluene where the solid lines are

theoretical fits to the experimental data. The fitting parameters are given in Table 5.

The ratio of the excited to ground state absorption cross sections K = Ge/Go was

reduced from that exhibited by 21a to each of the modified species presented here. The k

coefficient was reduced by a factor of 2.5 for modifications to 21a producing 20 and by a

factor of approximately 3.1 for 19.

Table 5: Summary of the nonlinear optical properties for compounds 21a, 16, 19 and
20. All measurements were performed with the compound dissolved in spectroscopic grade

toluene at 532 nm.

Conc. ) K Fg
Sample
[g L] [em™] [Gex/ G0 [J cm™]
21a 0.5 0.53 27.4£0.6 242 +0.8
19 0.5 1.5 8.7+0.7 11.6+14
16 0.5 1.3 10.8 £0.3 23+0.1
20 0.5 0.99 11.0+£0.6 20.6 1.5
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6 Synthesis of binuclear ruthenium phthalocyanine [138]

The synthesis of pure (phthalocyaninato)ruthenium(Il) (PcRu) by thermal
decomposition of PcRu(DMS0),.2DMSO was reported by us already 17 years ago.!'*”!

Later we described a more convenient method for the preparation of pure PcRu via the easy

[140]

available bis-isoquinoline complex PcRu(ignl),, which can be thermally decomposed at

1411 \as obtained

250°C. Further, tetra-tert-butylphthalocyaninatoruthenium(Il) (/Bu)sPcRu
by thermal decomposition of (Bu)sPcRu(3-Clpy), (Clpy=3-chloropyridine) as a mixture of
four structural isomers, 2,3-naphthalocyaninatoruthenium(Il) (2,3-NcRu) as well as tetra-ztert-
butyl-2,3-naphthalocyaninatoruthenium(Il) (/Bu)s2,3-NcRu "*'* were obtained by thermal
decompostion of the complexes 2,3-NcRu(L), L= (3-Clpy) and (2-ethylhexyl)amine. (1921 The
tert-butyl substituted phthalocyanine and naphthalocyanine complexes are soluble in common
organic solvents, which is also the case for several octaalkyloxy-phthalocyaninatoruthenium

(143,144, 145 pcRyy has a dimeric structure with a Ru-Ru double bond distance of

146]

compounds.
2.40 A as shown for the first time by Ercolani et al. [ using large-angle X-ray scattering
(LAXS) and magnetic measurements. On the basis of magnetic measurements our group

2] The dimeric

proposed a metal-metal bond between two Ru-atoms for (fBu)s2,3-NcRu.!
structure for PcRu " and (/Bu)s2,3-PcRu "' was confirmed by EXAFS spectroscopy.
Temperature-dependent measurements of the magnetic susceptibility of (Bu)s2,3-PcRu
exhibit paramagnetic behavior with strong coupling. The magnetic moment increases from
0.63up (T= 20K) to 1.68up (T=300K), i.e. it approximates asymptotically the spin-only value
of one unpaired electron (1.73up), a value that is similar to PcRu. [141a] (1Bu)sPcRu therefore
has only one spin per ruthenium(Il) ion, although for a d® transition metal ion in a square-
planar ligand field two unpaired electrons are expected. This implies that (rBu)sPcRu also

exists as a dimeric structure with a ruthenium-ruthenium double bond.['4% 14”]

In our continuing investigations about the influence of strongly electron withdrawing
substituents in the peripheral positions of the phthalocyanine ring on the physical and

structural properties of metal phthalocyanines,!*"!

we carry out investigations on
hexadecafluoro(phthalocyaninato)ruthenium F;sPcRu in order to proof whether or not this

compound also has a dimeric structure.
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The strongly electronegative and n—electronwithdrawing fluorine substitutents in the
peripheric positions of the FisPcRu, in principle, could change the bonding between the two

PcRu units.

The Fi;cRuPc complex was prepared earlier by reaction of tetrafluorophthalonitrile and
Ru3(CO)y; in chloronaphthalene at 280 °C. [151] By using this method F;sPcRu was obtained

with contamination from a F;sRuPc(CO) complex.
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6.1 Synthesis of Hexadecafluoro(phthalocyaninato)ruthenium(II) 23

The synthesis and characterization of pure hexadecafluoro(phthalocyaninato)
ruthenium(Il), FigPcRu 23 is carried out by refluxing tetrafluorophthalonitrile (22) with
RuCl3.3H,0 in 2-ethoxyethanol for 24 hrs (Scheme 21). Complex 23 is obtained in 52% yield
as an amorphous or microcrystalline black powder without any formation of the CO adduct.

(1511 Ag will be shown below 23 also has a dimeric structure.

F
F
N Rucl,3H,0
~ (F,PcRu),
. CN 2-ethoxy ethanol
F 23
22

Scheme 21: Synthesis of hexadecafluoro(phthalocyaninato)ruthenium(Il) (23)

6.2 EXAFS Spectroscopic measurements

For many phthalocyanines and napthalocyanines, it is difficult to obtain suitable single
crystals for the determination of a crystal structure. In such cases, EXAFS (extended X-ray
absorption fine structure) spectroscopy is considered to be a powerful technique for the
determination of local structure of a specific atom, regardless of the state of the sample.
EXAFS provides information on the coordination number, the nature of the scattering atoms
surrounding the absorbing atom, the interatomic distance between the absorbing atom and the
backscattering atoms and the Debye-Waller factor, which accounts for the disorders due to

[152, 153

static displacements and thermal vibrations. I (for more details see Experimental part).

To obtain more information about the structure of 23 EXAFS measurements have been

141a]

carried out on amorphous 23 which are compared with the unsubstituted PcRu [ and

(1Bu)sPcRu. 141°]

The experimentally determined and fitted EXAFS functions of 23 are shown in &

space as well as by Fourier transforms in real space in Figure 36a, b.

66



The structural parameters are summarized in Table 6. The thereof deduced structure of

23 is given in Figure 37.
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Figure 36: Experimental (solid line) and calculated (dotted line) EXAFS functions

(a) and their corresponding Fourier transforms (b) for (F;¢PcRu), 23 measured at Ru
K-edge.

Table 6. EXAFS determined structural data for (F;cPcRu),

A-Bs® N® r°[A] o ‘[A] AE, | k-range Fit-Index
VI 1A
Ru-Ningol 4 2.04+0.02 0.059+£ 0.006 22.50 | 3.0-15.0 33.90
Ru-C 8 3.02+0.03 0.122+0.015
Ru-Naz 4 3.32+0.04 0.081+ 0.009
Ru-Ru 1 2.43+0.03 0.122+0.015

*absorber (A) — backscatterers (Bs),b coordination number N, © interatomic distance r,

d Debye-Waller factor 6 with its calculated deviation and © shift of the threshold energy AE,.
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Figure 37: EXAFS-Structure of (FisPcRu), 23.

In the fitting procedure, the coordination numbers were fixed to the known values of
the phthalocyanine molecule and the other parameters including interatomic distances Debye-
Waller factors and energy zero value were determined by iterations.

The analysis of the data shows the contribution of phthalocyanine macrocycle in the

54 four

spectra. In agreement with the well-known structure of phthalocyanine complexes,
nitrogen backscatterers at 2.04 A, arising from the indol nitrogen atoms, and another four
nitrogen backscatterers at 3.32 A, stemming from the aza nitrogen atoms, were found. In
addition, another shell consisting of eight carbon backscatterers at 3.02 A was observed. All
these distances can be assigned to intramolecular contribution. ''** Besides the expected three
shells of the phthalocyanine macrocycle, a significant improvement in the fit index was
obtained by considering a ruthenium backscatterer at a distance of 2.43 A in the simulation of
the spectrum. This distance is in good agreement with the reported ruthenium-ruthenium
double bond distances in other organo-ruthenium complexes, for example 2.40 A in
(PcRu),,!"*12.41 A in Ruy(OEP), ' 2.38 in Ruy(CoHyoNy) % and 2.42 A in BusPcRu !
This result is consistent with a dimeric structure for 23. In the Fourier transform plot a peak at
about 4 A is supposed to be due to eight carbon backscatterers in the phthalocyanine
macrocycle.“47’ BT A fitting with this backscatterer in this distance range does not increase

the agreement of the experimental EXAFS function compared to the fitted function, hence

this shell was not considered for evaluation.
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6.3 Spectroscopic characterization of 23

The UV/Vis spectrum of (F;¢PcRu); (23) recorded in dry and oxygen-free chloroform
under protected conditions shows a broad Q band at A = 622 nm, and the B-band at 434 nm.

158] and

Tabel 7 shows a comparison of the UV/Vis-maxima of 23 with PcRu [
(tBu)4PcRu.[l4l] It is interesting to see that both the Q-and B-bands maxima of 23 fully
substituted with electron-withdrawing fluorines and the nonsubstituted PcRu are not much

different.

The electron-withdrawing effect of the fluorines in the dimeric structure of 23

therefore seems to be lower than in monomeric Pc's.

Table 7: Q and B bands for the list of compounds.

Compound Q(nm) B(nm)
FisPcRu 704 | 622 434 322
PcRu® 710 | 620 435 310 42

(¢ Bu)s-2,3PcRu® | 700 | 614 426 289 11331

a) spectrum was recorded in fluorolube.

b) spectrum was recorded in chloroform as solvent.

6.4 Interaction of 23 with oxygen in solution

Dissolution of (FigPcRu), 23 in chloroform in the presence of oxygen or in air is
accompanied by a rapid colour change of the solution from dark bluish-green to blue.
Correspondingly, the UV/Vis absorption spectrum of the solution changes, as shown in Figure

38.
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Initially, the spectrum shows an intense maximum Q band absorption at A = 622 nm
(spectrum 1). By recording an UV/Vis spectrum of the solution every five minutes,
characteristic spectral changes are observed which go to completion within ca. one hour and
determines the appearance of a new higher intensity maximum Q band absorption at A = 647
nm (spectrum 6). This bathochromically shifts from A = 622 to 647 nm through from
spectrum 1 to spectrum 6 is assigned to interaction of (F;sPcRu), 23 with atmospheric
oxygen.

The phenomena described here are reproducible and were similarly described before
for PcRu. 1) The structure of the reaction product of PcRu with oxygen as well as the

product of F;¢PcRu with oxygen is not known.

Absorption

Wavelenght (nm)

Figure 38: UV/Vis spectral variations (Curves 1-6) for solutions of (F;csPcRu), 23 in

CHC; in the presence of air.

6.5 Magnetic Measurements

The temperature-dependent measurements of the magnetic susceptibility of a pure
sample of (F;¢PcRu), 23 was carried out from 5 to ca. 300 K. The magnetic susceptibility
value reach to 2.25 ug (T = 300K) (c.f. Figure 39), i.e. it approximates asymptotically the
spin-only value of one unpaired electron (2.25 pg). Complex 23 therefore has only one spin

per ruthenium(Il) ion, although for a d° transition metal in a square-planar ligand field two
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unpaired electrons are expected. This confirms the EXAFS- results that 23 has a dimeric

structure with a ruthenium-ruthenium double bond.
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Figure 39: Magnetic moment [ (Lg) and magnetic susceptibility ym (cgs) Vs T (K) for
(F16PCRL1)2 23.
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IV. Summary

Our objective in the first section of this work is using the repetitive Diels-Alder
reaction to synthesize and fully characterize the binuclear phthalocyanines 10 and 11
(Schemes 13 and 14, pages 34 and 37) 822 and also the trinuclear phthalocyanines 13 and 20
(Schemes 16 and 20, pages 42 and 54) ®*! containing the same metal e.g. Ni 10 and 11 for

the binuclear systems or Inacac for the trinuclear compound 20.

The course of reactions for these compounds starts with the synthesis of the
unsymmetrically substituted phthalocyanine 4a, which was obtained (among the other
statistical products) through the statistical condensation of phthalonitriles 1 and 2 (Scheme 11,
page 29). Reaction of 4a with tetracyclone afforded the adduct 9, which was subsequently
(via the intermediate 9a) converted into the binuclear nickel phthalocyanine 10 (Scheme 13,
page 34). Dehydration of 10 with p-toluenesulfonic acid (Scheme 14, page 37) gives the fully

conjugated target dimer 11.

In the second section the same approach as described for the synthesis of 10 and 11
was used to obtain the trinuclear phthalocyanine 13 (Scheme 16, page 42). The necessary
starting material Sb for preparing 13 was separated from the statistical products (Scheme 11,
page 29). and reacted with tetracyclone to afford 12 (Scheme 15, page 40), which
subsequently (via the intermediate 12a) gave the planar trinuclear phthalocyanine 13 (Scheme

16, page 42)

In the third section of this work, we have demonstrated additional applications of the
building block PcNi 4a for synthesizing a series of nickel phthalocyanine 15a-c¢ containing
furopyridine units by using pyridine N-oxides (Scheme 17, page 46).”® The formation of the
Pc’s 15a-¢ occurs via 1,3-dipolar cycloaddition reactions as shown in Figure 23. From these
results, the use of the Diels-Alder strategy as a novel and general approach to asymmetrically
substituted monoadducts of nickel phthalocyanine 15a-c¢ has proved again to be efficient and

convenient.

In the fourth section of this work (RO)sPcInacac 16 (R = 2-ethylhexyl) was prepared
by reacting (RO)sPcH; 3b with In(acac); in DMF at 140°C. By the same method tetra-tert-
butylphthalocyaninatoindium(IIl)acetylacetonate (/Bu)sPclnacac 19 was obtained in good

113

yield by reacting the metal-free (/Bu)sPcH, 18 ''* with an excess of In(acac); in refluxing

DMF (Scheme 19). Trimer 20 was obtained from 13 by the same method (Scheme 20).
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The optical limiting (OL) properties of (RO)sPclnacac 16 R = 2-ethylhexyl,
(tBu)4Pclnacac 19 and trinuclear Pc 20 were studied in the fifth section (see Table 5, page
63). The OL measurements were carried out in toluene at 532 nm with nanosecond laser
pulses by means of the Z-scan technique (page 58).[82b] Z-scan profiles of 16, 19 and 20 in
solution have been determined. (Figure 35, page 63). Comparison of 16, 19 and trimer 20
with the state of art molecule (1Bu)4PcInCl 21a (Figure 35, page 63) showed a larger decrease
of transmittance for (rBu)sPcInCl 21a with respect to compounds 16, 19 and 20 in the

nonlinear region.

It can be seen that the magnitude of the nonlinear absorption coefficient is largest, over the
intensity region presented in the plot, for the compounds in order of 16 > 21a > 19 > 20. The

nonlinear absorption coefficient in all cases is of the order of 10®— 107 cm W™

In the last part of this thesis we reported an easy method for the preparation of
(FisPcRu), 23 by the reaction of tetrafluorophthalonitrile with RuCl3;.3H,O0 in 2-
ethoxyethanol (Scheme 21, page 66).1"** Dimeric (F¢PcRu), 23 was obtained as an
amorphous material which is soluble in common organic solvents. In spite of the 16
electronegative fluorines in the peripheral positions of the phthalocyanine ring FisPcRu
exhibits comparable structural and magnetic properties as the earlier investigated PcRu. The

dimeric structure of 23 was proved by EXAFS spectroscopy and magnetic measurements.
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V. EXPERIMENTAL PART
1. General comments
Materials

All reactions were carried out in a dry nitrogen atmosphere, unless otherwise stated.

Commercially available chemicals were used as delivered by Fluka and Aldrich. All solvents

159

were dried according to standard procedures."> The following precursors were prepared

according to reported procedures: 4-tert-butylphthalonitrile  [17],  4,5-bis(2-
ethylhexyloxy)phthalonitrile [1], 6,7-dicyano-1,4-epoxyl,4-dihydronaphthalene [2] (R'= H),
6,7-dicyanol,4-epoxy-1,4-dimethyl-1,4-dihydronaphthalene [2'] (R'= CH3).

1,2,3,4 Tetrafluorophthalonitrile [22], [Commercial source; Aldrich].
All compounds were analysed and characterized by using the following instruments:
IR-Spectroscopy

Bruker IFS 48 and Bruker Tensor 27: solid substances were grounded with KBr and

pressed to pellets, liquid compounds were measured directly with Bruker Tensor 27.
UV/Vis Spectroscopy

Shimadzu UV 2102 PC. All spectra were recorded as solutions in CH,Cl, or CHCl;

solution. The path lengths was 1 cm.
"H-NMR Spectroscopy

Bruker AC 250 (250.131 MHz): Deuterated solvents were used as an internal standard.
All data are given as: chemical shift & [ppm]. The correlation between the signals was made

by using increments and by comparison with known related compounds.
BC-NMR Spectroscopy

Bruker AC 250 (62.902 MHz): Deuterated solvents were used as an internal standards.
All data are given as: chemical shift & [ppm].

BC-CP/MAS-NMR Spectroscopy

The *C CP/MAS (cross polarization/magic angle spinning) solid state NMR spectra
were recorded on a Bruker ASX 300 multinuclear spectrometer equipped with wide bore
magnets (field strength: 4.7 and 7.05 T). Magic angle spinning was applied at 10 kHz. . All

data are given as : chemical shift o [ppm] (correlated carbons).
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Mass spectrometry

EI (electron impact): Finnigan TSQ 70 MAT with direct inlet, ion source temperature

200 °C, electron energy 70 eV.
FD (field desorption): Finnigan MAT 711A, temperature of the ion source: 30°C.

FAD (fast atom bombardment): Finningan TSQ 70 MAT or Finnigan MAT 711 A.

temperature of the ion source: 30°C.

MALDI-TOF (matrix assisted laser desorption ionization): Bruker, Biplex II or
Bruker, Proflex II, matrix is o-cyano-cinnamic acid or 1,4-bis(phenyloxazol-2-yl)benzene

(POPOP).
EXAFS Spectroscopy

The EXAFS (Extended X-ray Absorption Fine Structure) spectroscopy measurements
were carried out at the research group of Prof. Dr. H. Bertagnolli, Institute of Physical
Chemistry, University of Stuttgart.

EXAFS spectroscopy using a synchrotron radiation source is a useful method for
probing the neighborhood environment of a selected atom in amorphous materials irrespective
of the physical state of the sample. The parameters extracted include the nature of the
surrounding atoms, coordination numbers, interatomic distances, and Debye-Waller factors

which account for the degree of disorder (static and dynamic). [152]

The EXAFS measurements of the compound (FisPcRu), were performed at the
ruthenium K-edge at 22117 eV at the beamline X1.1, at the Hamburger Synchrotron
Radiation Laboratory (HASYLAB) at DESY, Hamburg, with Si(311) double crystal
Monochromator under ambient conditions. The positron energy was 4.45 GeV and the beam
current was about 90 mA. Data were collected in transmission mode with ion chambers filled
with argon. Energy calibration was monitored with a 20-um thick ruthenium metal foil. The
sample in solid state was embedded in a polyethylene matrix and pressed into a pellet. The

concentration of the solid sample was adjusted to yield an extinction of 1.5.

First, back ground absorption was removed from the experimental absorption
spectrum by subtraction of a Victoreen-type polynomial. Then, the spectrum was convoluted
with a series of increasingly broader Gaussian functions and the common intersection point of

160, 161

the convoluted spectra was taken as energy E,. [ I To determine the smooth part of the

spectrum, corrected for pre-edge absorption, a piecewise polynomial was used. It was
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adjusted in such a manner that the low-R components of the resulting Fourier transform were
minimal. After division of the background-subtracted spectrum by its smooth part, the photon
energy was converted into a photoelectron wave vector scale. The resulting EXAFS function
was weighted with &°. Data analysis in & space was performed according to the curved-wave
formalism of the program EXCURV92 with the XALPHA phase and amplitude functions. !'%%!
The amplitude factor AFAC was fixed at 0.8 and an overall energy shift (AE() was introduced
to give a best fit to the data. The mean free path of the scattered electrons was calculated

from the imaginary part of the potential (VPI was set to —4.00).
Magnetic measurements

The temperature-dependent measurements of the magnetic susceptibility were

measured with a SQUID Magnetometer (Quantum Design MPMS) between 5 and 300 K.
Elemental Analysis
C, H, N: Elementar Analysensysteme GmbH Vario EL V.
F: titration with CeCls, Murexid as indicator.
Z-Scan Measurements

The measurements of the OL properties of the synthesized compounds is also part of
this work. These investigations were carried out at Molecular Electronics & Nanotechnology
group, Department of Physics, Trinity College Dublin, Republic of Ireland, with the group of
Prof. Dr. Werner Blau, supported by an E.U. network scientific project.
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2. Synthesis

Note: the numbering of the formulas are solely for 'H- and '*C NMR assignments, and

does not follow IUPAC rules.

2.1 Synthesis of precursors

2.1.1 1,2-Dicyano-4,5-bis(2-ethylhexyloxy)benzene (1)
2.1.1.1 1,2-Bis(2-ethylhexyloxy)benzene

Cathecol (27 g, 0.5 mol) was poured under stirring into acetonitrile (150 ml) in a
three-neck flask. Then 110 ml of 2-ethylhexyl bromide (0.6 mol, 115 g) were added, followed
by 85 g of K,CO; (0.6 mol) and the mixture was heated and stirred at 81°C for 48 hours. The
solution was allowed to cool down and filtered, to remove the base, and washed with CH,Cl,.
The solvent was evaporated and the product chromatographed with n-hexane to obtain 1,2-

bis(2-ethylhexyloxy)benzene as a yellow viscous oil.

Yield: 63 g (67%), yellow viscous oil.

"H NMR (CDCl;): § =0.89, 0.91, 0.99 (s, 12 H, CH3), QO\L\/
1.16 (br, 2 H, CH), 1.26, 1.46, 1.60 (br, 16 H CH,), 3.86, 4 32 O/\(\/\
3.93 (d, 4 H, OCH,), 6.48 (dd, 2 H, H-3), 6.55 (dd, 2 H, H-4).

BC NMR (CDCly): 8= 102, 13.6, (CHz), 20.5, 24.7, 29.5, 31.2 (CH,), 41.0(CH),
72.5(0CH,), 114.5 (C-3), 125.0 (C-4), 150.0(C-1).

MS (EL 70 eV): 335.3 [M'], 222.4 [M" - CsHq].

2.1.1.2 1,2-Dibromo-4,5-bis(2-ethylhexyloxy)benzene

1,2-Bis(2-ethylhexyloxy)benzene (0.2 mol, 63 g) was poured into 250 ml CH,Cl; in a
three-neck flask and stirred. The solution was cooled till 0°C. Then, a solution of 0.5 mol Br;
(76 g) in 60 ml CH,Cl, was added dropwise, over 6 hours. The temperature of the reaction
mixture was allowed to rise till room temperature and stirred for 2 more hours. The solution
was washed with a 10% solution of NaHCO3 (100 ml each time) until all the excess of the
unreacted bromine was removed (3 or 4 times). Then, the organic layer was dried over

MgSO;4 and the solvent evaporated. Column chromatography was performed with a mixture
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of n-hexane/CH,Cl, (3/1) on silica gel to give a yellow-greenish oil.
Yield: 59.3 g, (89%), yellow-greenish oil.
"H NMR (CDCl;): §=0.98, 1.04 (m, 12 H, CH3),

1.10, 1.54 (m, 16 H, CH,), 1.82 (m, 2 H, CH), 3.72
(d, 4 H, OCH,), 7.63 (s, 2 H, H-3). Bijo\)i/\/
BC NMR (CDCl): § = 10.1, 13.1 (CH3), 22.6, 24.8, o 2 O/\(\/\
28.7,31.2 (CH,), 40.3 (CH),70.7

(OCH,), 115.4 (C-4), 116.5 (C-3), 150.3 (C-1).

MS (EI, 70 eV): 492.6 [M'], 413.4 [M" -Br], 380.0 [M - CgHs].

2.1.1.3 1,2-Dicyano-4,5-bis(2-ethylhexyloxy)benzene (1)

1,2-Dibromo-4,5-bis(2-ethylhexyloxy)benzene (0.2 mol, 100 g) was dissolved with
0.6 mol CuCN in 350 ml of freshly dried DMF. The mixture stirred and kept under reflux
(155°C) for approximately 10 hours. After cooling to room temperature, a solution of 700 ml
of ammonia was added to the reaction mixture, and aerated during overnight. The precipitate
was filtered and washed with neutral water until no ammonia could be found in the solution,
and dried in an oven at 80°C for one day. The solid was extracted with hot methanol in a
Soxhlet extractor for 2-3 days. After evaporating the solvent, the dinitrile was separated by
column chromatography on silica gel with a mixture of n-hexane/CH,Cl, (3/1). A green oil,

solidified after few days in the refrigerator.

Yield: 1, 35g, (43%), green solid-oil, m.p.: 42-45°C. - 1 O\Ji/\/
"H NMR (CDCl;): § = 0.85, 0.98 (m, 12 H, CH3), :@[

1.39,1.65 (m, 8 H, CHy), 1.95 (m, 2 H, CH), 3.89 /T\/\
(d, 4 H,OCH,), 7.09 (s, 2 H, H-3).

3C NMR (CDCl): 8= 10.1, 14.8 (CH3), 21.9, 22.8, 29.9, 30.8 (CH,), 40.2 (CH), 70.8
(OCH,), 108.8 (C-4), 116.2 (C-3), 119.2 (C-5), 153.7 (C-1).

MS (EI, 70 eV): 384.4 [M'], 359.3 [M"-CN], 273.0 [M"-CgHs].
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2.1.2 6,7-Dicyano-1,4-epoxy-1,4-dihydronaphthalene (2) and 6,7-Dicyano-1,4-
epoxy-1,4-dimethyl-1,4-dihydronaphthalene (27)
2.1.2.1 6,7-Dibromo-1,4-epoxy-1,4-dihydronaphthalene and 6,7-Dibromo-1,4-
epoxy-1,4-dimethyl-1,4-dihydronaphthalene
A solution 1.6 M n-BuLi in n-hexane (25 ml, 43 mmol) was added dropwise to a
solution of 15.5 g of 1,2,4,5-tetrabromobenzene (40 mmol) and 26 ml of furan or [20 ml
dimethyl furan (27)] in 350 ml of dried toluene, for 5 hours, at -15°C. The stirred mixture was
allowed to come to room temperature and 4 ml of methanol was added. The solution was
washed with distilled water, dried over MgSO, and the solvent was evaporated. The resulting

yellowish oil was poured into a small quantity of n-hexane and recrystallized from methanol.
Yield: 6,7-Dibromo-1,4-epoxy-1,4-dihydronaphthalene, 7.0 g, (64.4%), yellow solid,

m.p: 113-116°C

"H NMR (CDCl): §=5.8 (s, 2 H, H-1), 7.1 (s, 2 H, H-2), Br 2
7.6(s, 2 H, H-6). B 7 5 3

3C NMR (CDCl): § =82 (C-1), 122.6 (C-7), 124.4 (C-6),

144.6 (C-5), 150.83 (C-2).

MS (EI, 70 eV): 301.8 [M]

Yield: 6,7-Dibromo-1,4-epoxy-1,4-dimethyl-1,4-dihydronaphthalene, 5.9 g, (67.2%), yellow
solid, m.p.: 126°C

"H NMR (CDCL): 8= 0.89 (s, 6 H, 2CHs), 7.3 (s, 2 H, H-1),

CH,
7.8(s, 2 H, H-5). Br O" 1
2
13C NMR (CDCly): 8= 15 (CHj), 151.23 (C-1), 146.2 (C-4), B 4
CH,

124.64 (C-5), 121.6 (C-6).

MS (EI, 70 eV): 330.8 [M]
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2.1.2.2 6,7-Dicyano-1,4-epoxy-1,4-dihydronaphthalene (2) and 6,7-Dicyano-1,4-
epoxy-1,4-dimethyl-1,4-dihydronaphthalene (2°)

6,7-dibromo-1,4-epoxy-1,4-dihydronaphthalene (0.03 mol, 7.9 g) or [0.03 mol of 6,7-
dibromo-1,4-epoxy-1,4-dihydronaphthalene( 6.8 g) (2%)] was dissolved with 0.1mol CuCN in
100 ml of freshly dried DMF. The mixture stirred and kept under reflux (155°C) for
approximately 9 hours. After cooling to room temperature, a solution of 400 ml of ammonia
was added to the reaction mixture, and aerated during overnight. The precipitate was filtered
and washed with neutral water until no ammonia could be found in the solution, and dried in
an oven at 80°C for one day. The solid was extracted with hot CH,Cl, in a Soxhlet extractor
for 2-3 days. After evaporating the solvent, the dinitrile was separated by column
chromatography on silica gel with a mixture of n-hexane/CH,Cl, (3/1). The desired product

was recrystallized from CHCI; to give a white solid.

Yield: 2, 2.5 g, (39.0%) yellow solid, m.p.: 201-203°C

"H NMR (CDCl): § =6.1 (s, 2 H, H-1), 7.63 (s, 2 H, H-2), NG ,

7.88 (s, 2 H, H-6).
NC 3

3C NMR (CDCls): 8= 82.8 (C-1), 112.8 (C-7), 116.2 (C-8),

124.2 (C-6), 144.5(C-5), 156.7 (C-2). 2

MS (EI, 70 eV): 194.1 [M'], 167.9 [M"-CN].

Yield: 2°, 2.0 g, (40.0%) yellow solid, m.p.: 206-208°C “ CH31
"H NMR (CDCl;): § = 0.89 (s, 6 H, 2CH3), 7.73 (s, 2 H, H-1), " O 2
7.90 (s, 2 H, H-5). ° CH,
3C NMR (CDCls): & = 15.8 (CHs), 114.1 (C-6), 122.8 (C-5), 2

142.3(C-4), 154.8 (C-1).

MS (EI, 70 eV): 222.2 [M"].
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2.2 Synthesis of dienophilic phthalocyanines

2.2.1 Asymmetrically substituted mono dienophillic nickel(II)phthalocyanine 4a
with AAAB-Symmetry: [2.3,9.10,16,17-Hexa(2-ethylhexyloxy)-23,26-
dihydro-23.26-dimethyl-23.26-epoxybenzophthalocyaninato] nickel (4a)

A mixture of 6,7-dicyano-1,4-epoxy-1,4-dimethyl-1,4-dihydronaphthalene (2%) (0.9 g,
4.02 mmol), 1,2-dicyano-4,5-bis(2-ethylhexyloxy)benzene (1) (3.2 g, 5 mmol) and
Ni(OAc),.4H,0 (1.10 g, 4.43 mmol) was suspended in pentanol (50 mL) in a nitrogen purged
vessel and DBU (0.1 mL) was added. The mixture was heated to 145 °C and stirred for 19 h.
It was allowed to cool down and poured into MeOH (200 mL). The precipitate formed was
isolated using centrifugation and was washed several times with MeOH . The crude mixture
of PcNi complexes was separated by flash chromatography on silica gel starting with CH,Cl,-
hexane (4:1) as the mobile phase. After complete elution of fraction 1 to obtain 3a, CH,Cl,
was used as eluent to collect 4a as the second fraction. The solvent was removed and the blue
green solids were extracted several times with acetone to achieve further purification. Drying

in vacuo furnished 3a (380 mg ,13%) and 4a (750 mg , 27%).

IR (KBr): v (cm™): 2958, 2927, 2871, 2858, 1606, 1463, 1425, 1386, 1303, 1205, 1138,
1107, 1070, 895, 750 .

UV/ Vis (CH2CL): A max = 666.50, 601.50, 403.50, 310.50, 287 nm.

RO OR
"H-NMR (CDCl;): § = 0.98- 1.14 (br, 36H, CH3) , - 9:0 .
1.2 (br, 6 H, 3-H (2 CH3) ), 1.4, 1.81 (br, 48H, CH ro B 1wy B L
. ( T, s D7 ( 3) )9 P PO ( T, 5 2)7 ]ij:\:N—lgli--N/ O@
RO \ y/
2.02 (br, 6 H, CH ), 4.38 (br, 12 H, OCH, ), 7.39 NgN CH,
(s, 2H, 1H), 8.5-8.83 (2s, 6H, 10-H, 13-H, 18-H), ol
4a
9.09 (S, 2 H, S'H ). R= /\C\/\

BC-NMR (CDClLy): § = 11.4, 11.6, 14.3, 14.6 (CHs), 21.4, 23.2, 23.4, 23.9, 24.4,29.1, 29.5,
29.7, 30.2, 30.6, 30.9, (CH,), 39.6, 39.9 (CH), 71.7 (OCH,), 82.9 (C-2), 104, 104.5, 104.6
(C10, C-13, C-18), 114 (C-5), 130.3, 131(br, C-9, C-14, C-17), 135.3 (C-6), 143.4, 143.5,
144.5, 144.9 (C-1, C-4, C-8, C-16), 149.4 (C-7), 151.6, 152.3, 152.8 (C-11, C-12, C-19).

MS (FD), m/z (%) : 1434.62 (100) (M") .

EA: CgsH;sNgNiO7 (1434.62 ): Caled.: C 72.00, H 8.29, N 7.81; Found: C 71.09, H 8.01, N
6.91.
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2.2.2 Symmetrically substituted bis-dienophillic metal free phthalocyanine Sb
with ABAB-Symmetry:[2,3.16.17-Tetra(2-ethylhexyloxy)-9.10,23.26-
dihydroe-9.10.,23.26-epoxybenzophthalocyaninato]nickel (Sb)

A mixture of 6,7-dicyano-1,4-epoxy-1,4-dihydronaphthalene (2) (3.9 mg, 20 mmol),

and 1,2-dicyano-4,5-bis(2-ethylhexyloxy)benzene (1) (7.6 mg, 20 mmol) was suspended in
pentanol (50 mL) in a nitrogen purged vessel and DBU (0.1 mL) was added. The mixture was
heated to 145°C and stirred for 19 hrs, allowed to cool down and poured into MeOH (200
mL). The precipitate formed was isolated by centrifugation and was washed several times
with MeOH. The crude mixture of the Pc complexes was separated by flash chromatography
on silica gel starting with CH,Cl, as the mobile phase. After complete elution of fraction 1 to
obtain 3b, CH,Cl,-hexane (2:1) was used as eluent to collect 4b as the second fraction. After
complete elution of 4b, a mixture of CH,Cl,-EtOAc (2:1) was used as eluent to obtain Sb as
the third fraction. The solvent was removed and the blue green solids were extracted several
times with acetone for further purification. Drying in vacuum furnished 3b (0.7 mg, 6 %), 4b
(2.4 mg, 25 %) and 5b (2.9 mg , 26 %).

IR (KBr): v (cm™): 3420.7 (NH), 2957, 2923, 2855, 2215, 1604, 1455,1382, 1275, 1208,
1092, 867, 847, 744, 691, 629,414 .

RO OR
UV/ Vis (CH2CL) : Ayax = 690, 657, 641, 349 nm. 1299
1 B GOSN 4 2
H-NMR (CDCls) : § = -1.80 (br, 2H, NH), 1.14-1.28 LNy 1
N N
Besilees
('br, 24H, CHj3), 1.58, 1.82 (br, 32H, CH>»), 2.05, 2.1 N8N
(br, 4H, CH), 4.4-4.6 (br, SH, OCH,), 6.20 (br, 2H, 2-H),
RO OR
7.3-7.38 (br, 4H, 1-H), 8.30, 8.4, 8.6 (br, 4H, 9-H, 12-H), N ’S\bf/\

8.79, 8.87 (br, 4H, 4-H) .

BBC.NMR (CDCl;): § [ppm] : 11.5, 11.7, 11.9, 14.4, 14.7, 14.8 (CH;), 23.3, 23.6, 24.5, 29.2,
29.4,29.7, 30.5 (CH,), 39.9 (CH), 71.9 (OCH,), 82.5 (C-2), 103.9 (C-9), 113.6 (C-4), 130.3
(C-8), 136 (C-5), 144 (br, C-1, C-3, C-7), 149 (C-6), 152 (C-10).

MS (FAB), m/z (%) : 1159.5 (50) M

EA: C;HgeNgOg (1159.51): Calced. : C 74.58, H 7.47, N 9.66; Found: C 73.78, H 7.09, N
8.91
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2.3 Synthesis of Ni/Ni binuclear metal-phthalocyanine 11
2.3.1 Pc-tetracyclone adduct 9

[2,3.9.10.16.17-Hexa(2-ethylhexyloxy)-23.26-dihydro-23.26-dimethyl-23.26-

epoxvbenzo-24.,25-tetracyclone-phthalocyaninato]nickel adduct 9

A mixture of 4a (100 mmol) and tetraphenylcyclopentadienone (39.5 mg, 102 mmol)
was dissolved in toluene (30 mL) and stirred at 100 °C for 4-5 d. (TLC-control: silica gel,
CHCIs). The solvent was evaporated and the residue was separated by flash chromatography
(CH,Cly; first fraction: tetracyclone, 2nd fraction: product). Evaporation of the solvent and

drying in vacuo gave an average yield of 9 (124 mg, 68%) as a blue-green solid.

IR (KBr): v (cm™): 3078, 2959, 2928, 1711 Co, 1606, 1427, 1386, 1301, 1276, 1230, 1109,
1056, 852, 808, 750, 698.

UV/ Vis (CH2CL) : Apax = 673, 604, 393.50 nm.

RO OR
'H NMR (CDCly): 8= 0.97-1.4 (br, 42 H, CHy), 15 gz 5
20 NZIWSN T 'S thsl;? 24-27
1.5-1.98 (br, 48 H, CH,), 2.32 (br, 6 H, CH), 3.9 RO A :
(or 481, Cit) 2.32 0. 01, CH) pesitesod

N
(S, 2 H, 3-H), 4.46 (br, 12 H, OCH,), 7.39 and ~rt et
7.42 (br, 20 H, 24H-31H), 8.7 and 8.8 (3 s, br, 6H, RO OR

9
12-H, 15-H, 20-H), 9.33 (s,2 H, 7-H). Re O

BC.NMR (CDCly): 8= 11.4, 11.6, 14.3, 14.6 (CHs), 23.2, 23.4, 24.4, 29.1, 29.7, 30.6, 30.9,
(CHa), 39.6, 39.9 (CH), 47.3 (C-3), 64.8 (C-2), 71.7 (OCH,), 82.9 (C-4), 104, 104.5, 104.6
(C-12, C-15, C-20), 113 (C-7), 126.7, 127.4, 128.4, 128.7, 129.1, 129.7, 130.3, 131(br, C-11,
C-16, C-19, C-24-31), 135.3, 135.56 (C-22), 138.6 (C-1), 146.9 (C-5, C-8, C-9, C-10, C-17,
C-18), 152.3, 153.8 (C-13, C-14, C-21), 196.5 (CO).

MS (FD), m/z (%): 1819.9 (100) (M"),1408.5 (40) M- Isobenzofuran

EA: C;15sH3sNgNiOg ( 1819.10 ): Caled.: C 75.93, H 7.64, N 6.16; Found: C 74.75, H 6.86, N
5.78.
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2.3.2 Synthesis of symmetrically substituted Ni/Ni binuclear metal-
phthalocyanine 10
4a (72 mg, 0.05 mmol) and (94 mg, 0.05 mmol) of tetracyclone adduct 9 were
dissolved in 30 ml of dry xylene (under nitrogen) and heated under reflux for 28 h. (TLC
control, CH,Cl,;). The solvent was evaporated and the residue was separated by flash
chromatography starting with CH,Cl, as eluent, whereby tetracyclone adduct 10 was eluted
first in front of a green fraction. After complete elution of 4a as the 2nd fraction a mixture of
CH,Cl,/ethyl acetate, 4:1 was used as eluent to obtain 10 as the 3rd fraction. The solvent was
removed and the blue-green solid was extracted several times with acetone to achieve further

purification. Drying in vacuo furnished 36 mg (25%) of 10.

IR(KBr): v(cm™): 2928, 1606, 1531, 1462, 1386, 1361, 1277, 1229, 1176, 1109, 1055, 1029,
853, 819, 751,736 .

UV/ Vis (CH2ClLy): A max = 668, 396, 287 nm.

'H-NMR (CDCl;): 8= -0.41, -0.81, 0.88, 0.92, -0.95, 0.97, 1.08, 1.11, 1.23 (br, 72H,
CH3),1.64, 1.66 (br, 12 H, 18-H (4CHj), -0.34 (s, 2 H,19-H), 0.81, 1.69, 1.97 (br, 96 H, CH,),
2.00, 2.3 (br, 12H, CH), 4.39,4.51 (br, 24 H, OCH,), 7.4 (s, 4 H), 8.96

(s, 8 H, 2-H, 7-H), 10.01 (s, 10-H), 10.33 (br, 4 H, 15-H).

3C-NMR Dept 135 (CDCls): 5= 11.4, 11.6, R}tg 1:@1
19
15 A I 2

11.8,14.1, 14.4, 14.5, 16.2 (CH3), 22.1, 22.5, NN T TN | ok

gevisgonestteet
22.7,23.1,24.3, 30, 30.1, 30.2, 30.4, 32.1, 32.8, NgN CH, CH, NgN
33.1 (CH»), 40.5, 40.2, 40.7 (CH),72.2 (OCH,), RO OR 10 RO OR

R=

51.02 (C-19), 80.1 (C-17), 126.2 (C-2, C-7,C-10), Ak

127.0 (C-15), 127.9, 128.6, 128.7, 128.9 (C-3, C-6, C-11, C-14, C-16), 129.04, 129.1, 130.2,
130.4 (C-4,C-5,C-12,C-13), 133.36, 133.7, 134.1 (C-1,C-8, C-9) .

MS (FD), m/z (%): 1434.62 (90) (M") ,1410.2 (55) (M -Isobenzofuran), 2844.5 (20) (M"
diepoxid dimer ), 1434.62 and 1410.2 are Retro-Diels Alder fragments .

EA: Ci70H234N6N12014 (2843.21): Caled.: C 71.81, H 8.29, N 7.88; Found: C 72.00, H 7.85,
N 6.90.
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2.3.3 Dehydrated binuclear metal-phthalocyanine 11

(29 mg, 0.01 mmol ) of 10 was dissolved in 30 ml of freshly distilled dry toluene
in a nitrogen-purged vessel and p-toluenesulfonic acid (50 mg, 0.26 mmol) was added. The
mixture was stirred for 5 h at 80 °C. Then 1 ml of Et;N was added. After 15 min. the solvent
was evaporated. Subsequent flash chromatography (SiO,, CH,Cl,) gave after drying in vacuo
6.4 mg (22%) of 11 as an olive-green powder.

UV/Vis (CH2CL3): A max = 690.5, 673.50, 302, 286 nm.
MS ( MALDI-TOF ) , m/z (%) 2809.16 (100) (M").

EA: Ci70H232N16N12012 (2809.16): Caled.: C 72.68, H 8.32, N 7.97; Found: C 71.30, H 7.80,
N 6.90.

2.4 Synthesis of trinuclear metal free phthalocyanine 13
2.4.1 Pc-tetracyclone bisadduct 12

A solution of 5b (23.2 mg, 20 mmol) and tetraphenylcyclopentadienone ( 38.5 mg,
100 mmol) in toluene (30 ml) was stirred at 70 °C for (3-4) days under nitrogen. After
evaporation of the solvent, the crude material was purifed by preparative TLC on silica gel
with chloroform in order to remove the excess of tetracyclone. The resulting green fraction
was separated in two fractions by PTLC (silica gel) with a mixture of dichloromethan/ toluene
(5:1). The fractions consist of the tetracyclone-bisadduct 12 and the tetracyclone-monoadduct.
Yield (31.4 mg, 84 %) 12 and (2.8 mg, 9 %) tetracyclone-monoadduct. Ry (silica gel,
Dichloromethane ): 0.8 (14), 0.51 (monoadduct) .

IR (KBr): v (cm™): 3424 (NH), 3076, 1772 (C=0), 1652, 1558, 1496, 1417, 1398, 1350,

1271, 1218, 1159, 1105, 1074, 962, 792, 740, 678 . o on
UV/ Vis (CH;CLy): Amax = 696, 661, 346 nm. . :‘ R: e
'H-NMR (CDCL): & = -0.74 (s,2H, NH), ‘;N ?H, N;: 1518
1.11-1.36 (br, 24H, CHs), 1.6-1.83 (br, 32H, CH,), K NgN "

2.09 (br, 4H, CH), 3.4 (br, 4H, 3-H), 4.49, 4.59 0

(br, 8H, OCHy), 6.44 (br, 4H, 4-H), 7.1-7.52 br, =0

20H, 15- 18H ), 7.62-7.87 (br, 20H, 19-21H), 8.44(br, 4H, 11-H), 8.88 (br, 4H, 6-H).

MS ( MALDI-TOF ), m/z (%) : 1928.46 (100) M
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EA: Ci30H26N3gOg (1928.46): Caled.: C 80.97, H 6.58, N 5.81; Found: C 79.30, H 7.80, N
6.90 .

2.4.2 Trinuclear metal free phthalocyanine 13

A solution of the tetracyclone bisadduct 10 (38.6 mg, 20 mmol) and a three fold
excess of the PcH, 5b (69.6 mg, 60 mmol) in anhydrous toluene (25 ml) was stirred at 120°C
for 2 days under nitrogen. After evaporation of the solvent, the trimer obtained was isolated
and purified by Soxhlet extraction with methanol and acetone to remove TPB and excess of

5b . Trimer 13 was obtained as a green powder (57.2 mg, 83 %).

IR (KBr): v(cm™): 3449 (NH), 2956, 2924, 2361, 2336, 1717, 1652, 1558, 1456, 1381, 1085,
863,702,419 .

UV/ Vis (CHyCl): Amax = 699, 661, 645, 343 nm.
"H-NMR (THF-ds): § = -0.40, -0.46,

RO OR RO OR

-0.49 (br, 3H, NH), 1.16, 1.2 (br,

31 28 12 9
72H, CHs), 1.71, 1.77 (br, 96H, CH,) Y AN A Y e
9 3), L. s L. T, s 2)5 & Ho 7 N H 7 1
SO0 e 0O Saee
2.25 (br, 12H, CH), 3.6 (s, 4H, 20-H), 8
RO OR 13 RO OR

5.33 (br, 24H, OCH,), 7.1 (S, 12H,
2-H, 19-H, 21-H ), 7.67 (s, 4H, 1-H),
8.41 (s, 12H, 4-H, 17-H, 23-H), 9.11 (br, 12H, 9-H, 12-H).

BC.NMR (THF-dg): §=11.4, 11.8, 14.5, 14.7 (CHz), 23.5, 24.1, 29.6, 31.1, 31.6 (CH,), 39.1,
39.8 (CH), 51.2 (C-20), 70.4, 70.3, 72.7, 74.8 (OCHa), 79.9 (C-2, C-19), 104.1, 104.6, 105.0,
105.4, 106.3 (C-9, C-12, C-17), 143.1 (C-1).

MS ( MALDI-TOF ), m/z (%): 3426.4 (100) M"

EA: Cy12H54N24015 (3426.46): Caled.: C 74.31, H 7.47, N 9.8; Found: C 74.11, H 6.45, N
7.00 .
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2.5 Pc-pyridine N-oxide adducts 15a-c

A mixture of PcNi 4a (14.34 mg, 100 mmol) and the appropriate pyridine N-oxide
14a-c (50 mmol) was dissolved in the freshly distilled appropriate solvent (toluene; 14a,
xylene; 14b and 14¢) (20 mL). The mixture was stirred at elevated temperature in an
autoclave under the conditions given in Table 2 page 47. After cooling, the solvent was
evaporated and the unreacted 14a-c were separated by flash chromatography on silica gel.
CH,Cl; used as eluent gave fraction 1 (unreacted 14a-c) and a mixture of CH,Cl,/ EtOAc
(5:1) afforded fraction 2 (PcsNi 15a-¢) which was further purified by washing with methanol.
Evaporation of the solvent and drying in vacuo gave the products as blue-green solids. (Table

2).
Adduct 15a

IR (KBr): v (cm™): 2958, 2926, 2871, 2853, 1606, 1534, 1460, 1425, 1384, 1303, 1275,
1138, 1108, 1070, 895, 750, 572.

UV/ Vis (CH2CL): A max= 673.50, 608.50, 413.50, 330.50 nm.

"H-NMR (CDCl3): § = 0.96- 1.15 (br, 36 H, CH3),

RO  OR
1.2 (br, 6 H, 3-H (2 CH3) epoxy ring), 1.46, 1.53 Q
(br, 48 H, CH,), 2.25- 2.32 (br, 6 H, CH ), 3.98 N__ NL Ni:@::/\q j,CHs
(d,1H, 7-H), 4.22 (br, 12 H, OCH, ), 4.61 (d, 1H, g 10 CH,
1-H) 7.00 (d, 1H, 3-H ), 8.40 (m, 1H, 5-H), 8.52-

RO OR
8.74(s ,br, 4 H, 15-H, 18-H ), 9.05 (s, br, 4H, 152

aee

10-H, 23-H).
MS (FD), m/z (%): 1541.73 (100) (M") .

EA: CooH 23N9gNiOg (1541.73 ): Caled.: C 71.67, H 8.04, N 8.17; Found: C 71.64, H 8.87, N
7.60.

Adduct 15b:

IR (KBr): v(cm™): 2959, 2925,2871, 2858, 1606, 1481, 1427, 1386, 1303, 1201, 1138, 1104,
1020, 828, 760, 570 .

UV/ Vis (CH2ClLy): A max = 670.50, 600.50, 403 nm.

87



"H-NMR (CDCl): § = 0.86- 1.15 (br, 36 H, CH3),
1.2 (br, 6 H, 3-H (2 CHs) epoxy ring), 1.48, 1.56

(br, 48 H, CH,), 2.15- 2.30 (br, 6 H, CH ), 4.33 (d,1H,

RO OR
7-H), 4.40 (br, 12 H, OCH, ), 4.61 (d, 1H, 1-H), 7.00- g
732 (2d, 2H, 3-H, 4-H ), 8.40 (m, 1H, 5-H), 8.51-8.74 L
) " -0
- Ni-
(s ,br, 4 H, 15-H, 18-H), 9.07 (s, br, 4H, 10-H, 23-H ). @i“ I N,
No N 10 G
MS (FD), m/z (%)= 1527.71 (100) (M") . g
EA: CoHy21NoNiOg (1527.71 ): Caled. : C 71.54, H 7.98, ROISSR
N 8.25; Found: C 70.99, H 6.80, N 9.01. Re O

Adduct 15¢:

IR (KBr): v(cm™): 2956, 2926, 2853, 2230 (CN),1627, 1446, 1384, 1278, 1208, 1138, 1108,
1032, 852, 747, 546 .

UV/ Vis (CH2CLy): A o= 669.5, 601, 405.5, 324.5 nm.

"H-NMR (CDCls): 8 = 0.96- 1.16 (br, 36 H, CHj), 1.22 (br, 6 H, 3-H (2 CHs) epoxy ring) ,
1.44, 1.55 (br,48 H, CH,), 2.15- 2.31 (br, 6 H, CH ), 4.3 (d,1H, 7-H), 4.40 (br, 12 H, OCH, ),
4.62 (d, 1H, 1-H), 6.99 (d, 1H, 4-H ), 8.40 (m, 1H, 5-H), 8.49-8.74 (s ,br, 4 H, 15-H, 18-H ),
9.05 (s, br, 4H, 10-H, 23-H ).

RO OR
MS (FAB), m/z (%)= 1552.72 (100) (M") . g

N/
EA: CooH 20N {oNiOg (1552.72 ): Calcd.: RO

N e

C71.16,H7.78,N 9.02 : RO v cH,
Found: C 71.27, H 6.93, N 10.22. g

RO OR

15¢

R=
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2.6 Synthesis of phthalocyaninatoindium(IIl)acetylacetonates 16, 19 and 20

2.6.1 [2,3,9,10,16,17,24,25-Octa(2-ethylhexyloxy)phthalocyaninato]indium(IIT)
acetylacteonate (16)
A mixture of (RO)gPcH; 3 (R = 2-ethylhexyl) (616 mg, 0.4 mmol) and In(acac);
(acac = acetyl acetonate) (0.06 g, 0.15 mmol) was refluxed in anhydrous DMF (15 ml) for 3
hrs under nitrogen. After cooling, methanol was added to precipitate the product. The crude
product 16 was separated and purified by Soxhlet extraction with methanol several times and

drying in vacuum to yield a greenish blue powder (510 mg, 73 %).
IR (KBr): v(cm™): 2925, 1726 (C=0), 1609, 1470, 1429, 1389, 1217, 1180, 752.

UV/ Vis (CH2CLy): Apax = 696, 627, 404, 350 nm.

"H NMR(CDCl3) : & = 0.80 (br, 6H, methyl groups of i( g

acac), 1.2-1.3 (br, 48H, CH3), 1.54 (br, 64H, CH), 1.79
N In N)):GDOR
(br, 9H, CH), 4.15 (br, 16H, OCH,), 8.92 (s, 8H, 2-H, 7-H, RO S
\ /

10-H, 15-H).

. RO OR
MS (FD), m/z (%) : 1748.12 (100) M 16
EA: C101H153N80101n (280916) :Calcd. C 6915, H 879, R:/\(\/\

N 6.38; Found: C 71.10, H 8.87, N 7.20 .

2.6.2 [2,(3)-Tetra-tert.-butylphthalocyaninato]indium(III)acetylacetonate(19)

A mixture of (rBu)sPcH, (18) (0.73 g, 1 mmol) and In(acac); (acac = acetyl-
acetonate) (0.12 g, 0.3 mmol) was refluxed in anhydrous DMF (15 ml) for 2 hrs under
nitrogen. After cooling, methanol was added to precipitate the product. The crude Pc 19 was
separated and purified by Soxhlet extraction with methanol several times and drying in vacuo

to yield a green powder (0.8 g, 84 %).

IR (KBr): v(cm™): 2959, 1726 (C=0), 1589, 1488,
1391, 1279, 1086, 831, 761, 672, 500.

UV/ Vis (CH2CL,): Apax = 671, 607,410, 361 nm .

"H-NMR (THF-ds): 8= 0.90 (br, 6H, methyl groups
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of'acac), 1.4-1.72 (m, 36H, Bu), 2.8 (s, 1H, CH), 8.34- CH t-Bu

3 CH
o) 3
8.38 (m, 4H, 1-H ), 9.41-9.44 (m, 4H, 2-H), 9.46-9.6 t@ g
t-Bu \N/ N \N/ )
(m, 4H, 2’-H), N In Ni:@
N t-Bu

N N
MS (FD), m/z (%) : 950.8 (100) M* 8
EA: Cs;HssNgOsln (950.88): Caled.: C 66.94, B
H 5.83, N 11.78; Found: C 71.01, H 6.05, N 12.08. 19

(Mixture of isomers)

2.6.3 Symmetric trinuclear phthalocyaninatoindium(IIT)acetylacetonate 20

A mixture of trimer 15 (17.1 mg, 5 mmol) and In(acac); (acac = acetylacetonate)
(0.18 g, 0.4 mmol) was refluxed in anhydrous DMF (15 ml) for 3 hrs under nitrogen. After
cooling, methanol was added to precipitate the product and purificated by Soxhlet extraction
with methanol and ethyl acetate to remove the rest of the metal-free trimer 15. Trimer 20 was

obtained as a blue green powder (17.3 mg, 84 %).

IR (KBr): v(cm™): 2925, 1726 (C=0), 1455, 1383, 1377, 1282, 1217, 1119, 752.
UV/ Vis (CH,ClLy): Apax = 686, 420, 350 nm .
3C CP/MAS NMR: § = 10.68 (CH;),
24.42(CH,), 29.47(CHy,), 40(CH),

51(C-20), 73.71(C-2, C-OCH,), % ro  OR "\Ro_o%
83.64(C-2, C-19), 108.61(C-31, - o 1 ’ 9
C-28, C-12, C-9, C-4), 124.18 N“'IN '““"'le*'”,/ SO}
(C-23, C-17), 149.72 (C-32, C-27, 8
C-24, C-22, C-18, C-16, C-11, C-8,

C-5, C-3,C-1), 166.06 (C-11, C-10,

C-29, C-30), 79.2 (C-33, C-26, C-25, C-15, C-14, C-7, C-6),193.4 (C=0).
MS ( MALDI-TOF ), m/z (%) : 4062.24 (100) M"

EA: Cy7H260N240241In3 (4062.24):Calcd.: C 67.12, H 6.67, N 8.27; Found: C 68.30, H 6.15, N
9.90 .
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2.7 Synthesis of Hexadecafluoro(phthalocyaninato)ruthenium(Il); (F;cPcRu), (23):

To a solution of tetrafluorophthalonitrile (Aldrich) (22; 1.7g, 8.5 mmol) in refluxing 2-
ethoxyethanol (10ml) was added a solution of RuCl;.3H,0 (0.5 g, 0.17 mmol) in the same
solvent (10ml). The mixture was refluxed for 24 hours under a stream of N,. A dark green
solution was formed, which was cooled to room temperature and then poured into
MeOH/H,0 (3:1). The precipitate was centrifuged and dried. The crude dimeric (F;¢PcRu);
23 obtained was heated at 80 °C wunder a vacuum to sublime any unreacted
tetrafluorphthalonitrile (22). Further purification was carried out by column chromatography
over silica gel using a mixture of n-hexane/ acetone 2.5:1. After evaporation of the solvent
and drying at (50°C, 0.01 Torr) a dark bluish-green powder was obtained. Yield: 0.95 g
(52%).

IR (KBr): viem™): = 3116 em’, 3050, 2914, 1623, 1554, 1490, 1451, 1320, 1270, 1170,
960, 840, 810, 620.

UV/ Vis (Acetone): Ayax = 622, 583, 434, 322 nm.
MS(FAB), m/z (%): 1802.90 (M") , 901.4 (M- monomeric form).

EA: C3;NgFgRu (901.4 ): Caled.: C, 42.64; N, 12.43; F, 33.72 %. Found: C, 43.1; N, 11.22;
F, 32.55%.
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