Chemistry

Review Europe
European Chemical

Chemistry—A European Journal doi.org/10.1002/chem.202400908 Sacieties Publishing

www.chemeurj.org

Phthalocyanines Synthesis: A State-of-The-Art Review of
Sustainable Approaches Through Green Chemistry Metrics

a, b]

and Venanzio Raglione®

Gloria Zanotti,*®® Federica Palmeri,

Chem. Eur. J. 2024, 30, 202400908 (1 of 20) © 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-1568-3591

Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202400908

Driven by escalating environmental concerns, synthetic
chemistry faces an urgent need for a green revolution. Green
chemistry, with its focus on low environmental impacting
chemicals and minimized waste production, emerges as a
powerful tool in addressing this challenge. Metrics such as the
E-factor guide the design of environmentally friendly strategies
for chemical processes by quantifying the waste generated in
obtaining target products, thus enabling interventions to
minimize it. Phthalocyanines (Pcs), versatile molecules with
exceptional physical and chemical properties, hold immense

1. Introduction

The complex and urgent issue of climate change demands
action on multiple fronts. Mitigating its effects in the coming
years will require a fundamental reevaluation of how many
technologies are developed and utilized. This encompasses the
acquisition and preparation of materials necessary for their
advancement, procedures which must prioritize environmental
sustainability. Over the past three decades, green chemistry!
has emerged as a powerful discipline in this regard. Its
proposed paradigm shift embodies a holistic approach to
environmental issues, focusing on the development of increas-
ingly efficient methods to minimize waste throughout the
production, processing, and utilization of materials and associ-
ated devices. Multiple strategies can be employed to satisfy this
premise, such as opting for safer and less polluting reagents,
solvents and reaction conditions, as well as designing synthetic
pathways that retain the majority of the atoms of the reactants
in the products. Additionally, identifying low-impact techniques
to process target materials in the technology for which it was
designed is crucial. To assess the environmental impact of
chemical processes, a set of metrics is utilized. Among these,
the E-factor is widely recognized. It is defined as the ratio of the
mass of waste generated per mass of product obtained and
quantifies various components including byproducts, unreacted
substrates, non-recyclable solvents, catalysts, and any irrecover-
able chemicals, offering valuable insights into the overall
environmental footprint of a process. Phthalocyanines (Pcs) are
versatile planar, aromatic molecules that have been of great
interest to the scientific community due to their outstanding
chemical, electronic and optical properties. In fact, in the last
decades the interest in phthalocyanines, in addition to
fundamental research, has been extended to technology
applications such as chemical sensing,”” organic electronics
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potential for technological applications. This review aims to
bridge the gap between green chemistry and phthalocyanine
synthesis by collecting the main examples of environmentally
sustainable syntheses documented in the literature. The calcu-
lation of the E-factor of a selection of them provides insights on
how crucial it is to evaluate a synthetic process in its entirety.
This approach allows for a better evaluation of the actual
sustainability of the phthalocyanine synthetic process and
indicates possible strategies to improve it.

(organic thin film transistors (OTFTs), Organic Field-Effect
Transistors (OFETs))"” photodynamic therapy,®'® CO, conver-
sion in valuable chemicals"™"® and hybrid photovoltaic tech-
nologies such as dye-sensitized solar cells (DSSCs),"*'® organic
solar cells""'? and perovskite solar cells (PSCs)?*2* Their
structure consists in an isoindolic 18-t aromatic electron ring
system having an oxidation state of —2. Therefore, its central
cavity is capable of hosting a variety of metal ions mostly in the
+2 oxidation state. Derivatives bearing two monovalent
cations, such as lithium, sodium, and potassium, can be
synthesized and isolated; however, they are not very stable in
acidic conditions and in the presence of humidity, which can
lead to demetallation (Figure 1c). lons in the + 3 state, such as
aluminum and indium, can be coordinated too, in the presence
of an anionic ligand such as a halide (Figure 1d). Larger trivalent
cations, such as those from lanthanides and actinides, cannot
be fully accommodated within the phthalocyanine ring. Instead,
two phthalocyanine ligands may surround the same ion,
forming a so-called “sandwich” type double-decker complex
(Figure Te).

The carbon atoms in the a- and B- positions of the
macrocycle (Figure 1) can be widely functionalized to finely
tune the optoelectrochemical properties according to specific
needs. Given their wide aromatic delocalization, phthalocya-
nines in solution show typical absorption spectra composed by
two main contributions: a Q band typically ranging in the 600-
700 nm and a B (Soret) band between 300 and 400 nm. The
sharpness of the bands depends on the degree of aggregation
of the macrocycles, frequently affected by the donating or non-
donating nature of the chosen solvent. The phthalocyanine ring
is typically synthesized via a cyclocondensation reaction
involving several starting materials summarized in Scheme 1.
Phthalimides, phthalic anhydrides, and phthalic acid can all
serve as useful precursors for synthesizing both metal-free and
metal-containing phthalocyanines, as summarized in Scheme 1.
Most commercial processes utilize these compounds, particu-
larly phthalic anhydride, due to its lower cost with respect to
other precursors. Along with the appropriate metal salt, if
needed, urea is required as a nitrogen source, and ammonium
molybdate ((NH,),M00,) as a catalyst.

These reactions typically require heating and are conducted
in the melt,*?® although solvents such as nitrobenzene have
also been employed.”’?® Even though the reaction mechanism
is not fully understood, some key steps appear to be sufficiently
clear: phthalic anhydride initially reacts with urea or its
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Figure 1. a) Structure of a metal phthalocyanine in which the a and B positions are marked. b) Typical phthalocyanine spectrum in tetrahydrofuran (THF). c)
Phthlaocyanine complex with monovalent cations d) Phthalocyanine complex with trivalent cations. e) double-decker phthalocyanine. The torsion angle
between neighboring Pc depends on the nature of the metal ion.
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Scheme 1. General reaction conditions scheme for the synthesis of phthalocyanines starting from phthalic acid, phthalic anhydride, phthalimide, phthalimide,
1,3-diiminoisoindoline or phthalonitrile. No metal salt is required for the synthesis of metal-free derivatives (M=2H).

decomposition products, progressively replacing oxygen atoms
with nitrogen to ultimately form the key intermediate 1,3-
diiminoisoindoline. The presence of ammonium molybdate is
essential to catalyze this part of the sequence. Subsequently,
this intermediate undergoes tetramerization with cyclization,
possibly aided by the presence of a metal ion, to form the
desired phthalocyanine.

When employed as starting materials, 1,3-diiminoisoindo-
lines undergo self-condensation at high temperatures. A typical
procedure for obtaining the phthalocyanine macrocycle there-
fore consists of dissolving them in an appropriate solvent, for
example N,N-dimethylaminoethanol (DMAE), N,N-dimethylfor-
mamide (DMF) or quinoline, and allowing them to react under
reflux.?*** For syntheses conducted on a laboratory scale,
however, phthalonitrile and its derivatives are by far the most
versatile and used precursors. The reaction is conducted at
temperatures ranging from 130 to 250°C in solvents such as
alkyl alcohols, DMF, DMAE, quinoline, or a-chloronaphthalene,
in an alkaline environment. An organic non nucleophilic base
such as 1,8-diazabicyclo [5.4.0lundec-7-ene (DBU) or an in-situ
generated lithium alcolate are frequently used to assist the
formation of the macrocycle. The most plausible mechanism for
the formation of the phthalocyanine ring starting from
phthalonitrile is shown in Scheme 2 and involves the interaction
between a CN and a nucleophile, followed by intramolecular
nucleophilic attack on the carbon of the ortho cyano group and
further cascade steps that ultimately lead to the formation of
the final product. The presence of a templating metal
significantly aids the tetramerization, instead of promoting side
oligomerizations or polymerizations. Typically, the nucleophilic
function is carried out by the deprotonated form of a protic
polar solvent or by the counterion of the selected salt. In recent
years, alongside conventional procedures, alternative method-
ologies have emerged with the goal of conducting reactions
under milder and less environmentally impactful conditions.
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These approaches often involve the utilization of alternative
energy sources or innovative reaction protocols and reactants.
Despite the attention given to this issue by many research
groups, as evidenced by the specific literature on the topic,
there are relatively few and outdated reviews on synthetic
methodologies with low environmental impact published thus
far.'3? Furthermore, to the best of our knowledge the
discussion about the environmental impact itself is limited to
the proposed synthetic approaches without discussing their
environmental footprint more in detail. Evidence of this can be
seen in the limited inclusion of green metrics in these
discussions. Only very recently, some evaluations on the
Environmental Factor (E-factor) related to the synthesis of
unsubstituted and tetra-tert-butyl substituted phthalocyanines
have been made.’*** In contrast, examples of E-factor calcu-
lations in porphyrin synthesis have been available for some
time.®*3¥ This important metric is defined as the ratio between
the mass of waste generated and the mass of product obtained.
It does not differentiate between various types of waste, thus it
should be complemented with other metrics to assess toxicity.
However, even when used alone, it can offer valuable insights
into the studied synthetic process. Its simple calculation
procedure, based on objective data, makes it a useful tool for a
quick evaluation of the environmental impact of a synthetic
process. This review describes the main advances in the field of
research into synthetic protocols with reduced environmental
impact to produce phthalocyanines over the last 25 year. Our
goal is to provide an updated state-of-the-art understanding of
the topic and offer an exhaustive overview of the progress
made in this field. Furthermore, as a first step towards the
evaluation of synthetic processes for obtaining phthalocyanines
through ex post evaluations, we will present the calculation of
the E-factor of a selection of procedures taken from the articles
under examination. These reference values will serve as useful
benchmarks for an initial assessment of the “greenness” of a
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Scheme 2. Proposed mechanism for the synthesis of phthalocyanines starting from phthalonitriles.

synthesis based on the generated waste materials. Far from
being exhaustive, this approach can indeed facilitate the
development of more sustainable synthetic methodologies for
phthalocyanine ring synthesis.

2. Discussion

We have categorized the various synthetic methodologies into
three primary groups: the utilization of alternative energy
sources for heating, the selection of reaction environments with
a low environmental footprint, and synthetic strategies aimed
at reducing reaction temperatures using specific reagents. In
cases where an article encompasses more than one of these
types—for instance, microwave reactions conducted in an
environmentally compatible solvent-it will be categorized
under the most relevant classification for discussion.

2.1. Alternative Energy Inputs

In this section, we will discuss examples of phthalocyanine
synthesis conducted with alternative energy inputs such as
microwave (MW) radiation, ultraviolet (UV) radiation, and ultra-
sound. One advantage of these approaches is the localized
generation of hot spots within the reaction environment, where
very high temperatures are rapidly attained and dissipated. This

enables a significant amount of energy to be delivered to the
system while minimizing the risk of thermal degradation of
reactants or products. However, it is crucial to ensure that the
energy is uniformly distributed throughout the system, partic-
ularly when considering process scaling-up. In the case of UV
irradiation, it is especially important to carefully design the
synthesis process, as the interaction between photons and
matter often results in the formation of highly reactive radical
species that may induce unwanted side reactions.

2.1.1. Microwave Irradiation

Microwave irradiation has emerged as a powerful technique for
promoting chemical reactions. Microwaves are electromagnetic
radiation ranging from 0.3 to 300 GHz, absorbed by materials
that exhibit dipolar polarization or ionic conduction. The impact
of microwave irradiation on chemical reactions arises from a
combination of thermal and non-thermal effects. The former
effects primarily stem from dipolar and interfacial polarization,
although conduction losses can also become significant at
elevated temperatures. When a molecule is exposed to micro-
waves, it rotates to align with the applied field, resulting in
continuous attempts to realign with changing fields, leading to
energy absorption. The latter effects may primarily arise from
an increased probability of molecular collisions, a reduction in
activation energy, and the occurrence of localized hot spots.
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Microwaves improve synthetic processes by accelerating reac-
tion rates, thereby reducing reaction times. Additionally, they
enable working with reduced quantities of solvent or even in
solvent-free conditions. Furthermore, microwaves can enhance
the selectivity of a synthetic process by favoring desired
reactions over potential collateral processes.***® This approach
is by far the most represented green synthetic method in
literature for the synthesis of phthalocyanines. Microwave-
assisted synthesis has successfully provided macrocycles func-
tionalized with halides,””’** terminal alkynes," crown ethers,"
substituted  phenoxy™ ' and 1-naphthyloxy®® groups,
tetraaza,®" tetraoxamonoaza,®® tetrathiacyclohexadecane,”
dithiadiazadioxa,* diazadithio®™ and tetrathiadiaza rings,”®*”
thiazoles,®™ functionalized triazoles,”**? phenylthioethanol,
monoterpenes like (1R)-(—=) myrtenol and (1R,2S,5R)-(-)-
menthol,®  benzenesulfonamide,*® pyridine®® and azo
compounds.® Microwaves have been also employed to
synthesize silicon® lanthanide(lll),* lead,”*’® and platinum”
derivatives, and phthalocyanine-based polymers.”*7% Kantar
et al. used the microwave-assisted approach for the tetrameriza-
tion of phthalonitriles bearing different substituents at positions
4- and 5-. They successfully synthesized tetra- and octa-
substituted metal-free, zinc, and copper phthalocyanines and
compared the alternative procedure with the standard solution-
based method.”™ By exploiting the different reactivity of the
two chlorine atoms of 4,5 dichlorophthalonitrile when one of
them is subjected to nucleophilic aromatic substitution (SyAr),
they synthesized two asymmetric precursors: 4-chloro-5-(3,5-
dimethoxyphenoxy)phthalonitrile  and  4-octanethio-5-(3,5-
dimethoxyphenoxy)phthalonitrile. Subsequently, these precur-
sors reacted in DBU or DMAE for 8 minutes at a power of 350 W
using microwave irradiation to provide MW1 and MW2
derivatives. In all cases investigated, the yields were at least
75%, surpassing those of the corresponding standard proce-
dures conducted for comparison. DMAE was chosen as the
reaction solvent for the synthesis of the polyfluorinated zinc
phthalocyanine MW3,“Y which was subsequently grafted onto
a suitably functionalized silica. The resulting inorganic-organic
hybrid material was used as a catalyst for the solvent-free
synthesis of biologically important 1,5-benzodiazepines, and
proved to be recoverable and reutilized. The use of the MW3-
based catalyst in solvent-free reaction conditions at room
temperature, led to an improvement in conversions with
respect to control experiments. The environmentally friendly
synthesis of its precursor adds significant value, further
advancing the target application towards greater sustainability.

Acetynyl-substituted zinc phthalocyanines have been syn-
thesized by Koyun et al. in a similar way.*? By irradiating the
precursors in n-pentanol at 360 W, yields up to 86% for MW4
and 81% for MW5 were obtained. The MW-based approach
outperformed the conventional one (79% and 74% yields for
MW4 and MWS5 respectively) and reduced the reaction time
from 6 hours to 15 minutes. Remarkably, the synthetic approach
was efficient in providing the target products without needing
to protect the terminal acetynyl functional group. Chiral
monoterpene derivatives (MW6 and MW7) have been recently
synthesized by Gonzalez et al.*” yielded the desired phthalo-

63]
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cyanines with comparable yields to the conventional procedure.
The copper derivatives exhibited slightly higher yields than the
zinc derivatives. Notably, a significant reduction in reaction time
from seven hours to one hour was observed. Taking advantage
of the local generation of large amounts of energy, microwaves
can be exploited to obtain products that would not be
synthesized using conventional methods. Makhseed et al.
succeeded in obtaining hexadeca(2,6-
dimethylphenoxy)phthalocyanines”® (MW8) in a 9% yield by
reacting 3,4,5,6-tetrakis(2,6-dimethylphenoxy)phthalonitrile in
the presence of hydroquinone in hexanol at 350 W for
10 minutes. Microwaves irradiation mitigated the decrease in
reactivity of the cyano groups due to the steric hinderance and
electron-donating nature of the bulky 2,6-dimethylphenoxy
substituents. The related metallated derivatives were obtained
in 18 %-24 % yields by adding the desired salt to the mixture.
On the contrary, attempts using the lithium pentoxide/pentanol
system to obtain the free-base or metal ion-template reactions
in hexanol led to inseparable mixtures of byproducts with an
overall very low yield. Several solvent-free procedures have also
been reported. Sharma etal. straightforwardly synthesized
2,9,16,23-tetrachlorophthalocyanines MW9 starting from the
cheap sodium 2-carboxy-4-chlorobenzoate and a suitable
anhydrous metal salt (CoCl,, CuCl,, NiCl,, ZnCl,) in presence of
urea as the source of nitrogen”? The reported yields are
generally high (75-92%). The absence of a proper solvent
enhanced the interaction between microwaves and reactants
and drove the chemical reaction toward completion. Moiseeva
etal succeeded in synthesizing 1.9 grams of
2(3),9(10),16(17),23(24)-tetraiodophthalocyanine MW10 in a sin-
gle batch by irradiating a mixture of 4-iodophthalonitrile and
Zn(quinoline),Cl, salt in a microwave reactor at 150 W for
7 minutes.”” The authors achieved a high 83% vyield at
analytical grade (>98%) purity. This result is promising as this
molecule is a versatile intermediate, whose iodide atoms can be
widely substituted by exploiting the rich palladium-catalyzed
chemistry to provide functionalized derivatives with high
complexity. Furthermore, it is interesting to report here the
synthesis of the MW11 cobalt derivative starting from 1,2,4-
benzene tricarboxylic anhydride, urea, cobalt chloride and
(NH,),Mo00,, carried out on a total of approximately 100 grams
of reagents. The authors report a very high yield, equal to 90%,
validating the use of microwaves even on large quantities,
although still on a laboratory scale.”” Solventless microwave-
assisted syntheses have been reported also for unsubstituted
Cu(l), Mn(l1), Al(Il1), Co(ll) and Zn(ll) Pcs,”® and for nitro- and poli
chlorinated-derivatives.”®” Lead phthalocyanine and lead
2(3),9(10),16(17),23(24)tetra-nitrophthalocyanine were obtained
in 90-92 % yields by reacting phthalonitriles and lead oxide in a
domestic microwave oven for 13-15 minutes with a range of
power irradiation.”” The method was applied to batches of
reagents up to approximately six grams. Comparison reactions
carried out in molten phthalonitrile at 140-180°C for 1-4 hours
consistently resulted in lower overall yields. On the contrary,
more complex lead derivatives (MW12, MW13) synthesized in
pentanol using DBU as base provided lower yields, ranging
between 19 and 46%."*” Although a direct comparison of such
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different synthetic procedures is inappropriate, it is possible
that the absence of solvent may be particularly advantageous
for the synthesis of this family of metallophthalocyanines.
Alternatively, pentanol may not be the most suitable choice as
a reaction medium in this particular case. The chemical
structures of the phthalocyanines discussed in this paragraph
are gathered in Figure 2.

2.1.2. UV Irradiation

Photochemical substrate activation with UV irradiation fre-
quently occurs without the need for additional reagents,
leading to reduced formation of byproducts. This feature makes
photochemical reactions particularly attracting within the
framework of green chemistry. Moreover, certain reactions can
be carried out using visible light or sunlight as a renewable
energy source, further enhancing their environmental appeal.
The study of UV light to assist the synthesis of phthalocyanines
dates to 1976, when Tomoda et al. observed that room light
could positively affect the formation of phthalocyanines, and
that UV irradiation could promote it even at room
temperature.®” Kharisov et al.®'®? then studied the effect of
solvent on the synthesis of metal-free phthalocyanine (PcH,) in
the temperature range 0-60°C choosing different linear,
branched, and cyclic alcohols, as well as in ethylene glycol and
dimethylaminoethanol (DMAE) as reaction media. Under the
best experimental conditions, using the Ethanol/CH;ONa and
Methanol/CH;ONa systems could produce quantitative yields in
the 30-60°C temperature range. The rationalization of this
evidence involves the formation of free RO radicals upon
irradiation with UV light, which increases the effectiveness of
nucleophilic attacks on the cyano group of phthalonitrile.
Experimental evidence suggests that the presence of more
than one hydroxy group in solvents, such as in ethylene glycol
and glycerol, can enhance yields and enable reaction temper-
atures to be lowered, even to near-zero degrees. However, it is
important to note that the authors report difficulties in precisely
calculating these effects due to the high viscosity of these
solvents, that made the isolation of the product from the
reaction mixture challenging. Therefore, while this evidence is
promising, it should be considered probable rather than fully
verified. In 2010, Youssef reported the UV-assisted synthesis of
metal-free 2,3,9,10,16,17,23,24-octamethoxyphthalocyanine
(UV1, Figure 3) in DMAE, as a precursor for more complex
alkynyl substituted derivatives.®” The yield obtained was 60%
starting from 3.5 g of phthalonitrile, a quantity still on a lab-
scale, but significant in phthalocyanine synthesis, often carried
out in quantities much lower than one gram. Instead, any
attempt to synthesize the corresponding metallophthalocya-
nines in the same reaction conditions failed. Saito etal.
reported the first direct synthesis of Cu and Zn phthalocyanines
in nanosized micelles irradiated with UV light.®” The size of the
micelles, that was found to be averagely 24.7 nm, allowed to
control the morphology of target products, obtaining CuPc in
a-form. The order in which the reagents are added was found
to be crucial for the success of the reaction: adding CuCl, before
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the surfactants resulted in large aggregates caused by the
formation of complexes between Cu?* and isoindoline inter-
mediates outside the micelles. This approach was subsequently
applied to the synthesis of unsubstituted crystalline naphthalo-
cyanines and tetrapyridoporphyradine, thus demonstrating its
potential versatility.®”

2.1.3. Ultrasounds

For over 80 years, sonochemistry, or ultrasound-driven chemical
reactions, has captivated researchers as a powerful tool. The
effectiveness of ultrasound stems from cavitation, where
bubbles form, expand, and violently collapse within a liquid.
These collapsing bubbles generate intense, localized bursts of
high pressure (up to 1,000 bar) and temperatures up to 5,000 K,
initiating high-energy radical reactions. However, sonochemistry
is more than just brute force; it also facilitates micro-mixing,
ensuring thorough interaction between reaction components,
and enhances mass transport, allowing materials to move more
freely within the system. Additionally, it can reduce particle size,
resulting in a larger surface area and faster reaction rates.
Studies have shown that sonochemistry can significantly
enhance reaction efficiency by accelerating rates, increasing
yields, and influencing product selectivity in specific cases. This
influence may even lead to the discovery of entirely new
reaction pathways. Several ultrasounds-assisted organic reac-
tions have been reported, such as the synthesis of esters,®!
hydrolysis of nitriles,®™® nucleophilic aromatic substitutions®®
and preparation of metal-organic frameworks (MOFs).®’%¥ The
literature concerning this approach for the synthesis of
phthalocyanines is scarce and notably dated. There is evidence
of ultrasound-assisted synthesis of PcH, at low temperature (0-
40°C) using zeolites of the clinoptilolite type as solid
support.®*? Ultrasound accelerates the reaction by 2-3 times
compared to control experiments conducted without it. The
authors hypothesize that this acceleration is attributable to the
improved generation of radical species and the continuous
exposure of new active catalytic surfaces of the zeolites
themselves. Differences in reaction yields observed depending
on the zeolite used were attributed to calcite impurities present
in the composition of one of them, which are inert with respect
to the phthalonitrile cyclization reaction. As a side note,
ultrasonic treatments were reported to obtain lithium phthalo-
cyanine nanotubes from micrometer-sized particles in water.”"”
Combinations of high frequency ultrasound and a surfactant
like sodium dodecyl sulfate (SDS) reduced their size to
diameters of tens of nanometers. Lastly, ultrasounds have found
application in processes aimed at destroying the phthalocya-
nine aromatic ring in decolorization processes of industrial
Waste.[92,93]

2.2. Alternative Reaction Media

Solvents represent a significant fraction of the whole material
involved in a chemical process and play many roles in the
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Figure 2. Phthalocyanines synthesized using MW-assisted methods.
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Figure 3. Chemical structure of 2,3,9,10,16,17,23,24-octamethoxyphthalocya-
nine.

success of a synthesis. They can homogenize the concentration
of reactants in the reaction medium and its temperature,
improve its efficiency through favorable interactions with the
reagents, induce the activation of specific molecular positions
among others, suppress the formation of byproducts, and
promote a straightforward purification of the resulting crude
mixture. All this leads to an increase in the reaction yields and
indirectly contributes to reducing the production of waste, as
well as the economic cost, of a synthetic process. The
investigation of low-impact reaction media alternative to those
conventionally used can therefore translate in many advantages
in addition to the reduction of environmental criticalities of a
synthesis.”**® Water is the solvent of choice for green
chemistry given its abundance and lack of toxicity. However,
the alkaline environment required for generating nucleophilic
species that promote ring cyclization leads to the production of
OH™ ions, which undergo unwanted reactions with the
precursors, particularly phthalonitriles.””*® Consequently, water
not only becomes unsuitable as a solvent but also an unwanted
impurity, even in small quantities, in the reaction environment.
The development of micellar approaches, building on the
extensive research already conducted for numerous organic
synthesis reactions,” could overcome the issue. However, to
date, the synthesis of phthalocyanines in micelles is limited to a
few examples in polar organic solvents™ rendering it a
relatively underexplored area with significant potential.

2.2.1. Benign Solvents

Zanotti et al.'"® tested anisole, glycerol, and their mixtures as
solvents for the ring formation of unsubstituted and tetra-tert-
butyl substituted cobalt, copper, and zinc phthalocyanines.
Anisole was chosen because of its low toxicity and
biodegradability,**'®" and because it can be obtained by
renewable feedstocks like lignin and guaiacol."**'*¥ Glycerol is
a low-impact solvent that is already utilized in organic
synthesis,"® is available on a large scale from the vegetable oil
industry and can solubilize both inorganic salts and a large
variety of organic species."'”" (Figure 4). The formation of
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Figure 4. A selection of benign solvents explored as reaction media for the
synthesis of metallophthalocyanines in solution, along with renewable
feedstocks from which they can currently be obtained.

phthalocyanines in the various solvents and mixtures was found
to be dependent on the nature of the templating metal.

The trend Cu(ll) > Co(ll) >Zn(ll) is in agreement with the
greater templating power of copper compared to the other two
ions Conversely, zinc was found to be the least reactive metal,
due to its 3d" shell. Some exceptions were rationalized by
analyzing the reaction environment and the interactions of the
solvent with the reacting species. For example, the synthesis of
CuPc in anisole using DMAE as the base had the lowest yield
among all, probably because of the polar aprotic nature of the
solvent that may have favored competitive copper-catalyzed
reactions rather than templating the tetramerization of phthalo-
nitrile. Instead, the formation of CuPc in the same solvent when
using potassium hydroxide as the base provided a yield as high
as 76%. It is possible that the greater nucleophilicity of KOH
compared to DBU in a relatively non-polar environment allowed
an effective attack on the cyano groups of phthalonitrile, aided
by the extreme coordinating capacity of copper, promoting the
Pc ring formation among other processes. KOH has generally
provided much lower yields for the other metal ions because of
a side-reaction involving the hydration of nitrile groups in polar
environments and subsequent formation of phthalimides.
Copper has been the best performing ion also in the synthesis
of tetra-tert-butylphthalocyanines, yielding the desired product
in all the screened conditions although in smaller amounts than
the standard protocols. This evidence highlights how the choice
of an alternative reaction environment can depend on parame-
ters such as the nature of one or more reagents, in a manner
that is not always easily predictable. Consequently, it can be
challenging to develop a general procedure with a broad
spectrum of applicability. As a follow up of this work,
Podapangi, Mancini et al.®*¥ investigated a propane-1,2-diol/
anisole mixture with DBU as the base for the synthesis of the
same derivatives, obtaining yields close to those of standard
conditions at least for the copper and zinc tetra-tert-butylph-
thalocyanines. In the literature, propane-1,2-diol has been
utilized as a solvent or co-solvent in reactions involving ionic
liquids."® An intriguing extension of this study, aimed at
broadening the range of alternative reaction media, could
involve solvents like polyethylene glycols (PEGs), which have
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already demonstrated success in the synthesis of organic
materials with high added value."*"""

2.2.2. Solvothermal Synthesis

Solvothermal synthesis is a method used to produce chemical
compounds that involves placing a solvent containing reagents
into an autoclave and subjecting it to high pressure and
temperature. Under these conditions, many substances dissolve
more readily in the solvent compared to standard conditions.
This increased solubility enables reactions that might not occur
under normal circumstances otherwise. This approach is mostly
applied to synthesize inorganic materials, while for the syn-
thesis of phthalocyanines there have been limited successful
attempts starting from several organic precursors, the first of
which dates to 2008 and involves the use of harmful solvents
like quinoline at temperatures >200°C.""" Over the past fifteen
years, research efforts in solvothermal synthesis have mainly
focused on identifying solvents with fewer environmental
concerns. This focus has resulted in the synthesis of phthalocya-
nines with diverse central metals and a restricted range of ring
substituents. Notably, the products are often obtained as single
crystals, rendering the solvothermal approach a valuable
strategy for synthesizing highly organized materials. These
materials offer a platform for investigating fundamental and
structural properties that would otherwise be inaccessible. In
2015, Li et al. reported the synthesis of manganese phthalocya-
nine in ethanol at 190°C for 3 hours."'? Interestingly, both the
synthesis and the purification steps do not require obnoxious
solvents, since water is the only other chemical required to
accomplish the task. The size of the crystals obtained is
considerable, and in some cases exceeds 10 mm. The resulting
crystals were characterized by SEM measurements, which
showed a well-defined quadrangular shape and different
morphologies on the top/bottom planes. X-ray diffraction
disclosed a monoclinic phase. The same author successfully
synthesized ZnPc and CoPc with a similar procedure, screening
three different alcohols to individuate the best experimental
conditions to maximize the length of the resulting crystals.""
Benzyl alcohol gave the best performances among the choices,
providing ZnPc crystals up to 8 mm and CoPc up to T mm. TEM
images of ZnPc crystals obtained in different solvents provide
interesting information, as their morphology significantly
changes with the reaction media: benzyl alcohol gave quad-
rangular prisms with smooth surfaces along with some multi-
layer plates. 1-pentanol provided rougher surfaces with nano-
sheet arrays intersecting on the exterior surface. Ethanol-
derived crystals displayed a quadrangular contour with addi-
tional secondary structures observed on their surface. Con-
versely, the smoothest surface for CoPc was obtained with
ethanol. This evidence suggests that the reaction media
interactions with the reactants and the induced reactivity on
the OH and cyano group, perhaps as well as the reaction
temperature, play a crucial role in defining the morphology of
the resulting products. The synthesis of a ZnPc hierarchical
nanostructure with hollow interior space using ethylene glycol
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as a solvent has also been reported."™ More recently, the
solvothermal synthesis of a metal-free Pc in non-harmful
solvents was achieved.""™ Since the reaction cannot take
advantage of the templating effect of metal ions, DBU or 1,5-
diazabicyclo-[4.3.0]-non-5-ene (DBN) were necessary to obtain
the final product. Additionally, ethanol emerged as the better
solvent option. The presence of a protic functional group on
the solvent was found to be fundamental for the reaction to
happen, attempts in pyridine, tetrahydrofuran, and acetonitrile
failed in giving the phthalocyanine. Solvothermal synthesis has
also been exploited to obtain rod-like iron phthalocyanine!''*"”
and hierarchical tetranitrophthalocyanines with potential appli-
cation in photocatalysis and for capacitive energy storage!'®"”
The solvothermal synthesis of copper phthalocyanine nano-
tubes and nanostructures in ethylene glycol has been recently
reported for the electrosynthesis of urea”® and ammonia*"
respectively.

2.2.3. lonic Liquids

lonic liquids have gained momentum as appealing reaction
media for organic synthesis because of their low vapor pressure,
high thermal stability, high ionic conductivity, and ease of
recovery. Due to their ionic nature, ionic liquids are particularly
advantageous for reactions involving charged reactive species.
Their high chemical stability and low volatility guarantee that
emissions from ionic liquids pose minimal environmental
concerns. However, this same characteristic renders them
persistent substances in natural environments, thus potentially
leading to pollution. The debate regarding the classification of
ionic liquids as sustainable reaction media persists in the
literature. We include them in this review because, based on
our analysis of the articles, they have demonstrated recyclability
for a certain number of cycles under the specified conditions
and are typically used in modest quantities on a lab-scale. Their
use in the formation of the phthalocyanine ring can be
advantageous, as ionic liquids can generally enhance the
reactivity of nucleophiles, thereby reducing the yield of side
products formed.'**'® |n addition to their use as reaction
media, ionic liquids have been employed in the removal of the
central metal of the macrocycle."* Some ionic liquids success-
fully used in the synthesis of phthalocyanines are shown in
Figure 5. In 2005, Lo et al. explored the potential of tetrabuty-
lammonium bromide (TBAB) as a solvent for obtaining alkylthio,
alkoxy, and phenoxy-substituted phthalonitriles by SyAr and for
subsequent cyclization to obtain the corresponding phthalocya-
nines (IL1-IL6)."* It is interesting to note that the SyAr step did
not require the presence of a base, as is normally necessary in
this type of reaction, probably because the ionic nature of the
solvent increases the nucleophilicity of the thiol and alcohol
groups. The phthalocyanines were then synthesized in the
same ionic liquid using varying amounts of DBU, in yields
comparable to reactions carried out with conventional proce-
dures. As a collateral reaction, the authors report the formation
of significant amounts of metal-free tetrakis(alkylthio) phthalo-
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Figure 5. Structure of ionic liquids mentioned in this review. From left to
right, Tetrabutylammonium bromide (TBAB), 1,1,3,3-Tetramethylguanidinium
trifluoroacetate (TMGT), 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) and butyl(2-hydroxyethyl)-dimethylammonium bromide ([bhye-
da][Br]).

cyanines when four equivalents of thiols were used in the
nucleophilic aromatic substitution of 4-nitrophthalonitrile.

It would have been interesting to investigate this occur-
rence further, as the possibility of pushing this side reaction
would have led to the final product reducing both reaction
time and required chemicals. TBAB has been employed also in
the synthesis of unsubstituted, chlorinated and nitro phthalo-
cyanines bearing several metal ions."?® Phthalonitriles, phthali-
mides and phthalic anhydrides have been used as reactants, in
the classic reaction system involving urea and ammonium
heptamolybdate. Overall, the reactions were found to proceed
at least an order of magnitude faster than their standard
counterparts. Tests have indicated a general tendency for
phthalonitriles to necessitate shorter reaction times and achieve
higher yields than other precursors. Furthermore, phthalonitriles
required lower amounts of urea, aligning with the reduced
need for a nitrogen source compared to phthalimides and
phthalic anhydrides. The ionic liquid was found to be recyclable
up to 4times, although with a progressive decrease in yield
from 95% to 70%. Nickel phthalocyanine has been synthesized
in 1-butyl-3-methylimidazolium tetrafluoroborate giving a high
yield of one-dimensional structures without using a template or
stabilizing agent."”” This occurrence was rationalized with the
unique 7-nt stacking of the imidazole ring that induces a specific
directed growth of the phthalocyanine product. 1,1,3,3-Tetra-
methylguanidinium trifluoroacetate (TMGT) and TBAB have
been investigated as ionic liquid and as phase transfer reagent,
respectively, for the synthesis of PcH,."® These studies were
conducted under both conventional heating conditions or
microwave irradiation using hexamethyldisylylazane, sodium
sulfide or urea as co-reactants. In all the examined cases,
microwaves promoted the efficient formation of target product
in 3-5 minutes depending on the reaction system, with high
yields (up to 80%) comparable to those of conventional
heating. All in all, the best performances were obtained with
TMGT regardless of the experimental procedure. The authors
rationalize this evidence with the formation of 1,1,3,3-tetrame-
thylguanidine (TMG) and trifluoroacetic acid (TFA) due to
thermal dissociation of TMGT. The nucleophilicity of the nitro-
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gen atom of TMG is strong enough to react with one cyano
group, assisted by its activation with a strong protic acid such
as TFA or the conjugated acid of TMG itself, and initiate the
tetramerization of phthalonitrile. Chauchan et al. investigated
the effect of ionic liquid composition on the synthesis of
phthalocyanines IL1, IL7, IL8, and IL9.'® A selection of
functional ammonium-, pyridinium- and imidazolium ILs in the
presence of DBU were examined, resulting in a pyridinium >
imidazolium >ammonium general reactivity scale. Pyridinium-
based materials degraded quickly due to the presence of the
organic base. The imidazolium-IL effectiveness was explained
with the deprotonation of the ring with generation of a
negatively charged nucleophilic ion reacting with CN groups of
phthalonitrile. All in all, hydroxylated ionic liquids gave the best
result due to the formation of alkoxy anions, that similarly
attack cyano groups. A dependance on the nature of the ionic
liquid anion was also reported. Once that N-(2-hydroxyethyl)-
N,N-dimethylbutan-1-aminium bromide ([bhyeda][Br]) was iden-
tified as the best-performing reaction medium, it was used to
synthesize methyl-, methoxy-, alkoxy- and nitro-substituted
phthalocyanines with several metal ions. Target products were
synthesized in generally high yields, up to 74%. The structures
of the phthalocyanines discussed in this paragraph are
illustrated in Figure 6.

2.2.4. Deep Eutectic Solvents

Deep eutectic solvents (DESs) have garnered widespread
attention as efficient and innovative media in the past decade.
The environmentally friendly nature of deep eutectic solvents
(DESs) stems from several key properties, including low vapor
pressure, non-flammability, recyclability, biodegradability, and
non-toxicity. DESs typically consist of two components: a
hydrogen bond donor (HBD) and a hydrogen bond acceptor
(HBA) the nature of which influences their physical properties.
By mixing the HBA and HBD components (quaternary
ammonium salt or metal salt and species like alcohols, amides,
amines, acids, urea, sugars, carboxylic acids, and glycerol,
among others, respectively) in a specific molar ratio, a
homogeneous solvent is commonly formed with a melting
point lower than that of its pure constituents.'”® DESs share
similar features with ionic liquids but offer considerable
advantages, including being derived from biodegradable and
non-toxic starting materials, having a cheaper production
process, lower cost of raw materials, and importantly, being
obtainable from renewable feedstocks and rapidly degradable
in the environment."*” Nowadays, DESs have been applied in
fields such as inorganic™" and organic synthesis™'"* and
biocatalysis."* To the best of our knowledge, only a few papers
discuss the synthesis of phthalocyanines in DESs. Shaabani
et al."* report the use of several deep eutectic systems based
on choline chloride (ChCl) and several hydrogen donors. After
optimizing the system and identifying urea as the best choice,
ChCl-urea mixtures in a 2:1 molar ratio were used for the
synthesis of a wide range of unsubstituted and tetra-nitro-
substituted metallophthalocyanines with variable yields in times
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Figure 6. Phthalocyanines synthesized in ionic liquids.

between 10 and 60 minutes. In particular, the synthesis of
copper phthalocyanine at 120°C with a yield of 83% in just
15 minutes deserves attention, as the result obtained is
comparable to those deriving for example from microwave
syntheses. The shorter reaction times, if compared with other
procedures in solvents, makes this approach quite interesting
and deserving more investigations, especially to evaluate the
tolerance of the solvent system to the functional groups
possibly present on the starting phthalonitrile and the
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R= C16H33, M = Zn IL9a
C4gH37, M =Zn IL9b

possibility of recycling it to reuse it several times. In 2020 CuPc
was synthesized using the same DES."*® The highest yield was
90% and was obtained with 1:3-1:4 mixtures of choline
chloride and urea. The authors prove recyclability of the
reaction medium up to five times before observing degradation
of the components.
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2.2.5. Solid-State Synthesis

Solid state syntheses take the minimization of the quantities of
solvent used to extreme consequences, avoiding its use
altogether or reducing it by orders of magnitude compared to
conventional procedures. Energy input can be provided by
heating or mechanochemistry, thus employing mechanical
forces to enable chemical reactivity. When heating, reaction
temperatures equal to or higher than the melting temperature
of one or more reagents are frequently chosen, to increase
contact between them and improve yields. We point out that,
for simplicity, we will refer to this specific type of procedure as
“solid state” even though it technically occurs in a liquid phase
due to the reaction conditions. The main drawback of syntheses
in molten mixtures is the high temperatures required, often
equal to or higher than those of corresponding solution-based
methods. Additionally, the thermal energy involved, combined
with the high concentration of reagents and reaction intermedi-
ates, can promote degradation processes or the formation of
by-products, potentially catalyzed or influenced by impurities
such as oxygen or humidity if the reaction setup is not
meticulously controlled. Nonetheless, we believe it is worth-
while to describe some methodologies where temperatures are
kept within 150-170°C, such as those reported for solvents like
glycerol and anisole in this review. Molten urea is typically
employed both as a solvent and a source of nitrogen when
phthalic precursors are used,”® though there are also reports
of its use with phthalonitriles."®® In 2013, Lokesh et al. reported
on the synthesis of functionalized palladium phthalocyanines,
achieving some derivatives by simply mixing phthalonitriles
with a desired salt and heating to 140-160°C."*¥ While the
yields are promising, the authors suggest possible contamina-
tions by impuirities, likely due to the formation of phthalocya-
nine oligomers as suggested by evidence in the Q-band
absorption region of the UV-Vis spectra and small discrepancies
between theoretical and experimental elemental analysis
values. Reducing the environmental impact of synthesizing
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palladium derivatives is a pertinent topic, given their potential
catalytic activity in palladium-mediated C—C couplings. This has
recently been demonstrated to be feasible for Sonogashira
coupling of triple bonds with aryl halides at room temperature
without the need for phosphine ligands."*® Remaining within
the topic of catalysis and transitioning to the equally broad and
relevant subject of producing biofuels and carbon-based
chemicals through CO, reduction, we highlight the solventless
synthesis of tetra-nitro cobalt phthalocyanine in molten urea
starting from 4-nitrophthalonitrile, cobalt chloride hexahydrate,
and a catalytic amount of ammonium heptamolybdate tetrahy-
drate ((NH,)sMo,0,,-4H,0), reported in 2019 by Wu et al."” This
compound, obtained in a 44 % yield, serves as a direct precursor
to tetra-amino cobalt phthalocyanine, which is among the first

transition-metal-based molecular electrocatalysts capable of

performing the six-electron reduction of CO, to methanol with
an appreciable activity and selectivity when immobilized on
carbon nanotubes. In 2022, Langterreiter et al. investigated the
solid-state synthesis of tetra-tert-butylphthalocyanines."" They

developed a synthetic procedure based on a combination of

mechanochemical liquid-assisted grinding and aging at a
certain temperature, optimizing it by systematically varying a
series of variables. In particular, the use or not of the ball mill as
the initial step, the quantity of DMAE and DBU and the
temperature and aging time were systematically varied obtain-
ing conversions of up to 99%. The procedure was then
successfully applied to a series of metal ions to verify their
tolerability. Regarding scalability, the reaction was tested up to
2 grams of reagent without substantial changes in conversion, a
remarkable result in the context of the synthesis of phthalocya-
nines on a laboratory scale. Mechanochemical synthesis is so far
generally underexplored in the literature regarding phthalocya-

nines. Recently, Fan et al. reported the synthesis of a series of

phthalocyanine polymeric materials with hierarchical porosity
by exploiting a mechanochemical approach (Figure 7)."*? The
possibility of working with reagents that are poorly soluble and
have a high melting temperature by exploiting the mechanical

)
N

Figure 7. Two examples of polymeric phthalocyanines synthesized with ball-milling methods.
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energy of the ball mill allows for easy access to classes of
materials that would otherwise be difficult to obtain.

2.3. Alternative Experimental Conditions Aimed at Lowering
the Reaction Temperature

Since the 1990s, literature has featured articles discussing the
synthesis of phthalocyanines at low temperatures. The advant-
age of reducing the temperature for phthalocyanine ring
formation lies in its capacity to minimize both the energy input
required for the process and the formation of undesirable
byproducts during synthesis. Achieving lower temperatures
comes at the price of significantly longer reaction times, with
the increase theoretically scaling proportionally with the desired
temperature decrease. In 1996, Leznoff etal. reported the
synthesis of several tetra- substituted zinc derivatives using
lithium octan-1-olate in octan-1-ol at 20°C or lithium-dimethy-
laminoethanolate in DMAE at 3, 20 and 50°C."*,

Specifically, they tested their experimental procedures on
phthalonitrile and several of its 3- and 4- derivatives like 4-
neopentoxyphthalonitrile, 4-nitrophthalonitrile, 3-neopentox-
yphthalonitrile, 3-p-butylbenzyloxyphthalonitrile and 3-methox-
yphthalonitrile to obtain the derivatives RT1, 2, 3 and 4
respectively. As expected, the reaction time was inversely
proportional to the temperature. The highest yield achieved
was 56 % for PcH, synthesized at 50°C for 24 hours. In contrast,
condensation of 4-nitrophthalonitrile in Li-DMAE at a temper-
ature as low as 3-5°C resulted in obtaining
2(3),9(10),16(17),23(24)-tetranitrophthalocyanine with a 45%
yield over a period of 3-5 weeks. This remarkable result is likely
due to the activation of the CN group by the strongly electron
accepting nitro group, along with the presence of THF in
solution. Notably, the yields of other derivatives at that temper-
ature did not exceed 10%. While 2(3)9(10),16(17),23(24)-
tetrasubstitited phthalocyanines were synthesized as mixtures
of regioisomers, only one isomer was obtained for the
1,8,15,22-tetra-substituted phthalocyanines. The authors sug-
gest that the observed phenomenon may be attributed to a
combination of steric and electronic effects. This is evidenced
by the fact that the formation of a single isomer occurs even for
phthalonitriles with less bulky functional groups, such as
methoxy groups. Various metals in their elemental state have
been investigated in different alcohols to determine the most
effective combination for achieving room-temperature access
to tetra-substituted phthalocyanines."*” Metal-free and metal
2(3),9(10),16(17),23(24)-tetrasubstituted phthalocyanines were
prepared at room temperature from phthalonitrile, 4-neo-
pentoxyphthalonitrile (RT1), 4-bis(4-
methoxyphenyl)methoxyphthalonitrile  (RT5), and 4-[1-(4-
ethoxy-3-methoxyphenyl)-1-phenyl]-methoxyphthalonitrile
(RT6). The authors reported higher yields and quicker rates of
Pc formation at room temperature when lithium metal and
long-chain alcohols were used. They rationalize these results by
postulating the formation of inverse micelles in which phthalo-
nitriles may intercalate singularly, enhancing the formation of
monomeric alkoxyisoindole intermediates, ™ or in groups of
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four or more, favoring a template effect that would be
responsible for higher reaction rates and yields. Interestingly,
the resulting tetrasubstituted Pcs showed a non-statistical
distribution of regioisomers, suggesting that electronic effects
could play a crucial role in room-temperature phthalonitriles
cyclotetramerization to form phthalocyanines. Uchida et al.
investigated the metal-templated synthesis of unsubstituted
phthalocyanines in DMF, employing hexamethyldisilazane
(HMDS) as the base. They explored reaction temperatures
ranging from 80 to 125°C and tested various molar equivalents
of HMDS.™ The procedure proved to be compatible with a
variety of metal salts. Once the optimal reaction conditions
were identified, they were applied to several 4-substituted
phthalonitriles and to naphthalonitrile, yielding the related
phthalocyanines and naphthalocyanine between 46 and 68 %.
Although the temperature is higher than what would be
expected for a synthesis process defined as “low temperature”,
the experimental conditions are milder than several others
published in the literature. Yields in the range 20-58% were
obtained for the synthesis of metal-free derivatives and 10-
72% for metalated phthalocyanines when using phthalimides
and phthalic anhydrides in similar reaction conditions."*'* |n
the literature there are also examples of synthesis of phthalo-
cyanine rings with Rieke metals, highly reactive metal powders
generated by reduction of a metal salt with an alkali metal, in
short alkyl chain alcohols at temperatures between 20 and
50°C.B2 |n 2015, Zheng et al. published a paper in which the
tetramerization of unsubstituted and 4-alkyl (RT7) and thioalkyl
(RT8, RT9) substituted phthalonitriles was performed at room
temperature by using lithium diisopropylamide (LDA) as
nucleophile in THF solution.™ By carefully studying the
relationships between yields to reactant molar ratio, reaction
temperature, and time, several interesting observations have
been made. The ideal molar ratio between phthalonitrile and
LDA is 1:1, since increasing the quantity of the base does not
provide significant improvements in the yield of the reaction.
The best results have been obtained at 25°C, with some
phthalocyanine formation even at temperatures as low as
—20°C. Also, after 10 minutes the reaction at 25°C in the
optimized experimental conditions afforded the phthalocyanine
with a yield of 37.1%, with no significant improvements if
prolonging the reaction. The formation of diisopropylamine
anions from LDA, which act as nucleophiles on the cyano group
of the phthalonitrile, is suggested as the key step of the
reaction mechanism, which is similar to that of alkoxy
nucleophiles. The proposed mechanism of the reaction, involv-
ing nucleophilic attacks, cyclization, reduction and acidification
steps, was further verified with DFT calculations, from which an
activation energy as low as 13.16 kcal/mol was estimated.
Typically, a reaction with an activation energy of less than
approximately 20 kcal/mol is considered accessible at room
temperature. Therefore, the formation of phthalocyanine at
ambient or even lower temperatures is reasonable due to the
low activation energy involved. Figure 8 displays the structures
of the phthalocyanines whose synthesis is described in this
paragraph.
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Figure 8. Phthalocyanines synthesized with solution-based room temperature methods.
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3. E-factor Calculations

In this section, we will present the E-factor values of several
syntheses discussed in this review. This calculation depends on
what is defined as “waste” in a synthetic process, and water is
probably the most discussed material in this sense. Given its
abundance and non-toxicity, there is no uniformity of opinion
on whether to consider it in the calculation or not. However, to
evaluate the total quantity of waste produced by a synthesis,
we will always include it, also giving the E-factor value without
it. This will provide the upper limit value for the procedure
considered, allowing to evaluate the relative impact of water on
it and decide whether to include it in an optimization process
aimed at reducing the overall waste produced during a
synthesis. To carry out comparisons based on experimental
parameters such as yield, reaction time and quantities of
reagents involved, we report only the E-factor of the cyclization
step of the macrocycle, even if the precursor is not commercial
and must therefore be synthesized in turn. Focusing solely on
experimental procedures with complete data would have
resulted in a very limited table, as quantities required for
workup and purification are often omitted. To expand the
number of cases examined, we have thus opted to apply
arbitrary quantities of chemicals to partially incomplete proce-
dures, drawing upon our experience in the field. The approx-
imations we have settled on are as follows: (i) We assume that
2x20 mL of water or water-solvent mixtures and 2x15 mL of
organic solvents are required to wash crudes derived from 1.0 g
of precursor."™ The quantities can be linearly scaled up. Since
scaling down is more complex as linearity is not guaranteed,
assumptions will be made on a case-by-case basis and high-
lighted in footnotes. (iii) We assume that the crystallization of
1g of product requires 100 mL of solvent, and that the
procedure is performed only once. As reported in the
introduction, the E-factor represents the ratio between the
mass of the total waste of a synthesis (considered as the mass
of all materials used minus the mass of the product obtained)
and the mass of the product obtained and is therefore a
dimensionless number. The equation for the E-factor calculation
is reported below

Mass of total waste (g)

£ factor = Mass of product (g)

The conversion of any chemical volume to mass is essential,
derived from its density. For clarity, we report in full an example
of E-factor calculation for the synthesis of copper phthalocya-
nine reported in" (entry 8 in Table 1). In accordance with the
experimental procedure described, the quantities of chemical
products expressed in grams are the following: 1.000 g of
phthalonitrile, 0.467 g of copper acetate monohydrate, 4.975 g
of anisole (density 0.995 g/cm?), 0.131 g of KOH, 15.000 g of 1 N
hydrochloric acid (density approximated to 1.000 g/cm?),
23.760 g of methanol (density 0.792 g/cm?®), and 40.000 g of
water. The quantity of product obtained was equal to 0.854 g.
Therefore, the value of E-factor amounts to:
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[(1.000 4 0.467 + 4.975 + 0.131 + 15.000+

E~ factor = 0.854 g

+ 23.760 + 40.000) — 0.854] g
0.854 g

=98.921 ~ 98.9

The methanol used for the Soxhlet extraction is not
considered in the calculation, as the same batch can be reused
many times.

The first observation upon examining the table is the
magnitude of the numbers presented. In many cases, E-factors
exceed 1000. These values, pertaining to single synthetic steps,
are notably high when compared to other reference values on a
laboratory scale. Syntheses considered environmentally sustain-
able typically score values up to a few hundreds, depending on
the number of steps involved."""*? According to data reported
in the table, there is not a methodology that stands out among
the others. Microwave-assisted syntheses on average show the
best results. E-factors look quite consistent, with only a few
exceptions above 300 including water. Instead, for syntheses
based on ionic liquids and deep eutectic solvents, E-factors
above 1000 are frequently achieved, which is surprisingly high
considering that the reaction media are reusable. A comparison
between the values with and without water, the latter lower
even by an order of magnitude, reveals that the biggest issue
lies in its use in the workup and purification steps. Although we
have already pointed out that water may not present critical
environmental issues, such significant discrepancies deserve to
be highlighted. E-factor values for benign solvents suffer great
fluctuations, ranging from 98.9 to 1124.0, mostly depending on
reaction yields and isolation of some target products using
chromatography. Generally speaking, workup and purification
steps appear to be materials-demanding in phthalocyanine
synthesis and it is likely that their optimization has not yet been
addressed as much as the synthetic procedures. For instance,
the two reported syntheses of (NO,),-CoPc (entries 20 and 21 in
Table 1) exhibit very different E-factors despite having the same
yields. We highlight that working with small reaction batches,
as in the case of entry 20, can significantly amplify the E-factor
compared to larger reaction batches. However, as a general
criterion, meticulously attending to details in purification
processes can help in reducing waste production and improve
the environmental (and economic) quality of a synthesis. Lastly,
the reaction time is indeed a significant parameter that is worth
highlighting in a dedicated column. While not considered in the
calculation of the E-factor, the energy consumption of a
synthesis conducted on a hot plate for several hours is
inherently more impactful than one performed in a microwave
reactor for just a few minutes. When comparing different
synthetic procedures, this information should therefore be
considered.
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Table 1. E-factors of a selection of phthalocyanine syntheses.
Entry Phthalocyanine Quantity of reactant (g) Methodology Reaction time Yield (%) E factor Ref
[without water]
1 PcH,® 0.128 IL/MW 5 min 80 TMGT o8]
2870,9 [249,5]
TBAB
2871,8 [250,4]
2 PcH, 0.128 IL/MW 3 min 88 TMGT o8]
2612.3 [223.0]
TBAB
2612.6 [223.2]
3 PcH,™ 0.128 IL/MW 5 min 70 TMGT 0o
3287.3 [287.3]
TBAB
3288.3 [288.3]
4 PcH, 0.128 DES 60 min 32 4796.9 [424.2] (133l
5 CoPc 0.25 IL 5 min 63 1633.2 [225.5] (28l
6 CoPc 0.256 DES 25 min 72 958.4 [83.5] (1351
7 CoPc 109 benign solvent (Anisole,DBU) 3h 72 105.3 [55.5] 1001
8 CuPc 109 benign solvent (Anisole, KOH) 3h 76 98.9 [52.1] 100}
9 CuPc 109 benign solvent (Glycerol/anisole, DBU) 3h 73 103.6 [54.9] ool
10 CuPc 0.25 IL 5 min 76 1358.1 [187.5] (28l
1 CuPc 0.256 DES 15 min 83 824.6 [71.7] 13s)
12 ZnPc 109 benign solvent (Anisole, DBU) 3h 56 133.2 [69.9] frool
13 ZnPc 0.25 IL 10 min 59 1799.2 [296.1] (28
14 ZnPc 0.25 IL 10 min 59 1799.2 [296.1] 128l
15 FePc 0.25 IL 5 min 58 1803.9 [249.2] 28]
16 FePc 0.256 DES 40 min 60 1157.0 [101.3] (33l
17 PdPc 5.0 solid state 2h 93 78.3 [42.6] (391
18 PtPc 1.0 MW 5 min 93 95.6 [64.4] 7
19 (NO,),-PcH,? 0.173 IL 25 min 74 TMGT f108)
2301.5[200.2]
20 (NO,),-CoPc 0.25 L 10 min 43 1213.4 [344.7] (28]
21 (NO,),-CoPc™® 173 solid state 5h 44 585.2 [500.9] o
22 (NO,),-ZnPc 0.25 IL 10 min 40 1293.4 [366.7] n8
23 (NO,),-PdPc 6.5 solid state 3h 81 94.3 [51.3] (1391
24 (NO,)-PtPc 1.0 MW 5 min 20 106.0 [71.4] vn
25 (t-bu),-CoPc 0.203 benign solvent 6h 33 1124.0 [1008.0] B4
(1,2-propane diol/anisole, DBU)
26 (t-bu),-CuPc 0.200 benign solvent 3h 55 316.5 [233.1] B4
(1,2-propane diol, DBU)
27 (t-bu),-ZnPc 0.200 benign solvent 3h 51 696.7 [624.7] i34
(1,2-propane diol, DBU)
28 MW1 1.0 MW 8 min 75 290.0 [160.1] 731
29 MW2 08 MW 8 min 80 276.3[151.3] el
30 MW3 031 MW 10 min 75 156.9 [116.0] e
31 Mw4 1.0 MW 8 min 85 245.8 [134.7] sl
32 MW5 0.7 MW 8 min 75 329.0 [179.7] sl
33 MW6 07 MW 8 min 75 434.0 [248.8] v
34 Mw7 0.8 MW 8 min 80 455.6 [288.9] vl
35 Mwsg 2.1 MwW 7 min 83 61.0 [57.2] 3l
36 MW11 34.58 MW 5 min 20 158.0 [69.3] 7
[a] 10 mL of water were estimated to be used to wash the phthalocyanine after precipitation from sulfuric acid/water. [b] The catalytic amount of
(NH4)¢Mo,0,,-4H,0 required to perform the reaction was estimated to be 0.035 g (2% by weight). [c] The amount of water:methanol 1:3 mixture employed in the
workup was estimated to be 20 mL for each step. [d] 10 mL of methanol were estimated to be used to precipitate the phthalocyanine during the workup.
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4. Summary and Outlook

Green chemistry is a powerful tool to advance research in the
synthesis of phthalocyanines towards improved economic and
environmental sustainability. Given their widespread use in
cutting-edge technologies such as clean energy production,
rethinking their synthesis with sustainability in mind is of
significant interest. Given the general requirements for their
synthesis, such as high temperatures (>100°C), alkaline reac-
tion environment, absence of water, and the common use of
problematic solvents, developing general protocols that are
truly sustainable proves challenging. Therefore, we believe it is
crucial to identify the strengths of each synthetic strategy that
we have analyzed and synergistically combine them with one
another. This body of work serves as a starting point for
identifying new strategies that integrate various aspects
discussed here, ultimately aiming to increase yields and purity
of products while minimizing waste generation. Microwave
radiation-assisted syntheses have been extensively explored
and have demonstrated the highest tolerance towards sub-
stituents present on the precursor molecule. Undoubtedly, the
possibility of working with minimal quantities of solvent entails
a great advantage in terms of material consumption and
simplicity of workup of the reaction crude. Scaling up optimized
synthetic protocols could present challenges due to the need
for considerably larger reactors capable of providing adequate
homogeneity of irradiation. However, the results achieved on a
laboratory scale are already notable. To reduce the E-factor
values, which are less sensitive to the quantities of reaction
materials compared to other procedures due to the modest or
absent presence of solvents, the focus should be on improving
the workup and purification processes where possible. As
regards benign reaction media, we believe it is interesting to
extend the study of low-impact solvents such as glycerol,
propylene glycol and anisole also to other substrates, taking
into consideration the favorable and unfavorable interactions
with the metal ions used and the possible collateral reactions
with functional-reactive groups present on the precursors. For
example, nitro- and fluoride/chloride precursors may not
efficiently react in OH-containing solvents, as the alkaline
environment may favor concomitant aromatic nucleophilic
substitution. Redesigning the synthesis of functionalized deriv-
atives by leveraging micellar processes in aqueous or other
environmentally benign media could open a field of inves-
tigation that is currently underexplored. The enormous number
of studies on the topic to date allows to outline a plausible
action plan, for example envisaging the synthesis of designer
surfactants optimized for the synthesis of the phthalocyanine
macrocycle. This would open up an entirely unexplored
research field concerning the synthesis of phthalocyanines.
Furthermore, their general poor solubility in water makes the
reaction medium potentially recoverable and recyclable. In
addition, it would be worth increasing the solvent portfolio to
include significant materials such as poly-ethylene glycols
(PEGs) and other benign reaction media. With the aim of
synergistically combining two synthetic strategies, and based
on what is reported in the literature, it could be extremely
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interesting to exploit UV irradiation in the first phases of

reactions carried out in non-toxic hydroxy-based solvents to
increase the number of reactive species capable of nucleophili-

cally attacking the reactants and increasing the quantity of

products obtained. The solvothermal approach is extremely
useful for the synthesis of three-dimensional architectures with
specific properties and large crystals. This latter option would
pave the way both to the detailed study of the structural

properties of a specific phthalocyanine and to the obtaining of

highly ordered materials for technological applications. While

interest in the use of ionic liquids for the synthesis of

phthalocyanines appears to be on a downward trend, as
deduced from the years of publication of the articles we have
reviewed, deep eutectic solvents deserve more attention. Their
sustainability and recyclability combined with their chemical
characteristics make them excellent candidates as low-impact
and very effective reaction media. Calculating the E-factor of a
selection of phthalocyanine ring syntheses and establishing a
database, however limited, of comparable data is a fundamental
first step towards applying green chemistry metrics to these
processes. While not exhaustive, it provides valuable insights
into where strategies should be developed to minimize waste
production during synthesis. The high values of the E-factors,
along with the significant variability of values obtained for

overall similar procedures, underscore the importance of

evaluating this metric to swiftly assess whether a process
demands improvements, and at which step. In this particular
case, we believe that a significant effort should be directed
towards minimizing the environmental impact of the purifica-
tion processes. We are confident that such analysis, combined
with the consideration of other parameters such as energy
inputs, costs, and intrinsic toxicity of materials used, will
contribute to making the synthesis of phthalocyanines signifi-
cantly less impactful than it currently is.
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