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Several synthetic techniques for metal-free phthalocyanines (Pc) and d- and f-metal phthalocyaninates
(“PcM?”) starting from different precursors (phthalonitrile, urea and phthalic anhydride, phthalimide,
phthalic acid, etc.) are reviewed. Conventional methods are presented, as well as some less well-known
techniques such as those using ultrasound, laser, microwaves, or nuclear transformation. Special attention is
paid to phthalocyanine formation at relatively low temperatures (0-60 °C). Experimental results on Pc
formation using UV-irradiation of the reaction system are presented.

Brief revision of the main techniques for
phthalocyanine preparation

Precursors and techniques

The well-known metal-free phthalocyanine (Pc or PcH;) and
its numerous metal complexes (“PcM”, metal phthalocyanines
or, more exactly phthalocyaninates) have been intensively
studied since the early thirties'™ and are widely used in the
pigment industry. Pc can be obtained by the classic template
reactions starting from diverse precursors, such as phthaloni-
trile (PN), o-cyanobenzamide, 1,3-diiminoisoindoline (1,3-D),
phthalimide (PM), phthalic acid, etc., generally in high-boiling
non-aqueous solvents at elevated temperatures,”® or electro-
chemically from phthalonitrile.” In the case of PN use, CH;0-
Na (sodium methoxide, SM) and other strong bases are used in
order to perform a nucleophilic attack at the cyano group of
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S M = elemental Fe, Co, Ni, Cu, Zn, Cd, Sn or their salts
S Metal-free phthalocyanine forms metal complexes with
= “strong” (for example, Fe, Cu, Ni) or “weak” (Mg, Sb) metals
o) . . . A
& (according to their resistance to elimination from the product)
686 | New J. Chem., 2005, 29, 686-692

which can be synthesized: (a) chemically from metals or their
salts>™ or (b) electrochemically from the bulk metals or their
salts.” The first type (a) of reactions employs elemental metals or
their salts, the above precursors and non-aqueous solvent. High-
boiling substances as nitrobenzene, o-dichloro- and trichloro-
benzene, ethyleneglycol, a-methylnaphthalene, quinoline, efc.,
are usually used as solvents, although some alcohols or benzene
have been successfully applied using PN as a precursor of Pc.
The yields of these reactions are in the order of 90-100%.°

The electrochemical route, as well as less common techni-
ques (use of laser, ultrasonic, and microwave treatment, see
Table 1), is not often used for Pc preparation. The feasibility of
the electrosynthesis of PcM was first reported by C. H. Yang,’
who obtained “PcM” of Cu, Ni, Co, Mg, and Pb using metal
salts or elemental Fe and Cu as a source for the central atom.
Furthermore, Petit’s research group® studied the electrosynth-
esis of PcCu by electroreduction of Pc with a copper sheet or an
electrodeposited layer of copper on platinum as an anode.
Among reported “‘non-standard” techniques for metal phtha-
locyanine production, microwave irradiation under solvent
free conditions has been used for obtaining phthalocyanine
derivatives of Ru, Rh, Pt, and Pt,” Zn, Mg, Co, and Cu'® or
Si.!! Ultrasonic treatment is used as for synthetic purposes
(Table 1) as for phthalocyanine destruction.'?

As well as a variety of metal-free and d-metal phthalocya-
nines,™® actinide phthalocyanines should be especially men-
tioned. In addition to classic synthetic techniques from Pc
precursors and corresponding metal salts, sometimes they are
obtained by element transformation processes. Thus, protacti-
nium-233 and neptunium-239 di-phthalocyanines were pre-
pared from the corresponding thorium-232 and uranium-238
di-phthalocyanines this way.® The existence of Pa and Np di-
Pcs in reaction products is proven by repeated sublimation of
the irradiated parent compounds using platinum gauze to
retain the impurities. Np di-Pc is also synthesized on the trace
scale from irradiated uranium metal, using the normal syn-
thetic method for uranium di-Pc.® Actinide phthalocyanine
structures, as well as those of 200 metal phthalocyanines and
their derivatives, are classified in ref. 13. The lanthanides form,
in particular, “super-complexes” (triple-decker) Ln,Pcs,°
among others.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifiqgue 2005
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In Table 1, we present a brief generalization of the most
important techniques for metal-free and metal phthalocyanines
preparation. The experimental results on the synthesis of
phthalocyanines at relatively low temperatures (0—60 °C) using
phthalonitrile as a precursor in the conditions of UV-irradia-
tion of the reaction system will be described below. The
reviewed techniques are generally ‘“‘non-standard’; according
to some of them, the yield of metallophthalocyanines is
increased relative to that obtained by conventional methods
and the reaction time is usually shorter.

As can be seen, various routes can yield PcH, or PcM at low
temperature, in particular direct electrochemical procedures with
use of sacrificial metal anodes or metal salts,*®®7 use of strong
bases, and by UV-irradiation of the reaction system. In this
respect, two recent articles*>®® should be especially mentioned,
in which very mild conditions for Pc synthesis were offered. In
ref. 68 room-temperature synthesis of substituted and non-
substituted PcM was carried out from phthalonitriles in the
presence of solid sodium methoxide in THF; several important
advantages of this approach were reported. It was considered
that the Pc core formation probably occurs on the surface of
solid CH30ONa. A series of primary alcohols and elemental
metals were used for the condensation of phthalonitriles at room
temperature.** Leznoft*’ proposed that more activated forms of
some metals are required. In this respect, at low temperatures an
additional “impulse” is needed for the cyclization process;
precisely, surface energy of strong base (solid CH;ONa)® or
extra energy of defects in the surface of elemental metals** could
serve as such an impulse to reach the energetic barrier. So, any
source of additional energy could be useful for successful synth-
esis at low temperatures. To serve as such sources, the metals in
activated form (in particular, Rieke metals®®) could be extremely
useful. The peculiarity of their surface is a high concentration of
imperfections, which render them much more active in compar-
ison with the same metals in their “standard” form (sheet, wire
or non-active powder). Additionally, zeolites and other micro-
porous materials can be also used for obtaining phthalocyanine
from phthalonitrile in cavities.”>"*

According to the considerations above for optimizing the
low-temperature preparation of phthalocyanines, six routes are
being developed in our laboratory: (1) UV-irradiation of the
reaction system (without use of metals)*® and use of radical-
forming compounds; (2) use of elemental metals*’ in the form
of active finely divided pyrophoric metal powders’> and Rieke
metals®® as “matrices” for phthalonitrile cyclization and Pc
core formation; (3) direct electrochemical synthesis using sa-
crificial anodes and even cathodes;”-3-3%3336:66:67 (4} yse of
zeolites and other microporous materials,’® > (5) use of so-
called ““supported metals® and (6) search of active (or non-
stable) complexes or organic bases®® for the first cyclization
reaction step. In this publication, we present the experimental
results of the first technique.

Experimental

Synthesis of metal-free phthalocyanines at relatively low
temperatures (0-60 °C) by UV-treatment of the reaction system

Materials and equipment. Phthalonitrile, DBU, 30% solution
of CH3ONa in CH30H, and PcH, (Aldrich) were used as
supplied. Solvents (from Aldrich and Fisher) were distilled by
standard methods before use. The photochemical reactor
(Fig. 1, mercury lamp of 1200 W) was used for irradiation of
samples. Although the mercury lamp was cooled by water flow,
it caused a rapid heating of the reactor space. So, in order to
maintain the necessary constant temperature, the quartz tubes
with sample solutions were partially immersed in a bath,
connected to a thermostat outside the reactor. The temperature
inside the bath and in the thermostat was controlled by
thermometers. The distance of the samples from light source
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Mercury lamp

~ amples of solutions
™~ /I?"I quartz tubes

Thermostat

——— Water

Reactor cooling
system

Fig. 1 Scheme of the UV-reactor.

was about 20 cm; the samples were located in the vertical
middle of the reactor.

Organic microanalyser (Perkin-Elmer) was used for C, H
and N content determination. Infrared and UV/visible (in
pyridine) spectra were recorded on Perkin-Elmer and Lambda
12, respectively.

UV-Irradiation of the reaction system. The solutions, in a
series of solvents, contained phthalonitrile as Pc-precursor and
CH;ONa (or DBU, 1,8-diazabicyclo[5.4.0lundecene-7-ene) as
a nucleophilic reagent, were irradiated for 3 h in a photoche-
mical reactor at 0—60 °C. The following alcohols were used:
methanol, ethanol, isobutanol, fert-butanol, cyclohexanol,
2-octanol, ethyleneglycol, ethoxyethanol, and DMEA (di-
methylethanolamine). Parallel experiments were carried out
without any nucleophilic reagent in the same conditions. Each
solution in quartz tube contained 0.5-1 g of phthalonitrile,
depending on the solubility of phthalonitrile in a solvent, 5-10
mL of the solvent and 2 drops of DBU or 30% solution of
CH;0ONa in CH;O0H.

Purification and identification of the products. Phthalocya-
nines formed were purified by washing with hot ethanol in a
Soxhlet equipment and dried in air. According to elemental
analysis data, a composition of the obtained products corre-
sponds to typical phthalocyanine (metal-free PcH,). Some
variations of composition (0.05-0.30%) were observed in
different experiments. The IR spectra (KBr pellet) of the
phthalocyanine contain the following main bands (cm™"),
among others: 3500-3380(vs, w), 2815(m), 2504(m) {v(C-H)};
2300-2280(s), 1730(vs), 1607(s), 1524(m) {/(C-C) of benzene
rings}; 1448(m) {¢(C-C) of pyrrole rings}; 1385(v.s.), 1365(s)
(pyrrole nuclei-meso atoms of N); 1320(m), 1309 (m), 1150(s)
{y(C—H)}, 720, 690, 675 and 622. UV/vis data (nm) of PcH, in
pyridine are the following: 692-693, 659—660 (Q-band), 640,
602-604.

Results and discussion

Observations

It was observed that in ethyleneglycol the product is formed in
all the range 0-60 °C with yields from traces to quantitative
(Table 2). In case of ethyleneglycol, due to the high viscosity of
this solvent it was difficult to evaluate exactly a real yield.
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Table 2 Phthalocyanine yields at different temperatures under UV-irradiation

Yield (%)

Temperature/°C/

Solvent/base 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55
Ethyleneglycol 0 0 0 0 0 0 0 0 0 0 0
Ethyleneglycol/DBU Traces Traces Traces <5 17-20 3540 50-55 100 100 100 100
Ethyleneglycol/CH;ONa Traces Traces Traces <7 20-25 32-36 40 60 80 100 100
Ethanol 0 0 0 0 0 0 0 0 0 0 0
Ethanol/DBU 0 0 Traces Traces 15-20 38-40 45-50 100 100 100 100
Ethanol/CH;0Na 0 Traces Traces 15-22 50-55 70-75 100 100 100 100 100
Methanol 0 0 0 0 0 0 0 0 0 0 0
Methanol/DBU Traces Traces <10 20-25 45-55 65-73 100 100 100 100 100
Methanol/CH3;0ONa Traces Traces 10-15 25-30 50-55 70-75 100 100 100 100 100
DMEA 0 0 0 0 0 0 0 0 0 0 0
DMEA/DBU 0 0 0 0 0 0 0 Traces Traces 80-85 100
DMEA/CH;ONa 0 0 0 0 0 0 <10 50-60 75-80 100 100
Ethoxyethanol 0 0 0 0 0 0 0 0 0 0 0
Ethoxyethanol/DBU 0 0 0 0 0 0 0 Traces Traces 75-80 100
Ethoxyethanol/CH;ONa 0 0 0 0 0 0 Traces 45-50 65-75 75-80 100

Among the other solvents used, methanol and ethanol were the
best, in which media quantitative yields were registered at
30-60 °C and smaller at 0-25 °C. Ethoxyethanol and DMEA
also appeared to be good solvents for Pc formation by UV-
irradiation, although the yields were lower. It was also con-
firmed by higher Pc yields that CH3;0Na is a stronger nucleo-
philic agent in comparison with DBU. In some cases, the Pc
formation was not immediate: in 3-48 h after finishing UV-
irradiation. In the parallel experiments, when no nucleophilic
reagent was used, no phthalocyanine formation was observed.
In other alcoholic media, no Pc formation was detected.

UYV irradiation effect on Pc formation

Tomoda and co-workers reported®’ that PcH, could be pro-
duced from phthalonitrile at room temperature in different
alcoholic solvents. The authors concluded that the UV treat-
ment is effective only at the initial stage of the reaction because
of an absence of the product after heating the reaction mixture
in the dark and further exposure to UV light.** In our previous
investigation,®® it was established that, starting from 1,3-di-
iminoisoindoline (1,3-D), PcH, formation takes place even at
5-7 °C in N,N-dimethylethanolamine exposing 1,3-D solution
at UV light.

When phthalonitrile is used as a precursor, free RO* radicals
appear due to UV irradiation of the alcohol solutions of
phthalonitrile, contributing to the nucleophilic attack on the
carbon atom of the CN group together with the action of
CH;0ONa or DBU. Probably, this is a cause of PcH, formation
at room temperature under the conditions of UV-irradiation.
In case of use of N,N-dimethylethanolamine, the formation of
free radicals (CH3),NCH,CH,O" takes place; additionally, the
electron lone pair of the nitrogen atom could take part in
nucleophilic attack on the carbon atom of the CN group.

It was noted that the yields in ethyleneglycol seem to be
higher in comparison with other alcohols having only one OH
group. Unfortunately, as was mentioned earlier, it is difficult to
evaluate a real yield due to the difficulties in isolation of the
product from this solvent. Evidently, an increase in the number
of OH groups leads to an increase in the quantity of free
radicals. The experiments in glycerine gave the similar results,
but it was absolutely impossible to isolate the product from this
solvent, so real yields in glycerine are unknown.

Conclusions

Phthalocyanines can be obtained from phthalonitrile as a
precursor under mild conditions at room temperature in the

conditions of additional activation of the reaction system (UV
irradiation, direct electrochemical procedure, use of strong
solid bases or elemental metals, ezc.). Non-substituted phtha-
locyanine can be obtained from phthalonitrile under mild
conditions (0-60 °C) in various alcohols under UV-irradiation
of the reaction system.
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