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Summary

Growing environmental concerns and the need for responsible technological innovation
have increasingly encouraged the scientific community to adopt more sustainable research

practices.

In this context, Green Chemistry has emerged as a fundamental framework for designing
chemical processes and materials that minimize environmental impact and risks to human
health. Its principles promote a holistic perspective that considers the entire lifecycle of
materials and technologies, from synthesis and device fabrication to operational use and

end-of-life management.

Simultaneously, industrial growth, urbanization, and intensive agriculture have led to
widespread contamination of air, water, and soil with pollutants such as heavy metals,

pesticides, and pharmaceuticals, highlighting the need for reliable monitoring technologies.

Sensing technologies play a key role in addressing these challenges, enabling rapid,
sensitive, and often real-time detection of environmental contaminants. However,
conventional sensors frequently rely on hazardous reagents, energy-intensive fabrication,
and scarce raw materials, while their limited reusability contributes to electronic and
chemical waste. This underscores the urgent need for sustainable approaches that combine

high analytical performance with environmental responsibility.

This doctoral thesis focuses on the development of eco-friendly functional organic
materials and their integration into sensing devices with reduced environmental footprint.
The work was conducted within the Rome Technopole - Innovation Ecosystem, funded by

the Italian PNRR and supported by Next Generation EU, under Spoke 1.

A central aspect of the thesis concerns the sustainable synthesis of phthalocyanines, a
class of macrocyclic organic compounds widely investigated for their optical, electronic, and

sensing properties. Greener synthetic strategies were designed and developed with the aim



of reducing environmental impact through the implementation of pot-economical reactions
and the use of environmentally friendly reaction media, to minimize waste and energy

demand while preserving functional performance.

These materials were subsequently employed to develop green sensing platforms
through eco-friendly fabrication strategies. Drop-casting was used as effective and low-
impact technique for immobilizing functional materials onto sensor surfaces. The resulting
sensing platform was investigated through parameters such as sensitivity, stability, and

reusability, and evaluated for its overall environmental footprint.

During a research period at the University of Edinburgh, the thesis extended these
concepts to optical sensor development and sustainable catalysis. A sustainable optical
sensor for metal detection was designed and investigated to work both in solution and on
paper-based test strips, emphasizing environmentally friendly materials and fabrication

processes and enabling simple sensing tools for environmental monitoring.

In addition, the sustainability framework was further extended to the field of sustainable
catalysis, exploring catalytic systems based on Earth-abundant elements as alternatives to
traditional and toxic precious-metal catalysts for the efficient C-H borylation of arene

substrates.

Overall, this research contributes to advancing sustainable materials science and sensor
technology by combining green synthesis, environmentally responsible sensor fabrication,
and performance evaluation. Furthermore, the results obtained during this work
contributed to the development of the European project “Mainstream,” which was
successfully funded in Italy with a budget of €241,250 through the National Research
Council of Italy (CNR), involving partners from Italy, Spain, Sweden, Germany, and

Turkey.



Chapter 1. Introduction

1.1. Green Chemistry

One of the most pressing challenges of the twenty-first century is represented by
environmental pollution, with severe implications for ecosystems, human health, and global
sustainability.! The term Green Chemistry, introduced in the 1990s by researchers at the U.S.
Environmental Protection Agency (EPA), contributed to establishing a clear conceptual
framework for the growing interest in environmentally sustainable chemical processes and

products.

As formalized by the Twelve Principles proposed by Paul T. Anastas and John C. Warner
in 1998, Green Chemistry provides a comprehensive framework for minimizing the
environmental impact of chemical processes through waste prevention, safer solvents and

reagents, energy efficiency, catalysis, and the use of renewable feedstocks (Figure 1).2

/ [ 1. Waste Prcvcrmon] \

[ 2. Atom Economy }

[ 3. Use and Generation of Safer Chemicals ]

[ 4. Design for Energy Efficiency ]

[ 5. Safer Solvents and Auxiliaries ]

Green [ 6. Low Energy Consumption ]
Chemistry

[ 7. Use of Renewable Feedstocks ]

[ 8. Simplify Synthetic Pathways J

9. Catalysis

[ 10. Design for Safe Degradation ]

[ 11. Real-Time, In-Process Monitoring ]

\ [ 12. Safer Chemicals } /

Figure 1. The Twelve Principles of Green Chemistry.
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Green Chemistry is now universally recognized as the guiding paradigm for chemists,
encompassing education, research, and industrial implementation across the entire
chemical supply chain.? Often referred to as a “Hyppocratic Oath” for chemists (First, do not
harm) it emphasizes the ethical responsibility to minimize risks to human health and the
environment. This philosophy extends beyond reaction optimization to the entire lifecycle
of materials and devices, from material selection and synthesis to device fabrication,
operational lifetime, and end-of-life management, encouraging researchers to adopt a

holistic, sustainability-driven perspective.

The continuous growth of industrial production, urban expansion, intensive agricultural
practices, and the widespread use of synthetic chemicals have led to the accumulation of a
wide range of contaminants in air, water, and soil. These pollutants include volatile organic
compounds, heavy metals, pesticides, pharmaceuticals, and emerging contaminants, many
of which persist in the environment and bioaccumulate along the food chain.**
Furthermore, alterations in temperature and climatic conditions may create favorable
environments for pathogen proliferation, potentially leading to the emergence of novel

infectious diseases or the resurgence of previously controlled ones.”®

In response to this scenario, the scientific community has devoted increasing attention to
the development of technologies aimed at pollution mitigation, early disease detection and
diagnosis, and environmental monitoring, to address public health and environmental

challenges.

Accurate detection and quantification of pollutants are essential for understanding
contamination pathways, assessing environmental risk, enforcing regulatory standards,
and supporting remediation strategies. As a result, sensing technologies have invaded our
everyday life and become a cornerstone of environmental science, enabling real-time, on-

site, and highly sensitive analysis of chemical species in complex matrices.*

However, despite their undeniable importance in environmental monitoring and
protection, many conventional sensing devices suffer from intrinsic sustainability

limitations that are frequently overlooked during their design and development. The
10



fabrication of sensors often relies on multi-step procedures that conflict with several core
principles of green chemistry, particularly those related to waste prevention, energy
consumption, and the use of safer solvents and auxiliaries.!! Hazardous organic solvents,
toxic reagents and materials are commonly employed, resulting in significant waste
generation and increased environmental and safety concerns. Moreover, many sensing
platforms depend on critical or scarce raw materials, such as noble metals and rare elements,
whose extraction and refinement are associated with intensive production processes,
ecosystem degradation, and geopolitical constraints.!? Furthermore, sensor manufacturing
frequently involves high energy demanding techniques, including high-temperature
treatments, vacuum-based deposition, and complex lithographic processes, that contradict

the green chemistry principles of energy efficiency and inherently safer chemistry.

From a disposal standpoint, in most cases, little attention is devoted to reusability,
recyclability, or modular design strategies that would enable material recovery or
component reuse, for instance the widespread use of single-use plastic strips and the use of
non-recyclable nor bio-degradable materials significantly amplifies electronic waste streams
on a global scale.’>'> This philosophy is in clear contrast with green chemistry and circular
economy principles, which advocate durability, material recovery, and waste minimization

across the entire lifecycle of chemical products and devices.

Therefore, both the production and disposal of conventional sensor devices pose a
significant environmental burden, contributing to widespread ecological damage and
underscoring the increasingly urgent need for moving towards greener sensor electronics,
by developing sustainable, scalable, and cost-effective alternatives for large-scale

environmental monitoring.!617

Consequently, contemporary research in sensor development is increasingly oriented
toward the convergence of green chemistry, sustainable materials science, and eco-friendly
tabrication methodologies. This convergence not only addresses environmental concerns
but also aligns with broader societal and policy-driven objectives aimed at fostering

sustainable innovation.

11



Within this evolving framework, the concept of sustainable-by-design materials has
gained significant attention. This approach emphasizes the integration of sustainability
considerations from the earliest stages of material development, rather than addressing
environmental issues retrospectively. Sustainable-by-design strategies aim to balance
performance, functionality, and environmental compatibility by carefully selecting
molecular architectures, synthetic pathways, and purification methods with reduced

environmental impact.

Functional organic materials are particularly attractive in this regard. Their structural
tunability and chemical versatility render them especially promising for sustainable
applications. Moreover, these materials can be synthesized and precisely engineered to
exhibit tailored specific optical, electronic, or chemical properties, thereby enabling their

intentional use and deliberate optimization for specific applications, including sensing.

Nevertheless, the sustainability of such systems cannot be assessed exclusively on the
basis of their functional performance. Rather, it necessitates a comprehensive evaluation of
the synthetic strategies, resource utilization, waste generation, and overall environmental
footprint associated with their production. Only through the integration of material
innovation with responsible and sustainability-driven chemical practice can meaningful

progress be achieved within the broader framework of environmentally conscious research.

The following chapter addresses these considerations by examining sustainable synthetic
strategies for the preparation of functional organic materials, which will subsequently be

explored in sensing applications.

12



1.2. Scope and objectives of the thesis

The present doctoral thesis is conceived within the framework of the PNRR-funded Rome
Technopole Innovation Ecosystem, specifically within Spoke 1, Flagship 1 which focuses on
the development of sustainable functional materials and their translation into reusable and
recyclable green smart devices. The Rome Technopole initiative, established under Mission
4, Component 2 of the Italian National Recovery and Resilience Plan (PNRR), promotes
interdisciplinary collaboration between universities, research institutions, and industrial
partners to accelerate the transition from fundamental research to technological innovation.
Within this ecosystem, Spoke 1, that embraces applied research for technology development
and innovation, addresses the challenge of developing materials and devices that combine
high technological performance with environmental sustainability, targeting intermediate

Technology Readiness Levels and real-world applications.

Aligned with these objectives, the goal of this thesis is to evaluate sustainable-by-design
organic materials as enabling tools for the development of green smart sensors, with
particular emphasis on environmental monitoring. Rather than focusing exclusively on
analytical performance, the thesis adopts a comprehensive perspective in which
sustainability considerations permeate all stages of research, from material synthesis to
device fabrication and performance assessment, thus aiming at contributing to the

advancement of sustainable approaches for environmental sensing.

The first objective of this work is to demonstrate how the 12 Green Chemistry Principles
can be concretely implemented in the synthesis of functional organic materials. To this end,
the thesis develops and evaluates synthetic strategies that prioritize waste minimization,
atom economy, and reduced energy demand. One-pot procedures and the use of green
reaction media are investigated as means to reduce the environmental footprint associated
with material production while preserving functional properties relevant to the desired

application.

13



A second key objective is the development of sustainable sensing platforms that
challenge conventional fabrication paradigms. Given that many sensor devices are
produced using processes that are not environmentally benign,'® this thesis investigates
fabrication techniques that enable efficient material utilization and scalability. In particular,
drop-casting is investigated as environmentally friendly, efficient, and easy-to-use
deposition technique to achieve sustainable sensor fabrication, offering good sensing
performance while minimizing material waste as well as energy consumption. Beyond
conventional analytical parameters such as sensitivity, response time, and stability, this
work emphasizes reusability considerations. In addition, green electrospray deposition is
further explored as an alternative method for the immobilization of functional organic

materials.

A third objective concerns the systematic evaluation of sustainability metrics. This, in
conjunction with the previous two objectives, reflects the necessity of developing sensing
technologies that are not only effective but also responsible and aligned with circular

economic principles.

Eventually, during the visiting period at the University of Edinburgh in the group of
Professor Stephen Thomas, the research also explores the investigation of a sustainable and
cost-effective optical sensing platform, intentionally designed and developed from a green
perspective for metal environmental monitoring. In parallel, the work extends the
sustainability-driven approach to the field of catalysis, acknowledging its central role as a
core principle of Green Chemistry. Through the development of innovative catalytic
strategies based on Earth-abundant elements, the study contributes to reducing dependence
on critical raw materials, such as Platinum Group Metals (PGMs), while highlighting the

broader implications of sustainability in chemical process design.

The structure of this thesis will begin with an introduction to phthalocyanines as highly
functional molecules with applications across several fields of research. Two different
strategies for their low environmental impact synthesis are then presented. Given the strong

potential of these molecules in sensing applications, an overview of sensing platforms is

14



provided, with particular attention to water-soluble PEG-functionalized phthalocyanines
designed and synthesized through sustainable approaches. Thanks to their processability
in water, these molecules are employed for the green fabrication of sensing devices. A sensor
fabricated through the drop-casting technique is presented, and its performance in detecting
catechol, a relevant water pollutant, is evaluated. Additional PEGylated phthalocyanines
are then explored and evaluated based on the performance of the resulting sensors. The
thesis also includes work carried out during the research period abroad, focused on the
development of a sustainable optical sensor for metal detection in solution and on paper-
based test strips. Finally, the last chapter describes an example of sustainable catalysis,
namely the development of a manganese-based catalytic system for C-H borylation

reactions leading to boronic esters, key intermediates in organic synthesis.

In summary, this doctoral research seeks to contribute to the cultural and technological
transition toward sustainability in applied sciences. By integrating Green Chemistry,
sustainable materials, and eco-friendly fabrication sensor techniques, the thesis aligns with
the strategic vision of the Rome Technopole ecosystem and addresses the urgent need for
sensing technologies capable of monitoring environmental pollution without exacerbating

it.
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Chapter 2. Sustainable synthesis of phthalocyanines

2.1. Introduction

2.1.1. Phthalocyanines as attractive functional organic molecules

The 12 Principles of Green Chemistry can be broadly summarized by the 4Rs of
sustainability: Reduce, Reuse, Recycle, and Recover. These concepts provide a simple
framework for guiding more sustainable chemical practices across various stages of
research and production, promoting chemical recycling after use, efficient waste

management, and miniaturization of chemical processes.
As Lutz F. Tietze observed in Chemical Reviews (1996, Vol. 96),

“Despite [...] the importance of chemistry to our society, its public image has deteriorated. This
can be explained by the increasing importance of environmental issues to our society and the fear that
chemistry could negatively influence the ecological balance. Today it is not only a question of what
we can synthesize, but how we do it. Major problems in chemical production are the handling of

waste, the search for environmental tolerable procedures, the preservation of resources, and the

increase in efficiency. The solution of these problems would not only be favorable for the environment,

but also allow a reduction in production cost.”, this insight remains highly relevant today.

In fact, chemistry’s societal value is inseparable from its environmental impact, making
the true challenge for modern chemistry the promotion of innovation in medicinal and

technological applications while ensuring environmental responsibility.

It is precisely within this context that the present chapter explores strategies for
environmentally sustainable synthesis, examining approaches that minimize waste,
improve efficiency, and integrate resource-conscious design, aligning with the broader
goals of green and environmentally mindful chemistry. Particular attention is devoted to

the synthesis of molecules, namely phthalocyanines, that combine tailored physicochemical
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properties with versatility for a plethora of applications, including sensing. These examples
illustrate how sustainability principles can be embedded at the molecular design and
synthetic level, providing a foundation for the materials’ later use in practical sensing

devices investigated in the following chapters.

Within this framework, the choice of solvent in a chemical reaction extends beyond its
role as a mere reaction medium, representing a key factor in determining the sustainability
and safety profile of a chemical process. This consideration is particularly relevant given
that solvents, as well as separating agents, employed in the purification steps of a synthesis
often constitute the largest sources of chemical waste, significantly affecting the overall

environmental footprint of a synthesis.!

The fact that conventionally used organic solvents are toxic, flammable, and non-
recoverable has led to the development of two main strategies to minimize solvent-related
hazards and reduce their use: one-pot methodologies, that limit solvent consumption by
combining multiple reaction steps, and the search for greener solvent alternatives, including
bio-based, low-toxicity, and recyclable options. Specifically, both these approaches will be
applied in this Chapter to the synthesis of phthalocyanines and will be evaluated and
thoroughly discussed, showing how they can allow for enhancing the overall sustainability
of synthetic processes under investigation while preserving efficiency, selectivity and

versatility.

Phthalocyanines (Pcs) are multifunctional molecular materials belonging to the class of
organic dyes, with considerable scientific interest and applicability. They were accidentally
discovered as a byproduct in 1907, and Linstead characterized the phthalocyanine structure

in 1934.3

From a structural point of view, they consist of a planar conjugated system with 18 -
electrons organised in four isoindole units linked through aza-bridges (Figure 1). The
resulting macrocycle can host up to sixty different metal ions in its core.* This very peculiar
and highly aromatic structure conveys phthalocyanines unique physical and chemical

properties, like high chemical, thermal, and photostability, intense coloration (from blue-
19



green to blue-black), and high inertness.> Their electronic properties are also remarkable,
such as high molar absorptivity (>10° mol"-L-cm™), in the red-near infrared range (ca. 600-
700 nm), and moderate-to-high fluorescence, phosphorescence, and singlet oxygen

generation quantum yields.®”

The phthalocyanine scaffold is a highly versatile platform, allowing extensive
functionalization with a plethora of different chemical groups, and the simultaneous use of
different substituted precursors may lead to a broad range of structures, including
asymmetric derivatives. Figure 1 shows the peripheral (3-) and non-peripheral (a-)

positions on the ring.

B— or peripheral
positions

o— or non-peripheral
positions

Figure 1. Phthalocyanine chemical structure.

In this work, the discussion is mainly focused on two main categories of peripherally
substituted phthalocyanines: phthalocyanine derivatives bearing four substituents at the
peripheral positions of the macrocyclic ring are called tetrasubstituted Pcs, while
phthalocyanine derivatives functionalized with eight substituents are named

octasubstituted Pcs (Figure 2).
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Figure 2. Chemical structure of tetrasubstituted (as a regioisomeric mixture), left, and

octasubstituted, right, Pcs.

Several metal ions can also be inserted into the central cavity of the structure to form
metallophthalocyanines, with some metals allowing for axial ligation. Both the nature and
placement of substituents on the Pc ring, as well as the nature of the metal ion, can influence
and modulate the physicochemical properties of the resulting Pcs, enabling fine tuning for
different advanced applications, including optoelectronics,®° catalysis,!! sensing,'>!® liquid

crystals,'* energy conversion,'® and medicinal chemistry.¢

Owing to their extended m-conjugated aromatic macrocycle, phthalocyanines exhibit a
strong tendency to undergo intermolecular -7t stacking interactions, which often results in
aggregation phenomena in solution and in the solid state. Depending on their geometry, H-
type (sandwich) and J-type (head-to-tail) aggregates can be distinguished, exhibiting
significant differences in optical properties.!” Furthermore, unsubstituted phthalocyanines
suffer from poor solubility in nearly all the solvents. Both these factors can significantly
affect their optical, electronic, and redox properties, ultimately influencing or even limiting
their performance in practical applications.’® In particular, limited solubility in common
organic solvents not only complicates processing and purification procedures but may also

hinder their effective incorporation into functional devices.?

Conventionally, the synthesis of phthalocyanines in solution typically involves the
cyclotetramerization of suitable precursors such as phthalonitriles, 1,3-diiminoisoindolines,
or phthalic acid derivatives (anhydrides, imides, amides, under the name of “Wyler

method”) (Scheme 1).2°
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Scheme 1. Synthetic precursors for phthalocyanine macrocycle synthesis.

Pcs are traditionally synthesized in high-boiling, often toxic solvents including
dimethylaminoethanol (DMAE), quinoline, and nitrobenzene typically under strongly basic
conditions. When alcohols are used as solvents, particularly for the synthesis of metal-free
derivatives, in situ-generated alkali metal alkoxides are frequently employed as bases. In
many alternative protocols, catalytic amounts of non-nucleophilic organic bases, notably
1,8-diazabicyclo[5.4.0lundec-7-ene ~ (DBU), are employed to promote the

cyclotetramerization process, as depicted in Scheme 2.2

Phthalonitriles are among the most widely employed precursors utilized for the
purpose,? and were selected as the substrates for phthalocyanine ring formation throughout
this thesis. In this context, the accepted mechanism for the formation of Pcs suggests that
strong bases such as DBN (1,5-Diazabicyclo[4.3.0]lnon-5-ene) or DBU primarily act as
electron acceptors.?? Under these conditions, a base-generated nucleophilic species attacks
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one of the cyano groups of the phthalonitrile precursor, leading to the formation of an

iminoisoindolenine-type intermediate.

The subsequent stage of the reaction involves the nucleophilic attack of the formed
intermediate to the cyano group of a second phthalonitrile molecule, generating a dimer
species. This species undergoes an analogous nucleophilic attack with an additional
phthalonitrile unit to produce a trimer, that in turn reacts with a fourth phthalonitrile
precursor to complete the ring-closure condensation, ultimately affording the
phthalocyanine macrocycle. When a metal salt is present in the reaction medium, the metal
cation acts as a templating agent, coordinating to the reacting intermediates and driving the
macrocyclization process. Because of this effect, the synthesis of metallophthalocyanines
(MPcs) generally proceeds in higher yields compared to that of the corresponding metal-

free analogues (2HPcs).
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Scheme 2. Reaction mechanism of metallophthalocyanines (MPcs) and metal-free

phthalocyanines (2HPcs).

Despite the highly attractive physicochemical properties of Pcs, overview of the existing
literature clearly suggests that the synthesis of phthalocyanines remains notoriously
challenging, especially from a sustainable perspective. Indeed, the experimental conditions
for the phthalocyanine ring formation are typically harsh, including elevated temperatures

(about 140-240 °C), anhydrous environment, and reaction media capable of promoting
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metal-ion templation while remaining chemically inert. These demanding requirements

complicate both process optimization and environmental compatibility.

In the recent years, alternative strategies, such as microwaves,”?% UV irradiation,?%
solvothermal synthesis,**> and mechanochemical synthesis® have been explored to address
these limitations. Although these approaches represent meaningful advances toward more
sustainable practices, they frequently depend on specialized equipment that is not
universally accessible in conventional synthetic laboratories, thereby restricting their

broader implementation.

Consequently, the development of synthetic methodologies that combine both
sustainability and operational simplicity remains a pressing objective for the preparation of

this important class of functional molecules.
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2.1.2. Pot-economical reactions

Pot-economical reactions represent an important class of synthetic strategies in modern
organic chemistry, as they integrate multiple chemical transformations within a single
reaction vessel. This approach directly addresses the longstanding challenge that “[...] it
would be much more efficient if one could form several bonds in one sequence without isolating the

intermediates, changing the reaction conditions, or adding reagents.”

Several types of pot-economical reactions can be distinguished, depending on the
sequence and interconnection of the individual transformations. As showed by Prof. Dr Wei
Zhang (University of Massachusetts, Boston, USA) during his talk in the webinar organized
by MDPI that I attended on 30 January 2026, they can be classified into three main categories:
cascade (tandem) reactions, multicomponent reactions (MCR), and one-pot stepwise

synthesis (OPSS) (Figure 3).3

Cascade reactions are characterized by a single operational step in which two reactants
undergo a sequence of mechanistically linked transformations under unchanged reaction
conditions. Reactive intermediates are generated and consumed in situ, resulting in efficient

construction of molecular complexity with minimal operational effort.®

Multicomponent reactions involve three or more starting materials reacting
simultaneously in one vessel to afford a single product. These reactions are highly
convergent and allow the formation of several chemical bonds in a single step. Their
outstanding pot economy arises from reduced solvent usage, fewer purification steps, and

excellent atom efficiency.®

One-pot stepwise synthesis differs from the previous approaches in that it requires
multiple operational steps, such as sequential reagent addition or variation of reaction
conditions, all carried out in a single reaction vessel without isolating and/or purifying the
intermediates.®* Such strategy not only improve efficiency while minimizing materials

(solvent and reagent) and energy consumption, but also provide safer work conditions, by
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decreasing labour and reducing chemicals handling time, offering a more practical and

sustainable methodology than conventional procedures.?”*
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Tandem ! i I

Reaction | Multicomponent E Synthesis (OPSS) !

D — Reaction (MCR) | '

— ) . ' !
* [C/J P) (\/ A) ) ! @ \ @ !
(\B ) { a | * @J @ i
| l /

~— -
mte
®)©

Figure 3. Schematic representation of different kinds of pot-economical reactions.

Collectively, these one-pot methodologies play a crucial role in sustainable synthesis,
particularly in pharmaceutical and industrial applications, where sustainability key points,

such as efficiency, scalability, and waste minimization are essential.

In light of these considerations, the first part of my PhD focused specifically on the
implementation of one-pot stepwise synthesis (OPSS) for the preparation of a series of

functionalised phthalocyanine derivatives.
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2.2. Results and discussion

2.2.1. The one-pot approach

The results presented in this section have been reported in a recently published work.*

Among the various classes of functionalised phthalocyanine derivatives, aryloxy- and
alkyloxy-substituted metallophthalocyanines have attracted particular attention due to
their enhanced photophysical and electrochemical properties, that make them useful
molecules especially in photodynamic therapy (PDT) for cancer treatment,***! chemical
sensors,* non-linear optics (NLO),*#* photovoltaics,*# and colour filters for liquid

crystal displays.?

As sketched in Scheme 3, in principle the two main synthetic routes to
metallophthalocyanines bearing aryloxy- and alkyloxy-substituents at the periphery of the
ring are multi-step processes and can be classified in: (Path A) metal-templated cyclization
of the already chemically functionalized precursor, (Path B) metal insertion into the
preformed, metal-free peripherally functionalized phthalocyanine. Both these routes
involve distinct, separate synthetic steps: the insertion of the desired aryloxy group on
the phthalonitrile ring via nucleophilic aromatic substitution (SnxAr) and its tetramerization
in a high-boiling solvent aided by an organic base and a templating metal ion.*-%
Consequently, several workups including purification processes are required to obtain the

final product.

A third, one-pot path can condense these steps within a single reaction vessel, improving
operational efficiency but also ensuring access to structurally tailored functional materials
suitable for application that will be subsequently discussed throughout this doctoral

thesis.351
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The literature contains only a limited number of examples of one-pot phthalocyanine
syntheses.??5> In contrast, one-pot protocols that couple ring functionalization with
macrocyclization are far less common. Nucleophilic aromatic substitution can, in principle,
support such tandem processes, yet the few reported cases typically arise as unoptimized
side reactions rather than deliberately designed synthetic strategies.>® Yet, as far as can be
ascertained from the literature, no general, practical, and versatile protocol for accessing a

broad range of related compounds of a same sub-family has been established to date.

According to Scheme 4, the investigated synthetic pathway involves the initial
functionalization of a phthalonitrile derivative bearing a good leaving group, such as a nitro
substituent, susceptible to nucleophilic aromatic substitution. After its replacement with
different phenols/alcohols, under inert atmosphere, the resulting intermediate is not

isolated but instead directly used in the subsequent metal-templated cyclization step. In the
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same reaction vessel, and under inert conditions, a metal salt and the base 1,8-
diazabicyclo[5.4.0Jundec-7-ene  (DBU), commonly employed in phthalonitrile
tetramerization, are thus introduced. The reaction mixture is then heated to 140-150 °C, to

promote the macrocyclization process.

not isolated RO =K
/ /N = /
CN ROH /@ECN (CH3C00), Zn =N_ N Y,
O,N’ : ‘ RO

CN DBU \ N/ \N /)
|

A, Ar atm. 140 °C, Ar atm. 7 N \N ) \

CN Base, solvent

Scheme 4. Synthetic route for the one-pot synthesis of tetra aryloxy/alkyloxy

metallophthalocyanines.

The study initially focused on the investigation of the synthesis of a model derivative,
tetra-3,5-dimethylphenoxy zinc phthalocyanine (Pcl), selected to determine the optimal
conditions for the procedure optimization (Scheme 5). The feasibility of performing two
reactions sequentially in the same reaction flask has been investigated, taking advantage of
the compatibility between the nucleophilic aromatic substitution (SxAr) environment and

the phthalocyanine ring formation conditions.

OH not isolated

=X Q/
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Scheme 5. Synthetic route for the synthesis of tetra-4-(3,5-dimethylphenoxy)-zinc phthalocyanine

Pcl.
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The two methyl groups on the aromatic ring of the phenol are expected to have, indeed,
little influence on the reaction’s progress, being weak electron-donating groups positioned
in the meta position to the hydroxyl group. Their location avoids steric hindrance near the
reactive site, thereby allowing us to investigate and refine the synthetic conditions while
minimizing the number of variables involved. Different reaction conditions varying several
parameters such as the reagents molar ratios, the base (DBU or potassium carbonate), and

reaction temperature throughout the process were screened (Table 1).

Base 1° ste DBUin
Phthalonitrile/phenol . P the 2° Isolated
Entry . (equivalent temperature . o
molar ratio step yield (%)
amount) “cQO o
O
1 1:1.1 bBU 60 No 29
(2eq)
2 1:1.1 Ko 60 Yes 29
(3 eq)
3 1:1.1 DBU 60 Yes 44
(2 eq)
4 1:1.0 bBU 25 Yes 41
(3 eq)

Table 1. Variation of the experimental conditions for the model reaction. Experimental conditions:

4-nitrophthalonitrile (500 mg, 2.89 mmol), DMF as the solvent (4 mL).

The optimal reaction conditions were achieved with a phthalonitrile/phenol ratio of 1:1.1

and DBU as the base, when the SxAr reaction was conducted at a temperature of 60°C.

The superior performance of DBU as a base in these specific conditions can be attributed
not only to its higher basicity but also to its liquid state, allowing for homogeneous
dispersion in the reaction medium. The further addition of DBU in the second step was
found to enhance the phthalocyanine formation. Compound Pcl was then

straightforwardly purified by filtration on a short silica pad followed by Soxhlet extraction
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of impurities in methanol, affording a 44% isolated yield calculated with respect to the
limiting reagent after purification. Furthermore, since this study primarily aimed at
developing a new and more sustainable synthetic procedure, no attempts were made to
isolate the individual regioisomers of this compound or any of the subsequently synthesized

tetra substituted phthalocyanines.

However, in an attempt to further enhance the sustainability profile of the procedure, the
protocol has been investigated under a newly expanded set of experimental parameters. In
this case, potassium carbonate was selected as the designated base for the nucleophilic
aromatic substitution step, in which the phenol is deprotonated to generate the
corresponding phenoxide, allowing displacement of the nitro group and formation of the
phthalonitrile intermediate. Although other bases have been reported in related
procedures,!® potassium carbonate was chosen here for its advantageous combination of
practicality, accessibility, and alignment with sustainability goals.5*% Its widespread use
and solid performances in SnAr chemistry therefore made it a suitable candidate for

developing an efficient and more environmentally conscious one-pot synthesis.

Table 2 summarizes the reaction variables that have been scrutinized, which include the
reaction medium, the molar ratio between the reagents used, the concentration of 4-
nitrophthalonitrile in the reaction solvent, the amount of DBU added for the

cyclotetramerization step, along with the isolated yield obtained.

Phthalonitrile Amount of Isolated

trile/phenol
Phthalonitrile/pheno concentration =~ DBU in the yield

Ent Solvent
niry otven molar ratio

(mmol/mL) 2° step (eq) (%)
1 DMPU 1:1.1 0.72 0.07 19
2 DMSO 1:1.1 0.72 0.035 15
3 DMF 1:1.0 0.72 0.0 29
4 DMF 1:1.0 0.72a 1.0° 23
5 DMF 1:1.0 1.44 1.0 35
6 DMEF 1:1.0 0.72 1.0 48
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Table 2. Experimental conditions for the synthesis of Pcl. ?The concentration of the

aryloxyphthalonitrile intermediate (calculated assuming complete SxAr, as indicated by TLC)
decreases to 0.58 mmol/mL after DMAE addition. *1.0 mL of N,N-dimethylaminoethanol (DMAE)

was added as a cosolvent during the cyclization step.

Solvent selection was the first parameter to be evaluated during reaction optimization.
The ideal solvent needed to be chemically inert under the reaction conditions, thermally
stable at reaction temperatures, and capable of supporting both reaction steps without
interfering with the reaction components. Generally, N,N-dimethylformamide (DMF)

stands out as the most effective for the purpose.”

In an effort to further align the process with principles of green chemistry, two polar
aprotic and less environmentally impactful solvents, dimethyl sulfoxide (DMSO) and N,N'-
dimethylpropyleneurea (DMPU), were also investigated, as they are well-suited to facilitate
both nucleophilic aromatic substitution and the subsequent phthalonitrile tetramerization,
while adopting a more sustainable perspective. However, under the tested conditions,
neither solvent achieved satisfactory performance. DMF, on the other hand, uniquely
enabled both steps to proceed efficiently in one-pot conditions. In this context, its lower
intrinsic greenness is counterbalanced by higher efficacy, while the one-pot approach
inherently reduces solvent use and waste generation, delivering a net process-level
sustainability gain in line with current solvent-replacement guidance for SnAr-type

chemistry.%

Then, further optimization steps were implemented, for instance the ratio of reagents,
particularly the amount of phenol relative to the phthalonitrile precursor. While many
established protocols rely on a slight excess of phenol to ensure complete substitution, in
this case this approach required reconsideration. Under the basic conditions employed for
the macrocyclization step, any residual phenol is likely to be present as phenate anion, a
nucleophilic species that might interfere with the metal-templated cyclotetramerization.

Therefore, careful control of the phenol-to-phthalonitrile ratio was considered essential to
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minimize potential side reactions and ensure clean progression of the one-pot process. The
best result in terms of yield of the final product was achieved with 1:1.0 molar ratio,
respectively, confirming the advantage of limiting phenol excess under the conditions of the

subsequent macrocyclization step.

As for the second step, the addition of DBU was generally found to improve
phthalocyanine yields. Catalytic amounts, which are frequently employed in the literature
for phthalonitrile tetramerization, proved insufficient, with an equimolar amount required
instead. This evidence suggests on one hand that potassium carbonate can promote
phthalocyanine ring formation to some extent, but its basicity alone is not sufficient to
achieve satisfactory yields under the selected conditions, and on the other hand that the
complexity of the reaction environment, due to the presence of various by-products from
the nucleophilic substitution reaction, may interfere with the catalytic activity of DBU, thus
requiring higher amounts. Conversely, the addition of DMAE, as a co-solvent did not prove

beneficial, likely due to unfavourable dilution effects within the reaction mixture.

In addition, increasing the concentration of 4-nitrophthalonitrile in solution did not
enhance the reaction outcome; rather, a twofold increase led to a decrease in yield from 48%
to 35%. In all cases, the cyclization step was carried out at 140 °C, in line with most solution-
based syntheses reported in the literature using DMAE, which has a boiling point of 135-
138°C.

After achieving and optimizing the best set of reaction conditions, a series of different
phenols bearing both electron-withdrawing and electron-donating groups have been

investigated as nucleophiles to afford various aryloxy zinc phthalocyanines (Figure 4).
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Figure 4. Chemical structure of phthalocyanine derivatives. Phthalocyanine core (black) and

different modifications R (red) denote substituents at the periphery of the macrocycle ring.

The temperature variable for the SxAr required special consideration: while this synthetic
step could in some cases be accomplished at room temperature, its rate and overall
efficiency were strongly dependent on the substitution pattern of the phenol. Reaction
conditions were therefore optimized case by case, accounting for specific electronic and
steric effects. In addition to expanding the scope of this approach, efforts were made to
refine the purification process in order to obtain the target phthalocyanines in a more

sustainable manner.

For this purpose, solvent washings and, when applicable, Soxhlet extraction of residual
by-products were explored, as both techniques allow for efficient solvent recycling. In case
of more challenging purification, particularly those affected by the high solubility of the
tinal products, a filtration on a short silica pad was employed and proved to be effective in
isolating target products from reaction impurities, greatly reducing the amounts of both the
stationary phase and solvents that are commonly used in the conventional column
chromatography approach, while also enabling recovery and reuse of a significant fraction

of the employed eluent mixtures. As a first example, the synthesis of compound 2 using 4-
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nitrophthalonitrile and 4-methylphenol (p-cresol) as the phenolic component was carried
out. In this case as well, the methyl substituent on the aromatic ring was not expected to
significantly influence the course of the reaction, either by promoting or hindering the key

steps.

To verify the consistency and robustness of the synthetic protocol, a small set of reaction
conditions (reaction medium, reagents molar ratio, SNAr temperature, DBU amount) was

also screened for this substrate, with the results in terms of isolated yields summarized in

Table 3.
Amount
Entry Solvent Phthalonitrile/.phenol SnAr T of DBU in I.solated
molar ratio “Q) the 2° step  yield (%)
(eq)

1 DMPU 1:1.1 60 0.07 27

2 DMPU 1:1.1 40 0.07 30

3 DMPU 1:1.1 60 0.0 18

4 DMF 1:1.1 60 0.07 28

5 DMF 1:1.0 60 1.0 43

Table 3. Experimental conditions for the synthesis of Pc2. “DBU (0.07 eq) was added 15 minutes

after reaching the tetramerization temperature.

Also in this case, the use of a slight excess of phenol relative to 4-nitrophthalonitrile,
together with equimolar amounts of DBU in the second step, was necessary to achieve the
highest yields. Interestingly, adding a catalytic amount of base 15 minutes after the
temperature increase required for the second step of the one-pot protocol resulted in lower
yields than adding the same amount immediately when DMPU was chosen as the solvent.
This may be explained by the occurrence of one or more side processes that are triggered
rapidly upon heating, potentially depleting the phthalonitrile reactant through oxidation or

polymerization involving the cyano groups. DMPU generally performed better as a solvent
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in comparison to its performance in the synthesis of 1, affording phthalocyanine Pc2 up to
30% yield. However, the best results were obtained by reacting 4-nitrophthalonitrile and p-
cresol at 60 °C in DMF, affording the target molecule in a 43% yield and confirming the

efficacy of these optimized reaction conditions.

With a deeper understanding of the synthetic method, the procedure was subsequently
extended to a broader set of derivatives featuring more complex substitution patterns and
increased electronic and steric demands. The main results for the syntheses of compounds

Pc3-9 are reported in Table 4.

Compound Phthalonitrile/.phenol SNAr T I.solated
molar ratio O yield (%)
Pc3 1:1.0 65 37
Pc4 1:1.0 75 n/d*
Pc5 1:1.0 75 27
Pc6 1:1.0 75 49
Pc7 1:1.0 60 22
Pc8 1:3.1 100 30
Pc9 1:3.1 100 31

Table 4. General conditions for the synthesis of phthalocyanines Pc3-9. Reactions were carried
out in DMF, using 3.0 eq. of K2COs as the base for the SnAr step, and 1.0 eq. of DBU in the

cyclotetramerization step. *The results for this compound are further discussed within the text.

The synthesis of Pc3 was explored using 2,6-dimethyl-4-iodophenol as the nucleophilic
component, a substrate that combines steric congestion with electronically neutral yet
synthetically valuable functionality. Indeed, the methyl substituents at the 2 and 6 positions
introduce steric hindrance around the hydroxyl group, which can reduce the accessibility
of the corresponding phenate anion to the electrophilic centre on the phthalonitrile during

the SnAr step. The iodine atom at the 4-position does not substantially influence the
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reactivity in this context, although it provides a useful handle for potential post-
functionalization. To further evaluate the behaviour of this hindered substrate under the
tandem conditions, an aliquot of the crude reaction mixture was analyzed by 'H NMR after
completion of the first step. The phthalonitrile intermediate was identified as the major
species, together with minor unidentified side products (Figure 5). These did not interfere
with the subsequent macrocyclization, and the final zinc phthalocyanine P¢c3 was isolated
in 37% yield after the standard workup and purification. This result confirms that even

sterically demanding phenols can be effectively incorporated through this new one-pot

protocol.
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Figure 5. Left panel: Stacked '"H NMR spectra showing a) 4-nitrophthalonitrile, b) 2,6-dimethyl-
4-iodophenol, c) the isolated 4-(4-iodo-2,6-dimethylphenoxy)phthalonitrile intermediate and d) the
crude reaction mixture after completion of the first step of the tandem sequence leading to
phthalocyanine Pc3 (CDCls, 600 MHz). Right panel: magnification of the aromatic regions of spectra
c) and d). The symbol * corresponds to CDCls residual peak.

The versatility of this approach has been also tested towards phenolic substrates bearing
amino substituents. This type of functional group is well-known in organic synthesis for its
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potential as a crucial derivative for further functionalization. In this case, 4-aminophenol
was used as the phenolic component after primarily protecting the amino moiety with a tert-
butyloxycarbonyl (BOC) protection group. This was important to prevent side-reactions
that might occur with the amino group during phthalocyanine ring formation. The outcome
of the reaction did not allow us to clearly confirm the formation of the target compound Pc4,
as the purified product proved highly insoluble in most organic solvents, except for N-
coordinating bases such as pyridine, making it impossible to obtain a clear mass spectrum
to confirm its molecular weight. In some instances, interpretation was further complicated
by residual solvent peaks overlapping with expected signals. IR spectroscopy shows
features that could be consistent with partial thermal cleavage of the BOC group during

phthalonitrile tetramerization (Figure 6).
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Figure 6. ATR spectrum of compound Pc4.

In particular, a broad absorption band around 3250 cm™® may be attributable to
overlapping N-H stretching modes from both carbamate and primary amine functionalities.
Additionally, there is only a weak shoulder at 1721 cm™, a region typically associated with
strong absorptions from BOC-derived carbonyl groups. Nevertheless, no definitive

conclusion regarding the chemical structure of Pc4 can be drawn at this stage, as the
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formation of intermolecular aggregates, possibly promoted by hydrogen bonding between
the phthalocyanine protecting groups, may also contribute to the reduced solubility and the
poor interpretability of the spectra. However, the UV-Vis spectrum recorded in pyridine
confirmed the presence of the Q and Soret bands characteristic of the phthalocyanine core.
Given the potential for further derivatization or quaternization of the free amine group,
additional studies are warranted to further investigate and optimize this transformation

within the context of pot-economical synthetic strategies.

The synthesis of Pc5 also required additional consideration due to the electronic nature
of the substituents present on the phenolic component. In this case, the starting phenol is
substituted with two trifluoromethyl groups positioned at positions 3- and 5- of the
aromatic ring. These substituents are well known for their strong electron-withdrawing
character, which is expected to reduce the nucleophilicity of the oxygen atom, thereby
increasing the activation energy required for the SnAr reaction with 4-nitrophthalonitrile.
In practice, this prediction was confirmed by the necessity to increase the reaction
temperature to 75 °C in order to achieve successful conversion of 4-nitrophthalonitrile into
4-(3,5-bis(trifluoromethyl)phenoxy)phthalonitrile. Despite the increased difficulty of the
SNAr  step under these electronically demanding conditions, the subsequent
cyclotetramerization proceeded smoothly, ultimately affording the desired phthalocyanine

derivative Pc5 in 27% isolated yield.

Eager to further gauge the scope of such strategy, the method has been further tested in
the use of alcohols rather than phenols as nucleophiles in the aromatic nucleophilic

substitution, targeting the synthesis of alkyloxy-substituted metallophthalocyanines.

Although the alkoxyde ion is a strong nucleophile, the use of aliphatic alcohols in SxAr
often requires stronger bases and more forcing conditions due to their lower acidity
compared to phenols. Nevertheless, under optimized conditions, their inherent
nucleophilicity may still enable the substitution to proceed efficiently, potentially even
under mild conditions. To verify these hypotheses, a known compound reported in the

literature, tetra-(2-dimethylaminoethoxy) zinc phthalocyanine (Pc6) has been synthesized,
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given its relevance as a precursor to the corresponding cationic species, which have been
widely investigated as telomerase inhibitors® and singlet oxygen generators for
photodynamic therapy applications.® Any attempt to perform the reaction at room
temperature with alkyl alcohols failed, likely due to the inability of K2COs to completely
deprotonate them. This behavior mirrors prior SnAr precedents where higher
basicity/temperature or longer reaction times are needed for aliphatic alcohols versus
phenols.®’ As a result, the reaction time proved to be remarkably long, requiring
temperatures up to 65 °C. Nonetheless, phthalocyanine Pc6 was successfully obtained in
49% yield, a value that falls within the broad range reported in the literature and is generally
considered satisfactory given the variability of the existing procedures. On the contrary,
phthalocyanine Pc7, obtained from the reaction of 4-nitrophthalonitrile with hexan-1-ol,
was isolated in moderate yield, suggesting that further optimization of the reaction and
workup conditions may be required for derivatives bearing longer alkyl chains. Overall,
three practical design rules emerged: limit phenol excess to avoid phenolate interference in
cyclotetramerization, use ~1.0 eq DBU under one-pot conditions to offset competing side-
processes and increase SnAr temperature for strongly deactivated phenols or aliphatic

alcohols.

After the successful synthesis of various tetra-substituted phthalocyanine derivatives, the
scope of the study was extended to include the preparation of octa-substituted analogues.
For this purpose, 4,5-dichlorophthalonitrile was selected as the starting material and reacted

with two different phenolic nucleophiles, as illustrated in Scheme 6.

not isolated
|

cl CN K,COs3, DMF ArO CN DBU 7
A, Ar atm. 150 °C, Ar atm. / Pc8 Pc9

Scheme 6. Synthetic route for the synthesis of octa substituted phthalocyanines Pc8 and Pc9.
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A critical challenge in adapting the one-pot protocol to this system lay in the precise
monitoring and control of the nucleophilic aromatic substitution step. While the initial
substitution of one chlorine atom generally occurred without difficulty, the introduction of
the second substituent proved considerably more challenging. This can be attributed to the
combined effects of steric hindrance and electronic deactivation following the first
substitution, which markedly reduce the reactivity of the second chloride leaving group.
Several attempts under previously optimized conditions led to mixtures containing

partially chlorinated intermediates, indicating that disubstitution was incomplete.

To address this issue, the experimental parameters were systematically adjusted by
substantially increasing the reagent ratios and reaction temperature to drive the reaction to
completion, as detailed in Table 4. The subsequent cyclotetramerization proceeded
smoothly, affording the target octasubstituted zinc phthalocyanines Pc8 and Pc9 in 30% and

31% yield, respectively.

The structures of the target phthalocyanines were confirmed by a combination of NMR,

UV-Vis, FT-IR, and mass spectrometry analysis, provided in the Experimental section.

As a matter of fact, tetrasubstituted Pcs are obtained in a mixture of four regioisomers,

having point groups D2:Cs:C20:Can, according to their molecular symmetry (Figure 7).

el Qe Qo Qo
Sep éﬁ% &ﬁ &%

Can

Figure 7. Regioisomers arising from tetrasubstitution of the Pc core and their symmetry point

groups.
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In most cases, separation of these regioisomers is not pursued, as their electronic
properties are only marginally influenced by the positional isomerism of the peripheral
substituents. Consequently, the mixture is often used directly in applications where these
minor differences do not significantly impact performance or functionality.®> Among the
techniques used to characterize phthalocyanines, 'H NMR spectroscopy proved particularly
informative in highlighting this structural complexity. Indeed, the spectra of tetra
substituted compounds (Pcl, Pc2, Pc3, Pc5, Pc6, and Pc7) generally display a high degree of
complexity, which arises from two main factors: the lack of symmetry introduced by
tetrasubstitution and the statistical formation of four possible regioisomers in variable
proportions. These features result in signal broadening, splitting, and overlapping in several

spectral regions.

To better illustrate this aspect, a comparative analysis of the 'H NMR spectra is presented,
recorded in THF-ds, of a tetra substituted phthalocyanine (compound Pc2) and its octa

substituted analogue (compound Pc9), both functionalized with 4-methylphenoxy groups

(Figure 8).
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Figure 8. Comparison between "H NMR spectra of phthalocyanines Pc2 and Pc9 recorded in THF-
ds.
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The aromatic region is particularly diagnostic: as shown in Figure 8, compound Pc2
displays a dense and highly structured set of multiplets, originating from both the
macrocyclic protons and the aromatic protons of the peripheral 4-methylphenoxy groups.
In contrast, the octa-substituted compound Pc9, characterized by a higher degree of

symmetry and the absence of regioisomerism, shows only two sharp signals.

Furthermore, the four aromatic protons of the 4-methylphenoxy moiety, which typically
display a well-defined AA'XX" splitting characteristic of a para-substituted phenyl ring,
exhibit a more complex pattern than expected. This increased complexity also extends into
the aliphatic region: in compound Pc2, the methyl protons of the 4-methylphenoxy units
appear as multiple singlets, corresponding to the different environments in the statistical
mixture of regioisomers. In contrast, compound Pc9 shows a single sharp singlet for the
same methyl groups, consistent with a symmetric and chemically uniform substitution
pattern. Similarly, the 1*C spectra of the tetra substituted compounds display a dense set of
signals in the aromatic region, with each peak appearing as a cluster of closely spaced
signals due to the presence of regioisomers. In contrast, the octa substituted derivatives
exhibit a more defined and simplified pattern, consistent with higher molecular symmetry.
This structural heterogeneity, as expected, is not reflected in the MALDI-TOF mass spectra,

given that all regioisomers share the same molecular weight.

UV-Vis analysis was also used for the characterization of these molecules (Figure 9).
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Figure 9. UV-visible spectra of the synthesized zinc phthalocyanines Pc1-9 in THF, except for Pc4

in pyridine.

Spectra were recorded in THF for all compounds, except for phthalocyanine Pc4 which
required pyridine to ensure adequate solubility. In all cases, the spectra displayed the
characteristic features of phthalocyanine derivatives: an intense Q-band with maxima
between 675 and 685 nm, typically accompanied by vibronic shoulder peaks, and a less
intense Soret band centered around 350 nm. The limited variation in Q-band position across
the series can be attributed to multiple factors. First, THF is a coordinating solvent capable
of suppressing molecular aggregation, thereby minimizing aggregation-induced spectral
shifts. Second, it is well established that substituents in the -positions of the macrocycle
exert weaker electronic effects compared to those in a-positions, resulting in a

comparatively minor impact on optical absorption.

Consistently with these considerations, the variation in spectral features remained

limited despite the diversity in substituent shape and electronic nature, suggesting that the
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influence of the aryloxy or alkyloxy oxygen atom may dominate the overall electronic

behavior.

In line with the objectives of this thesis, once the one-pot protocol had been optimized,
extended to a representative series of derivatives, and the obtained compounds fully
characterized, its performance was evaluated through comparison with existing literature

procedures in terms of both isolated yields and environmental sustainability.

Eventually, a careful evaluation of the results obtained with the use of the new one-pot
protocol in terms of yields and E-factor values has been accomplished (Table 5). Where
possible, i.e., when the product has already been described in the literature, a comparison
is made between the new synthetic procedure and the conventional two-step protocols.
Notably, several derivatives reported here have no precedents in the literature,

underscoring the originality and synthetic versatility of this approach.

A comprehensive evaluation of the environmental sustainability of this procedure in
terms of waste generation was conducted by calculating the E-factor value for the synthesis
of each phthalocyanine derivative, as summarized in Table 5. The E-factor (Environmental
factor) is used to assess the environmental impact of a synthetic procedure, and it is defined
as the ratio of the total mass of waste generated to the mass of the isolated product as the

following equation:

Mass of total waste
E-factor = ! 9)

Mass of product (g)

It gives therefore a quantification of the mass of waste produced per unit mass of final
product, thus serving as a direct indicator of the efficiency of a process with respect to waste

reduction.

Water was systematically excluded from the waste count in the following calculations, in
accordance with common practice in green chemistry, where it is generally not regarded as
a harmful by-product. ¢-% Details about the calculation are reported in the Experimental

section at the end of this Chapter.
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This work Literature
Compound
E-factor Total vield E-factor
Yield No 80% : y No 80% Ref.
o or two steps
(%) | solvent | solvent o\ | solvent | solvent
procedure(%)
recovery | recovery recovery | recovery
Pcl 48 257.7 86.9 - - - -
Pc2 43 326.2 111.3 38 1441.7 496.3 66
Pc3 37 556.6 176.7 - - - -
Pc5 27 1921 83.9 7 1236.7 591.6 67
13 10566.8 | 5320.2 5
P 4 47 .4 4.
€6 ? 540 55 3087.0 1039.9 o8
Pc7 22 443.0 179.8 n/d* n/d - 69
Pc8 30 797 .4 294.3 - - - -
Pc9 31 751.1 289.5 - - - -

Table 5. Yields and E-factor values of the aryloxy and alkyloxy zinc phthalocyanines synthesized
with the new one-pot procedure compared to the two-step reported data. *Only the tetramerization
yield (49%) is reported in the literature; the preceding step is not described in sufficient detail to

calculate a total yield.

From a synthetic perspective, the yields obtained with the new one-pot synthesis are
generally higher than those achieved for stepwise procedures. In particular, the 27% yield
obtained for phthalocyanine 5 represents a substantial improvement over the previously
reported value of 7% for the same compound, which holds potential for application in
PDT,* corresponding to a 385% increase. In the few instances where the one-pot protocol
led to lower yields, the method remains advantageous due to its procedural simplicity and
reduced environmental impact. In the case of compound Pc7, although it has been
previously reported, the literature provides only the yield of the tetramerization step from
4-hexyloxyphthalonitrile (49%), without sufficient detail on the preceding nucleophilic
substitution. As a result, the overall two-step yield cannot be reconstructed and no
meaningful comparison can be made with the new one-pot synthesis, which afforded the

compound in 22% yield.
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Through rigorous work-up and purification procedures, we estimate that around 80% of
the organic solvents employed in the described processes are successfully recovered and
reused. A notable example is the collection and repeated use of solvent mixtures from silica
pad filtrations. Although slight variations in polarity may arise during recycling, the eluents
remained fully suitable for comparable separations. This recovery strategy not only
decreases the apparent solvent waste but also ensures a more reliable calculation of the E-
factor, underscoring the sustainable character of the methodology and its efficient use of

resources.

As shown, the E-factor values for the new one-pot synthesis are generally moderate,
mostly below 180.0, and in some cases notably lower than those associated with the current
state-of-the-art phthalocyanine syntheses.”” It should also be emphasized that most
literature E-factor values refer only to the tetramerization step, whereas the present

calculation accounts for the entire one-pot process.

In cases where a direct comparison was possible, i.e. for derivatives Pc2, Pc5, and Pc6, E-
factors obtained with the new synthesis were at least one order of magnitude lower than

those calculated for the corresponding two-step protocol.

In addition, to enable a more rigorous, complete, and fair comparison between
methodologies, additional E-factor values were calculated by considering an 80% solvent
recovery both for this one-pot approach and the literature syntheses. The comparison clearly
shows that solvent recycling exerts a large impact on reducing waste production for both
traditional and one-pot methodologies. Nonetheless, even in the absence of recycling, the
one-pot approach consistently displays lower E-factor values than the conventional two-
step syntheses, even when the latter include solvent recovery. This demonstrates that the
design of the synthetic protocol itself contributes substantially to waste reduction. When
solvent recovery is applied, the superiority of the one-pot method becomes even more

pronounced, reaching the lowest E-factor among all investigated scenarios.
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2.2.2. Use of environmentally benign reaction media

The results presented in the following section are part of a manuscript currently in

preparation for submission.

As introduced at the beginning of this chapter, a second strategy to address the ongoing
challenge of synthesizing phthalocyanines through a sustainable, simple, and efficient

synthetic protocol involves the use of green reaction media.

In general, solvents are extensively employed in chemical synthesis and have long been
a source of concern because of the environmental and health hazards associated with their
use. In particular, chlorinated hydrocarbons and aromatic solvents are characterized by
toxicity and volatility, posing risks throughout their production, handling, and disposal.
Despite solvent-free methodologies have been explored to mitigate these concerns, solvents
remain indispensable to many organic transformations, as they ensure a homogeneous
medium that promotes efficient molecular interactions and enables reactions to proceed to

completion.””?

Growing regulatory restrictions have led to considerable research efforts in both
academia and industry toward the identification of alternative reaction media capable of

combining operational efficiency with improved environmental performance.”

Water represents the most attractive solvent from an environmental perspective.
However, its application is often limited by the poor solubility of organic, inherently
hydrophobic substrates. The last decades have witnessed an increasing interest in searching
for alternative reaction media that can serve as viable options, further beyond the new so-
called “neoteric” solvents, that are emerging solvent systems such as supercritical CO,,”
near-critical water,”® ionic liquids,” and fluorous solvents,” whose environmental safety

remains still debatable thus limiting their broader applicability.

Within this context, it should additionally be highlighted that the identification of a

solvent that can withstand the demanding reaction conditions of phthalocyanine syntheses,
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such as temperatures of at least 130 °C, strongly basic and anhydrous environments, and
sensitivity to oxygen that requires an inert atmosphere, while remaining environmental
responsible, represents a particularly challenging task.

Solvents such as propylene glycol, anisole, glycerol, and their mixtures had been
previously explored in my research group and revealed effective for more sustainable
syntheses of phthalocyanines.”#’ These solvents were able to replace conventional methods,
that typically rely on high-boiling polar solvents, such as N,N-dimethylaminoethanol
(DMAE), N,N-dimethylformamide (DMEF), trichlorobenzene, and nitrobenzene, that are
associated with significant toxicity and safety issues for both the environment and the

human health, as underlined by the GSK’s solvent sustainability guide, (Figure 10).%!
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Propane-1,2-diol Polyethylene Glycol
(Propylene Glycol) (PEG)

Figure 10. Examples of green solvents in organic synthesis.

Given the fact that recently liquid polymers or low melting polymers have emerged as
alternative green reaction media, the investigation was extended to polyols, whose inherent
versatility, distinctive polarity, thermal stability, commercial availability, nonvolatility,
immiscibility with a number of organic solvents, and structural tunability, and recyclability
make them a promising, yet still underexplored, class of media capable of providing a more
suitable environment for robust and sustainable phthalocyanine synthesis.

Comprehensive toxicological studies support polyethylene glycol-400 (PEG-400) safe

handling and disposal, further establishing its reputation as a reliable and non-hazardous
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solvent.®? PEG-400 was thus selected as a representative model polyol owing to its safety,
biocompatibility, favorable physical properties, commercial availability, and cost-
effectiveness, which make it a widely used and readily manageable green solvent for
exploratory studies. 8 It is able to dissolve a wide range of substances, including both
organic compounds and various inorganic salts, facilitating transformations between
reactants of differing polarities. Additionally, PEG-400 can function as a phase-transfer
catalyst by complexing metal cations, and promoting reactions. %% Its high boiling point,
thermal stability, and low vapor pressure simplify product separation by distillation or
extraction, allowing reactions to be conducted at elevated temperatures with minimal
solvent loss, as well as easy solvent recovery and reuse, thus minimizing waste and
enhancing the sustainability of the process. ¥ Moreover, PEG-400 has been documented as
an efficient medium for one-pot as well as multi-component syntheses. %

Overall, PEG-400 emerges as a highly promising alternative to traditional organic
solvents, particularly in the context of sustainable organic synthesis and its alignment with
the principles of green chemistry underscores its potential to foster more sustainable
practices within the chemical industry.

Firstly, the use of PEG-400 as a reaction medium for the synthesis of variously substituted
phthalocyanines in solution was explored, aiming at providing a more sustainable and
accessible alternative that does not require specialized equipment but rather relies on
standard glassware and hot plates, basic workup and purification techniques.

Again, the synthesis of phthalocyanines under investigation were carried out using
phthalonitriles as direct precursors, since this offers the advantage of high atom economy
(AE), as all the phthalonitrile atoms are found in the target phthalocyanine (Scheme 7),
limiting the atom loss to the nature of the counterion of the metal salt, if used to obtain the

corresponding metal derivative.
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Scheme 7. Synthesis of unsubstituted metallophthalocyanine via cyclotetramerization of a

phthalonitrile precursor.

As most widely established examples of the solvents traditionally employed in

phthalocyanine synthesis are represented by DMAE and DMF,% for comparative purposes

their key properties relevant to their application as reaction media are reported in Table 6,

together with those of PEG-400. The table, developed on the basis of common Safety Data

Sheets, has been designed to highlight the main differences among the three solvents, not

only in terms of physical and chemical properties, but also with respect to their

sustainabil

ity and safety profiles.

Category Property PEG-400 DMAE DMF
0 |
. H/{ V\}OH N__H
Chemical structure n N~on Y
a (n = 8-9) 0
5 Molecular weigh
g olecular weight ~380-420 89.14 73.09
o (g'mol?)
o
—_ Physical state Clear, viscous . .
.g }’(25 °C) liquid Clear, liquid Clear, liquid
v Density
< 1.128 0.888 0.945
,L(: (g-cm, at 20 °C)
2 Viscosity
2 110-125 3.8 0.8
= (mPa-s, at 20 °C)
& Polarity
(dielectric constant, 25 ~128 ~12% 37.6"
OC)
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Water solubility Miscible Miscible Miscible
Boili .
e omt >200 139 153
o Vapor pressure
<0.001 612 4
& - (kPa, at 20 °C) 0.0013 0 049
> o
s .9 .8 Flash point
= ? & ~2 4
z z § °C) 35 0 58
E %" 2, Autoignition
K temperature - 235 445
= (°0)
> Inert to bases, Incompatible | Incompatible
:Lf mild acids, with acids and | with reducing
"§ Chemical stability incompatible strong and strong
< with strong oxidizing oxidizing
8 oxidizing agents agents agents
,-E’ H226 H226
= Flammable Flammable
< Physical h -
S ysical hazards liquid and liquid and
2 vapor vapor
Severe acute Reproductive
Health hazards - and local produ
. . toxicity
toxicity
= LDso oral
S 22000 1800 3000
é (mg/kg, rat)
LDs dermal >20000 1200 1500
(mg/kg, rabbit)
LCso inhalation
- 97 >5.
(mg/L, 4h, rat) >9 558
é LCso
c (mg/ L, 961’1,
.g freshwater fish) > 100 81 75
LE

Composite Colour

Table 6. Comparison of physicochemical properties of PEG-400 (Polyethylene glycol 400), DMAE

(N,N-dimethylaminoethanol), and DMF (N,N-dimethylformamide) relevant to their use as reaction
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media. The data are extrapolated from Safety Data Sheet by ThermoFischer Scientific, *>* unless

otherwise stated.

Beyond the intrinsic difference between the three solvents, being PEG-400 a polyether
diol and the others small polar amines or amides, and the fact that all remain liquid at
ambient temperature, there are some peculiarities that deserve to be discussed. PEG-400
exhibits indeed a high boiling point (~250 °C), low volatility, and good thermal stability,
making it suitable for high-temperature reactions without significant solvent loss. Its ability
to dissolve a wide range of organic and inorganic compounds enables effective mixing and
interaction between reagents, which is particularly beneficial for reactions involving solid
substrates or poorly soluble materials.

As reported in Table 6, PEG-400 exhibits a relatively high viscosity, significantly greater
than that of DMAE and DMF, which may pose challenges in terms of efficient substrate
mixing. Nevertheless, this limitation is mitigated by the temperatures (>100 °C) at which
phthalocyanine syntheses are typically conducted. At such temperatures, the viscosity of
PEG-400 is substantially reduced, in line with the inverse correlation between viscosity and
temperature. On the contrary, lower reaction temperatures would adversely affect the
cyclotetramerization of phthalonitrile precursors into phthalocyanine products. In addition,
the polar nature and hydrogen-bonding capability of PEG-400 could also stabilize reactive
intermediates and improve reaction selectivity.

DMTF, in contrast, has a lower viscosity and moderate boiling point (~153 °C), allowing
faster diffusion and mass transport in solution. Its high polarity and excellent solvating
ability for both polar and non-polar reactants make it ideal for homogeneous reactions,
especially when precise control of reactant concentration is required. However, its lower
boiling point necessitates careful temperature control during high-temperature reactions to
prevent solvent loss. Furthermore, DMF is not fully inert although it is generally stable
under many reaction conditions and may suffer from progressive decomposition triggered

by strong alkali environment.
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DMAE, widely used as a reference solvent for certain high-temperature syntheses, has a
boiling point (~135-138 °C) compatible with the temperature used in phthalocyanine
formation. Its moderate polarity and relatively low viscosity enable efficient reagent
solubilization and thermal activation, while also allowing reactions to proceed under milder
conditions than PEG-400. DMAE’s volatility, however, require stricter temperature
management during prolonged reactions.

In addition, vapor pressure PEG-400, characterized by very low vapor pressure, exhibits
minimal volatility and therefore reduced atmospheric emissions, whereas DMAE and DMF,
with higher vapor pressures, present a greater propensity for evaporation and potential
exposure. The high flash point of PEG-400 indicates low flammability risk, while solvents
with lower flash points, such as DMF, fall into more severe flammability categories
according to GHS classification, reflecting increased fire hazards during handling and
storage. Finally, chemical stability under normal operating conditions is very important
since solvents that remain stable during storage and application, such as PEG-400, pose a
lower risk of undesired side reactions compared to more reactive systems.

As far as sustainability and safety issues are concerned, Table 6 also summarizes the main
classified hazards associated with the three solvents. According to the established solvent
sustainability and hazard classification criteria proposed by the GSK Solvent Sustainability
Guide, and following the same methodological approach, 8 the relevant assessment
categories were systematically evaluated for each solvent, leading to an overall assessment
of the sustainability and safety profile, hereafter referred to as the composite score. To
enable a clear and intuitive visualization of this analysis a final colour classification
(“composite colour”) was assigned, allowing each solvent to be categorised on a green, amber
and red traffic light-inspired scale that reflects increasing levels of concern. Green indicates
low concern, orange denotes moderate concern, and red corresponds to significant health,
safety, and environmental risks.

Acute oral toxicity was evaluated using LDs, (median lethal dose) values and it
represents the amount of a substance required to cause death in 50% of a test population

following oral administration and is commonly used as a quantitative indicator of acute
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toxicity. PEG-400 shows a very high LDs, value (22000 mg/kg) and is therefore not classified
for acute oral toxicity, differently from the other solvents. Acute dermal toxicity was
assessed using LDs, values obtained in rabbits and it represents the amount of a substance
required to cause death in 50% of the test population following skin exposure and provides
an estimate of acute toxicity upon dermal contact. PEG-400 exhibits a very high dermal LDs
value (>20000 mg/kg) and is therefore not classified for acute dermal toxicity. DMAE and
DMEF, with LDs, values of 1200 and 1500 mg/kg, respectively, fall within GHS Acute Toxicity
and are classified as moderate concern. Acute inhalation toxicity was evaluated using LCs
(median lethal concentration) values determined in rats over a 4 h exposure period and it
represents the airborne concentration of a substance expected to cause death in 50% of the
exposed test population and is commonly used to assess acute toxicity via inhalation. PEG-
400 is not classified for acute inhalation toxicity according to SDS information. Acute aquatic
toxicity was evaluated using LCs values determined for freshwater fish over 96 h. It is the
median lethal concentration and represents the concentration of a substance expected to
cause death in 50% of the exposed aquatic population within a defined period, serving as a
standard measure of acute aquatic toxicity. PEG-400 is not classified for acute aquatic
toxicity, whereas DMAE exhibits moderate toxicity, and DMF shows significant toxicity,
highlighting potential environmental concerns associated with the latter.

Overall, in this scheme, PEG-400 achieves the most favourable classification (green as the
composite colour) and emerges as the safest and most sustainable solvent among those
evaluated, showing minimal health and ecological hazards and strong alignment with
Green Chemistry Principles. On the other hand, DMAE and DMF exhibit severe human
health and environmental hazards, especially DMF due to its reproductive toxicity, that
require careful consideration and management. In this respect, Table 6, is not intended
solely to compare solvents within the specific context of phthalocyanine synthesis, but also
to illustrate how a systematic, category-based comparison can assist in identifying more
sustainable solvent alternatives for a given reaction. This approach is consistent with the
methodology adopted in the GSK Solvent Sustainability Guide and aims to provide

researchers with a balanced and informative framework, thereby fostering the evaluation
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and implementation of greener solvents, even when their application in specific synthetic
processes is not yet fully established.

The enhanced sustainability and safety profile of PEG-400, together with its intrinsic
physicochemical properties such as its low volatility, low flammability and chemical and
thermal stability, that ensure good compatibility with phthalocyanine syntheses, renders it
a particularly attractive candidate for further investigation in this application.

The synthesis of a representative substituted metallophthalocyanine was selected as a
model reaction to preliminarily evaluate the use of PEG-400 as the sole reaction medium.
Starting from 4-tert-butylphthalonitrile in the presence of the base and the appropriate metal
salt, the reaction conditions were then optimized, including the amount of reagents and the
temperature setting, to promote the cyclotetramerization and afford the resulting tetra-tert-
butyl zinc phthalocyanine (Scheme 8). DBU was employed as the base and zinc acetate as
the metal salt. The syntheses were generally conducted at 140 °C, a temperature selected to
match the reflux point of N,N-dimethylaminoethanol (DMAE, boiling point 135-138 °C), a
well-established reference solvent for this type of process, so that consistency with reported

conditions was ensured while using an alternative reaction medium.

PEG-400
CN Zn(OAc), - 2H,0
CN DBU

140 °C, N, atm.

Pc10

Scheme 8. Cyclotetramerization of fert-butyl phthalonitrile to the target tetra-tert-butyl zinc

phthalocyanine Pc10 in PEG-400.
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In the pursuit of enhancing the appeal of phthalocyanine synthesis in solution within the
sustainable and environmentally benign framework of PEG-400, the reaction time was fixed
at 6 hours, after which the mixture was cooled, quenched, and subjected to standard work-
up procedures. This reaction time was established based on prior reports where metal-
templated phthalocyanine syntheses were successfully conducted over comparable
timescales, * while also representing a pragmatic compromise between environmental
sustainability and temporal feasibility. Indeed, it is noteworthy that several
mechanochemical syntheses of phthalocyanines have been reported to proceed within only
a few minutes.® The present work aims therefore to evaluate whether a green solvent-based
synthesis could achieve similar reliability and practicability. The outcomes in terms of
isolated yields of the case study performed on the model compound are reported in Table
7, while varying the equivalents of solvent compared to that of the starting material and the

amount of base.

PEG-400 DBU Isolated yield
Entry

(eq) (eq) (%)
1 3.8 0.2 66
2 1.9 0.2 70
3 1.0 0.2 77
4 0.5 0.2 73
5 0.0 0.2 68
6* 1.0 0.00 48
7 1.0 0.1 58
8 1.0 0.3 69
9 1.0 0.4 72

Table 7. Variation of experimental parameters for the synthesis of Pc10, such as the equivalents
of solvent compared to that of the starting material, the amount of base and the related yields.
General conditions: PEG-400, 4-tert-butylphthalonitrile (2.71 mmol), Zn(OAc): dihydrate (0.26 eq)

treated on hot plate prior to use, T =140 °C for 6h. * Reaction time 24h.
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At first, the reaction progress was investigated as a function of the amount of solvent.
Optimal results were achieved when the amount of PEG-400 was approximately equimolar
to that of 4-tert-butylphthalonitrile (entry 3). A further reduction led to insufficient stirring
and a heterogeneous reaction environment, thereby potentially undermining
reproducibility under the same conditions (entry 4). By extending the concept to its extreme
case, we found that the reaction could also proceed under solvent-free conditions; however,
this resulted in a lower yield (entry 5).

After establishing the optimal reagent-to-solvent ratio, we investigated the effect of
varying the amount of base. While the reaction could still occur with small amounts or even
in the absence of DBU (entries 6, 7), the modest yield obtained under free-base conditions,
even after prolonged reaction times, suggests that DBU exerts a beneficial activating effect
on the nitrile groups. Interestingly, the positive influence of DBU peaked at 0.2 equivalents,
beyond which the yield gradually decreased. This decline can be attributed to multiple
concurrent effects. First, at high DBU concentrations, the basic additive may alter the
microenvironment of PEG-400, acting as a co-solvent and increasing medium viscosity,
which could hinder efficient mass transfer and diffusion of reactive intermediates. Second,
unfavourable DBU-nitrile interactions may occur at elevated temperature, leading to the
formation of stable adducts that compete with the coordination of zinc(Il) or otherwise
suppress the availability of reactive nitrile groups. Collectively, these observations indicate
that DBU plays a dual role: it beneficially assists in the activation of nitrile groups at low
concentrations, but in excess it perturbs the delicate balance of interactions required for
efficient macrocycle formation, highlighting the importance of maintaining catalytic
amounts of base to ensure high efficiency and at the same time aligning with green
chemistry principles.

Subsequently, we also explored the influence of temperature on the reaction yield (Table
8). This investigation proceeded in parallel with the conversion of the reagent. Indeed, in all
cases where the starting material was not completely consumed, 4-tert-butylphthalonitrile
could be efficiently recovered by washing the crude product with a 2:1 methanol/water

mixture, followed by evaporation of the organic phase. The resulting solid was diluted in
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few millilitres of dichloromethane and extracted with a 10% w/w K2COs solution to remove
any phthalimide-based byproduct. Therefore, this procedure enabled an accurate
evaluation of reagent conversion, while facilitating the reuse of the recovered starting

material in subsequent reactions, thereby contributing to improved resource efficiency.

T Time Recovered phthalonitrile Iso.lated
Entry o y1€1d
°O) (h) (mg) o

(%)
10 125 24 33.7 75
11 115 24 95.9 66
12 100 30 156.0 48
13* 140 24 90.0 69

Table 8. Optimization study regarding the reaction temperature and time, precursor conversion
and related yields for the synthesis of Pc10. General reaction conditions: 4-tert-butylphthalonitrile
(2.71 mmol), PEG-400 (1 eq), DBU (0.2 eq), Zn(OAc): dihydrate (0.26 eq) treated on hot plate prior to

use. *Reaction performed in air atmosphere.

Phthalocyanine synthesis is typically carried out at high temperatures (130 - 250 °C),
making protocols that allow product formation under milder conditions particularly
attractive. In an attempt to further enhance the sustainability of the procedure and to explore
the feasibility of the system to lower temperatures, we tried to perform the reaction at 125
°C. Interestingly, comparable yield to that of the optimized reaction was obtained, albeit at
the cost of longer reaction times from 6 hours to 24 hours (entry 10). While the 15 °C
temperature reduction (from 140 °C to 125 °C) is beneficial in terms of energy efficiency, the
longer reaction time partially offsets this advantage. The reaction also proceeded at 115 and
100 °C, requiring 24 hours to proceed and achieving the product in modest yield (entries 11,
12), with a substantial amount of unreacted phthalonitrile remaining at 100 °C. Therefore,
Table 8 also provides insight into the recovery of unreacted 4-tert-butylphthalonitrile under

different reaction conditions, highlighting a clear correlation between reaction temperature
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and conversion. Reducing the temperature from 125 to 100 °C leads to a progressive increase
in the amount of recovered starting material, accompanied by a corresponding decrease in
product yield. Even upon extending the reaction time to 30 h at 100 °C, incomplete
conversion was observed, indicating that temperature exerts a more significant role than
reaction time in driving the formation of the phthalocyanine ring.

Finally, to evaluate whether the synthesis could be performed without the need for an
inert atmosphere, the reaction was carried out in air (entry 13), yielding 69%. This indicates
anon-negligible tolerance to oxygen under these conditions. Nevertheless, inert atmosphere
remains preferable to maximize reproducibility and yield. This observation is consistent
with the well-known reactivity of oxygen, which can promote side reactions through
oxidation of the nitrile groups in phthalonitrile, thereby reducing the amount of precursor
available for cyclotetramerization.

Furthermore, PEG-400 exhibits well-documented recyclability and reusability,
representing a significant advantage from both environmental and practical standpoints.
Indeed, its high solubility in water and several organic solvents including alcohol and
acetone instead of in less polar solvents such as hexane render it easy to recover. *°

Given that solvents typically constitute the largest contribution to process waste,” the
possibility of recovering and reusing PEG-400, after its use as a reaction solvent, is
particularly attractive for minimizing and substantially reducing the environmental
footprint of a chemical process, while strongly supporting circular economy principles.
PEG-400 has been shown to be readily recoverable through straightforward operations such
as distillation or solvent extraction, and literature works demonstrate that the recovered
solvent retains its functional efficiency and can be successfully reused in subsequent
reactions without any measurable loss in yield or performance. * Importantly, such
recovery and reuse strategies are fully compatible with standard organic chemistry
laboratories and can be readily integrated into routine synthetic workflows without the
need for specialized equipment or energy-intensive infrastructure, making PEG-400 a
practically accessible green solvent option. By contrast, the same considerations do not

apply to DMF, which presents intrinsic limitations that significantly compromise its
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sustainability profile. In addition to its lower thermal stability, with decomposition
occurring near its boiling point to form methylamine and carbon monoxide, DMF also forms
azeotropes with water.”” Since water is commonly employed during work-up procedures to
remove solvents from crude reaction mixtures, this distinction is critical. While PEG-400 can
be readily separated from the aqueous phase, DMF-water separation remains considerably
more challenging, due to its azeotropic behaviour. Consequently, despite its extensive use
in industry and pharmaceutics,”® DMF recovery typically requires specialized separation
methods, * since conventional distillation is insufficient to effectively overcome the DMF-
water azeotrope limitation. These constraints limit its suitability within a circular economy
framework and further underscore the clear sustainability advantage of PEG-400 in
comparative solvent assessments.

On this basis, a solvent recovery test was performed using PEG-400 as the reaction
medium in a representative model reaction. After completion of reaction and work-up, the
precipitated target product could be separated from the reaction mixture by filtration. The
aqueous filtrate was then vacuum distilled to recover PEG-400 from water, due to its limited
volatility at moderate temperatures.”

To ascertain the applicability and limitations of this new optimised method, the syntheses
of several representative derivatives were performed using the previously established
reaction conditions (Table 9). For the purposes of this study, all the following reactions have

been conducted at 140 °C, and under an inert atmosphere.

Isolated
Phthalocyanine M R yield
(%)
Pc10 Zn —i% 77
Pcll Co —i% 73
Pc12 Cu —% 59
62

Pc 3, 10-17



Pc13 Ni i

Pcl4 2H —i% 50
H

Pc15 Co

64

83

Pc3* Zn 73

70
Table 9. Expansion of the Pcl6 Co I 74
scope for the synthesis of Pc 3, Pc17 Zn I 76

10-17 using the optimized reaction conditions: phthalonitrile precursor, PEG-400 (1 eq), DBU (0.2

eq), T =140 °C, metal salt (0.26 eq) treated on hot plate prior to use. * PEG-400 amount is 1.85 equiv.

The optimized procedure proved wuseful also for the synthesis of various
metallophthalocyanines. For an identical phthalocyanine core, upon variation of the central
metal ion, significant differences in reactivity and yield were observed, with consistently
good yields for most metal salts tested, except for copper, which performed significantly
less efficiently under the same reaction conditions.

The phthalocyanines thus obtained were characterized with the spectroscopic techniques
for organic molecules (NMR and mass spectrometry), reported in the Experimental section
at the end of this Chapter. Figure 11 shows the UV-Visible spectra of Pc 10-18 recorded in
THF, clearly indicating the typical UV-Vis absorption profile of phthalocyanines with the

characteristic Q and Soret bands.
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Figure 11. UV-Vis spectra of Pc 3, 10-17 in THF.

Overall, expanding the analysis to the literature values of tetra-tert-butyl
metallophthalocyanine synthesis, the yields obtained using PEG-400 as the reaction
medium are comparable to, and in several cases significantly higher than, those reported
for analogous procedures carried out in DMAE with DBU as the base. 7% This trend is
particularly evident for metal ions such as zinc, which is generally associated with lower
reactivity and reduced yields under DBU-assisted conditions. With such procedure, even
this metal displays enhanced efficiency, leading to a more effective conversion of the
starting phthalonitrile into the corresponding phthalocyanine. Remarkably, the metal-free
derivative can likewise be obtained under these conditions, whereas literature protocols
generally rely on refluxing the phthalonitrile in pentanol in the presence of lithium.®* It is
worth noting that these promising results were achieved despite the relatively high viscosity
of PEG-400 that was, as expected, largely mitigated at the temperatures employed (140 °C),
thereby significantly reducing its impact on reaction efficiency. Under these conditions, the

combined effect of viscosity and temperature may even favour it to some extent by
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stabilizing metal-coordinated intermediates and promoting macrocycle formation. The
observed advantage cannot be straightforwardly ascribed to differences in solvent polarity,
as the dielectric constants of PEG-400 and DMAE are comparable, as reported in Table 6,
but it is most plausibly attributed to enhanced coordination of the solvent to the metal ion,
which increases the solubility of the metal salt in the reaction medium and, in turn, promotes
more effective templating during macrocycle formation.!%

Consistently with the behaviour commonly observed for cyclotetramerizations of
phthalonitriles bearing substituents at the 4-position, the resulting tetrasubstituted
phthalocyanines are obtained as mixtures of regioisomers, corresponding to the different
point-group symmetries D2n, Cs, Cav, and Can.

On the basis of these results, with regard to peripheral substitution, this procedure where
PEG-400 was employed in combination with DBU proved to be highly versatile and broadly
applicable to several different phthalonitrile derivatives bearing electron-donating
substituents, enabling the synthesis of a wide range of metallophthalocyanines in
consistently good yields. However, minor adjustments of the reaction conditions, such as
operating at lower substrate concentrations to improve reagent processability, were in some

cases required to achieve optimal results.

The material efficiency of the investigated synthetic procedures was evaluated using the
E-factor, that has already been described in the previous paragraph. The calculations for all
the synthesized molecules are summarized in Table 10. E-factors are reported excluding
water, in accordance with literature conventions.®® To give an insight of the actual waste
generated, Table 10 provides both the net E-factor values and the values when solvent
recovery and reuse were experimentally implemented (in brackets). Details about the

calculation are reported in the Experimental section at the end of this Chapter.
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Phthalocyanine | Metalion | Substituent [solve]ral-tf::ct;ling*]
Pcl0 Zn —5.% [172337(}
Pcl1 Co ‘5% [;8;]
Pcl12 Cu ‘5% [Eg:g]
Pc13 Ni ’5.% [Zalsg:g]
Pcl4 2H —i% [1598945]
Pc15 Co H [igj]
Pc3 Zn ;/ioji;/ [iggj]
Pcl6 Co I [267()1-51]
Pc17 Zn I [2533%67]

Table 10. E-factor values calculated for Pc 3, 10-17. *Values reported in brackets refer to net E-
factors calculated by accounting for solvent recovery and reuse, when experimentally implemented.
Details on solvent recovery procedures and recovered amounts are provided in the Experimental

section at the end of this Chapter.

For molecules synthesized from the same amount of precursor (in mmol), such as
compounds Pc 10-14, meaningful comparisons can be drawn. Compounds with comparable
yields, such as Pc10 and Pc11 (77% and 73%, respectively), nevertheless display markedly
different E-factor values, primarily due to differences in purification strategy, since the
cobalt derivative did not require silica-gel filtration. Comparison of Pcll with the
corresponding copper derivative (Pc12, 59% yield) further highlights that, as expected,
higher yields translate into lower E-factors when comparable purification protocols, i.e. in

the absence of silica gel filtration, are employed. In contrast, the calculated values for
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compound Pc13 are noticeably higher than for the other derivatives, as achieving sufficient
purity in this case required full column chromatography with gradient elution, resulting in

increased material consumption.

Analogous considerations regarding reaction yields apply to phthalocyanines Pc16 and

Pc17, which were obtained in comparable yields (74% and 76%, respectively).

The particularly low E-factor observed for compound Pc15 upon solvent recovery can be
attributed to its poor solubility, which enables purification by Soxhlet extraction of

impurities using methanol; notably, this solvent was recovered at approximately 90%.

To further validate the practicality of this PEG-400-based developed protocol, since most
of these reactions were carried out at small scale (500 mg of the starting material), its
potential scaling-up was investigated. A multigram-scale experiment was therefore
performed using phthalonitrile (5 g, 39 mmol) employing PEG-400 15.6 g, DBU 1.17 mL,
cobalt acetate tetrahydrate (11 mmol, 2.534 g) and stirring for 6 hours at 140 °C under
nitrogen atmosphere (Scheme 9). The corresponding phthalocyanine derivative Pc15, which
can be clearly seen in the vial in Scheme 9, was thus isolated in 79% yield (4.4 g), after a
straightforward purification, showing no significant loss in reaction efficiency nor any

negative effect on the yield.

PEG-400 N
CN Co(OAc), - 4H,0 =N N/ M{
N/ l |
Cx el
CN DBU \ N/ \N /)
140 °C, N, atm. s A
5g, 39 mmol 6h N

4.4 g, 7.7 mmol
79% yield

‘ Gram-Scale Synthesis

Scheme 9. Scale-up synthesis of Pc15.

This successful scale-up to the multigram level underscores the robustness and

operational simplicity of this new PEG-based protocol, demonstrating its suitability for
67



preparative-scale synthesis and its potential relevance for preparative and industrial
applications.

To further advance this research, and given the well-documented compatibility of this
solvent with palladium-catalyzed reactions, PEG400 was explored as a reaction medium for
Sonogashira and Suzuki couplings, as an exploratory step that still requires further
validation. The main goal was to merge the one-pot synthetic concept with the use of a
reaction medium characterized by a low environmental and toxicological impact for the
preparation of more complex functionalized derivatives.10%104

The strategy relies on a pot-economical sequence in which a suitably functionalized
phthalonitrile is first cyclotetramerized and subsequently subjected to in situ cross-coupling
reactions without isolation of intermediates (Scheme 10). Furthermore, the preparation of
derivatives bearing protected triple bonds is particularly attractive, as these motifs have

shown promise as hole-transport materials in perovskite solar cells.!%

Step 1: Macrocyclization
(T =140 °C)

Jos
I CN Step 2: Pd-Catalyzed C-C Coupling

(T = 45 to 100 °C)

Pc18

Pc19

Scheme 10. One-pot approach to obtain Pc18 and Pc19.

For the Sonogashira reaction, ethynyltrimethylsilane (TMSA) was employed as the
alkyne partner.

The Suzuki-Miyaura reaction was investigated using commercially available 4-
hexyloxyboronic acid to probe the compatibility of the system with this type of
transformation. Because the use of potassium carbonate required water as a co-solvent,

phase compatibility became a key factor. In this context, 2-methyltetrahydrofuran (2-
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MeTHF), a sustainable solvent, proved suitable as it helped maintain solubility of the
phthalocyanine while remaining partially miscible with water.

These preliminary observations support the feasibility of the coupling under the
investigated conditions. These experiments were therefore mainly intended as a proof of
concept to assess the compatibility of the pot-economical strategy with additional cross-
coupling reactions.

A further exploratory sequence involving silyl deprotection followed by a second
Sonogashira coupling was also attempted in a one-pot fashion (Scheme 11).106-108

In addition, upon deprotection of the silyl group, the resulting product could serve as a
versatile intermediate for further functionalizations, including click reactions, enyne or

diyne metathesis, and additional Sonogashira couplings.

F3C

FsC CF3

i. Macrocyclization (T = 140 °C) Q\ =
o —N N
I 2 N

CN iii. Desilylation (T =60 °C)

- N\ /Zn\ /
N N
iv. Sonogashira C-C Coupling (T = 45 °C) 7 A\ \N%
= =X
Fsc\Q/ \Q/ca

CF3 FsC
Pc20

Scheme 11. One-pot approach to obtain compound Pc20.

Spectroscopic analyses suggested the formation of the functionalized phthalocyanine
derivative, as indicated by the characteristic UV-Visible absorption of the macrocycle

(Figure 12).
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Figure 12. Normalized UV-Vis spectra of Pc 18-20 recorded in THF.

Mass spectrometric signals consistent with the expected product are reported in the
Experimental section at the end of this Chapter.

These results provide a preliminary proof of concept for the use of PEG-400 in the
synthesis of more complex phthalocyanine derivatives, which require specific conditions
and multiple reaction steps. While the optimization of reaction conditions and purification
procedures will be addressed in future studies through a more thorough investigation, these
initial experiments demonstrate that PEG-400 is generally compatible with common organic
cross-coupling reactions, such as Sonogashira and Suzuki couplings. For these reasons, for
these compounds only the initial spectroscopic data are reported in the Experimental section

and green chemistry metrics have not been reported.
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2.3. Conclusions

In conclusion, this chapter has explored two main strategies for the long-standing synthetic
challenge of affording peripherally functionalised metallophthalocyanines in more
sustainable ways: the one-pot approach and the use of less environmentally impactful

solvents.

In the first case, a practically accessible methodology for the synthesis of tetra and octa
substituted aryloxy- and alkyloxy zinc phthalocyanines has been successfully developed.
The protocol demonstrated to tolerate a broad range of nucleophiles, affords nine
compounds in moderate yields (22-49%), and in most cases avoids intermediate isolation
and column chromatography, highlighting its operational simplicity and practicality.
Comparative analysis with conventional two-step procedures demonstrates improved or
comparable synthetic performance alongside a marked reduction in waste generation, as

confirmed by significantly lower E-factor values.

The enhanced environmental profile of this method, assessed through the quantitative
calculation of green chemistry metrics, is accounted for the synergistic contribution of the
one-pot design together with the streamlined purification steps and the possibility of
solvent recovery, underscoring not only the environmental but also the economic advantage
of this approach, and offering a practical alternative implementable in routine laboratory

settings, relying solely on conventional heating and standard laboratory glassware.

Regarding the second strategy, glycerol, anisole, and PEG-400 have been explored as
sustainable and versatile alternative to conventional high-boiling polar solvents in the
synthesis of variously substituted and unsubstituted metallophthalocyanines. In particular,
PEG-400 has emerged as an operationally robust, versatile, recyclable, and scalable reaction
medium, offering a practical and more sustainable platform for the synthesis of variously

metallophthalocyanines bearing different substituents at the periphery of the ring.
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Furthermore, it has been demonstrated as a proof of concept the likely successful use of
this reaction medium in the multi-step cross-coupling transformations for the synthesis of

highly functionalized phthalocyanine derivatives and related advanced materials.

Importantly, the sustainability gains achieved at the level of material synthesis extend
beyond the laboratory scale, positively impacting the environmental footprint of the devices
in which these materials are implemented, a perspective that will be addressed in the next

chapter.

72



2.4. Experimental section

2.4.1. Materials

All the glassware used was oven-dried at 110 °C for at least 24 hours prior to use. All
reagents and solvents were purchased from Merck Life Science, TCI Chemicals, and Carlo
Erba Reagents and used without further purification. 4-Jodophthalonitrile was purchased
and purified by column chromatography using DCM as the eluent, whereas 4-(4-iodo-2,6-
dimethylphenoxy)phthalonitrile was synthesized according to a previously reported green
procedure, for which sustainability and cost assessments have already been described.'®”
N,N-Dimethylformamide was used freshly distilled. PEG-400 was stored on 3A molecular
sieves. Reactions were monitored by thin-layer chromatography (TLC) employing a
polyester layer coated with 250 mm F254 silica gel. Chromatographic filtrations, when

needed, were performed using silica gel 60A 35-70.

2.4.2. Instrumentation

NMR spectra were recorded on a Bruker AVANCE 600 NMR spectrometer operating at
a proton frequency of 600.13 MHz; chemical shifts (d) are given in ppm relative to the
residual solvent peak of the deuterated solvent. Infrared spectra were recorded on a
Shimadzu FT-IR prestige-21 spectrometer (Kyoto, Japan) using an attenuated total
reflectance (ATR) unit. UV-Vis spectra were recorded on a Perkin-Elmer Lambda 950 UV-
vis/NIR spectrophotometer. MALDI-TOF spectra were recorded at Toscana Life Science
facility in a MALDI-TOF/TOF Ultraflex III (Bruker). High-resolution mass spectroscopy
(HRMS) measurements were performed using an Orbitrap Exploris 120 mass spectrometer
(ThermoFisher Scientific) coupled to an atmospheric pressure matrix-assisted laser
desorption/ionization (AP-MALDI (ng)) ultra-high resolution (UHR) ion source (MassTech

Inc.). Instrumental setup and sample preparation are described elsewhere.!°
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2.4.3. General procedure for solvent recovery

For each reaction, to minimize the amount of DMF and DBU in the recoverable mixture,
we removed it separately during the filtration of the quenched reaction (with 1 N HCI),
followed by washings with water. Then, the mixed water-methanol waste generated from
crude and product washings in several reactions was collected into a single flask to reach a
working volume of approximately 150-200 mL, suitable for distillation. Methanol does not
form binary azeotropes with water and was therefore recovered using a standard
distillation setup (atmospheric pressure) equipped with a Vigreux column to improve

separation efficiency.

Individual solvents employed for washings were recovered by simple atmospheric
distillation according to their boiling points, discarding the initial and final fractions of the

distillate.

For each filtration, the solvent mixtures were recovered individually for the filtration on
silica pad of each reaction by collecting the packing solvent, deposition solvent, and eluted
fractions. Eluted fractions corresponding to the desired product were collected together and
concentrated to dryness using a rotary evaporator, discarding only a small initial fraction.
The recovered solvent mixtures were reused in subsequent filtrations, adjusting the volume
when necessary, with freshly prepared solvent mixtures of the same nominal composition.
Since the separation is relatively simple, phthalocyanines being the only macrocyclic
products and polar impurities remaining at the baseline (Rf ~ 0), the choice of eluent does
not require a narrow polarity window, provided that it is not so polar as to co-elute the polar

impurities with the target compound.
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2.4.4. Green Chemistry metrics calculation

The E-factor (Environmental factor) is used to assess the environmental impact of a
chemical process and is defined as the ratio of the total mass of waste generated to the mass

of the isolated product.

General equation for the calculation of E-factor:

Mass of total waste (g)

E-factor =
factor Mass of product (g)

In all calculations, water is excluded from the waste count. This exclusion is consistent
with standard practices in green chemistry, where water is typically not considered a

harmful by-product.®

An estimated 80% of the organic solvents used in the processes described in our paper
are recovered and reused, thanks to careful work-up and purification procedures. In
particular, solvent mixtures employed in silica pad filtrations are collected and reused
multiple times. Although slight variations in polarity may occur upon reuse, the recycled
eluents remained suitable for similar separations. This solvent recovery significantly
reduces the amount of waste attributed to the process, leading to a more accurate and
representative E-factor. The approach reflects an emphasis on sustainability through the

minimization of solvent waste and the efficient use of resources.

For literature-reported procedures in which complete experimental details were not
available, reasonable approximations were employed to estimate the E-factor, most of

which were derived from established sources:%+7°

e It was assumed that crude products obtained from 1.0 g of starting material would
require two washes with 20 mL of water or aqueous solvent mixtures, as well as two
washes with 15 mL of organic solvents.

e In cases involving solvent extraction, it was estimated that three separate extractions

with 50 mL of organic solvent (totaling 150 mL), along with 1 g of a drying agent such
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as Na:50s or MgSOs, would be necessary to isolate 1 g of crude product from the
reaction mixture.

e For crystallization steps, it is assumed that 100 mL of solvent are required to isolate
1 g of product, with the procedure performed only once.

e For purifications involving column chromatography, the processing of 1 g of product
was assumed to require 400 mL of eluent and a silica gel column packed with 263 g
of 60 um silica gel, as previously reported under ideal conditions (i.e., efficient

separation with Rf > 0.3 and optimal sample loading).!!!

e The density of all aqueous solutions (e.g. HCl 1N or aqueous salt solutions) was

approximated to 1.0 g/mL.

These standardized approximations were consistently applied across all procedures to
facilitate direct comparison while preserving realistic estimates of material consumption

and waste production.

2.4.5. General one-pot procedure for the synthesis of tetra-substituted-zinc

phthalocyanines Pc 1-7

Phenol/alcohol (1.0 eq) and anhydrous K2CO:s (3 eq) were stirred in 4 mL of DMF at room
temperature for 30 minutes. Then, 4-nitrophthalonitrile (1 eq, 0.5 g) was added in one
portion and the reaction mixture was stirred at the chosen temperature until the complete
disappearance of 4-nitrophthalonitrile was confirmed by TLC. Zinc acetate dihydrate (0.27
eq), pre-dried in an oven at 110°C for at least 6 hours, and DBU (1 eq) were then added and
the reaction mixture was stirred at 140°C under argon atmosphere until completion of the
reaction. After quenching with HCI 1M, the resulting precipitate was filtered, washed with

water and methanol, and dried under vacuum.
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2.4.6. General one-pot procedure for the synthesis of octa-substituted-zinc-

phthalocyanines Pc8 and Pc9

Phenol (3.1 eq) K2CO:s (3 eq) were stirred in 4 mL of DMF at room temperature for 30
minutes. Then, 4,5-dichlorophthalonitrile (1 eq, 0.2 g) was added and the reaction mixture
was stirred at 100 °C until its complete disappearance was observed by TLC. Zinc acetate
dihydrate (0.27 eq), pre-dried in an oven at 110°C for at least 6 hours, and DBU (1 eq) were
then added and the reaction mixture was stirred at 150 °C under argon atmosphere until
completion of the reaction. After quenching with HCl 1M, the resulting precipitate was

filtered, washed with water and methanol, and dried under vacuum.

2.4.7. General procedure for the optimized cyclotetramerization of phthalonitriles in

PEG-400

The desired phthalonitrile (1.0 eq), PEG-400 (1.0 eq), DBU (0.2 eq), and the appropriate
metal salt (0.26 eq) were charged into a 10 mL one-necked round-bottom flask equipped
with a magnetic stirrer under a nitrogen atmosphere. The reaction mixture was heated at
140 °C for 6 h, during which it changed color from a clear, colorless solution to dark blue.
After cooling to room temperature, the mixture was treated with 1 N HCI, diluted with
methanol, and the resulting solid was collected by filtration. The solid was subsequently
washed with methanol or methanol/water mixtures. When required, further purification
was achieved by repeated washings with suitable solvents or by filtration through a short
pad of silica gel using an appropriate solvent mixture. In the latter case, the isolated
phthalocyanine was finally washed with methanol and dried under vacuum to constant

weight.
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2.4.8. Synthesis, Green Chemistry metric calculation and characterization of tetra-(3,5-

dimethylphenoxy)-zinc-phthalocyanine Pcl

Purification of the crude was carried out by short pad filtration on silica gel, using THF
for sample loading and a 3:1 hexane:THF mixture as the eluent. The target compound was
obtained as a blue solid in 48% yield. 'H NMR (600 MHz, THF-ds): 6 = 9.01 — 8.91 (m, 4H),
8.65 — 8.60 (m, 4H), 7.72 - 7.70 (m, 4H), 7.12 - 6.93 (m, 12H), 2.44 — 2.41 (m, 24H, CHs) ppm;
BC NMR (150 MHz, THF-ds): d =160.62, 160.58, 160.54, 160.48, 160.40, 160.37, 158.99, 158.93,
158.89, 158.84, 158.81, 141.28, 141.24, 141.23, 141.19, 140.88, 140.86, 140.82, 140.80, 134.43,
134.33, 134.27, 126.59, 126.57, 126.53, 126.51, 126.49, 126.42, 126.41, 124.89, 124.74, 124.71,
121.38, 121.34, 118.49, 118.47, 118.39, 118.37, 118.36, 118.26, 118.23, 112.92, 112.87, 112.83,
21.75 ppm. FT-IR: v = 2918, 2849, 2828, 1611, 1584, 1456, 1393, 1335, 1292, 1256, 1217, 1173,
1134, 1084, 1043, 1022, 951, 999, 820, 559, 534 cm!. UV-vis (THF): Amax =675, 352 nm. MALDI-
TOF [M]**: m/z = 1056.41, (Calcd: 1056.31).
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E-factor calculation for compound Pcl

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
3,5-dimethylphenol 0.36
DMF 4.0 0.948 3.792
K2COs 1.2
4-nitrophthalonitrile 0.5
Zinc acetate dihydrate 0.172
DBU 0.4 1.018 0.407
Water 30.0 30.0
HCI IN 2.0
Silica gel 8.0
THF 19.5 0.888 17.32 3.463
Hexane 37.5 0.661 24.79 4.958
Methanol 45.0 0.792 35.64 7.128

Amount of product = 0.364 g (48% yield)
Total E-Factor = 257.7

E-factor 80% solvent recovery = 86.9
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'H NMR spectrum of tetra-(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc1 in THF-ds
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BC NMR spectrum of tetra- (3,5-dimethylphenoxy)-zinc-phthalocyanine Pc1 in THF-ds

@O N D MM Dm0

EERE P
csog mEEmAR
gzes I
g Sl
THF
THF
I
]
[os il
[ - 1 “ | | / | ",
e » " L
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T v T T T T T v T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 2 10 ]

1 (ppm)

81



ATR spectrum of tetra-(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc1
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MALDI-TOF spectrum of tetra-(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc1
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2.4.9. Synthesis, Green Chemistry metric calculation and characterization of tetra-(p-

tolyloxy)-zinc-phthalocyanine Pc2

Purification of the crude was carried out by short pad filtration on silica gel, using THF
for sample loading and a 3:1 hexane:THF mixture as the eluent. The target compound was
obtained as a blue solid in 43% yield. 'H NMR (600 MHz, THF-ds): 6 = 8.94 — 8.77 (m, 4H),
8.64 — 8.50 (m, 4H) 7.69 — 7.61 (m, 4H), 7.45 - 7.35 (m, 16H), 2.49 — 2.47 (m, 12H) ppm; 1*C
NMR (150 MHz, THF-ds): & = 160.70, 160.66, 160.62, 160.54, 156.60, 156.58, 156.51, 156.44,
156.38, 156.34, 153.49, 152.46, 141.14, 141.08, 141.06, 134.47, 134.45, 134.31, 134.30, 134.24,
134.22, 134.08, 134.03, 134.00, 131.61, 131.54, 124.87, 124.84, 124.64, 124.59, 120.92, 120.88,
120.81, 120.77, 120.71, 120.68, 120.60, 120.57, 112.47, 112.38, 112.32, 111.95, 111.87, 111.78,
21.17 ppm. FT-IR: v = 3024, 2922, 2860, 1602, 1504, 1472, 1393, 1335, 1259, 1227, 1205, 1161,
1115, 1086, 1043, 1016, 945, 889, 868, 816, 743, 668, 498 cm. UV-vis (THF): Amax =675, 352 nm.
MALDI-TOF [M]**: m/z =1000.37, (Calcd: 1000.25).
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E-factor calculation for compound Pc2

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
4-methylphenol 0.319
DME 4.0 0.948 3.792
KoCOs 1.2
4-nitrophthalonitrile 0.5
Zinc acetate dihydrate 0.172
DBU 0.4 1.018 0.407
Water 28.0 28.0
HCI 1IN 2.0
Silica gel 10.0
THEF 28.75 0.888 25.53 5.106
Hexane 76.25 0.661 50.40 10.08
Methanol 10.0 0.792 7.92 1.584

Amount of product = 0.313 g (43% yield)
Total E-factor = 326.2

E-factor 80% solvent recovery = 111.3
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E-factor calculation for compound Pc2 synthesized according to the literature method®

Mass of
. solvents
Chemical Volume | Density Mass (g) | considering an
80% recovery
(g)
4-methylphenol 6.92
4-nitrophthalonitrile 5.41
DMSO 60.0 1.100 66.0
K2COs 10.35
Dichloromethane 200.0 1.327 265.4 53.08
Na2COs 5% solution in water 200.0 200.0
Sodium sulfate 7.0
Hexane 680.0 0.661 449.48 89.90
Amount of product = 6.83 g (73% yield)
E-factor = 147.0
E-factor assuming 80% solvent recovery = 63.2
Mass of
. solvents
Chemical Volume | Density Mass (g) | considering an
(mL) (g/mL) )
80% recovery
(g
A 234
methylphenoxy)phthalonitrile '
Zinc powder 1.308
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Ammonium molibdate 0.2
Neutral alumina 263.0
Toluene 3.0 0.862 2.586 0.52
THF 1025.0 0.888 910.2 182.04
Chloroform 30.0 1.489 44.67 8.93
Methanol 450.0 0.792 356.4 71.28

Amount of product =1.22 g (52% yield)
E-factor =1294.7

E-factor assuming 80% solvent recovery = 433.1

Total yield: 38%, total E-factor: 1441.7, total E-factor assuming 80% solvent recovery =
496.3
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3C NMR spectrum of tetra-(p-tolyloxy)-zinc-phthalocyanine Pc2 in THF-ds
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ATR spectrum of tetra-(p-tolyloxy)-zinc-phthalocyanine Pc2
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MALDI-TOF spectrum of tetra-(p-tolyloxy)-zinc-phthalocyanine Pc2
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2.4.10. Synthesis, Green Chemistry metric calculation and characterization of tetra-(4-

iodo-2,6-dimethylphenoxy)-zinc-phthalocyanine Pc3
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Purification of the crude was performed by short pad filtration on silica gel, using THF
for sample loading and a gradient elution with increasing polarity (from 4:1 to 1:1 petroleum
ether:THF). The target compound was obtained as a blue solid in 37% yield. 'H NMR (600
MHz, Pyr-ds) & = 9.36 — 9.68 (m, 4H), 8.87 — 9.19 (m, 4H), 7.74 (m, 4H), 7.60 — 7.67 (m, 8H),
2.19 (m, 24H) ppm; *C NMR (150 MHz, Pyr-ds): o = 159.92, 159.75, 159.60, 151.66, 151.64,
151.54, 151.54, 151.50, 142.92, 142.92, 138.41, 138.39, 138.35, 134.18, 134.18, 125.68, 125.68,
117.55, 117.49, 117.02, 116.88, 114.87, 114.86, 90.73, 90.71, 90.70, 90.64, 90.61, 79.53, 79.09,
34.77, 34.71, 30.55, 30.24, 29.34, 24.15, 24.15, 21.15, 16.53, 16.50, 15.99, 15.96, 15.96 ppm. FT-
IR: v=2926, 2850, 1607, 1460, 1392, 1337, 1268, 1213, 1179, 1115, 1084, 1038, 944, 852, 813, 764,
743 cm. UV-vis (THF): Amax = 677, 351 nm. MALDI-TOF [M]**: m/z = 1559.83, (Calcd:
1559.90).
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E-factor calculation for compound Pc3

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
. 4-iodo-2,6- 0.365
dimethylphenol
DMF 2.5 0.948 2.37
KoCOs 0.6
4-nitrophthalonitrile 0.25
Zinc acetate dihydrate 0.086
DBU 0.2 1.018 0.204
Water 4.5 4.5
HCI 1IN 0.5
Silica gel 13.0
THF 40.5 0.888 35.96 7.193
Petroleum ether 66.0 0.666 43.96 8.791
Methanol 25.0 0.792 19.8 3.96

Amount of product =0.210 g (37% yield)
Total E-factor = 556.6

E-factor 80% solvent recovery = 176.7
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'H NMR spectrum of tetra-(4-iodo-2,6-dimethylphenoxy)-zinc-phthalocyanine Pc3 in

Pyr-ds
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BBC NMR spectrum of tetra-(4-iodo-2,6-dimethylphenoxy)-zinc-phthalocyanine Pc3 in
Pyr-ds

srs shmocandes
IR EpmozRAR? RLRES RS REBIEZEIORE RS
658 simossszs seisezz SEEES 22 BpEing2annszs
RO S RSP IV A

Pyr Pyr Pyr

] iJl ] [‘IL,,,,,_LL 'y L ! ' ‘ Lo .

T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

95



ATR spectrum of tetra-(4-iodo-2,6-dimethylphenoxy)-zinc-phthalocyanine Pc3
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MALDI-TOF spectrum of tetra-(4-iodo-2,6-dimethylphenoxy)-zinc-phthalocyanine Pc3
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2.4.11. Synthesis and characterization of tert-butyl(4-hydroxyphenyl)carbamate 4a

The synthesis was carried out according to the procedure reported in the literature.!'
Briefly, in a one-neck round-bottom flask 4-aminophenol (0.5 g, 1 eq) was stirred in 8 mL of
glycerol, then Boc:O (1 eq) was added. The reaction mixture was stirred at room
temperature until complete disappearance of 4-aminophenol was observed in the TLC
monitoring. The resulting reaction mixture was extracted with a mixture of petroleum
ether/ethyl acetate (9:1), the combined organic layer was dried over anhydrous magnesium
sulphate and concentrated under reduced pressure. Purification of the raw product by
crystallization with hexane gave the target product in 86% yield as a white solid. 'H NMR
(600 MHz, CDCls): =7.17 - 7.16 (m, 2H), 6.74 — 6.73 (m, 2H), 6.35 (bs , 1H), 5.33 (bs, 1H),
1.51 (s, 9H) ppm; 3C NMR (150 MHz, CDCls): d = 153.56, 152.04, 130.99, 121.4, 115.74, 80.46,
28.38.
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'H NMR spectrum of tert-butyl(4-hydroxyphenyl)carbamate 4a in CDCls
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3C NMR spectrum of tert-butyl(4-hydroxyphenyl)carbamate 4a in CDCls
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2.4.12. Synthesis and characterization of phthalocyanine Pc4

Purification of the crude by Soxhlet extraction with methanol gave a phthalocyanine-
based product as a green solid. FT-IR: v =3309, 2930, 2860, 1721, 1593, 1484, 1466, 1395, 1362,
1333, 1314, 1267, 1220, 1112, 1092, 1041, 1007, 946, 885, 832, 743, 724, 696 cm™. UV-vis
(Pyridine): Amax = 685, 355 nm.
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2.4.13. Synthesis, Green Chemistry metric calculation and characterization of tetra-(3,5-

bis(trifluoromethyl)phenoxy)-zinc-phthalocyanine Pc5
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Purification of the crude was performed by short pad filtration on silica gel, using a 5:3
hexane:ethyl acetate mixture for both sample loading and elution. The target compound
was obtained as a blue solid in 27% yield. 'H NMR (600 MHz, THF-ds): & = 9.17 — 9.06 (m,
4H), 8.80-8.75 (m, 4H), 8.05-7.84 (m, 16H) ppm; *C NMR (150 MHz, THF-ds): 6 = 160.59,
160.57, 160.54, 157.96, 157.94, 157.86, 157.78, 157.76, 141.32, 141.29, 141.25, 141.20, 141.18,
141.13, 135.94, 135.92, 135.86, 135.84, 134.67, 134.65, 134.63, 134.61, 134.45, 134.43, 134.41,
134.39, 134.32,125.52, 125.49, 125.46, 124.44 (q, CF3, ] =272 Hz), 122.21,122.17, 119.88, 119.84,
119.81, 118.07, 118.02, 117.96, 117.93, 117.91, 117.85, 114.43, 114.40, 114.37, 114.33 ppm. FT-
IR: v=1607, 1487, 1460, 1337, 1275, 1231, 1171, 1125, 1105, 1084, 1045, 961, 945, 914, 885, 847,
735, 700, 681, 617, 449, 436 cm*. UV-vis (THF): Amax = 672, 350 nm. MALDI-TOF [M]**: m/z =
1488.20, (Calcd: 1488.08).
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E-factor calculation for compound Pc5

Volume

Density

Mass of solvents
considered

hemical Ma toward E-factor
o b b "8 | after s0% salven
recovery) (g)
bis(trifluororift%yl)phenol 0678
DMF 4.0 0.948 3.792
K2COs 1.2
4-nitrophthalonitrile 0.5
Zinc acetate dihydrate 0.172
DBU 0.4 1.018 0.407
Water 29.0 29.0
Silica gel 10.0
Hexane 31.4 0.661 20.755 4.151
Ethyl acetate 20.6 0.902 18.501 3.716

Amount of product =0.290 g (27% yield)

Total E-factor =192.1

E-factor 80% solvent recovery = 83.9
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E-factor calculation for compound Pc5 synthesized according to the literature method®”

Mass of
Volume solvents
Chemical Density (g/mL) | Mass (g) considering
(mL)
an 80%
recovery (g)
4-nitrophthalonitrile 1.0
3,5-bis(trifluoromethyl)phenol 1.66
DMF 40.0 0.948 37.92
K2COs 7.98
Ethanol 130.0 0.789 102.57 20.514
Amount of product =1.3 g (63% yield)
E-factor =115.2
E-factor assuming 80% solvent recovery = 52.1
Mass of
solvents
Vol Densi
Chemical (I:Ll;me (gf;s]j;y Mass (g) | considering
an 80%
recovery (g)
o> 0.06
bis(trifluoromethyl)phenoxy]phthalonitrile '
Zinc acetate 0.01
Dimethylaminoethanol 2.0 1.78
Hexane 4.5 0.661 2.97 0.594
Silica gel 2.89
Dichloromethane 4.26 1.327 5.65 1.13
Methanol 0.14 0.792 0.11 0.022

Amount of product =0.012 g (11% yield)

E-factor=1121.5
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E-factor assuming 80% solvent recovery = 539.5

Total yield: 7%, total E-factor: 1236.7, total E-factor assuming 80% solvent recovery =591.6
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'H NMR spectrum of tetra-(3,5-bis(trifluoromethyl)phenoxy)-zinc-phthalocyanine Pc5 in

THEF-ds.
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3C NMR spectrum of tetra-(3,5-bis(trifluoromethyl)phenoxy)-zinc-phthalocyanine Pc5 in

THEF-ds
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ATR spectrum of tetra-(3,5-bis(trifluoromethyl)phenoxy)-zinc-phthalocyanine Pc5
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MALDI-TOF spectrum of tetra-(3,5-bis(trifluoromethyl)phenoxy)-zinc-phthalocyanine
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2.4.14. Synthesis, Green Chemistry metric calculation and characterization of tetra-(2-

dimethylaminoethoxy)-zinc-phthalocyanine Pc6

Purification of the crude by several washings with a 3:1 water:methanol mixture gave the
target product in 49% yield as a green solid. "H NMR (600 MHz, Pyr-ds) 6 = 9.56 (m, 4H),
9.30 (d, ] = 8.1 Hz, 4H), 7.84 — 7.92 (m, 4H), 4.56 (m, 8H), 2.92 (m, 8H), 2.40 (s, 12H), 2.35 (s,
12H) ppm; C NMR (150 MHz, Pyr-ds): = 161.49, 161.27, 153.54, 141.12, 132.08, 132.06,
118.67, 118.63, 115.87, 113.99, 112.54, 108.54, 106.59, 106.52, 67.47, 67.45, 67.37, 67.35, 58.56,
58.52, 57.95, 57.88, 45.90, 45.84, 45.63, 45.50, 37.20, 29.79, 29.75, 23.49, 23.45 ppm. FT-IR: v =
2935, 2859, 2830, 2781, 2370, 2322, 2212, 1606, 1508, 1488, 1456, 1436, 1388, 1337, 1278, 1229,
1112, 1089, 1040, 952, 836, 827, 770, 746, 727 cm!. UV-vis (THF): Amax = 677, 351 nm. MALDI-
TOF [M]**: m/z = 924.32, (Calcd: 924.35).
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E-factor calculation for compound Pc6

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
o 0.4 0.89 0.356
(dimethylamino)ethanol ' ' '
DMF 4.0 0.948 3.792
KoCOs 1.2
4-nitrophthalonitrile 0.5
Zinc acetate dihydrate 0.172
DBU 0.4 1.018 0.407
Water 34.0 4.5
HCI IN 4.0 4.0
Methanol 7.0 0.792 5.544 1.109

Amount of product = 0.330 g (49% yield)
Total E-factor: 47.4

E-factor 80% solvent recovery = 34.0
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E-factor calculation for compound Pcé synthesized according to the literature

Synthetic procedure with 13% total yield.>

e The amount of DMF was estimated to be 4 mL. To calculate the quantity of solvent

required for extraction, a crude product mass of 0.75 g was assumed.

Mass of
solvents
Chemical Volume (mL) | Density (g/mL) | Mass (g) | considering
an 80%
recovery (g)
4-nitrophthalonitrile 0.5
1,2-(dimethylamino)-ethanol 0.356
K2COs 4.0
DMF 4.0 0.948 3.792
Chloroform (extraction) 398.2 1.489 592.92 118.584
Na2S04 0.75
Silica gel 197.25
Methanol 14.3 0.792 11.326 2.265
Amount of product = 0.565 g (91% yield)
E-factor = 1434.2
E-factor assuming 80% solvent recovery = 579.0
e A crude product mass of 250 mg was assumed.
Mass of
. Volume | Density | Mass solve.nts .
Chemical (mL) (gml) | () considering
8 an 80%
recovery (g)
. e . 0.215
(dimethylamino)ethoxy)phthalonitrile
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DBU 0.152
Pentanol 8.0 6.488
Zinc acetate 0.064
Aqueous acetic acid 6.45 1.0 6.45
Diethyl ether 6.45 0.713 4.599 0.92
Ethyl acetate 6.45 0.902 5.818 1.164
Dichloromethane 6.45 1.327 8.559 1.712
Chloroform 83.95 1.489 éiS.O 25.00
KoCO:s 37.5 37.5
Silica gel 65.75
Methanol 40.0 31.68 6.336

Amount of product = 0.032 g (14% yield)
E-factor = 9132.6
E-factor assuming 80% solvent recovery = 4741.2

Total yield: 13%, total E-factor: 10566.8, Total E-factor assuming 80% solvent recovery =
5320.2
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Synthetic procedure with 55% total yield:®

The corresponding phthalonitrile precursor for this synthesis was prepared according to

the literature.?®

e For the calculation of extraction solvent volumes, it was assumed that 0.6 g of crude
product was obtained.

Mass of
Ivent
Chemical ?;:)il;me ?g/e::]j;y Mass (g) iznseideiing
an 80%
recovery (g)
4-(2-(dimethylamino)ethoxy)phthalonitrile 0.5
DMAE 0.7 0.890 0.623
Butan-1-ol 0.7 0.810 0.567
Zinc acetate 0.15
Dichloromethane 90.0 1.327 119.43 23.886
Naz250s 0.6
ALLOs 50.0
Chloroform 240.0 1.489 357.36 71.472

Amount of product =0.32 g (60% yield)
E-factor = 1652.8

E-factor assuming 80% solvent recovery = 460.9

Total yield: 55%, total E-factor: 3087.0, total E-factor assuming 80% solvent recovery:
1039.9
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'"H NMR spectrum of tetra-(2-dimethylaminoethoxy)-zinc-phthalocyanine Pc6 in Pyr-ds
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3C NMR spectrum of tetra-(2-dimethylaminoethoxy)-zinc-phthalocyanine Pc6 in Pyr-ds
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ATR spectrum of tetra-(2-dimethylaminoethoxy)-zinc-phthalocyanine Pc6
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MALDI-TOF spectrum of tetra-(2-dimethylaminoethoxy)-zinc-phthalocyanine Pc6
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2.4.15. Synthesis, Green Chemistry metric calculation and characterization of tetra-

(hexyloxy)-zinc-phthalocyanine Pc7

Purification of the crude was carried out by short pad filtration on silica gel, using THF
for sample loading and a 2:1 hexane:THF mixture as the eluent. The target compound was
obtained as a blue solid in 22% yield. 'H NMR (600 MHz, THF-ds): 6 = 8.98 — 8.88 (m, 4H),
8.55 - 8.51 (m, 4H), 7.57 — 7.49 (m, 4H), 4.49 (bs, 8H), 2.14 — 2.09 (m, 8H), 1.82 - 1.78 (m, 8H),
1.61 — 1.53 (m, 16H), 1.08 — 1.04 (m, 12H) ppm; *C NMR (150 MHz, THF-ds): & = 161.94,
132.52,125.90, 124.03, 69.41, 32.87, 30.74, 27.05, 23.73, 14.55 ppm. FT-IR: v = 2954, 2925, 2859,
2361, 2341, 2321, 1603, 1495, 1460, 1384, 1335, 1277, 1228, 1112, 1083, 1046, 946, 874, 846, 818,
770,746,726, 658 cm™. UV-vis (THF): Amax= 676, 349 nm. MALDI-TOF [M+H]*: m/z =977.522,
(Calcd: 976.43).
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E-factor calculation for compound Pc7

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
Hexan-1-ol 04 0.814 0.326
DMF 4.0 0.948 3.792
KoCOs 1.2
4-nitrophthalonitrile 0.5
Zinc acetate dihydrate 0.172
DBU 0.4 1.018 0.407
HCI 1IN 2.0 2.0
Water 22.0 22.0
Silica gel 10.0
THF 20.0 0.888 17.76 3.552
Hexane 30.0 0.661 19.83 3.966
Methanol 19.0 0.792 15.048 3.010

Amount of product =0.16 g (22% yield)
Total E-factor =443.0

E-factor 80% solvent recovery = 179.8
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'H NMR spectrum of tetra-(hexyloxy)-zinc-phthalocyanine Pc7 in THF-ds.
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3C NMR spectrum of tetra-(hexyloxy)-zinc-phthalocyanine Pc7 in THF-ds
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ATR spectrum of tetra-(hexyloxy)-zinc-phthalocyanine Pc7
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MALDI-TOF spectrum of tetra-(hexyloxy)-zinc-phthalocyanine Pc7
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2.4.16. Synthesis, Green Chemistry metric calculation and characterization of

octakis(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc8

Purification of the crude was carried out by short pad filtration on silica gel, using THF
for sample loading and a 2:1 petroleum ether:THF mixture as the eluent. The target
compound was obtained as a green solid in 30% yield. 'H NMR (600 MHz, THF-ds): 8.75 (s,
8H), 6.89 (s, 16H), 6.79 (m, 8H), 2.31 (s, 48H) ppm; *C NMR (150 MHz, THF-ds): 159.03,
151.29, 140.23, 135.58, 125.80, 116.82, 115.53, 21.58 ppm. FT-IR: v = 3011, 2918, 2853, 1614,
1587, 1445, 1396, 1389, 1261, 1177, 1132, 1086, 1038, 1022, 947, 868, 833, 744, 723, 683 cm.
UV-vis (THF): Amax = 679, 357 nm. MALDI-TOF [M+H]*: m/z =1536.639, (Calcd: 1539.124).
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E-factor calculation for compound Pc8

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
3,5-dimethylphenol 0.368
DMF 4.0 0.948 3.792
KoCOs 0.423
4,5- 02
dichlorophthalonitrile '
Zinc acetate dihydrate 0.06
DBU 0.152 1.018 0.155
HCI IN 5.0 5.0
Water 10.0 10.0
Silica gel 10.0
THF 30.0 0.888 26.64 5.328
Hexane 60.0 0.661 39.66 7.932
Methanol 10.0 0.792 7.92 1.584

Amount of product =0.118 g (30% yield)
Total E-factor =797.4

E-factor 80% solvent recovery = 294.3
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'H NMR spectrum of octakis(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc8 in THF-ds
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ATR spectrum of octakis(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc8
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MALDI-TOF spectrum of octakis(3,5-dimethylphenoxy)-zinc-phthalocyanine Pc8
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2.4.17. Synthesis, Green Chemistry metric calculation and characterization of

octakis(p-tolyloxy)-zinc-phthalocyanine Pc9

Purification of the crude was performed by short pad filtration on silica gel, using THF
for sample loading and gradient elution with increasing polarity, from 7:1 to 3:1 to 2:1
petroleum ether:THF. The target compound was obtained as a green solid in 31% yield. 'H
NMR (600 MHz, THF-ds): 8.72 (s, 8H), 7.20 — 7.17 (m, 32H), 2.35 (s, 24H) ppm; 3C NMR (150
MHz, THF-ds): 156.95, 152.86, 151.27, 135.53, 133.41, 131.15, 119.06, 115.28, 21.05. FT-IR: v =
3028, 2918, 2855, 1605, 1504, 1485, 1447, 1398, 1337, 1265, 1202, 1173, 1138, 1090, 1028, 953,
890, 860, 810, 725, 698, 486, 473 cm™'. UV-vis (THF): Amax = 676, 356 nm. MALDI-TOF [M+H]*:
m/z =1425.052, (Calcd: 1426.908).
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E-factor calculation for compound Pc9

Mass of solvents
nsider
Chemical Z:il;me ?g;’;?;y Mass (g) ’f(())wjlileE(i;lactor
(after 80% solvent
recovery) (g)
4-methylphenol 0.34
DMF 4.0 0.948 3.792
KoCOs 0.423
&> 0.2
dichlorophthalonitrile
Zinc acetate dihydrate 0.061
DBU 0.152 1.018 0.155
HCI 1IN 5.0 5.0
Water 10.0 10.0
Silica gel 10.0
THF 17.7 0.888 15.73 3.146
Hexane 57.3 0.661 38.16 7.630
Methanol 15.0 0.792 11.88 2.376

Amount of product =0.114 g (31% yield)
Total E-factor =751.1

E-factor 80% solvent recovery = 289.5
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'H NMR spectrum of octakis(p-tolyloxy)-zinc-phthalocyanine Pc9 in THF-ds
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3C NMR spectrum of octakis(p-tolyloxy)-zinc-phthalocyanine Pc9 in THF-ds
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ATR spectrum of octakis(p-tolyloxy)-zinc-phthalocyanine Pc9
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MALDI-TOF spectrum of octakis(p-tolyloxy)-zinc-phthalocyanine Pc9
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2.4.18. Synthesis, Green Chemistry metric calculation and characterization of tetra-tert-

butyl-zinc-phthalocyanine Pc10

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-tert-Butylphthalonitrile (500.6 mg, 2.7
mmol), PEG-400 (1.08 g, 2.7 mmol), DBU (83.3 mg, 0.5 mmol), and zinc acetate dihydrate
(157.6 mg, 0.7 mmol) were employed. After completion of the reaction and cooling to room
temperature, the mixture was diluted with methanol (2.0 mL) and 1 N HCI (1.0 mL). The
resulting precipitate was collected by filtration. Additional methanol/water (1:1, 10.0 mL)

was used for washing.

The crude product was purified by filtration through a short pad of silica gel (8.43 g). The
crude solid was loaded onto the silica using THF (3.0 mL). Packing and elution were
performed using hexane/THF (40.0 mL). The collected solid was further washed with
methanol/water (1:1, 10.0 mL) and dried under vacuum to constant weight to afford
compound 1 as a purple crystalline solid (418 mg, 77% yield). UV-vis (THF): Amax= 671, 347
nm. 'H NMR (600 MHz, DMSO) 9.41 - 9.20 (m, 8H), 8.34 - 8.28 (m, 4H), 1.79 - 1.77 (m, 36H).
AP-MALDI-(-) [M] *=: m/z = 800.3298, (Calcd: 800.33).
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E-factor calculation for compound Pc10

Mass of solvents
considered toward

Chemical Volume (mL) Z’/e;s]j;y Mass (g) | E-factor (after 80%
solvent recovery)
(g)
butylphf};:z;litrile 0-5006
PEG-400 1.08
DBU 0.0833
HCI 1IN 1.0 1.0
Water 15 15
Methanol 15 0.792 11.88 2.38
Silica gel 8.43
Hexane 30 0.661 19.83 3.97
THF 10 0.888 8.88 1.78

Amount of product = 0.418 g (77% yield)

E-Factor =123.0

E-factor 80% solvent recovery =73.7
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'H NMR spectrum of tetra-tert-butyl-zinc-phthalocyanine Pc10 in DMSO-ds
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AP-MALDI-(-) spectrum of tetra-tert-butyl-zinc-phthalocyanine Pc10
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2.4.19. Synthesis, Green Chemistry metric calculation and characterization of tetra-tert-

butyl-cobalt-phthalocyanine Pc11

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-tert-Butylphthalonitrile (499.7 mg, 2.7
mmol), PEG-400 (1.07 g, 2.7 mmol), DBU (85.0 mg, 0.6 mmol), and cobalt acetate
tetrahydrate (178.2 mg, 0.7 mmol) were employed. After completion of the reaction and
cooling to room temperature, the mixture was diluted with methanol (2.0 mL), 1 N HCI (1.0
mL) and water (1.0 mL). The resulting precipitate was collected by filtration and washed

with water/methanol mixture (2:1, 10.0 mL).

The product was then purified by thorough washings with 30 mL of acetonitrile in 5
portions to obtain compound Pc11 as a purple crystalline solid solid in 73% yield (396.7 mg).
UV-vis (THF): Amax =661, 327 nm. AP-MALDI-(-) [M] *: m/z = 795.3337, (Calcd: 795.33).
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E-factor calculation for compound Pc11

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
4-tert-
.4997
butylphthalonitrile 0499
PEG-400 1.07
DBU 0.085
Cobalt acetate 01782
tetrahydrate
HCI 1IN 1 1
Water 7.66 7.66
Methanol 5.33 0.792 422 0.84
Acetonitrile 30.0 0.786 23.58 4.72

Amount of product = 0.3967 g (73% yield)
E-factor =76.2

E-factor 80% solvent recovery = 20.2
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AP-MALDI-(-) mass spectrum of tetra-tert-butyl-cobalt-phthalocyanine Pc11
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2.4.20. Synthesis, Green Chemistry metric calculation and characterization of tetra-tert-

butyl-copper-phthalocyanine Pc12

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-tert-Butylphthalonitrile (500.1 mg, 2.7
mmol), PEG-400 (1.06 g, 2.7 mmol), DBU (94.1 mg, 0.6 mmol), and copper acetate
monohydrate (141.7 mg, 0.7 mmol) were employed. After completion of the reaction and
cooling to room temperature, the mixture was diluted with methanol (2.0 mL) and 1 N HCl
(1.0 mL). The resulting precipitate was collected by filtration and washed with
methanol/water mixture (2:1, 21.0 mL) and an ethanolic KOH solution (0.045 M, prepared
from KOH (90.0 mg) in ethanol (28.0 g). After drying under vacuum to constant weight,
compound Pc12 was obtained as a purple crystalline solid (318.5 mg, 59% yield). UV-vis
(THF): Amax = 671, 344 nm. AP-MALDI-(-) [M] *: m/z = 799.3308, (Calcd: 799.33).
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E-factor calculation for compound Pc12

Volume

Density

Mass of solvents
considered toward

Chemical (mL) (g/mL) Mass (g) f;{iztltl)tl‘r(:cf(t)e‘!; f;;’/o
(g)
butylphfhflrc):nitrile 05001
PEG-400 1.06
DBU 0.0941
Copper acetate 01417
monohydrate
HCI IN 1 1
Water 7 7
Methanol 16 0.792 12.672 2.53
KOH 0.090
Ethanol 28

Amount of product = 0.3185 g (59% yield)

E-factor =135.8

E-factor 80% solvent recovery = 103.9
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AP-MALDI-(-) mass spectrum of tetra-tert-butyl-copper-phthalocyanine Pc12
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2.4.21. Synthesis, Green Chemistry metric calculation and characterization of tetra-tert-

butyl-nickel-phthalocyanine Pc13

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-tert-Butylphthalonitrile (500.4 mg, 2.7
mmol), PEG-400 (1.06 g, 2.7 mmol), DBU (85.0 mg, 0.6 mmol), and nickel acetate
tetrahydrate (179.0 mg, 0.7 mmol) were employed. After completion of the reaction and
cooling to room temperature, the mixture was diluted with methanol (2.0 mL) and 1 N HCl
(1.0 mL). The resulting precipitate was collected by filtration and washed with
water/methanol mixture (2:1, 10.0 mL). The crude product was purified by column
chromatography on silica gel (25 g). The column was packed with hexane (100 mL). The
sample was loaded onto the column using THF (2 mL). Elution was carried out with
hexane/THF mixtures as follows: 10:1 (22 mL), 9:1 (50 mL), 4:1 (4 x 20 mL), and 3:1 (3 x 20
mL). The desired product was obtained as a blue solid (347.2 mg, 64% yield). 'H NMR (600
MHz, THF) & 8.66 — 7.68 (m, 12H), 1.90 — 1.75 (m, 36H). UV-vis (THF): Amax = 667, 332 nm.
AP-MALDI-(-) [M] *: m/z = 794.3363, (Calcd: 794.34).

146



E-factor calculation for compound Pc13

Mass of solvents
considered toward

Vol Densi
Chemical otme ensity Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
4-tert-
5004
butylphthalonitrile 0-500
PEG-400 1.06
DBU 0.085
Nickel acetate 0.179
tetrahydrate
HCI 1IN 1.0 1.0
Water 6.6 6.6
Methanol 5.5 0.792 4.36 0.87
Silica gel 25
Hexane 100% 100 0.661 66.1 13.22
Hexane (solvent 174 0.661 115.014
mixtures)
THF 40 0.888 35.52

Amount of product = 0.3472 g (64% yield)

E-factor =715.6

E-factor 80% solvent recovery = 553.3
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'H NMR spectrum of tetra-tert-butyl-nickel-phthalocyanine Pc13 in THF-ds
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AP-MALDI-(-) mass spectrum of tetra-tert-butyl-nickel-phthalocyanine Pc13
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2.4.22. Synthesis, Green Chemistry metric calculation and characterization of tetra-tert-

butyl-phthalocyanine Pc14

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-tert-Butylphthalonitrile (500.1 mg, 2.7
mmol), PEG-400 (1.06 g, 2.7 mmol), and DBU (84.2 mg, 0.5 mmol) were employed. After
completion of the reaction and cooling to room temperature, the reaction mixture was
diluted with 1 M HCl (1.0 mL), water (1.0 mL), and methanol (3.0 mL). The mixture was
transferred, filtered, and washed with additional methanol (20 mL). The crude product was
purified by filtration through a short pad of silica gel (4 g) using hexane/THF (2:1, 21 mL; 14
mL hexane and 7 mL THF) as eluent. The collected fractions were combined and washed
with water/methanol (1:1, 20 mL total, in portions). Drying under vacuum afforded
phthalocyanine Pc14 as a purple crystalline solid (252.0 mg, 50% yield). 'H NMR (600 MHz,
Pyr) 8 9.34 - 9.23 (m, 2H), 9.15 - 9.04 (m, 4H), 8.98 — 8.93 (m, 2H), 8.39 — 8.22 (m, 4H), 1.91 -
1.81 (m, 36H), -2.55 — -2.62 (m, 2H). UV-vis (THF): Amax = 696, 342 nm. AP-MALDI-(-) [M] *~:
m/z = 738.4164, (Calcd: 738.42).
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E-factor calculation for compound Pcl14

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
4-tert-
5001
butylphthalonitrile 0500
PEG-400 1.06
DBU 0.0842
HCI IN 1.0 1.0
Water 11 11
Methanol 33 0.792 26.14 5.23
Silica gel 4
Hexane 14 0.661 9.254 1.85
THF 7 0.888 6.22 1.24

Amount of product = 0.252 g (50% yield)
E-factor = 190.5

E-factor 80% solvent recovery = 58.4
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'H NMR spectrum of tetra-tert-butyl-phthalocyanine Pc14 in Pyr-ds
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AP-MALDI-(-) mass spectrum of tetra-tert-butyl-phthalocyanine Pc14
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2.4.23. Synthesis and characterization of cobalt-phthalocyanine Pc15

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. Phthalonitrile (694.2 mg, 5.4 mmol),
PEG-400 (2.12 g, 5.3 mmol), DBU (153.1 mg, 1.0 mmol), and cobalt acetate tetrahydrate (351.8

mg, 1.4 mmol) were employed.

After completion of the reaction and cooling to room temperature, the reaction mixture
was diluted with 1 N HCl (2 mL) and methanol (10 mL), stirred for 5 min, and filtered. The
collected solid was washed with hot methanol (40 mL total, in portions) until the washings
became nearly colorless. The product was dried under vacuum to constant weight to atford
the desired phthalocyanine (646.3 mg, 83% yield). UV-vis (THF): Amax = 656, 324 nm. AP-
MALDI-(+) [M] **: m/z = 571.08, (Calcd: 571.0825).
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E-factor calculation for compound Pc15

Mass of solvents
considered toward

Chemical Volume Density Mass (g) | E-factor (after 90%
(mL) (g/mL)
solvent recovery)
(g)
Phthalonitrile 0.6942
PEG-400 2.12
DBU 0.1531
Cobalt acetate 0.3518
tetrahydrate
HCI 1IN 2 2
Methanol 50 0.792 39.6 3.96

Amount of product = 0.6463 g (83% yield)

E-factor = 68.5

E-factor 90% solvent recovery = 13.4
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AP-MALDI-(+) mass spectrum of cobalt phthalocyanine Pc15
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2.4.24. Synthesis, Green Chemistry metric calculation and characterization of tetra-(4-

iodo-2,6-dimethylphenoxy)-zinc-phthalocyanine Pc3

-
@.

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-(4-iodo-2,6-
dimethylphenoxy)phthalonitrile (500 mg, 1.35 mmol), PEG-400 (1 g, 2.5 mmol), DBU (80 mg,

0.5 mmol), and zinc acetate dihydrate (75 mg, 0.35 mmol) were employed.

After completion of the reaction and cooling to room temperature, the reaction mixture
was treated with 1 N HCl (2 mL), and water (3 mL) and stirred thoroughly. The solid was
collected by filtration and further washed with further water (1.5 mL). The crude product
was purified by column chromatography on silica gel (10 g). The column was packed with
hexane (30 mL). The sample was loaded onto the column using THF (10 mL). Elution was
carried out with hexane/THF 4:1 (4 x 25 mL). The collected fractions were combined and
washed with water/methanol (1:3, 12 mL total, in portions). Drying under vacuum afforded
phthalocyanine Pc3 as a blue solid. 'H NMR (600 MHz, Pyr-ds) d = 9.36 — 9.68 (m, 4H), 8.87
-9.19 (m, 4H), 7.74 (m, 4H), 7.60 — 7.67 (m, 8H), 2.19 (m, 24H) ppm; *C NMR (150 MHz, Pyr-
ds): & = 159.92, 159.75, 159.60, 151.66, 151.64, 151.54, 151.54, 151.50, 142.92, 142.92, 138.41,
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138.39, 138.35, 134.18, 134.18, 125.68, 125.68, 117.55, 117.49, 117.02, 116.88, 114.87, 114.86,
90.73,90.71, 90.70, 90.64, 90.61, 79.53, 79.09, 34.77, 34.71, 30.55, 30.24, 29.34, 24.15, 24.15, 21.15,
16.53, 16.50, 15.99, 15.96, 15.96 ppm. FT-IR: v =2926, 2850, 1607, 1460, 1392, 1337, 1268, 1213,
1179, 1115, 1084, 1038, 944, 852, 813, 764, 743 cm!. UV-vis (THF): Amax =677, 351 nm. MALDI-
TOF [M]**: m/z = 1559.83, (Calcd: 1559.90).

E-factor calculation for compound Pc3

Mass of solvents
considered
Vol Densit
Chemical (n(:Ll;me (g;!::]j)y Mass (g) | toward E-factor
(after 80% solvent
recovery) (g)
2,6-dimethyl-4-iodo-
i 0.5
phthalonitrile
PEG-400 1
DBU 0.08
Zinc acetate dihydrate 0.075
HCI 1IN 2 2
Water 7.5 7.5
Methanol 9 0.792 7.128
Silica gel 10 5.328
Hexane 95 0.661 62.795 12.559
THF 30 0.888 26.64 1.4256

Amount of product = 0.385 g (73% yield)

E-factor = 280.1

E-factor 80% solvent recovery = 104.1




2.4.25. Synthesis, Green Chemistry metric calculation and characterization of tetra-

iodo-cobalt-phthalocyanine Pc16

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-iodophthalonitrile (259.3 mg, 1.0
mmol), PEG-400 (425 mg, 1.1 mmol), DBU (33.4 mg, 0.2 mmol), and cobalt acetate

tetrahydrate (67.2 mg, 0.27 mmol) were employed.

After completion of the reaction and cooling to room temperature, the reaction mixture
was treated with 1 N HCl (1 mL), methanol (7 mL), and water (1 mL), and the resulting
suspension was stirred thoroughly. The solid was collected by filtration and further washed
with methanol (10 mL). Washing with hot acetone (50 mL in 5 portions) was performed,
until the washings became colorless. Drying under vacuum afforded the desired product
(200.1 mg, 74% yield). UV-vis (THF): Amax = 662, 333 nm. AP-MALDI-(-) [M] " m/z =
1074.6713, (Calcd: 1074.67).
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E-factor calculation for compound Pc16

Mass of solvents
Volume Densit considered toward
Chemical y Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
4-iodophthalonitrile 0.2593
PEG-400 0.425
DBU 0.0334
Cobalt acetate 0.0672
tetrahydrate
HCI 1IN 1 1
Water 1 1
Methanol 17 0.792 13.464 2.693
Acetone 50 0.784 39.2 7.84

Amount of product = 0.2001 g (74% yield)
E-factor =271.1

E-factor 80% solvent recovery = 60.6
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AP-MALDI-(-) mass spectrum of tetra-iodo cobalt phthalocyanine Pc16
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2.4.26. Synthesis, Green Chemistry metric calculation and characterization of tetra-

iodo-zinc-phthalocyanine Pc17

The reaction was carried out following the general procedure for the optimized
cyclotetramerization of phthalonitriles in PEG-400. 4-iodophthalonitrile (254.5 mg, 1.0
mmol), PEG-400 (413 mg, 1.0 mmol), DBU (31.1 mg, 0.2 mmol), and zinc acetate dihydrate
(57.1 mg, 0.26 mmol) were employed. After completion of the reaction and cooling to room
temperature, the reaction mixture was treated with 1 N HCI (1 mL) and methanol (4 mL)
and filtered. The collected solid was then washed with methanol (55 mL total, in portions
of 10 mL, with a final 5 mL portion) until the washings became nearly colorless. Drying
under vacuum afforded the desired product as a blue solid (205.7 mg, 76% yield). "H NMR
(600 MHz, THF) 9.28 — 9.24 (m, 4H), 8.71 — 8.65 (m, 4H), 8.41 — 8.40 (m, 4H). UV-vis (THF):
Amax = 674, 353 nm. AP-MALDI-(-) [M] *: m/z = 1079.6660, (Calcd: 1079.67).
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E-factor calculation for compound Pc17

Mass of solvents
considered toward
Vol D i
Chemical otme ensity Mass (g) | E-factor (after 80%
(mL) (g/mL)
solvent recovery)
(g)
4-iodophthalonitrile 0.2545
PEG-400 0.413
DBU 0.0311
Zinc acetate dihydrate 0.0572
HCI 1IN 1 1
Methanol 59 0.792 46.728 9.3456

Amount of product = 0.2057 g (76% yield)
E-factor = 234.7

E-factor 80% solvent recovery = 53.0
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'H NMR spectrum of tetra-iodo-zinc-phthalocyanine Pc17 in THF-ds
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AP-MALDI-(-) mass spectrum of tetra-iodo zinc phthalocyanine Pc17
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2.4.27. Synthesis and preliminary characterization of phthalocyanine Pc18

4-Jodophthalonitrile (338 mg, 1.33 mmol), PEG-400 (514 mg, 1.30 mmol), DBU (38.5 mg,
0.25 mmol), and zinc acetate dihydrate (76 mg, 0.35 mmol) were charged into a 10 mL one-
necked round-bottom flask equipped with a magnetic stirrer under a nitrogen atmosphere.
The reaction mixture was heated at 140 °C until complete consumption of the starting
material was confirmed by TLC. The temperature was then lowered to 45 °C, and
triethylamine (0.556 mL, 403.7 mg, 3.99 mmol), Pd(PPhs).Cl> (18.7 mg, 0.027 mmol),
copper(l) iodide (3.5 mg, 0.025 mmol), and ethynyltrimethylsilane (0.28 mL, 195.9 mg, 1.99
mmol) were added. The reaction mixture changed color from dark blue to dark blue-green.
Reaction progress was monitored by TLC, and after 4 h complete consumption of the zinc
tetraiodophthalocyanine intermediate was observed, with only a single spot detected. The
reaction was then quenched by addition of 1 N HCl (2 mL) and methanol (2 mL). The
resulting precipitate was collected by filtration, washed with water/methanol (1:2, 10 mL),
and dried. The crude product was further purified by filtration through a short pad of silica
gel (3.52 g) using hexane/THF (3:1, 30 mL) as the eluent. The isolated solid was finally
washed with water/methanol (1:2, 10 mL) and dried under vacuum to constant weight to

afford 272.6 mg of a blue solid.
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AP-MALDI-(-) mass spectrum of Pc18
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[M] "= m/z = 960.2379, (Calcd: 960.24).
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2.4.28. Synthesis and preliminary characterization of phthalocyanine Pc19

The reaction was carried out following the same procedure described for phthalocyanine
Pc18 up to the completion of the first Sonogashira coupling, monitoring reaction progress
by TLC, with the following amounts: phthalonitrile tetramerization: 4-iodophthalonitrile
(342.8 mg, 1.35 mmol), PEG-400 (520.1 mg, 1.30 mmol), DBU (49.1 mg, 0.30 mmol), zinc
acetate dihydrate (779 mg, 035 mmol). Upon complete consumption of 4-
iodophthalonitrile, monitored by TLC, the temperature was lowered to 120 °C. K2CO:s (373.1
mg, 2.7 mmol), Pd(PPhs)Cl: (28.4 mg, 0.04 mmol), and 4-hexyloxyboronic acid (389.8 mg,
1.75 mmol) were added, together with water (0.5 mL) and 2-methylTHF (0.3 mL) to enhance
solubility and ensure efficient stirring of the reaction mixture. When TLC monitoring
showed no further evolution of the reaction, the mixture was quenched with 1 N HCI (1 mL)
and diluted with water/methanol (1:1, 4 mL). The resulting precipitate was filtered and
washed with methanol (30 mL). The obtained crude solid (425 mg) was further washed with
hot methanol (30 mL). The crude product was purified by column chromatography on silica
gel (50 g). The column was packed and initially eluted with hexane (100 mL in total). Elution
was initially performed with hexane:THF 75:1 (100 mL), followed by hexane:THF 9:1 (100
mL), which allowed the separation of a bright yellow byproduct. The eluent was then
changed to hexane:THF 4:1 (200 mL). Two fractions compatible with the expected
phthalocyanine, possibly contaminated with partially substituted phthalocyanine

derivatives, were collected.
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AP-MALDI-(-) mass spectrum of Pc19
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2.4.29. Synthesis and preliminary characterization of phthalocyanine Pc20

The reaction was carried out following the same procedure described for phthalocyanine
Pc18 to the completion of the first Sonogashira coupling, monitoring reaction progress by
TLC, with the following amounts. For phthalonitrile tetramerization: 4-iodophthalonitrile
(254.4 mg, 1.00 mmol), PEG-400 (416 mg, 1.04 mmol), DBU (31.5 mg, 0.25 mmol), zinc acetate
dihydrate (60.1 mg, 0.27 mmol); for Sonogashira coupling with TMSA: triethylamine (0.45
mL, 326.7 mg, 3.2 mmol), Pd(PPhs):Cl2 (17.2 mg, 0.024 mmol), copper(I) iodide (3.9 mg, 0.028
mmol), and ethynyltrimethylsilane (0.25 mL, 173.5 mg, 1.77 mmol) were added. Upon
complete consumption of the zinc tetraiodophthalocyanine and its partially substituted
intermediates, tetrabutylammonium fluoride trihydrate (2.5 g, 8.0 mmol) was added, and
the reaction mixture was stirred briefly, together with THF (0.5 mL) to enhance solubility
and ensure efficient stirring of the reaction mixture. The second Sonogashira coupling was
then carried out by addition of triethylamine (0.45 mL, 326.7 mg, 3.20 mmol), Pd(PPhs).Cl>
(14.5 mg, 0.021 mmol), copper(l) iodide (4.1 mg, 0.030 mmol), and 3,5-bis(trifluoromethyl)-
4-iodobenzene (0.266 mL, 510.4 mg, 1.50 mmol). The reaction mixture was stirred overnight
at 40 °C. After completion, the reaction mixture was poured into water (50 mL), followed
by addition of 1 N HCl (1 mL). The resulting precipitate was collected by filtration, washed
with methanol (5 mL), and dried to afford a crude product (270 mg). Purification was
performed by filtration through a short pad of silica gel (4.0 g). Elution with hexane/THF
(1:1, 40 mL) resulted in partial retention of the phthalocyanine on the stationary phase;
complete elution was achieved using THF alone (20 mL). Removal of the solvent under
reduced pressure, followed by washing of the residue with methanol (10 mL), afforded 160.5

mg of a blue solid.
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AP-MALDI-(-) mass spectrum of Pc20
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Chapter 3. Development of a sustainable and cost-effective

phthalocyanine-based electrochemical device

3.1 Introduction

3.1.1. Overview of sensing platforms

As outlined in Chapter 1, over recent decades Green Chemistry has emerged as a guiding
paradigm to address the urgent need to reduce the release of hazardous pollutants into
natural ecosystems while advancing effective strategies for their monitoring and

remediation.!?

Owing to their versatility, selectivity, and reliability in the real-time detection of chemical
species, sensing devices have become increasingly important in recent years in the modern
analytical science and are now widely employed in several application fields, such as

environmental monitoring, healthcare sector, and telemedicine.?

A sensor is defined as a device capable of detecting and measuring a physical, chemical,
or biological stimulus and converting it into a quantifiable, analytically useful signal that
can be interpreted by an observer or processed by an electronic system.* It is therefore a
complex system integrating material science, transduction physics, electronics, and signal
processing, thus playing a foundational role in contemporary technological ecosystems,
ranging from industrial automation and biomedical diagnostics to environmental

monitoring and smart infrastructures.®

The defining characteristic of a sensor lies in its ability to respond selectively and
reproducibly to a specific stimulus, such as temperature, pressure, displacement, light

intensity, or chemical concentration, while minimizing interference from other
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environmental variables. The principle underlying their operation consists of capturing a

molecular interaction or binding event and converting it into a measurable output.

From a structural perspective, a sensor typically consists of three core components
connected in series (Figure 1). The first is the receptor, that is the sensing or recognition
element, which directly interacts with the analyte or the physical quantity that must be
detected. This element undergoes a measurable change in one of its intrinsic properties (e.g.,
electrical resistance, capacitance, inductance, optical absorption, mechanical deformation)
in response to external stimuli. The second is the transducer, that converts the physical or
chemical variation into an electrical signal, as electrical outputs are generally more suitable
for amplification, transmission, and processing. Depending on the operating principle, this
conversion may be electrical, optical, thermal, electrochemical, resistive, capacitive, or
piezoelectric in nature. The third is the electronic system. It is a signal-processing unit that
performs amplification, filtering, linearization, impedance matching, and analog-to-digital
conversion, thereby enhancing signal integrity and ensuring compatibility with
downstream processing units (display), where the results are showed in an understandable
and user-friendly manner. The output signal on the display can be numeric, graphic, or

figural, depending on the requirements of the end user.°

[Sensor Device]

1 J

23> &3>

a

Electronic System

Signal Signal 4
Amplifler ) ) Dlsplay

Figure 1. [llustration scheme of the main elements of a sensor device.
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The performance of a sensor is evaluated according to several parameters, including
sensitivity, resolution, accuracy, precision, repeatability, linearity, response time, and
stability. These characteristics determine the reliability and suitability of a sensor for specific

applications.

Sensors may be classified according to the kind of receptor (e.g. when it is a biological
component such as an enzyme, aptamer, nucleic acid, or antibody the sensor is called
biosensor) or to their mode of signal transduction (i.e. electrochemical, optical, or thermal

sensors) or, alternatively, a combination of the two.

Electrochemical sensors have gained wide attention as a promising alternative to
conventional laboratory-based analytical measurements (atomic spectroscopy, or mass
spectrometry) for applications in environmental monitoring, medical diagnostics, and
chemical analysis, especially for in situ analyses, due to their inherent advantages, namely
high sensitivity, fast real-time response, user-friendliness, cost-effectiveness, and
adaptability to portable formats.”!! In these devices, an electrode functions as a transducer
within an electrolyte environment and constitutes a fundamental component of the sensor.
An electrochemical sensor typically comprises a set of electrodes, such as working, counter,

and reference electrodes fabricated on a supporting surface.!?

Some approaches frequently rely on biosensors which, though highly selective, are
hindered by the high cost and low stability of their biological components, as well as by
laborious extraction and preparation procedures. Due to the intrinsic fragility of many
natural enzymes, immobilized enzyme-based systems still face significant limitations,
including immature immobilization technologies, reduced catalytic activity, and elevated
production costs.’® In particular, the stabilization and long-term storage of the enzymatic
component often require immobilization onto inert matrices, a step that, while
indispensable, further increases the complexity and cost of biosensor fabrication.
Additionally, even though recent efforts have explored the use of electrolytes,

polyelectrolytes, and polyols as stabilizers, showing that both the storage and operational
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stability of biosensors can be improved, these approaches do not fully overcome the intrinsic

fragility of enzymatic components. 1416

This kind of devices have been progressively adopted for the detection of analytes of
clinical and environmental significance, owing to their portability, cost-effectiveness, high
sensitivity, and capability to function reliably within complex sample matrices 7' and their
analytical performance is frequently improved through the integration of nanomaterials,
which enhance electron transfer kinetics, increase signal amplification, and introduce
selective recognition sites.?22 Nevertheless, conventional fabrication strategies for
nanomaterials used in electrode modification often rely on hazardous substances, including
hydrazine,? sulfuric acid,®* and volatile organic solvents such as toluene and benzene,
thereby raising considerable concerns regarding human health and environmental

safety.?2

In addition, many of these devices are designed for single use, with the electrodes being
discarded immediately after operation. Given the increasing market demand, this practice
contributes to rising waste generation and poses environmental concerns. Moreover, since
these devices are frequently manufactured on a large scale at the industrial level, their
production can, to some extent, constitute a non-negligible source of environmental
pollution, partially counteracting their positive impact, particularly in environmental

applications.

Consequently, the sustainability of each stage of sensor development represents a critical
consideration as it significantly influences the overall ecological footprint of electrochemical

Sensors.

This has led to the urgent need to rethink electrochemical sensor fabrication strategies,
taking into account both analytical performance (including sensitivity, stability,
reproducibility, and scalability) and environmental impact in the detection of toxic
contaminants, in accordance with the principles of green chemistry and sustainable

engineering.?”
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Considering this, various aspects that are involved in the fabrication of electrochemical

sensors need to be reconsidered from a sustainability perspective.

Figure 2 shows a representation of the lifecycle of a sensor device, most plausibly based
on a screen-printed electrode (SPE) platform, encompassing its fabrication,
functionalization, storage and transport, practical use, and final disposal.? Rather than
depicting isolated technical steps, the scheme conveys an integrated manufacturing and
application strategy aligned with scalable production and sustainable analytical practices.
These can be broadly summarized in three main stages and constitute the critical points that
warrant deeper investigation to achieve a fully sustainable sensor manufacturing and

application workflow.

Modification of
the working
electrode

Storage and
Transport

Deposition of the
functionalink

Disposal of
the device application

Figure 2. Generic process flow diagram of electrochemical sensors fabrication.

First, the selection of electrode materials (surface support) should focus on low-impact
alternatives, such as biodegradable composites, bismuth, tin, or zinc oxide, which reduce
environmental and health risks while maintaining analytical performance. Second, the
reagents used to modify the sensor surface should be replaced with greener, less hazardous
options, including plant extracts, natural acids, and other biocompatible agents, while the
physical processes itself that is employed for surface modification should also be

sustainable, energy-efficient, and environmentally benign, ensuring overall safe and eco-
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friendly electrode functionalization. Third, the choice of solvents should prioritize
environmentally friendly alternatives, such as water and water-based solutions, which offer

biocompatibility, non-toxicity, and high cost-effectiveness.

Materials such as ceramics, paper, textiles, glass, and biodegradable polymers like
polyethylene glycol, and poly(butylene adipate-co-terephthalate), cellulose acetate,
polylactic acid are commonly employed as surface support for electrochemical sensors. The
choice of surface support material is particularly significant not only for ensuring the
mechanical stability and functional performance of the device, but also for its end-of-life
management. Indeed, the nature of the surface support directly influences the
environmental impact associated with disposal after use. Selecting materials that are
recyclable, biodegradable, or derived from renewable resources can substantially reduce the
ecological footprint of the sensor. Conversely, supports composed of non-degradable or
hazardous components may complicate waste treatment and increase environmental

burden.

In recent years, disposable test strips, called screen-printed electrodes (SPEs), have
increasingly emerged as versatile and effective electrochemical sensors, offering a practical
alternative to conventional laboratory-based analytical procedures for several
environmental applications, such as water quality, organic compounds analysis, bacteria
and radioelements, gas pollutants, and heavy metal detection.”” These devices typically
incorporate planar working electrodes, commonly composed of carbon (C-SPE), gold, or
similar conductive materials, together with a silver reference electrode, all printed onto an

inexpensive plastic or ceramic support (Figure 3).%

Counter
Working  Efectrode
Electrode

o »

connection Reference
Electrode

WE.
connection

Figure 3. DropSens C-SPE.*
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In this configuration, each strip functions as a miniaturized self-contained, single-use,
and easy-portable electrochemical cell, onto which a small sample droplet can be applied,
enabling rapid, non-invasive, and on-site sample analysis with minimal operational

complexity.?

Since the 1990s, screen-printing technology, adapted from the microelectronics industry,
has facilitated the large-scale production of these low-cost, single-use small sensors with
high reproducibility and reliability. This manufacturing approach has contributed
significantly to their growing adoption, particularly for decentralized monitoring and real-

time analytical applications.

SPEs are fabricated by depositing different functional inks onto ceramic or plastic
supports using patterned polyester screens designed according to specific analytical needs.
Different types of inks are deposited using a mask to form the working electrodes and
establish the electrical pathways necessary for signal transduction. The masking is essential
to precisely delimit the active sensing area, ensuring controlled exposure of the electrode
surface and improving analytical reproducibility.®? Printing inks can be carbon, silver, gold-
based and they can be tailored through the modification with or incorporation of metals,
enzymes, polymers, or complexing agents to enhance analytical specificity and signal
response. Graphite-based inks are especially preferred due to their low cost, ease of
processing, and technological simplicity, making them highly suitable for scalable and

economically sustainable sensor development.

A major advantage of SPEs lies in their exceptional versatility and flexibility in machine-
controlled manufacturing, particularly in relation to electrode modification, which is a
critical factor can effectively influence the overall sensor performance, including sensitivity

and selectivity of the measurements.

Indeed, the physical modification of the electrode surface plays a pivotal role in defining
the physicochemical properties of the sensing interface, directly influencing the selectivity,
sensitivity, and reliability of the analytical response. Such modifications are typically

achieved through a process known as immobilization, in which chemical or biological
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components are immobilized onto the electrode surface. Once immobilized, these elements
are responsible for generating a chemical, electrochemical, or otherwise detectable signal
upon interaction with specific target analytes, effectively translating molecular recognition

events into measurable outputs.

Through this immobilization process, layers of functional material are formed on the
electrode surface, providing a tailored environment that enhances electron transfer,
stabilizes the recognition elements, and introduces additional catalytic or binding
functionalities. The substances used in this process may include diverse (bio)recognition
elements such as enzymes, but also metal complexes, polymeric and nanostructured
materials, or other functional molecular materials, each selected according to the specific
analytical purpose. The careful design and implementation of these surface modifications
are essential for optimizing the performance of the sensor, as even subtle variations in layer
composition, thickness, or uniformity can significantly impact signal quality and

reproducibility.

This post-fabrication functionalization is therefore of paramount importance, not only
because it allows the customization of the sensor for a particular target or application, but
also because it fundamentally determines the practical applicability and reliability of
disposable SPE-based devices. By enabling precise control over the interfacial properties of
the electrode, surface engineering transforms a simple printed electrode into a high-
performance, application-specific sensor capable of meeting the rigorous demands of

modern analytical and on-site monitoring contexts.

The adoption of environmentally responsible materials and deposition strategies further
enhances the sustainability of SPE-based devices. By carefully selecting inks and modifiers
that are non-toxic, water-soluble, or derived from renewable sources, and by applying
immobilization methods that minimize hazardous reagents and energy consumption, it
becomes possible to produce high-performance sensors that comply with green chemistry

principles without compromising analytical capabilities.?
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The adoption of green deposition methodologies that minimize the use of hazardous
reagents and energy-intensive processes, together with an environmental responsible choice
of the materials used in the entire manufacturing process of a sensor device, stand out as
crucial factors for the development of new green electrochemical sensors, fully embodying
the principles of eco-engineering and sustainable design while preserving, or even

enhancing, the analytical capabilities.?”

Building on these advantages, the final aim of this doctoral thesis is the development of
new electrochemical sensors that are more sustainable than current state-of-the-art devices.
This approach illustrates how the combination of SPE technology and the sustainable
modification of the working electrode, that includes sustainable material selection and
synthesis, and environmentally friendly deposition methods, can lead to high-performance,
eco-compatible electrochemical devices suitable for environmental monitoring application

(Figure 4).

/l

Sustainable Electrochemical Sensor Development L\

Sustainable
Deposition
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Technology

Sustainable Modification
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Application for
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- /

Figure 4. Schematic representation of the synergistic framework of sustainable electrochemical

sensor development, that underpins this doctoral thesis.

The following paragraphs are therefore structured on multiple, interconnected levels:
tirst, achieving the green synthesis of molecular materials capable of providing interactions

with the target analyte; second, employing environmentally friendly deposition methods
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for electrode surface modification; and third, implementing the resulting device for the
practical detection of a target pollutant: catechol. These three levels are closely interrelated,
forming a synergistic framework in which advances in material design, deposition
methodology, and device applications mutually reinforce one another, collectively driving

the development of sustainable, high-performance electrochemical sensors.

3.1.2. Phthalocyanine-based sensors

The present study focuses on the implementation of sustainable strategies, that have
thoroughly been discussed and validated for the preparation of a series of peripherally
functionalized phthalocyanines, aiming at the synthesis of functional derivatives suitable

for sensing applications.

Along with the increasing awareness of environmental challenges and responding to the
urgent need to develop effective strategies for the monitoring of hazardous pollutants into
natural ecosystems, after the optimization of the manufacturing of the novel green
electrochemical device, the study explored its practical use in the detection of a toxic

pollutant, catechol.

Catechol (1,2-dihydroxybenzene, CsH¢O;) is an aromatic phenolic compound and
represents a prominent example of environmentally concerning pollutants. As a versatile
chemical raw material, catechol finds extensive application in diverse industrial sectors,
including cosmetics, pharmaceuticals, pulp and paper production, dye and textile
processing, and the food industry.®* Its massive use inevitably leads to the generation of
large volumes of waste containing catechol and related phenols, that if improperly disposed
of could pose serious risks to both human health and the environment, due to their well-
established toxicity, persistence, and carcinogenic potential. 3 In fact, catechol and other
phenolic derivatives are characterized by low biodegradability in natural ecosystems, which
allows their accumulation and increases their negative impact on aquatic and terrestrial

life.>”
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Although catechol may originate from natural processes, such as the decomposition of
plant material, industrial sources including the pharmaceutical sector, dye and textile
manufacturing, pesticide formulation, and the pulp and paper industry are by far the most
significant contributors to its presence into aquatic systems. %3 As a result, strategies to
manage this pollutant must address both its removal from contaminated effluents and its

reliable detection at trace levels in the environment.*

Considerable progress has been made in the development of sustainable methods for the
removal of catechol from wastewater, often based on adsorption, photocatalysis, or
biological treatments.*! Nevertheless, while remediation is crucial, it is equally important to
devise rapid, reliable, and cost-effective methods for catechol detection, which would allow

both real-time monitoring and prevention of excessive accumulation. >4

Within sensing applications, phthalocyanines are particularly interesting for their dual
role as molecular receptors and electrocatalysts, with tunable electronic and optical
properties that allow selective interactions with target analytes. “4 Moreover, when
employed for electrode surface modification, they enhance electron-transfer kinetics, and
improve the overall analytical response of electrochemical sensors.* In addition, electrode
modification with metallophthalocyanines provides the additional benefit of preventing
surface fouling, thereby enhancing stability, sensitivity, and selectivity, as well as

contributing to improved durability and reproducibility.+

Collectively, their tunable electronic structure, redox versatility, resistance to
deactivation, and strong analyte affinity make phthalocyanines highly promising platforms
for the development of advanced chemical sensors, capable of complementing or, in some

cases, offering robust alternatives to enzyme-based systems.*

In the context of phthalocyanine applications, both in device fabrication and under
defined experimental conditions, solubility represents a crucial physicochemical parameter
that must be carefully considered. Given their general poor solubility, their processing often
requires the use of solvents, such as DMF, that are toxic or hazardous, raising in this way

concerns regarding the sustainability of their use.
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In the rational design of soluble phthalocyanines, the key parameters under synthetic
control that can enhance solubility and modulate aggregation behavior include the
substitution pattern, either at the macrocyclic periphery and/or at the axial positions, and

the selection of the central metal ion.5°

The former is a common strategy to mitigate the aggregation of phthalocyanines. Indeed,
the steric and electronic (donating or withdrawing) nature of the substituents plays a
decisive role in disrupting m-m interactions, by disrupting planarity, thereby decreasing
aggregation and improving molecular dispersion and processability.>-* This substitution
alters their absorbance characteristics, leading to tailored new and intriguing photophysical

properties of the macrocycle.>

Another widely employed strategy to mitigate the aggregation of phthalocyanines
involves the incorporation of metal ions into the central cavity of the macrocycle. Metal
coordination can modulate the planarity of the phthalocyanine framework, thereby
reducing intermolecular -7t stacking interactions within the chromophoric system.* For
instance, the introduction of metal centers such as titanium or magnesium has been reported
to alter the molecular geometry through coordination bonds, leading to a decreased degree

of planarity and, consequently, a diminished tendency toward m-m stacking in solution.>6*

Therefore, careful molecular design aimed at balancing solubility, aggregation tendency,
and functional performance is essential for the successful implementation of

phthalocyanines in advanced technological and catalytic applications.

Water is widely regarded as the most sustainable solvent available in chemical and
materials science, owing to its abundance, low cost, non-toxicity, and minimal
environmental impact. From the perspective of green chemistry, water satisfies several of
the fundamental principles aimed at reducing hazardous substances, preventing waste
generation, and minimizing risks to human health and ecosystems. Unlike many
conventional organic solvents, often volatile, flammable, and toxic, water is non-flammable,

readily available, and inherently safer to handle, store, and dispose of.
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Its high polarity and unique hydrogen-bonding capability enable the dissolution or
dispersion of a broad range of ionic and polar compounds, making it particularly suitable
for environmentally benign synthetic and processing routes. In addition, water exhibits a
high heat capacity, which allows efficient thermal control during chemical reactions and
reduces the likelihood of uncontrolled exothermic processes. From an industrial standpoint,
the use of water can significantly lower solvent-related emissions, reduce the need for

complex ventilation systems, and minimize hazardous waste treatment requirements.

In the context of electrochemical sensor fabrication, water represents an ideal medium
for deposition processes, particularly when combined with water-soluble functional
materials. Its compatibility with biological or biological-like components further enhances

its suitability for sensor development.

Overall, when employed judiciously and within optimized process conditions, water
embodies the core objectives of sustainable chemistry: safety, renewability, reduced
environmental burden, and alignment with eco-efficient technological innovation. The
peculiar solubility properties of phthalocyanines can present significant challenges when
processing them in aqueous environments. Achieving water solubility is therefore a major
objective, particularly for applications that require environmental compatibility or are
biologically oriented (such as for the Photodynamic Therapy, PDT). Adequate solubility in
water over a range of concentrations and pH values is crucial not only to facilitate practical
handling and processing, but also to ensure reliable performance in devices and functional

systems.*

3.1.3. Water-soluble phthalocyanines

In the present study, water solubility constitutes an important requirement for the
development of sustainable phthalocyanines that can be readily handled and processed in

aqueous media. Such a feature is essential to enable their effective implementation in
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sensing applications, where compatibility with aqueous environments and operational
stability are critical parameters. Therefore, molecular design strategies were specifically
oriented toward enhancing hydrophilicity while preserving the intrinsic photophysical

properties of the macrocyclic core.

Since phthalocyanines are intrinsically hydrophobic, the achievement of inherent water
solubility typically relies on two principal approaches: the introduction of ionic substituents

or strongly hydrophilic groups, such as carbohydrates or polyethylene glycol chains.

Depending on the nature of these substituents, water-soluble phthalocyanines can thus
be classified into three main categories: anionic, cationic, and non-ionic (Figure 5). Each class
exhibits distinct physicochemical properties that influence solubility, aggregation

behaviour, and suitability for specific applications.
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Figure 5. Three main categories of water-soluble phthalocyanines with the corresponding

examples of hydrophilic moieties.
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Anionic phthalocyanines are commonly functionalized with sulfonyl or carboxyl groups.
Sulfonated phthalocyanines typically require harsh and hazardous reagents, such as
nitrobenzene and oleum (fuming sulfuric acid containing approximately 30% free SO;),
making their synthesis both environmentally and operationally challenging.>® Carboxylated
metallophthalocyanines, including tetra-carboxylated, are also widely used as anionic
water-soluble derivatives and are often prepared from trimellitic acid or trimellitic
anhydride via a two-step sequence involving cyclotetramerization to tetra-amides followed
by hydrolysis under strong acidic or alkaline conditions.” These compounds generally
exhibit good solubility in alkaline aqueous media, where the carboxyl groups are
deprotonated. However, their synthesis commonly involves toxic starting materials, harsh
conditions, and multistep procedures, which negatively affect their environmental

footprint.®

Cationic phthalocyanines are typically obtained by functionalization with quaternary
amines or pyridine units. The usual synthetic strategy involves constructing a
phthalocyanine core bearing amine groups, followed by quaternization through multi-
methylation using strong methylating agents such as methyl bromide, methyl iodide, or
dimethyl sulfate which are highly toxic, posing significant safety and environmental risks.®
Pyridine-substituted phthalocyanines can be prepared either from pyridine-substituted
phthalonitriles or by introducing pyridine into the phthalocyanine structure via aromatic
substitution, esterification, or palladium-catalyzed coupling reactions.®*¢>% However,
pyridine itself is hazardous, which raises additional concerns regarding the safety and

sustainability of these synthetic routes.

Non-ionic water-soluble phthalocyanines are typically functionalized either by direct
addition to the phthalocyanine ring or by linker atoms such as oxygen, sulfur, or nitrogen,
with highly hydrophilic moieties such as carbohydrates and polyethylene glycol chains,
with different chain lengths and architectures.®*® In general, increasing the number or
branching of hydrophilic chains enhances solubility in aqueous and polar media and

reduces aggregation by sterically hindering interactions between phthalocyanine cores.® In
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particular, PEGylation is attracting significant interest as it enhances chemical inertness,
biocompatibility, serum half-life, and tumor cell accumulation, desirable properties for
biomedical applications including PDT. Similarly, glycosylated phthalocyanines, being
highly biocompatible and water-soluble, have been shown to provide the potential for

selective recognition of targeted cancer cells.*

Despite their relative safety and improved environmental profile compared to ionic
derivatives, the synthesis of non-ionic water-soluble phthalocyanines is often long and
involves multiple synthetic steps, especially for branched PEG substituted Pcs, thus
generating significant amounts of chemical waste and raising important considerations in

the environmental assessment of their production.

3.2. Results and discussion

3.2.1. Preparation of tetra-4-PEG-400-substituted phthalocyanine derivatives

The one-pot synthetic procedure was adopted to access water-soluble PEGylated

phthalocyanine derivatives intended for green electrochemical sensing applications.

As depicted in Scheme 1, the first step involves the replacement of the nitro group of the
starting material through a nucleophilic aromatic substitution using K2CO:s as a sustainable
base for the generation of alcoholate ion. The resulting intermediate has not been isolated
but directly used as the reagent of the subsequent cyclotetramerization. After increasing
properly the temperature, metal salt and DBU were added in the same reaction vessel,

leading to the appearance of the green nuance, characteristic of the macrocycle formation.
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Scheme 1. Synthetic pathway for the preparation of tetra-4-PEG-400-substituted metallo and
metal-free phthalocyanines (4-PEGMPc and 4-PEG2HPc).

The new functional materials, 4-PEGCuPc, 4-PEGCoPc and 4-PEG2HPc, have been
afforded in satisfactory yields (62%, 50%, and 40%, respectively) demonstrating the
versatility of the one-pot strategy, previously validated only for zinc phthalocyanines. The
environmental impact of the syntheses was assessed using the E-factor metric, that were all
below 100 for the three derivatives, and details of the calculation of E-factors are reported

in the Experimental section at the end of this Chapter.

A direct comparison of the absorption spectra of the three water-soluble phthalocyanines

in the same solvent, DMSO, is provided in Figure 6.
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Figure 6. Normalized UV-vis spectra of the water-soluble pegylated phthalocyanines in DMSO.

The functionalization with four PEG-400 substituents enhances the solubility in polar
media, as clearly displays the characteristic absorption bands of phthalocyanines in the
visible region (600-800 nm). The main absorption band of 4-PEGCuPc and 4-PEGCoPc,
known as Q band, is peaked at 682 and 679 nm, respectively, that according to the reported
literature is due to the m-m* transitions from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).*7! This feature is
particularly well resolved in dimethyl sulfoxide (DMSO), indicating the prevalence of
monomeric species in this solvent. At the same time, some degree of aggregation is observed
in aqueous media, where a secondary band appears at lower wavelengths, that can be
attributed to H-type aggregation of the phthalocyanine macrocycles. UV-visible absorption
spectra of the new water-soluble metallophthalocyanines recorded in DMSO and water at a
fixed concentration of 1 x 10~ M are reported in the Experimental section at the end of this

Chapter.
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The spectrum of 4-PEG2HPc (the metal-free derivative) displays in DMSO a splitting of
the Q band into two components of comparable intensity, a phenomenon typically
attributed to changes in molecular symmetry resulting from the absence of a central metal

ion.®

3.2.2. Drop-casting immobilization of tetra-4-PEG-400-substituted copper

phthalocyanine on C-SPE

With the aim of developing a sustainable electrochemical sensor, the functional water-
soluble metallophthalocyanines thus obtained were subsequently deposited onto the carbon
working electrode surface, to achieve a new water-soluble metallophthalocyanine-based

electrochemical sensor.

Various deposition techniques are available to immobilize material onto the electrode
surfaces, thus modifying the sensor and offering distinct advantages depending on the

intended application.

Drop-casting is the simplest, cost-effective, and environmentally benign method. The
minimal energy requirements of drop-casting combined with the intrinsic water solubility
of the functionalized phthalocyanines, that enabled their direct processing in aqueous

media, further reinforced the overall sustainability of the sensor fabrication.

The selection of phthalocyanines as functional molecules for electrode modification was
mainly motivated by their well-known properties. In addition, considering the carbon-
based nature of the working electrode, it can be hypothesized that the extended m-electron
system of phthalocyanines may promote m—t interactions with the sp?-hybridized carbon
surface, potentially facilitating stable immobilization on the interface. Furthermore,
metallophthalocyanine complexes have been chosen as suitable electrocatalysts thanks to
their ability to change their oxidation states while preserving their stability during the

electrocatalytic process.®
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The working solution of phthalocyanine was prepared by dissolving the synthesized
water-soluble 4-PEG-CuPc in MilliQ water (2 pg/uL). This solution was deposited onto the
working electrode surface by drop-casting, applying 15 portions of 2 puL each, for a total of
30 uL, corresponding to 60 ug of deposited molecular layer. After each 2 uL deposition, the

layer was allowed to dry for one minute under irradiation from an IR lamp.

3.2.3. Electrochemical detection of catechol with the new phthalocyanine-based sensor

(SPE@PEGCuPc¢)

Electrochemical interactions between the modified SPE surface and the target analyte
(catechol) were examined with cyclic voltammetry (CV) to evaluate the changes in electron
transfer at the surface of the modified electrode, considering that the mechanism for catechol
detection is a two-electron process based on the electrocatalysis of catechol oxidation to its

corresponding 1,2-benzoquinone (Scheme 2).

OH 0
OH -2H+, -2e O
+2H", +2¢
Catechol 1,2-benzoquinone

Scheme 2. The electrochemical oxidation of catechol.

The measurements were performed placing 100 pL droplet of 50 mM PBS buffer solution
at pH 7 on the electrode surface. Then, 5 uL of catechol solution 1 mM were added to the
100 pL droplet of the buffer solution, resulting in a 50 uM final concentration of catechol in
the droplet. All measurements were repeated three times, and therefore the values reported

represent the mean + standard deviation of three independent measurements.
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Figure 7, that shows only one of these three measurements and is provided solely as a
visual example, presents the cyclic voltammograms recorded for four different systems: the
bare SPE with only buffer solution (black curve), the bare SPE in the presence of catechol 50
UM in buffer solution (orange curve), the SPE modified with 4-PEGCuPc with only buffer
(blue curve), and the modified SPE in the presence of 5 puL of catechol 1 mM in buffer (pink
curve). This comparative representation allows a direct evaluation of the electrochemical

behavior of the two electrodes, both in their intrinsic state and upon interaction with the

target analyte.
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Figure 7. CV recorded for the bare SPE (black curve), the bare SPE in the presence of catechol
(orange curve), the SPE modified with 4-PEGCuPc (blue curve), and the modified SPE in the

presence of catechol (pink curve).

As expected, the bare SPE exhibits its characteristic background response, while the

addition of catechol leads to the appearance of oxidation and reduction peaks associated
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with its redox activity, based on established investigations already reported.®7? Similarly,
the modified SPE displays a distinct voltammetric profile attributable to the presence of the
4-PEGCuPc layer. Upon exposure to catechol, the modified electrode also generates a clear

electrochemical response, confirming its ability to recognize and detect the analyte.

Although both the bare and the modified SPE can detect catechol, substantial differences
can be observed in their electrochemical responses. The most evident improvement
observed with the 4-PEGCuPc-modified electrode is the shift of the catechol oxidation peak
toward lower potentials, from 0.27 V for the bare SPE to 0.15 V for the modified electrode.
This decrease in oxidation potential suggests a facilitated electron-transfer process,
highlighting the electrocatalytic role of the functional layer deposited on the electrode
surface. In practical terms, the modified interface reduces the energy required for catechol

oxidation, thereby enhancing the overall efficiency of the sensing process.

In addition to this favorable shift in potential, an increase in peak current is observed,
rising from 2.04 + 0.02 yA at the bare SPE to 3.12 + 0.05 pA at the modified electrode. This
enhancement in current response reflects an improved sensitivity of the system, likely due
to stronger interfacial interactions and more efficient charge transfer promoted by the 4-
PEGCuPc layer. The combined effect of lower oxidation potential and higher peak current
ultimately translates into superior analytical performance, enabling the detection of lower

concentrations of catechol in solution.

Overall, the modification of the SPE with 4-PEGCuPc not only improves the
electrochemical response toward the target pollutant but also enhances the global
performance of the sensor, confirming the contribution of the functional material to the
analytical characteristics of the sensor and so the effectiveness of the surface engineering

strategy adopted in this work.

The study revealed that the modified electrode with water-soluble 4-PEGCuPc was a
successful electrocatalyst for catechol oxidation, providing an efficient detection of the

pollutants in aqueous environment.
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To build the calibration plot, chronoamperometry analyses were performed, applying a
potential equal to 0.2 V and an interval time of 0.1 s. This potential value was chosen to
ensure the complete oxidation of catechol. The oxidation of catechol to benzoquinone was
specifically monitored, providing a direct assessment of the sensor’s response (Figure 8).

The sensor response is expressed as the difference between the analyte and the background

current signals.
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Figure 8. Example of chronoamperometric measurement for 100 uL of catechol solution 20 uM in

50 mM PBS buffer at pH 7.

The current response as a function of catechol concentration follows the trend described

by the following equation.:
ApA =a+b=*C, withAuA =1, — I,

where I is the plateau current (uA), Iv is the base-line current (1A), a is the intercept, b is

the slope, and C is the concentration of catechol (Figure 9).
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Figure 9. Calibration plot for different catechol concentrations (5, 10, 20, 30, 50 uM). Number of
repetitions is n = 3. Measurement volume: 100 uL, 50 mM PBS buffer at pH 7.

The calibration curve is given by ApA =0.00775 +0.00776 * C, with an R?=0.997. The limit
of detection (LOD) for the newly developed electrochemical sensor is 2.45 uM, and was

statistically calculated as follows:
.
X —_—
b

where k is a statistical constant equal to 3.3, and o is the standard deviation of
chronoamperometric signals for three different measurements at the same concentration,

and b is the sensitivity of the method (determined as the slope of the previously described

calibration curve).”>7

To evaluate the reusability of the newly developed electrochemical sensor, a series of
washing procedures was performed on the same electrode surface using distilled water.

Following each washing step, CV measurements were carried out under identical
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experimental conditions to those previously applied, exposing the washed sensor to the

same concentration of catechol of 50 uM.

The results obtained are highly promising. As shown in Figure 10 (left panel), the
oxidation peak current in subsequent CV measurements recorded after every ten washing
cycles remains essentially unchanged, even up to 100 washing steps, a limit arbitrarily
established for practical reasons. This finding clearly demonstrates that the sensor can be
effectively reused after its initial application, maintaining consistent analytical performance
in catechol detection even after repeated measurements and washing procedures (up to 100

cycles), without any observable loss of efficiency.

From a sustainability perspective, this aspect is of particular significance. The ability to
reuse the sensor multiple times reduces reliance on single-use operation, thereby
minimizing material consumption and preventing the excessive generation of electronic
waste. Consequently, the demonstrated reusability of the device represents a substantial
contribution toward the development of more sustainable electrochemical sensing

platforms.

Furthermore, as shown in Figure 10 (right panel), the peak potential associated with
catechol oxidation remains unchanged after every ten washing cycles. This observation is
particularly significant, as it indicates that the interfacial properties of the modified
electrode surface are preserved throughout repeated use. The stability of the oxidation peak
potential suggests that no substantial alteration of the electroactive layer occurs during the
washing procedures, and that the molecular recognition and electron-transfer processes

remain unaffected.
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Figure 10. Plot peak current signal (left panel) and peak potential (right panel) of the CV
measurements versus number of washes (up to 100) for the electrochemical sensor fabricated through
modification of SPE with drop-casting of 4-PEGCuPc. Number of repetitions is n = 3. Measurement:

100 pL, 50 pM catechol concentration, 50 mM PBS buffer pH 7.

Such electrochemical stability confirms the robustness of the deposited functional layer
and excludes possible degradation, or restructuring of the sensing interface. From an
analytical standpoint, the constancy of the peak potential ensures reproducibility and
reliability of the measurements, which are essential parameters for practical sensing
applications. Moreover, from a sustainability perspective, the preservation of both peak
current and peak potential further supports the feasibility of reusing the sensor without
compromising performance, reinforcing its suitability as a durable and environmentally

responsible analytical device.

The main advantage of the proposed system is the remarkably simple eco-friendly
tabrication procedure, consisting of the straightforward drop-casting of a fully aqueous

phthalocyanine solution onto the electrode surface with the possibility of recycling.

This approach is highly accessible and easily reproducible, as it does not require

specialized instrumentation, toxic organic solvents, nor additional matrixes. In contrast,
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examples reported in the literature, and summarized in Table 1, rely on the use of
hazardous solvents, for example DMF (entry 2), incorporation of additional materials to
assist deposition and enhance performance such as polymers (e. g. chitosan, CHI, or poly
2,3-dihydrothieno-1,4-dioxin-polystyrenesulfonate, PEDOT:PSS) (entry 3 and 4),
nanoparticles (e. g. gold nanoparticles, AuNPs, carbon nanotubes paste, CNTP, or graphene
oxide, GO) (entry 4), ionic liquids (IL*) (entry 2), or even surfactants (e. g. stearic acid) (entry
6). Hybrid configurations in which efficiency in catechol detection arises from the
synergistic contribution of enzymatic components (e. g. laccase, Lac, or tyrosinase, Tyr)
(entry 3,4,6) that are co-immobilized with the phthalocyanine complexes are also
employed.”””® Other devices fabrication are reported to employ a more complex
immobilization strategy composed by multiple techniques, such as dipping and Langmuir-
Blodgett (LB), as well as complex molecular materials, such as triple-decker architectures (e.

g. Eu2Pc(Pc(OPh)s)2) (entry 6).

I ilizati 1 LOD
Entry Bio/Sensor mmobi -1zat10n Solvents R2 o Ref.
technique used (M)
. This
1 4-PEGCuPc Drop-casting H:0 0.997 | 2.45
work
4(4-(3-
formylphenoxy) .
2 ) Drop-casting DMF 0.988 | 0.48 69
CuPc
[CHI/IL*/ .
Multipl PB 98 -
3 | sulphonatedCuP | . < ple 5 0.981 998 7
immersion steps buffer 103
c]2 /Lac
H:0 and
[CHI/ 2o an
. acetic
4 sulphonatedCuP Multiple acid 0.991 5.89 - ”
c /CHI/AuNPs]/ | immersion steps ' 102
aqueous
Lac .
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PEDOT:PSS/ . . 77
5 CuPe Spin-coating H0 0992 | 2.99
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Table 1. Parameters of different (bio)chemical sensors reported in the literature compared to

those of the chemical sensor developed in this study.

Another main advantage of the sensing platform developed in this work is the
remarkable operational stability upon repeated washing cycles of the electrode surface. The
stability of the sensor was evaluated by performing one scan every ten washing cycles, up
to 100 washes. The results show that the peak potential remains unchanged even after 100

washing cycles, while the current decreases by only 2%.

Although further investigations are ongoing to fully elucidate the molecular-level
mechanism, the enhanced electrochemical response observed for the phthalocyanine-
modified SPE toward catechol can reasonably be attributed to a synergistic combination of

interfacial and electrocatalytic effects.

First, the planar and highly m-conjugated structure of the metallophthalocyanine is
expected to promote Tt-1t stacking interactions with the aromatic ring of catechol. Moreover,
the presence of the central copper(lIl) ion likely plays a crucial electrocatalytic role. The
redox-active metal center could mediate the oxidation of catechol to 1,2-benzoquinone, and

enhancing the peak current.

In addition, the immobilized phthalocyanine layer may improve the interfacial electron-
transfer kinetics by providing a conductive and chemically compatible pathway between

the analyte and the carbon electrode surface. The extended m-system of the macrocycle,
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combined with its affinity for the sp? carbon framework of the electrode, likely facilitates

efficient electronic communication as well as anchoring to the surface.

Overall, the sensing mechanism is therefore proposed to arise from the synergistic
interplay of m-m interactions, metal-centered electrocatalysis, improved charge-transfer

kinetics, and anti-fouling effects at the modified electrode interface.

3.2.4. Preliminary study of electrospray deposition (ESD) for an alternative green

immobilization of tetra-4-PEG-400-substituted phthalocyanines on C-SPE

To explore another kind of green deposition method for the immobilization of water-
soluble metallophthalocyanines onto the electrode surface, the Electrospray Deposition

(ESD) technique was investigated.

The ESD technique has attracted considerable attention due to its capability to produce
sprays of charged nanoaggregates, (bio)macromolecules, proteins, natural and synthetic
polymers that can in this way be gently deposited onto surfaces at very low kinetic energies
(soft landing). Indeed, due to their substantial size and mass, these materials cannot be
thermally evaporated. Consequently, their deposition is typically achieved via drop-
casting.8! ESD represents a valuable alternative, beyond drop casting, to facilitating the
incorporation of sizable molecular architectures into electronic devices and circuits, thus

allowing their deposition from liquid to any conductive support. 828

Both home-made and commercially available ESD systems have been developed,
encompassing a wide range of configurations and levels of technical complexity. In general,
the technology employs a low-concentration solution of the target molecule delivered
through a capillary held at high voltage relative to a grounded counter electrode. The
applied electric field overcomes surface tension at the emitter tip, generating a “Taylor
cone” and producing a spray of charged droplets. As the solvent evaporates, the total

electric charge within the droplets is no longer balanced by surface tension, so they
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progressively fragment through Coulombic explosions into smaller droplets until complete
solvent evaporation occurs and gaseous molecular ions are ultimately generated and

deposited onto the surface.®

In this way, this technique enables, at ambient or controlled atmospheres, the formation
of thin films composed of finely dispersed particles, significantly reducing cost and
processing time compared to vacuum-based techniques. Moreover, ESD is easily automated
and requires only minimal amounts of material, allowing safe and compact

implementation.®

In particular, such soft-landing approach, carried out under mild conditions (room
temperature and atmospheric pressure), has been previously employed to successfully
immobilize biological components on sensor surfaces in a sustainable and cost-effective
manner, and has therefore proven to be an efficient green alternative to other common
immobilization methods.?” Indeed, the ESD led to the development of enzyme-based
biosensors, enabling the immobilization of laccase onto the electrode surface, while
preserving its catalytic activity and at the same time ensuring the reliable detection of

catechol in real aqueous samples, without the use of additional matrixes.®

On the basis of the encouraging results in terms of performance in catechol detection and
long-term stability of the obtained biosensors, the ESD technique has been investigated for
the fabrication of water-soluble metallophthalocyanines-based electrochemical sensors for

catechol detection.

With the goal of reducing costs and overall remaining attentive to sustainability
principles, this new sensing platform is designed to achieve comparable catalytic activity
and selectivity to enzymatic systems, while being entirely free of biological components. By
removing the biological element, such chemical sensor could thus overcome limitations
related to enzyme fragility and operational constraints, while preserving the key advantages
demonstrated by the earlier biosensors, offering high selectivity and reliability in catechol

detection. This strategy illustrates how insights from biocatalytic systems can inspire the
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design of chemical sensors that maintain high performance while addressing practical and

economic considerations.

Water-based solution of 4-PEGCuPc was prepared and sprayed using a customized ESD

setup that is described hereafter and depicted in Figure 11.

Aenides

3lpasu

Figure 11. (a) Scheme of the ESD setup with the relevant parameters: the needle and the cone
voltages (HV), the distances between the needle and the electrode (d), and between the cone and the
electrode (D); (b) Photographic image of the real setup including also the lamp and the camera used

during the deposition experiments.

The entire setup is inside a protected environment (deposition chamber) at ambient
pressure and temperature to avoid jet fluctuations. The stability of the jet, illuminated by a
lamp, was monitored in real time during the entire deposition by means of a digital camera.
The relative position of both the lamp and the camera was adjested in order to achieve the

best contrast of the image of the cone.

The setup comprises a Pump 11 Elite infusion system (Harvard Apparatus) coupled to a

250 uL Hamilton syringe, which is linked to a silica capillary with a 300 um internal
210



diameter. The pump drives the solution from the syringe through the capillary for spraying.
At the end of the capillary a steel needle (100 um inner diameter) is polarized at 3.90 kV.
Between the needle and the electrode, a focusing conical shape electrode (cone) has been
added, set at 1.70 kV, to improve the control of the deposition area in the process, and has
an upper diameter of 12 mm and a lower diameter of 6 mm.% The distance between the
electrode and the needle (d) is 15 mm while the distance between the cone and the electrode
(D) is 4 mm. The alignment between the spray needle, the focusing cone electrode, and the
electrode is a crucial parameter for spray deposition, as well as the composition of the

sprayed solution.”

To improve the efficiency of the deposition process, with the aim of achieving spray
definition and ensuring that the characteristic shape of the Taylor cone is visible and stable
within the entire deposition time, an optimization study was carried out by screening
different solvent mixtures for the solution of the synthesized water-soluble phthalocyanine
(4-PEGCuPc). A water/alcohol mixture was used because, at the applied potentials, it is
required to promote droplet explosion during deposition, enabling the formation of a dry

deposit.”

All the depositions have been carried out using a solution of 4-PEGCuPc (2 pg/uL) and
setting a deposition time of 30 minutes with a pump flow rate of 1 uL/min, at room

temperature and exposed to atmospheric pressure. The results are summarized in Table 2.

Entry Solvent mixture (v/v)  Spray definition Coating centered
1 H-O / EtOH (9:1) Poor -
2 H-O / EtOH (8:2) Poor -
3 H:O / EtOH (6:4) Poor -
4 H:0 / EtOH (2:8) Good -
5 H:0 / i-PrOH (2:8) Excellent Highly centered
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Table 2. Optimization study of deposition parameters: solvent mixture, quality of the spray and

of the centered coating.

For water/ethanol mixtures (Entries 1-3), the spray is unstable and poorly defined,
producing irregular droplets that are reflected in the low quality of the resulting film. A
slight adjustment to the ethanol content (Entry 4) improves the spray definition. Notably,
switching to a water/isopropanol mixture (Entry 5) produces excellent spray behavior
which results in good focusing (Figure 12a), leading to deposition centered on the working

electrode (Figure 12 b,c).

Figure 12. (a) Photographic image of the Taylor cone generated during ESD deposition of the 4-
PEGCuPc solution; (b) Optical microscope image and (c) microscope image of the ESD-deposited 4-

PEGCuPc on the surface electrode.

Overall, these results highlight the critical role of solvent choice in achieving controlled

ESD.
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3.2.5. Electrochemical detection of catechol with the phthalocyanine-based sensor

fabricated through ESD (SPE@PEGCuPc)

After obtaining the optimized deposition conditions, the working solution was prepared
by dissolving 4-PEGCuPc in a mixture 20% of water in isopropanol (2 pug/uL) and the ESD
process was thus performed by spraying this solution at a flow rate of 1 uL/min for 30

minutes. All the deposition tests were performed using a fresh solution.

From an electrochemical perspective, the oxidation peak potential of catechol recorded
at the ESD-fabricated sensor, light pink curve, (0.15 + 0.02 V) was lower than the peak
potential of the bare, non-modified electrode, orange curve, in the presence of catechol (0.27
+0.01 V) indicating that the fundamental redox mechanism and thermodynamic aspects of
the oxidation process remain unchanged regardless of the immobilization strategy (Figure

13).

Current (nA)
I I I
g 8 3 o &5 8

|
I
o
1

SPE + cat
50 ] SPE@4-PEGCuPc + cat
—6.2 0.[0 ofz 0T4

Potential (V)

Figure 13. CV recorded for the bare SPE in the presence of catechol (orange curve) and the SPE

modified with 4-PEGCuPc through ESD (light pink) in the presence of catechol.
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Furthermore, in terms of current intensity, the ESD-modified sensor exhibited increase in
peak current (3.8 + 0.5 pA) compared to that of the bare SPE in the presence of catechol (2.04
+ 0.02 pA), suggesting enhanced interfacial electron-transfer efficiency due to the

phthalocyanine layer.

Reusability tests performed to this sensor revealed that its performance progressively

decreased upon repeated washing cycles (Figure 14, left panel).

A similar behavior was observed in terms of peak potential. As shown in Figure 14, right
panel, the oxidation potential of catechol at the ESD-modified electrode exhibited more
pronounced fluctuations and progressively shifted toward more positive values with

increasing washing cycles.
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Figure 14. Plot current signal (left panel) and peak potential (right panel) versus number of washes
(up to 100) for the electrochemical sensor fabricated via modification of SPE with 4-PEGCuPc
through ESD. Number of repetitions is n= 3. Measurement volume: 100 uL, 50 pM catechol
concentration, 50 mM PBS buffer pH 7.

A direct comparison between the DC- and ESD-modified electrodes with 4-PEGCuPc was

not possible, as during the electrospray deposition process, part of the sprayed solution
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accumulated on the surface of the focusing cone rather than reaching the electrode surface.
Therefore, the effective amount of phthalocyanine deposited on the electrode could not be
accurately determined. This prevented a reliable quantitative comparison with the drop-
casting sensor at the same molecular loading. For this reason, the ESD experiments were

considered only for qualitative evaluation of the sensing behavior.

3.2.6. Exploration of different tetra-4-PEG-400-substituted phthalocyanines deposited
through ESD on C-SPE

To further investigate in a qualitative way the influence of the metal center on the
electrocatalytic behavior, additional sensors were fabricated wusing two other
phthalocyanines structurally identical to the previously used 4-PEGCuPc, differing only in
the central metal atom. One of these contains cobalt as the metal center (4-PEGCoPc), while

the other is metal-free (4-PEG2HPc).

The objectives of this study were twofold: first, to determine whether the cobalt
derivative could achieve similar electrochemical performance to the drop-cast sensor
prepared with 4-PEGCuPc; and second, to evaluate whether the metal-free derivative

exhibits any intrinsic electrocatalytic activity, despite the absence of a central metal atom.

The two phthalocyanines were also successfully processed in the isopropanol/water (8:2
v/v) solvent mixture and deposited by electrospray under the same conditions and solution

concentration used for the corresponding copper phthalocyanine derivative.

The CV measurements were performed as previously described, repeating the analyses
three times and reporting the obtained values as the mean + standard deviation of three
independent measurements. Figure 15 shows the CV measurements of the bare SPE and
ESD-modified SPE with tetra-4-PEG-400-substituted metal and metal-free phthalocyanines,

before the addition of catechol.
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Figure 15. CV recorded for the bare SPE (black curve), the SPE modified through ESD with 4-
PEGCuPc (green curve), 4-PEGCoPc (cyan curve), and 4-PEG2HPc (red curve). Measurement: 100
uL of 50 mM PBS buffer pH 7.

Interestingly, the trend observed in catechol detection revealed distinct performances
among the different phthalocyanines, as can be easily visible in Figure 16 and can be

summarized as follows.
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Figure 16. CV recorded for the bare SPE in the presence of catechol (orange curve), the SPE
modified through ESD with 4-PEGCuPc (light pink curve), 4-PEGCoPc (blue curve), and 4-PEG2HPc

(green curve) in the presence of catechol.

Regarding the electrochemical response to catechol in terms of current, 4-PEGCuPc
exhibited the highest response, reaching 3.8 + 0.5 nA, whereas the corresponding cobalt
phthalocyanine (4-PEGCoPc) showed a lower value of 1.53 + 0.07 HA. An interesting
observation came from the investigation on the sensor fabricated by depositing through
ESD the 4-PEG2HPc. Despite lacking a metal center in its macrocycle, it still exhibited a
measurable response to catechol, albeit smaller, with a current of 1.9 + 0.4 pA and a decrease
in the potential of the oxidation peak (0.20 £ 0.01 V) with respect to the bare SPE (0.27 + 0.01
V), suggesting that the extended mt-conjugated macrocycle itself could contribute to electron
transfer. Therefore, the catalytic effect cannot be attributed solely to the central metal ion.
The further improvement observed upon metal incorporation could support a synergistic
mechanism in which both the macrocycle and the coordinated metal promote the oxidation
of catechol, with the metal center acting as a catalytic enhancer rather than the sole active

site.
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3.3. Conclusions

Overall, these results suggest that high-performance electrochemical sensors can be
designed and fabricated in accordance with green chemistry and sustainable engineering

principles.

The adoption of a one-pot synthetic strategy minimized solvent use, purification steps,
material input, and energy consumption, while the functional material was sustainably
immobilized onto the electrode surface via the simplest coating method, drop-casting, from
a 100% aqueous solution. The resulting device was successfully validated for environmental

monitoring, enabling efficient and reliable detection of catechol.

Notably, the results demonstrated also the remarkable operational stability of the sensor
upon repeated washing cycles. Both the oxidation peak current and peak potential
associated with catechol detection remained essentially unchanged even after up to 100
washing cycles of the electrode surface, indicating that the interfacial properties of the
modified electrode surface are preserved and that no significant alteration of the
electroactive layer occurs during reuse. This high reusability represents an important
advantage, contributing to the development of more sustainable electrochemical sensing

platforms by reducing material consumption and electronic waste.

The environmental impact of both the synthetic route and the fabrication process was
evaluated within a lifecycle perspective, integrating analytical performance with
sustainability criteria. This comprehensive approach led to the development of a new eco-
compatible sensor in which sustainability is embedded at every stage, from molecular
synthesis and aqueous deposition to the final device, whose demonstrated reusability

turther reduces waste generation.

Further investigations could focus on the long-term storage stability of the system, with
the goal of enabling storage at room temperature for several months without affecting its

performance, while also pursuing cost-effective regeneration of the developed sensor. By
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using low-cost ultrasound treatments and green solvent cleaning, optimized to restore
performance without damaging the electrode, could enable its reuse across different

applications and promoting circular, sustainable sensing technologies.

In addition, since DMF is currently used in the synthesis of the deposited material, future
efforts could also be directed toward developing even greener synthetic strategies that avoid

the use of this solvent.

Eventually, future work, especially computational investigations, could be diverted to
elucidate the molecular-level mechanism underlying catechol detection, providing deeper
insight into the interfacial processes governing analyte recognition and electrocatalysis and
guiding further optimization of sensor performance, such as the improvement of the limit

of detection.
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3.4. Experimental section

3.4.1. Materials

All reagents and solvents were purchased from Merck Life Science, TCI Chemicals, and
Carlo Erba Reagents and used without further purification. In particular, ethanol (99.8%),
isopropanol (99.8%), and catechol (99%) were purchased from Sigma Aldrich (Merck
Group) and used as provided by the company. N,N-Dimethylformamide (DMF) was used
freshly distilled. All the reactions were performed in a two-necked round-bottom flask
equipped with a reflux condenser and a magnetic stirrer. All the glassware used was kept
at least 24 hours in an oven at 110 °C. Reactions were monitored by thin-layer
chromatography (TLC) employing a polyester layer coated with 250 mm F254 silica gel.
Chromatographic filtrations, when needed, were performed using silica gel 60A 35-
70. Buffer and all the aqueous solutions were prepared using double-distilled water (Milli-
Q system, Millipore). Catechol was used in 1 mM solution with PBS buffer at pH 7, that was
obtained by diluting a solution of catechol 50 mM in milliQ water. Working stability studies
of sensors were performed through Cyclic Voltammetry using a 50 uM final concentration
of catechol and 50 mM PBS buffer at pH 7, in a total volume of 100 uL of test solution, that
was placed on the surface electrode of the SPE. The screen-printed electrodes used for the
tests were the Metrohm DropSens screen-printed carbon electrodes DRP-110 with carbon
working and counter electrodes, and an Ag reference electrode. After a conditioning
potential of 0.5 V applied for 5 s, a potential of 0.5 V vs Ag reference electrode was applied,
and at -0.3 V the scan direction was reversed, and eventually at 0.5 V the scan direction was
reversed another time. The scan rate was 0.05 V/s, with a step potential of 0.01 V. In the
chronoamperometric measurements performed for the sensor calibration curve, the sensor
response was expressed as the difference between the analyte and the background current
signals. The measurements were conducted placing 100 uL of catechol solution at the
desired concentration on the electrode surface. Catechol solutions were prepared by

diluting a solution of catechol 1 mM in 50 mM PBS buffer solution at pH 7. The electrode
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surface of the SPE, functionalized with 4-PEGCuPC via drop-casting, was conditioned with
three washes using 100 uL of PBS buffer pH7 before the chronoamperometric

measurements.

3.4.2. Instrumentation

'H NMR spectra were recorded on a Bruker AVANCE 600 NMR spectrometer operating
at a proton frequency of 600.13 MHz; chemical shifts (6) are given in ppm relative to TMS.
UV-Vis spectra were recorded on a PerkinElmer Lambda 950 UV-Vis/NIR
spectrophotometer. High-resolution mass spectrometry (HRRMS) was performed using a
Q Exactive UHMR Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher) in
positive polarity. The samples were dissoved in LC-MS-grade MeOH (c = 50 uM) and
directly introduced into the mass spectrometer using gold-coated capillary needles
prepared in-house. The instrument parameters used for MS spectra collection were the
following: capillary voltage of 1.5 kV, scan range of 350 to 2000 m/z, HCD collision voltage
of 0 V, source fragmentation of 0 V, and in-source trapping of 0 V. The ion transfer optics
were set as follows: injection flatapole of 5 V, inner-flatapole lens of 4 V, bent flatapole of 2
V, and transfer multipole of 0 V. The resolution of the instrument was 200,000 at m/z = 400,
the nitrogen pressure in the HCD cell was maintained at approximately 2.1 x 107 mbar, and
the source temperature was kept at 100 °C. Calibration of the instrument was performed
using a 2 mg/mL solution of cesium iodide in water. Data were analyzed using the Xcalibur
3.0 (Thermo Scientific) software package. The image of the deposit on the C-SPE was
acquired using the Malvern Panalytical Morphology G3ID and the Ninyoon 4K WiFi
Microscope. The electrochemical experiments were carried out at room temperature by
cyclic voltammetry (CV) conducted using a portable, handheld, PalmSens4 battery operated
potentiostat/galvanostat (Palm Instrument, The Netherlands). It was connected to a
computer via USB and Bluetooth and controlled by PSTrace software version 5.12 for

Windowsl11.
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3.4.3. Green Chemistry metrics calculation

As previously described, the general equation for the calculation of E-factor is:

Mass of total waste
E-factor = f 9)

Mass of product (g)

In all calculations, water is excluded from the waste count. An estimated 80% of the
organic solvents used in the processes are recovered and reused, as described in the

Experimental section at the end of Chapter 2.
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3.44. General procedure for the synthesis of tetra-4-PEG-400-substituted

metallophthalocyanines

The phthalocyanines were synthesized similarly as described previously.” Briefly, PEG-
400 (1.02 eq, 0.588 g) and anhydrous potassium carbonate (3 eq) were stirred in 2 mL of DMF
at room temperature for 20 minutes under a nitrogen atmosphere. Then, 4-
nitrophthalonitrile (1 eq, 0.25 g) was added and the reaction mixture was stirred at 65 °C
until complete disappearance of 4-nitrophthalonitrile was observed in the TLC monitoring.
Copper acetate monohydrate or cobalt acetate tetrahydrate (0.27 eq), pretreated on hot plate
for 5 minutes, and DBU (0.2 mL) were then added and the reaction mixture was stirred at
110 °C under a nitrogen atmosphere until completion of the reaction. After cooling to room
temperature, the reaction mixture was extracted with dichloromethane/water, to remove
unreacted PEG-400, and the organic phase was collected. The solvent was evaporated under
reduced pressure (recovering the dichloromethane), and the dark green waxy crude was

dried under vacuum and then purified as follows.
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3.4.5. Synthesis, Green Chemistry metric calculation and characterization of tetra-4-

PEG-400-substituted copper phthalocyanine

v, s
“% f?

oo} 59 oo on

Purification of the crude by filtration on silica gel pad using isopropanol, water, acetone
to remove impurities and eventually pyridine gave the target product in 62% yield as a
green waxy solid. UV-vis: Agband (DMSO) = 682 nm. HRMS-ESI (polydisperse distribution)
calcd for n=8.1 m/z =2003.33, found m/z = 2004.87.

E-factor calculation

Mass actually
. Volume | Density considered in the E-
Chemical (mL) (g/mL) Mass (g) factor calculation
with 80% of solvent
recovery (g)
PEG-400 0.588
DME 2.0 0.95 1.9
KoCOs 0.6
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nitrophthjionitrile 025
Copper acetate 0.078
monohydrate
DBU 0.2 1.02 0.204
Water 10.0 1.0 10
DCM 24 1.33 31.92 6.384
Silica gel 10
Isopropanol 30.0 0.786 23.58 4.716
Water 10.0 1.0 10
Acetone 10.0 0.784 7.84 1.568
Pyridine 10.0 0.982 9.82 1.964

Amount of product = 0.485 g (62% yield)

E-factor =178.0

E-factor (including 80% solvent recovery) = 57.3
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UV-vis spectra of tetra-4-PEG-400-substituted copper phthalocyanine at a concentration

of 1 x 105 M in DMSO and water
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HRMS-ESI of tetra-4-PEG-400-substituted copper phthalocyanine
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3.4.6. Synthesis, Green Chemistry metric calculation and characterization of tetra-4-

PEG-400-substituted cobalt phthalocyanine

HO/i O

‘% f?
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Purification of the crude by filtration on silica gel pad using a mixture of
dichloromethane/ethanol (9:1) as eluent, gave the target product in 50% yield as a blue waxy
solid. UV-vis: AQband (DMSO) = 679 nm. HRMS-ESI (polydisperse distribution) caled for
n=9.6 m/z = 2261.45, found m/z = 2258.97.

E-factor calculation

Mass actually
. Volume Density considered in the E-
Chemical (mL) (g/mL) Mass (8) | factor calculation
with 80% of solvent
recovery (g)
PEG-400 0.588
DMF 2.0 0.95 1.9
KoCO:s 0.6
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4-
2
nitrophthalonitrile 0.25
Cobalt acetate 0.097
tetrahydrate
DBU 0.2 1.02 0.204
Water 8.0 1.0 8.0
DCM 54.0 1.33 71.82 14.364
Silica gel 7
Ethanol 4.0 0.792 8.17 1.634

Amount of product = 0.389 g (50% yield)

E-factor =232.0

E-factor (including 80% solvent recovery) = 67.5
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UV-vis spectra of tetra-4-PEG-400-substituted cobalt phthalocyanine at a concentration

of 1 x 105 M in DMSO and water
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HRMS-ESI of tetra-4-PEG-400-substituted cobalt phthalocyanine
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3.4.7. Synthesis, Green Chemistry metric calculation and characterization of tetra-4-

PEG-400-substituted metal-free phthalocyanine

HO/i O

iofO) o C{% %O%MOH

The synthesis was carried out according to the general procedure, with the main
difference of the cyclization step. Therefore, after complete disappearance of 4-
nitrophthalonitrile on TLC monitoring, DBU (0.2 mL) was added and the reaction mixture
was stirred at 125 °C under a nitrogen atmosphere until completion of the reaction. After
cooling to room temperature, the reaction mixture was extracted with
dichloromethane/water and the organic phase was collected. The solvent was then
evaporated under reduced pressure (recovering the dichloromethane) and the crude dried
under vacuum. Purification of the crude by filtration on silica gel pad using isopropanol,
water, acetone to remove impurities and eventually pyridine gave the target product in 40%
yield as a green waxy solid. 'H NMR (600 MHz, CDCls) 6 7.73 (dd, ] =13.9, 8.3 Hz, 4H, Ar-
H), 7.35-7.30 (m, 4H, Ar-H), 7.22 (dd, ] =8.3, 2.3 Hz, 2H, Ar-H), 7.17 (dd, ] = 8.3, 2.2 Hz, 2H,
Ar-H), 4.27 - 4.20 (m, CH2-PEG), 3.91 - 3.86 (m, CH2-PEG), 3.73 - 3.71 (m, CH2-PEG), 3.69 —
3.59 (m, CH2-PEG) ppm. UV-vis: Agband (DMSO) = 708, 677 nm. HRMS-ESI (polydisperse
distribution) calcd for n=8.7 m/z = 2046.07, found m/z = 2054.99.
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E-factor calculation

Mass actually
) Volume . considered in the E-
Chemical (mL) Density (g/mL) | Mass (g) | factor calculation
with 80% of solvent
recovery (g)
PEG-400 0.588
DMF 2.0 0.95 1.9
K2COs 0.6
4-
2
nitrophthalonitrile 025
DBU 0.2 1.02 0.204
Water 5.0 1.0 5
DCM 18 1.33 23.94 4.788
Silica gel 10
Isopropanol 30.0 0.786 23.58 4716
Water 10.0 1.0 10
Acetone 10.0 0.784 7.84 1.568
Pyridine 10.0 0.982 9.82 1.964

Amount of product = 0.301 g (40% yield)

E-factor =260.5

E-factor (including 80% solvent recovery) = 87.3
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'H NMR of tetra-4-PEG-400-substituted metal-free phthalocyanine in CDCls
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HRMS-ESI of tetra-4-PEG-400-substituted metal-free phthalocyanine
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UV-vis spectra of tetra-4-PEG-400-substituted metal-free phthalocyanine at a

concentration of 1 x 10> M in DMSO and water
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Chapter 4. Sustainable and cost-effective colorimetric sensor

devices: the salophen case study

4.1. Introduction

4.1.1. Colorimetric sensor devices for metal detection

This Chapter will provide a description of part of the work conducted during my visiting

PhD period at the University of Edinburgh.

The detection of metal ions constitutes a cornerstone of modern analytical chemistry,
owing to its broad relevance in environmental monitoring, industrial processes, catalysis,
and chemical research.! From an environmental perspective, metal ion detection is essential
for the assessment and control of pollutants in nature such as surface waters, groundwater,
soils, and sediments. Industrial activities, mining operations, corrosion of metallic
infrastructures, and the extensive use of metal-containing agrochemicals are among the
primary sources of metal contamination.? Unlike many organic pollutants, metal ions are
intrinsically non-degradable and tend to persist in the environment, where they may
accumulate and exert long-term toxic effects on ecosystems and human health.’
Consequently, sensitive and accessible analytical tools capable of detecting metal ions at
low concentrations are indispensable for environmental surveillance and risk assessment.
The development of efficient, selective, and reliable sensing strategies for metal ions has
therefore become an increasingly important scientific challenge, particularly in light of
growing environmental concerns and the urgent need for sustainable technological

solutions.*

At the same time, metal ion detection plays a crucial role in chemical research and
industrial chemistry, particularly in the context of reaction monitoring and catalysis. Trace

amounts of metal can profoundly influence reaction mechanisms, kinetics, and selectivity,
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even when they are not intentionally introduced into the system. This phenomenon has
gained increasing attention in recent years under the concept of hidden catalysis, whereby
trace metal impurities originating from reagents, solvents, or glassware, unexpectedly
catalyse chemical transformations.>® In such cases, the ability to detect metal ions directly
within reaction mixtures becomes essential for ensuring reproducibility, understanding
reaction pathways, and validating claims of metal-free catalysis.”® The relevance of this issue
is effectively captured by the evocative title of the review by Luque et al. “To be or not to be
metal-free”, underscoring the ongoing debate surrounding the true nature of ostensibly

metal-free transformations.®

Metal ion sensing systems therefore represent valuable tools allowing for detection at
concentrations below regulatory thresholds, not only for environmental applications but

also for fundamental and applied chemical research.!

Optical and colorimetric sensors are especially attractive in this regard, as they offer
simplicity of operation, low cost, rapid response times, and the possibility of visual

detection by naked-eye without the need for sophisticated instrumentation.

Colorimetric sensors rely on observable changes in colour resulting from specific
interactions between a sensing molecule and a target analyte. These changes are typically
associated with modifications of the electronic structure of the sensor, often induced by
metal coordination, charge transfer processes, or conformational rearrangements. The direct
relationship between colour variation and analyte concentration makes colorimetric sensing
particularly suitable for on-site analysis, environmental screening, and real-time
monitoring. Nevertheless, many colorimetric sensors suffer from limitations related to
selectivity, stability, toxicity of materials, solvent requirements, and lack of reusability.!"!?
Furthermore, in order to enhance performance, these devices often rely on nanomaterials,
frequently based on metallic components, which further compromises the overall

sustainability of their production.’

These challenges further emphasize the importance of reconsidering sensor design from

a broader and more sustainable viewpoint. It is within this context that the aim of the
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present study is situated. The work described in this Chapter was conceived to contribute
to this shift in paradigm, while remaining fully aligned with the sustainability objectives of
the Rome Technopole Project, within the context of which my doctoral research is

developed.

4.1.2. Copper ions: environmental impact and detection

Among the transition metal ions, copper is an essential trace element and occupies a
particularly prominent position in biological and microbial sciences, as it is involved in
numerous key processes. Indeed, due to its redox properties, copper-containing enzymes
play critical roles in electron transfer processes, oxygen binding, and oxidation catalysis.™
However, despite these important physiological functions, excessive amounts of copper can
be potentially toxic, posing significant risks to both the environment and the human health.
It is widely known that elevated concentrations of copper in aquatic environment and soil,
that can result from industrial effluents and agricultural waste, respectively, can cause
severe contamination, leading to oxidative stress, disruption of metabolic processes, and
impaired growth and reproduction of aquatic organisms.'>!® In humans, excessive copper
intake has been associated with gastrointestinal disorders, liver and kidney damage, and

neurological effects.!”

Given this context and considering the steadily increasing significance of this metal in
recent years both for scientific interest and technological applications, as highlighted by the
growing number of publications indexed in the Web of Science (Figure 1), the development
of effective strategies for the detection as well as for the recovery of copper ions, are of

paramount importance.
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Figure 1. Number of publications per year on copper, obtained from the Web of Science database

(search topic: “Copper”, results sorted by year), assessed February 13, 2026.

Although the Twelve Principles of Green Chemistry provide a framework for sustainable
chemical design, their application in sensor development remains limited, highlighting the

need for sensing platforms conceived according to life-cycle sustainability principles.!®

An additional and often overlooked aspect of sustainability in metal ion sensing is the
potential for metal sequestration and recovery. In environmental applications, detection
alone does not fully address the problem and represents only the first step, as the ultimate
goal involves the removal or immobilization of toxic species to mitigate their ecological
impact. Sensors capable of binding metal ions strongly and selectively can therefore serve a
dual function, acting not only as analytical tools but also as active agents for environmental

remediation and waste valorisation.®

In the specific case of copper, the recovery approach is particularly relevant. Copper is a
strategically important material widely used in electrical, electronic, and catalytic
applications. The possibility of capturing copper(Il) ions from contaminated environments
or industrial residues and reintroducing them into productive cycles represents an attractive
strategy for reducing environmental impact while enhancing resource efficiency, in a

circular economy.
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4.2, Results and discussion

4.2.1. Sustainable synthesis of salophen

Within this conceptual framework, the present study adopts a deliberately simple case
study to explore and demonstrate a sustainable approach to sensor design and fabrication.
The system investigated is based on a salophen structure, a Schiff-base ligand that has been
extensively used in the coordination chemistry. Schiff-bases are an exceptionally versatile
class of ligands, with widespread applicability that is attributed to straightforward synthetic
protocols, extensive structural tunability, strong metal-chelating capabilities, and
pronounced photophysical responses upon coordination with metal ions.? Formed through
the condensation of amines with carbonyl compounds, Schiff bases generate imine
functionalities that provide effective coordination sites for a broad spectrum of metal ions,
supporting their use in catalysis, biomimetic studies, molecular electronics, and chemical

sensing.??2

The copper(ll)-salophen complex is a well-known and thoroughly characterized
coordination compound, whose structural, electronic, and spectroscopic properties have
been widely reported.? As such, the novelty of this work lies in the methodological and
conceptual approach adopted for the development of an optical colorimetric sensor,
exploiting the simple and well-established salophen-copper(Il) system as a model platform
to demonstrate how a sensor can be rationally designed, fabricated, and tested while

explicitly integrating sustainability considerations at every stage of its realization.

In particular, this study addresses sustainability in the synthesis of the sensing molecule,
prioritizing greener and highly efficient synthetic routes, guiding the choice of materials
and reagents by considerations based on safety and environmental impact. The analytical
evaluation of the sensor is carried out using green methodologies, with special emphasis on
the use of aqueous or environmentally benign solvents in spectroscopic techniques such as

UV-visible absorption spectroscopy. Furthermore, the sensor reversible interaction with
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copper(Il) ions is explored, enabling regeneration and reuse after detection, as well as the

potential sequestration and recovery of the metal ion.

The study began with the synthesis of the salophen ligand, a molecule selected for the
investigation of its selective interactions with target metal ions. In line with a strategic and
sustainable sensor design, a green synthesis of the molecule was explored. A new synthetic

strategy has been evaluated, employing glycerol as the solvent.

In recent years, glycerol has gained significant interest as a sustainable solvent for organic
synthesis due to its non-toxic, biodegradable, and environmentally benign nature. It is
abundantly available as a by-product of triglyceride transesterification in the production of
natural fatty acid derivatives, 2 which makes it and its mixtures an inexpensive and

renewable resource with reduced environmental burden.?

Its distinctive physicochemical properties, such as high polarity, strong hydrogen-
bonding capacity, and negligible vapor pressure, have enabled its effective and sustainable
use in a wide variety of organic reactions, including cross-couplings and multicomponent

transformations.26?”

In addition, its potential for recovery and reuse further enhances its sustainability

credentials by contributing to waste minimization and improved process mass efficiency.

For the first time, this solvent was used as the reaction medium for the synthesis of this
class of molecules. Although some sustainable synthetic routes for salophen-like structures
have already been reported,?®? the goal of this work was to validate an environmentally
friendly synthesis, given the well-documented sustainability profile of this reaction
medium, that did not require specialized equipment, such as mechanochemical setups. This
approach aligns with the principles of green chemistry while maintaining accessibility and
reproducibility in the laboratory. In Scheme 1 a practical route for the successful synthesis
of the target ligand in 93% yield by the condensation of 1,2-diamine with 2-hydroxy-4-
parabenzaldehyde in glycerol at 80 °C is reported.

249



oH NH; 80 °C

NH; OH HO

Scheme 1. Synthetic route for the salophen-ligand under investigation.

To benchmark the efficiency of this new glycerol-based procedure against a conventional
method in solution, the same reaction was also performed in ethanol and the results in terms

of yields are reported in Table 1.

N Solvent : : —
Z/Ji:jj\b * [;:LNH - =N
OH 2 80 °C

NH, OH HO
Solvent Isolated yield (%)
Ethanol 60
Glycerol 93

Table 1. Results in terms of isolated yields for the salophen ligand synthesis when different

solvents were used.

Notably, the use of glycerol led to a significant increase in yield, reaching 93%, and
enhanced the sustainability profile of the reaction. This improvement is evident not only
from the huge previously discussed advantages of glycerol as a green solvent but also from

a quantitative green chemistry assessment discussed later.

250



Furthermore, to test glycerol recyclability, after the first synthesis of the salophen ligand,
the product was easily separated from the reaction mixture due to precipitation, using
washings with water. After removing water through vacuum distillation, the recovered
glycerol was reused in subsequent reactions. Glycerol could indeed be recycled, with yields

remaining consistent for up to three cycles (Figure 2).

Yield (%)

=
s
!

n
g8
L

)
I

1 cycle 2 cycle 3 cycle

Figure 2. Results in terms of isolated yields of the salophen ligand synthesis using the recycled

glycerol.

To quantitatively assess the sustainability of the reaction, beyond the extensively
discussed E-factor, other two Green Chemistry metrics were calculated, that are Process
Mass Intensity (PMI), and Reaction Mass Efficiency (RME). They are materials-based
metrics, and their values take into account the material efficiency of the investigated process.
Details on the calculations are reported in the Experimental section at the end of this

Chapter.

Results and comparisons, in terms of yields and green metrics, are summarized in Table
2. The green metrics for the subsequent reactions when recovered glycerol was used are also
calculated and reported in Table 2, showing that the E-factor values further decrease upon
solvent reuse and highlighting the environmental benefits of recycling the solvent without

loss of efficiency.
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Procedure Isolated yield (%) E-factor PMI RME (%)

Ethanol 60 5.8 6.8 54.7
Glycerol (1° cycle) 93 5.4 6.7 84.5
Glycerol (2° cycle) 90 1.5 2.8 81.3
Glycerol (3° cycle) 91 1.5 2.8 82.1

Table 2. Results in terms of isolated yields and green chemistry metrics for the salophen ligand

synthesis in different experimental conditions.

To further quantitatively evaluate the sustainability profile of the glycerol-based reaction,
a multidimensional approach was conducted. A radar plot assessment tool was constructed
to visually represent and benchmark the greenness of the reactions performed in different
experimental conditions across key Green Chemistry metrics. Each axis of the radar chart
corresponds to a recognized sustainability parameter, including the E-factor, PMI, and

RME. Yield is also present to give an assessment of the efficiency conversion of the reaction.

Taking inspiration from the literature,® integrating these complementary metrics within
a single graphical representation allows for a comprehensive and intuitive evaluation of the
reaction performance from a green chemistry perspective. This approach not only highlights
the strengths and areas for improvement of the synthetic protocol under investigation but
also provides a rationale and practical framework for guiding further optimization toward

more sustainable chemical processes.

From a practical standpoint, and to allow meaningful comparison among inherently
different green metrics, a normalization procedure was applied to account for their distinct
scales and directional interpretations. Yield and RME, both expressed as percentages, were
maintained and directly reported on a 0-100 scale, where values approaching 100% indicate
a greener and more efficient process. In contrast, since lower values of E-factor and PMI
correspond to improved sustainability, these parameters were converted using an inverse

transformation, defined as:
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Score = (ﬁ) * 100, Score = (li—y) * 100,

Where X and Y are the calculated E-factor and PMI values, respectively. As a result, under
ideal conditions, where an E-factor approaching 0 and a PMI approaching 1, the
corresponding normalized scores converge toward 100%, thus aligning all metrics within a
common and consistent interpretative framework, where higher values, on a scale from 0 to
100, reflect better environmental performance. The green-shaded region represents the
performance of the most sustainable organic reaction with an ideal situation in which all the
green metrics values reach 100%. Consequently, the closer an experimental reaction profile
approaches with this green area, the more sustainable and environmentally favourable the

process can be considered.

Procedure Isolated yield (%) E-factor (%) PMI (%) RME (%)
Ethanol 60 14.7 25.6 54.7
Glycerol (1° cycle) 93 15.6 26.0 84.5
Glycerol (2° cycle) 90 40.0 52.6 81.3
Glycerol (3° cycle) 91 40.0 52.6 82.1

Table 3. Scores used in the radar plot, obtained by the inverse conversion.

Based on the obtained scores for E-factor and PMI (Table 3), the radar plot was thus
constructed, making evident that the procedures involving glycerol as the solvent are much
closer to the maximum of greenness (green-shaded area) than the procedure using ethanol

(Figure 3).
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Figure 3. Graphical representation of the overall sustainability profile evaluated for different

salophen synthetic protocols.

This radar plot can serve as a useful tool having the potential to be widely adopted as a
practical guide for green sensor but also for green synthesis development, advancing the

field towards responsible innovation aligned with global sustainability objectives.

4.2.2. Fabrication of the colorimetric salophen sensor

After the preparation of the sensing molecule, the optimization of UV-Vis analytical
conditions was then conducted within a sustainable framework, prioritizing the use of green
solvents with minimal environmental impact (Table 4). In particular, the selection process
required a careful balance among multiple factors: solvent sustainability, fulfilment of

solubility criteria, and optimal spectroscopic properties.
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The chosen solvents had to exhibit an appropriate UV cut-off, preventing interference in
the wavelength range of interest and allowing accurate measurement of the ligand-metal
interactions. Moreover, the solvents had to efficiently dissolve the synthesized ligand,
salophen, ensuring homogeneous solutions suitable for spectroscopic analysis. Then,
miscibility with the ligand solution was required to allow for accurate dilution without
precipitation or phase separation. Eventually, the solvents needed to solubilize the tested
metal salts under equivalent counterion conditions, thereby enabling consistent comparison

across different metal-ligand complexes.

An additional layer of optimization was introduced by evaluating the influence of the
counterions associated with the metal salts. Both acetates and chlorides were investigated

to identify potential differences in solubility, complex formation, and spectral behaviour.

Given that pH is a critical parameter that can strongly influence ligand-metal
complexation and UV-Vis absorbance, aqueous solutions were prepared using pH-
controlled buffers, maintaining a neutral environment to minimize potential interference in

the measurements.

Through systematic testing, the optimal conditions were identified. The ligand stock
solution was prepared in dimethyl sulfoxide (DMSO) and subsequently diluted with a 1:2
mixture of DMSO and bis-tris (bis-(2-hydroxyethyl)-imino-tris-(hydroxymethyl)-methan)
buffer (pH 7.2). Metal salts with chloride counterions were dissolved in DMSO prior to
measurements. These conditions effectively balanced sustainability, good spectral
absorption and solubility both of the ligand and of the metal salts for the study of salophen-

metal complexes.

Solvent of the Solvent for the dilution Solvent of the metal .
. . . . . . Anions
ligand solution of the ligand solution ions solutions
DMSO DMSO DMSO Acetates
2-MeTHF Water Water Chlorides
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DMSO Bis-Tris Buffer (pH 7.2)  Bis-Tris Buffer (pH 7.2) Chlorides

DMSO Bis-Tris Buffer (pH 7.2)  Bis-Tris Buffer (pH 7.2) Acetates
DMSO Phosphate Buffer (pH 7.5) DMSO Chlorides
DMSO DMSO/Phosphate Buffer DMSO Chlorides
1:1 (pH 7.5)
DMSO DMSO/Phosphate Buffer DMSO Chlorides
1:2 (pH 7.5)
DMSO/Bis-Tris Buffer .
DMSO 12 (pH 7.2) DMSO Chlorides

Table 4. Solvents and solvent mixtures screening for UV-Vis analytical measurements.

Following the optimization of the analytical conditions, the metal-binding selectivity of
the salophen ligand was systematically investigated through UV-visible absorption
spectroscopy. The absorption spectral changes of the ligand (10 uM) were recorded upon
addition of one equivalent of different metal ions, introduced as their chloride salt solutions
(Fe(II), Fe(III), Zn(II), Mn(II), Cu(II), Ni(II), Cr(II), Sn(II), Co(II), Pd(II), Ru(III), Pt(II), Rh(ILI),
Pb(II), Cd(II)) in DMSO/bis-tris buffer (1:2 v/v, pH 7.2).

As shown in Figure 4a, which also shows the absorption spectrum of the free ligand for
comparison, the uncoordinated salophen displays two dominant absorption bands peaked
at 265 and 327 nm, and a shoulder at 377 nm, attributable to m-7* transitions of the
conjugated aromatic system and to n-m* transitions, respectively. Upon addition of
copper(ll), while the band at 265 nm remains observable, two additional absorption bands
clearly emerge at 317 nm and 403 nm. The appearance of these new bands is accompanied
by a redistribution of spectral intensity, indicating a substantial modification of the ligand’s
electronic structure upon coordination. In particular, the band at 317 nm can be reasonably
assigned to the ligand m-m* transitions perturbed by metal coordination, whereas the
higher-wavelength absorption at 403 nm is consistent with the formation of the copper(Il)-

salophen complex and may be attributed to ligand-to-metal charge transfer (LMCT)
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transitions.”? The formation of this lower-energy band, absent in the spectrum of the free
ligand, is particularly significant, as it reflects the extension of conjugation and altered
electronic distribution resulting from chelation of the copper(Il) ion within the tetradentate
Schiff-base framework. Such spectral changes unequivocally support the formation of anew

coordination species under the selected experimental conditions.’!

In contrast, the addition of Fe(Il), Fe(III), Zn(II), Mn(II), Ni(II), Cr(II), Sn(II), Co(II), Pd(I),
Ru(III), Pt(II), Rh(III), Pb(II), Cd(II) produced absorption spectra largely overlapping with
that of the free ligand, with no comparable emergence of new bands. In fact, despite minor
variations in intensity were observed in some cases, no distinct spectral signatures
indicative of stable complex formation were detected, suggesting any metal-ligand binding.
These findings demonstrate that, under the adopted solvent composition and pH
conditions, the salophen ligand exhibits a pronounced preference for copper(Il) over the
other tested metal ions. Notably, the coordination process is accompanied by a distinct and
visually perceptible colour change. As illustrated in Figure 4b, the solution of the free ligand
(10 uM) exhibits a pale yellow appearance, whereas the addition of one equivalent of CuCl,
produces an immediate transition to a more intense light yellow, consistent with the
emergence of the 403 nm absorption band. Moreover, no visible colour change is observed
to the naked eye for the ligand solution in the presence of 1 equivalent of different metal
ions (chlorides) in DMSO/bis-tris buffer 1:2 (pH 7.2), further supporting the selectivity

toward copper(ll) (Figure 4c).
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Figure 4. (a) Absorption spectral changes of ligand (10 uM) in the presence of 1 equivalent of
different metal ions in DMSO/bis-tris buffer 1:2 (pH 7.2); (b) Colour change of ligand solution (10
uM) in the presence of leq. of copper(Il) (right), compared to the blank withouth the metal (left); (c)

Photographs of ligand solutions (10 uM) in the presence of 1 equivalent of different metal ions.

On the basis of these results, a quantitative investigation of the sensing response toward
Cu(Il) was subsequently undertaken. A calibration curve was constructed by monitoring
the absorption changes of a 10 uM solution of the ligand upon incremental addition of CuCl,
(from 0.5 to 2 equiv.) in DMSO/bis-tris buffer 1:2, pH 7.2 at room temperature (Figure 5a).
Progressive addition of copper(Il) resulted in systematic and concentration-dependent
growth of the absorption band at 403 nm, enabling the establishment of a linear relationship

between absorbance and copper(Il) concentration within the investigated range. The
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interaction between the ligand and Cu(Il) was further investigated by UV-vis titration
experiments. Upon progressive addition of copper(Il) (up to 3.2 equiv., corresponding to
approximately 2 ppm of copper(Il)), the absorption band at 403 nm did not show a further
increase in intensity but instead approached a plateau, indicating saturation behavior
(Figure 5b). Notably, this concentration lies in the low ppm range, comparable to the levels
of copper reported to influence iron-catalyzed reactions in studies by Bolm and Buchwald,
highlighting the potential relevance of strong ligand-copper(Il) interactions even at trace

metal concentrations.3?

05 0.09
a b . .
0.4 . ]
g oo B 0.08 - -
g ' .
/] ® £
0 0.3 1 0 00n | o
c < P ]
_g o 0.07 -
502 o 3 .
@ P A ®
K] [Cu®*Yeq V2]
< S 006- "
0.1
| |
0.0 005 =
T T T T T T T T T T
300 400 500 600 05 1.0 1.5 2.0 25 3.0 35
Wavelength (nm) [Cu®*)leq

Figure 5. (a) Absorption spectral changes of the ligand (10 uM) upon addition of copper(Il) (up
to 2 equiv.) in DMSO/bis-tris buffer 1:2 pH 7.2 at room temperature. Inset: linear fitting of the
absorbance at 403 nm versus the number of equivalents of copper(Il) added (calibration curve); (b)

Absorbance at 403 nm versus the number of equivalents of copper(Il) added (up to 3.2 equiv.).

4.2.3. Paper-based test-strips fabrication and analysis

The naked-eye response further substantiates the suitability of the system as a

colorimetric sensor, combining spectroscopic sensitivity with operational simplicity. The

259



study was therefore extended toward the fabrication of paper-based colorimetric test strips

for metal ion detection.

This transition is part of a broader project aimed at developing an integrated sensing
device capable of simultaneously detecting multiple metal ions in solution, not only for
environmental monitoring but also for identifying trace metal species potentially
responsible for hidden catalysis. The resulting device, conceived to be portable, user-
friendly, and suitable for on-site analysis, is commonly described in the literature as a
“sensor array”.* When integrated with pattern recognition techniques, such systems exhibit
an enhanced ability to discriminate subtle variations generated by structurally similar
targets, thereby enabling the simultaneous detection of multiple analytes within complex

matrices.

The fabrication of the test strips positively impacts several key sustainability dimensions,
as well. First, material efficiency is improved, as only minute quantities of ligand are
required to functionalize each strip. Second, energy consumption is reduced, since detection
occurs at room temperature without the need for continuous spectroscopic instrumentation.
Third, safety and environmental compatibility are enhanced, owing to the use of cellulose,
a renewable, biodegradable, and low-cost substrate, as the supporting matrix. Finally, the
portability and disposability of the strips reduce infrastructural requirements, aligning the

device with decentralized and on-site environmental monitoring strategies.>*

Compared to solution-based UV-Vis measurements, which require cuvettes, solvents,
and powered instrumentation, the paper-based format represents a substantial reduction in
operational resource demand and enhances practical applicability, thereby demonstrating
how device miniaturization and substrate selection contribute directly to green performance
metrics. In this context, integration with smartphone-based image acquisition and
processing systems is envisaged, enabling detection and quantification of even subtle colour
variations through digital analysis.®® Smartphones have indeed become increasingly
integrated with diverse sensing platforms, including test-strips, microchips, and portable

detectors, owing to their global accessibility and inherent portability. In such systems,
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smartphones often function as the controller, data analyser, and display interface for fast,
real-time, and in situ monitoring, while simplifying device architecture, reducing fabrication

costs, and advancing green sensor electronics.®

Numerous colorimetric paper sensors for Cu(Il) have been reported in the literature,
often relying on synthetic dyes, nanoparticles (e.g., gold or silver nanostructures), polymeric
matrices, or multi-step surface functionalization procedures. While many of these systems
achieve high sensitivity, they may involve complex fabrication protocols, non-renewable

materials, or limited reusability.3¢-38

In contrast, the sensor developed in this study is based on a well-known Schiff-base
ligand, immobilized through a simple soaking-and-drying procedure on commercially
available filter paper, without the need for additional crosslinking agents, nanomaterials, or
elaborate surface treatments. In this sense, the proposed salophen-based paper sensor
embodies a complementary paradigm within the field of colorimetric metal detection: rather
than pursuing maximum sensitivity through increasing structural and material complexity,
it demonstrates that established coordination chemistry can be strategically reinterpreted to
produce accessible, low-impact, and reliable sensing platforms aligned with green

chemistry and circular economy principles.

Moreover, the sustainability-oriented design of the present device, encompassing green
synthesis of the ligand, aqueous-compatible detection conditions, and minimal material
consumption, distinguishes it from conventional approaches primarily optimized for
analytical performance alone. Although the sensitivity of highly engineered nanomaterial-
based systems may in some cases be superior, the balance achieved here between selectivity,
simplicity, cost-effectiveness, and environmental responsibility represents a significant

advantage for practical environmental monitoring applications.

The test strips were prepared by immersing ordinary filter paper into the ligand solution
(20 mM in DMSOQ), ensuring complete impregnation of the substrate. The soaked paper was
subsequently dried at room temperature, and the cycle was repeated another time, to obtain

the functionalized test strips ready for use. The dried strips were then immersed in different
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metal ion chloride solutions (10 uM in DMSQO/bis-tris buffer mixture 1:2, pH 7.2), allowing
coordination between the immobilized ligand and the metal ions, and then dried at room
temperature. Under standard lighting conditions, the copper-treated strip exhibited a
slightly more intense yellow coloration compared to the blank and to strips exposed to other

metal ions (Figure 6).

Blank Fe(ll) Fe(ll) Zn(IlyMn(ll) Cu(ll) Ni(Il) Cr(I1) Sn(ll) Co(ll) Pd(I1) Ru(l1l) Pt(11) Rh(Ill) Pb(ll) Cd(ll)

Figure 6. Photographic images of the strips upon immersion in different metal ion solutions (10

uM in DMSO/bis-tris buffer mixture 1:2, pH 7.2).

However, the difference was not sufficiently pronounced to allow immediate and
unequivocal discrimination by the naked eye. Therefore, to further strengthen the analytical
robustness of the colorimetric evaluation as well as to ensure an objective and reproducible
evaluation of the colorimetric response, digital image analysis was performed using Trigit,
a freely accessible online software specifically developed for quantitative colour
discrimination.* Unlike purely visual inspection, which is inherently subjective and
dependent on observer perception, Trigit enables numerical extraction of chromatic
information from digital images, thereby transforming qualitative colour variations into

quantifiable analytical parameters.

The software operates by analysing selected Regions Of Interest (ROI) within an image
and extracting the corresponding RGB (Red-Green-Blue) coordinates. Each measured
colour is thus described as a three-component vector in RGB space, where the intensity of

each channel ranges from 0 to 255. Instead of relying on a single pixel, the colour value is a
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mean derived by the software by averaging all pixels contained within the selected area,
thereby reducing local variability and improving measurement reliability. Consequently,
the output provided by Trigit represents the spatially averaged colour of the defined ROI,
ensuring reproducible and objective colorimetric analysis. In addition to mean RGB values
(denoted as pR, uG, uB), the associated standard deviations are provided (oR, oG, oB),
allowing evaluation of colour homogeneity and reproducibility across the analysed area, an
important aspect for paper-based devices, where slight surface heterogeneities may
influence the chromatic response. Photographic images of the strips were thus acquired
using a smartphone camera. To ensure reproducibility across all samples, the device was
positioned at a fixed distance of 15 cm from the test strip during image acquisition.
Controlled and uniform lighting conditions were maintained throughout the imaging
process to reduce potential interference from shadows or uneven illumination. Table 5

shows the results obtained by Trigit analysis of the so-collected pictures.

With regard to the strip immersed in the copper solution, while the mean R value remains
relatively consistent with those of the other strips and the blank. the mean G and B values
show a marked deviation from those measured for the other metal-treated strips and for the
control (blank) strip, which was not immersed in any metal solution. This quantitatively
demonstrates the actual chromatic difference between the strip immersed in the copper
solution and the others (including the blank), a distinction that was previously only slightly

perceptible to the naked eye.

uR nG uB oR oG oB
Blank 240.38 230.24 145.44 1.09 1.06 1.14
Fe(II) 240.17 229.43 146.31 1.21 1.38 1.51
Fe(III) 241.69 231.61 146.57 1.16 1.25 1.24
Zn(II) 240.29 229.36 147.00 1.29 1.24 1.71
Mn(II) 241.51 230.51 148.51 0.87 0.87 0.87
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Cu(ID) 239.41 207.92 84.83 1.29 1.78 4.76

Ni(II) 241.05 230.05 148.13 1.26 1.26 1.21
Cr(II) 239.87 228.87 146.87 0.99 0.99 0.99
Sn(II) 239.68 231.03 150.71 1.25 1.36 1.60
Co(II) 239.38 230.48 147.78 2.07 1.71 1.73
Pd(II) 239.00 228.80 144.12 0.90 0.97 1.17
Ru(I1I) 240.46 230.07 145.98 1.79 1.54 2.79
Pt(II) 239.75 230.87 145.35 1.81 1.41 1.69
Rh(I1I) 241.52 230.81 147.63 1.21 1.13 1.76
Pb(II) 241.12 230.40 148.30 0.98 1.12 1.02
cddan 240.55 229.55 147.58 0.89 0.89 0.88

Table 5. Results in terms of mean RGB values and the corresponding standard deviations of the

paper-based test-strips by Trigit analysis.

The RGB data were further conceptualized within a three-dimensional colour space
representation, an approach specifically introduced in this study to facilitate intuitive
visualization of chromatic variations (Figure 7). By plotting each sample as a point in a
three-dimensional coordinate system defined by the R, G, and B axes, as provided by Trigit
analysis, it becomes possible to directly observe the spatial distribution and relative
positioning of colours. This graphical representation allows immediate visual assessment of

how far a given sample deviates from the reference region corresponding to the reference

(blank).

Moreover, the use of digital image processing tools such as Trigit aligns with the

sustainability-driven philosophy of this study, as it requires only standard imaging devices
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(e.g.,, smartphone cameras) and eliminates the need for dedicated colorimetric

instrumentation, thereby supporting the development of accessible and portable sensing

platforms.
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Figure 7. 3D Scatter colour space representation of the paper-based test-strips immersed in

different metal solutions (10 uM) in DMSO/bis-tris buffer mixture 1:2, pH 7.2 by Trigit analysis.

The three-dimensional colour space representation enables a rapid and clear
visualization of the different chromatic response of the copper(II)-treated strip compared to
those exposed to the other metal ions. In particular, the data point corresponding to Cu(II)
is clearly separated from the others, while the strips treated with Fe(Il), Fe(Ill), Zn(II),
Mn(II), Ni(II), Cr(II), Sn(II), Co(II), Pd(II), Ru(III), Pt(II), Rh(III), Pb(II), Cd(II) cluster in a
region close to the blank, that corresponds to the reference, where the ligand was
immobilized but not subsequently exposed to any metal ion solution. This graphical
approach provides an immediate and intuitive confirmation of the distinct colour variation

induced by copper(II). The combination of paper-based sensing and digital image analysis
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thus provides a simple yet analytically rigorous platform, bridging qualitative naked-eye
detection with quantitative assessment and at the same time confirming solution-based UV-

vis analysis.

Overall, the combined spectroscopic validation, and solid-state implementation converge
to demonstrate a coherent and sustainability-driven sensor development strategy. The
salophen-Cu(Il) system thus serves not merely as a proof-of-concept for copper detection,
but as a model illustrating how classical coordination chemistry can be strategically

redesigned into an environmentally responsible analytical platform.

To further investigate the effect of metal ion concentration on the colorimetric response,
an additional experiment was performed by increasing the concentration of the copper(Il)
solution used for strip immersion by three orders of magnitude, from 10 uM to 10 mM,
while keeping all other experimental conditions unchanged. The resulting color variation

observed on the paper-based test strips and analyzed by Trigit gave the results displayed in

Figure 8.
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Figure 8. (a) 3D Scatter colour space representation of the paper-based test-strips immersed in

different metal solutions (10 uM) compared to that immersed in copper(Il) solution (10 mM) in
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DMSQO/bis-tris buffer mixture 1:2, pH 7.2 by Trigit analysis; (b) Photographic images of the strips
upon immersion in copper(Il) solutions (10 uM, left, and 10 mM, right) in DMSQO/bis-tris buffer
mixture 1:2, pH 7.2. *The results in terms of mean RGB values and the corresponding standard
deviations of the strip immersed in copper(Il) solution (10 mM) by Trigit analysis are 224.90, 214.97,
115.62, 0.40, 0.39, 0.21, respectively.

This enhancement of the colorimetric response in the paper-based format, visually
detected by the position in the 3D colour space of the strip immersed in a more concentrated
copper(Il) solution that is even further from the cluster of the blank particularly along the R
(Red) axis, can be rationalized by considering mass transport and binding phenomena

within the porous cellulose matrix.

Unlike homogeneous solution systems, where ligand and metal ions are uniformly
distributed at the molecular level, the solid-state configuration introduces diffusional
constraints and spatial heterogeneity. The coordination process is governed not only by
thermodynamic affinity but also by the rate and extent of copper(Il) diffusion through the
fibrous network of the paper substrate. At low copper concentrations (10 uM), the number
of copper(Il) ions available for interaction with the immobilized ligand may be insufficient
to fully occupy accessible coordination sites across the paper surface. Moreover, diffusion
limitations within the microporous structure of cellulose can reduce the effective contact
between metal ions and ligand-functionalized regions. As a result, only partial
complexation occurs, leading to a moderate chromatic response that, although analytically

detectable, remains visually subtle.

At increased copper(Il) concentration to 10 mM, the higher driving force for mass transfer
enhances metal ion penetration into the paper matrix and promotes more extensive
coordination with the immobilized salophen units, thereby intensifying the overall colour
signal. Under this regime, the visual response becomes dominated by the cumulative optical
contribution of a larger number of coordinated sites, producing the markedly deeper

coloration observed experimentally.
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These considerations highlight an important distinction between solution-phase and
solid-state sensing: while the intrinsic affinity of salophen for copper(Il) governs selectivity,
the perceptibility of the colorimetric response in the paper device is modulated by mass
transport phenomena, surface loading, and site accessibility. Understanding these factors is
essential for future optimization of the device, for instance through controlled ligand
loading or paper pre-treatment to enhance analyte-ligand interaction efficiency. It is
important to emphasize that this requirement does not contradict the higher intrinsic
sensitivity observed in the UV-Vis solution-phase measurements; rather, it reflects the
inherent differences between homogeneous spectroscopic detection and solid-state
colorimetric sensing, where mass transport limitations, surface coverage, and light
scattering within the cellulose matrix can attenuate the perceived intensity of the optical

signal.

From an application-oriented perspective, this behaviour suggests a dual-mode
functionality of the sensor: semi-quantitative detection at low concentrations via digital
colour processing, and immediate visual screening at higher contamination levels. Such
flexibility may prove advantageous in environmental monitoring scenarios, where
preliminary on-site assessment can be followed by more refined quantitative analysis when

necessary.

4.2.4. Evaluation of the recovery of the metal after extraction

At this stage, while UV-Vis spectroscopy had already demonstrated higher sensitivity
compared to the paper-based test strips, the study naturally progressed to the consideration
of complex recovery. In particular, the possibility of retrieving the copper(Il)-salophen
complex following the solution-phase UV experiments was evaluated, in line with the

sustainability-oriented approach adopted throughout this work.

268



2-Methyltetrahydrofuran was selected as an extraction solvent guided by both
environmental and chemical criteria: 2-MeTHF is recognized as a green solvent due to its
low toxicity, biodegradability, and derivation from renewable resources, while its
immiscibility with aqueous media and suitable solubilizing properties for the copper(Il)-
salophen complex made it ideal for the intended extraction procedure. Upon addition of 2-
MeTHF to the analysed solution containing the ligand and copper chloride, the Cu(II)-
salophen complex preferentially partitioned into the organic phase, demonstrating

enhanced solubility in this medium (Figure 9).
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Figure 9. Schematic representation of the recovery strategy.

The initial strategy envisioned the separation of the organic layer, solvent removal, and
subsequent characterization by infrared spectroscopy. The resulting spectrum was to be
compared with that of a reference Cu(II)-salophen complex synthesized independently, in
order to confirm structural integrity and successful extraction. However, the extremely
limited quantity of recovered complex from the analysed solution rendered IR analysis

impractical, as the sample mass was insufficient to generate a reliable spectrum.

Consequently, an alternative analytical approach was adopted, capable of confirming the
presence of the copper(ll)-salophen complex with minimal sample requirements. The

organic phase was evaporated and subsequently analysed using electrospray ionization
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mass spectrometry (ESI-MS). The resulting spectrum is reported in the Experimental section

of this chapter.

This method unequivocally verified the presence of the target complex, providing direct
evidence of its successful extraction into the 2-MeTHF phase and confirming the feasibility

of recovering the complex from the post-UV reaction mixture.

This recovery experiment not only demonstrated the potential for reusing the complex,
thus contributing to waste minimization, but also exemplifies the integration of green
chemistry principles in both analytical methodology and solvent selection. By combining
sustainable solvent use with sensitive mass spectrometric detection, it is possible to achieve
both environmental responsibility and rigorous chemical validation, even when working

with limited quantities of analyte.

The recovered complex, obtained through extraction into 2-MeTHF and confirmed by
ESI-MS, presents opportunities for further utilization beyond analytical purposes, in the
perspective of circular economy. In particular, such complexes are widely reported in the
literature for catalytic applications,* highlighting the potential to valorise metal species
recovered from aqueous media rather than discarding them as waste. This approach
exemplifies a practical implementation of circular economy principles within chemical

sensing and environmental remediation contexts.

4.2.5. Preparation of other ligands for future work

Future work could focus on the investigation of additional ligands, that has been already
synthesized (Table 6), evaluating their potential use for metal detection, particularly in the

context of environmental monitoring and hidden catalysis.
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—N N = N\

B d_ -
Isolated yield (%) 64 17
E-factor 1.5 26.8
PMI 2.5 96.0
RME (%) 58.8 16.2

Table 6. Chemical structure and results in terms of green chemistry metrics of ligands that can

be further explored for green metal detection.
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4.3. Conclusions

In conclusion, by demonstrating the effective colorimetric detection of copper ions using
a sustainably designed sensor based on a well-known coordination system, this work
proposes a paradigm in which sensor development is not driven solely by performance
metrics such as sensitivity and selectivity, but also by environmental responsibility and
long-term applicability. Such a tool can become instrumental for researchers in the field,
offering a standardized method to assess and compare the sustainability of different sensor
designs, by evaluating green attributes of the sensor system across several critical
dimensions, including synthetic efficiency, use of non-toxic materials, solvent greenness in
analytical procedures, energy consumption, and sensor reusability/regeneration. By
quantifying and visualizing key environmental and practical parameters, it facilitates
informed decision-making throughout the sensor development process, promoting the

adoption of more sustainable practices.

In this sense, the study aims to serve as a model for the sustainable development of
optical sensors, showing that established chemical systems can be reinterpreted and
repurposed within a green chemistry framework to address contemporary challenges in

environmental monitoring, analytical chemistry, and resource management.

The study could be subsequently further advanced through the investigation of the
repeatability of the so-prepared system, especially the paper-based platform, that can be

easily affected by environmental changes.
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4.4 Experimental section

4.4.1. Materials

All glassware was cleaned using base (KOH, i-PrOH) and aqueous acid (HNO:s) baths.
All reported reaction temperatures correspond to external bath temperatures. Substrates
were purified using hexane and ethyl acetate on a gradient of 100:0 to 0:100 with flow rates
of 10-110 mL min? depending on the size of column and AR:. Reaction solvent ethanol
(absolute, VWR) was used as received. Solvents for filtration, transfers, chromatography,
and recrystallisation were dichloromethane (CH:Clz) (ACS grade, amylene stabilised), ether
(Et20) (Fisher, BHT stabilised ACS grade), ethyl acetate (EtOAc) (Fisher, ACS grade), hexane
(Optima), methanol (MeOH) (ACS grade), 2-methyltetrahydrofuran (2-MeTHF), pentane
(ACS grade), and hexane (40-60°C, ACS grade). Paper filter paper was purchased from
Sigma Aldrich (Whatman). All reagents were purchased from Sigma Aldrich, Alfa Aesar,
Acros Organics, Tokyo Chemical Industries UK, Fluorochem and Apollo Scientific, or
synthesised within the laboratory. The precaution of wearing gloves was exercised when
preparing heavy metal stock solutions to prevent exposure. All heavy metal waste was

disposed of appropriately.

4.4.2. Instrumentation

'H and C NMR spectra were recorded on Bruker Avance III 400 and 500 MHz
spectrometers. Chemical shifts are reported in parts per million (ppm). 'H NMR spectra
were referenced to the residual protonated solvent peak (CHCls: 7.26 ppm). *C NMR spectra
were referenced to the solvent peak (CDCls: 77.00 ppm). Multiplicities are indicated by app.
(apparent), br. (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin. (quintet), sext.
(sextet), hept. (heptet), oct. (octet), non. (nonet). Coupling constants, J, are reported in Hertz

and rounded to the nearest 0.1 Hz. Integration is provided and assignments are indicated.
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UV analysis was performed using Shimadzu UV-1900 UV Spectrophotometer. Mass
spectrometry (MS) was performed by the University of Edinburgh, School of Chemistry.
High resolution mass spectra were recorded on a VG autospec, or Thermo/Finnigan MAT
900, mass spectrometer. Electrospray Ionization (ESI*) spectra were performed using a time-
offlight (TOF) mass analyzer. Data are reported in the form of m/z (intensity relative to the
base peak = 100). Analytical thin-layer chromatography was performed on aluminium-
backed silica plates (Merck 60 F254). Product spots were visualised by UV light at 254 nm
or staining with KMnOau. Flash column chromatography was performed on silica gel (Merck
Kielselgel 60, 40-63 pm) or if specified, carried out on a Teledyne ISCO CombiFlash NextGen

300+ using RediSep Rf normal phase silica flash columns (12, 25, 40, or 80 g; 20-40 microns).

4.4.3. Green Chemistry metrics calculation

The E-factor calculation had been extensively described in the Experimental section at

the end of Chapter 2.

The process mass intensity (PMI) is defined as the ratio of the total mass of all input
materials employed in a process to the mass of isolated product. It provides a
comprehensive measure of material efficiency, as it accounts for reagents, solvents, and
auxiliary substances used throughout the reaction and purification steps. In this work, PMI
values were calculated including water, thereby offering a gross descriptor of the overall

material consumption at laboratory scale.

General equation for the calculation of PMI:

Mass of all input materials
PMI - f all inp @)

Mass of product (g)
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The Reaction Mass Efficiency (RME) assesses how efficiently the reactants are
incorporated into the final product, thereby indicating the intrinsic material efficiency of the

reaction.

General equation for the calculation of RME:

Mass of the product (g)
E3

RME = 100

Mass of reagents (g)

The organic solvents used in the processes are recovered and reused as described in the

Experimental section at the end of Chapter 2.
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4.4.4. Synthesis, Green Chemistry metrics calculation and characterization of 6,6'-

((1E,1'E)-(1,2-phenylenebis(azaneylylidene))bis(methaneylylidene))bis(3-methylphenol)

=

—N N=

OH HO

Ethanol procedure: according to a reported procedure,® a solution of 2-hydroxy-4-
methylbenzaldehyde (2 mmol, 0.272 g) in 5 mL of absolute ethanol was added dropwise to
a solution of o-phenylenediamine (1 mmol, 0.108 g) in 5 mL of absolute ethanol. The reaction
mixture was heated under reflux for 5 hours. The mixture was cooled at room temperature
to form a precipitate that was filtered, washed with ethanol (1 mL) and dried. The resulting
compound was recrystallized from ethanol (2 mL) to yield the target product as a bright

orange solid (0.208 g, 0.6 mmol, 60%).

Glycerol procedure, first cycle: 2-hydroxy-4-methylbenzaldehyde (2 mmol, 0.272 g) and
o-phenylenediamine (1 mmol, 0.108 g) were added in a vial. Glycerol (1 mL) was then
added. The reaction mixture was heated at 85 °C for 5 hours. The mixture was cooled at
room temperature to form a precipitate that was filtered, washed with water (1 mL) and
dried. The resulting compound was recrystallized from ethanol (5 mL) to yield the target
product as a bright orange solid (first cycle: 0.321 g, 0.93 mmol). For the second and third
cycle, after removing water through vacuum distillation, the recovered glycerol was reused
in subsequent reactions giving the target product as a bright orange solid (second cycle:
0.309 g, 0.9 mmol, 90%; third cycle: 0.312 g, 0.91 mmol, 91%). 'H NMR (500 MHz,
CDCl5)13.03 (s, 2H, OH), 8.60 (s, 2H, -CH=N), 7.35 — 7.31 (m, 2H, arom. CH), 7.28 (bs, 2H,
arom. CH), 7.25 — 7.21 (m, 2H, arom. CH), 6.87 (bs, 2H, arom. CH), 6.75 (d, ] = 7.8 Hz, 2H,
arom. CH), 2.37 (s, 6H, CHs) ppm. *C NMR (126 MHz, CDCl) 163.5, 161.51, 144.65, 142.82,
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132.31, 127.52, 120.31, 119.93, 118.0, 117.16, 22.08 ppm. HRMS (ESI*) Calcd for C22H2N:20:2 =

344.15; Found 345.15975.

E-factor calculation

Ethanol procedure

. Volume | Density | Mass Mass considered in the
A I R v
methjiSZ:;;);};ﬁ;fde 0272
o-phenylenediamine 0.108
EtOH 13 0.789 10.257 1.0257

Amount of product = 0.208 g (60% yield)

E-factor =50.14

E-factor (including 90% solvent recovery by vacuum distillation) = 5.8

PMI =6.8

RME =54.7%

Glycerol procedure

Chemical

Volume

(mL)

Density
(g/mL)

Mass
(g)

Mass considered
in the E-factor
calculation with
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90% solvent
recovery (g)
2-hydroxy-4-
methylbenzaldehyde 0272
O_
) phenylenediamine 0108
First cycle
Glycerol 1 1.26 1.26
Water 1 1.0 1.0 0.1
EtOH 5 0.789 3.945 0.3945
2-hydroxy-4-
methylbenzaldehyde 0272
O_
Second cycle phenylenediamine 0108
Water 1 1.0 1.0 0.1
EtOH 5 0.789 3.945 0.3945
2-hydroxy-4-
272
methylbenzaldehyde 0
i g 0.108
Third cycle phenylenediamine '
Water 1 1.0 1.0 0.1
EtOH 5 0.789 3.945 0.3945

First cycle:

Amount of product = 0.321 g (93% yield)

E-factor (including 90% solvent recovery by vacuum distillation) = 5.3
PMI=6.7

RME = 84.5%

Second cycle:
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Amount of product =0.309 g (90% yield)
E-factor (including 90% solvent recovery by vacuum distillation) = 1.5
PMI=2.8

RME = 81.3%

Third cycle:

Amount of product =0.312 g (91% yield)

E-factor (including 90% solvent recovery by vacuum distillation) = 1.5
PMI=28

RME =82.1%
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'H NMR (500 MHz, CDCl)  Spectrum  of  6,6-((1E,1'E)-(1,2-

phenylenebis(azaneylylidene))bis(methaneylylidene))bis(3-methylphenol)
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BC  NMR (126 MHz, CDCl)  Spectrum  of  6,6'-((1E,1'E)-(1,2-

phenylenebis(azaneylylidene))bis(methaneylylidene))bis(3-methylphenol)
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Mass spectra of (1E,1'E)-N,N'-(1,2-phenylene)bis(1-(benzo[b]thiophen-2-

yl)methanimine)

Intens.
x108

1.0

0.5

0.0

2000

1500

1000

500

1+ M
345.15957
1+
346.16296
1+
343.14395
1+
1+
344.14733 347.16633
|
i C22H20N202, M+nH, 345, 15975
345,15975
1+
346.16295
1+
347.16589
|
342 343 344 345 346 347 348 349 350 351 m/z

282




Mass spectra of the complex (1E,1'E)-N,N'-(1,2-phenylene)bis(1-(benzo[b]thiophen-2-
yl)methanimine) - Copper(II)

'Mass Spectrum - 24561_complex_ACN_000001.d: C22H18CuN202, M+nH, , 406.07370
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404.32729 41122564 #12.22316
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406.07370
1+
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N
403 404 405 406 407 408 409 410 411 412 413 mz
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4.4.5. Synthesis, Green Chemistry metrics calculation and characterization of (1E,1'E)-

N,N'-(1,2-phenylene)bis(1-(benzo[b]thiophen-2-yl)methanimine)

Benzo[b]thiophene-2-carbaldehyde (4 mmol, 0.648 g) and o-phenylenediamine (2 mmol,
0.216 g) were combined in a vial and stirred at 35 °C for 3 h. The resulting solid was then
dried under reduced pressure and subsequently recrystallized from methanol (5 mL) giving
the target product as a yellow solid (0.508 g, 1.28 mmol, 64%). 'H NMR (500 MHz, CDCls)
8.75 (s, 2H), 7.85(dd, ] =7.8, 0.8 Hz, 2H), 7.81 (dd, ] = 6.9, 1.3 Hz, 2H), 7.69 (s, 2H), 7.41 - 7.35
(m, 4H), 7.27 (s, 4H) ppm. *C NMR (126 MHz, CDCls) 155.40, 143.83, 143.43, 141.50, 139.63,
129.38, 126.93, 126.43, 124.90, 124.75, 123.03, 121.91 ppm.

E-factor calculation

. Volume | Density Mass considered in the E-
Chemical (mL) (g/mL) Mass (g) | factor calculation with 90%
solvent recovery (g)
benzo[b]thiophene-
2-carbaldehyde 0648
o-phenylenediamine 0.216
MeOH 5 0.792 3.96 0.396

Amount of product = 0.508 g (64% yield)
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E-factor (including 90% solvent recovery by vacuum distillation) = 1.5
PMI=25

RME = 58.8%
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'H NMR (500 MHz, CDCls) Spectrum of (1E,1'E)-N,N'-(1,2-phenylene)bis(1-
(benzo[b]thiophen-2-yl)methanimine)
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BC NMR (126 MHz, CDCls) Spectrum of (1E,1'E)-N,N'-(1,2-phenylene)bis(1-

(benzo[b]thiophen-2-yl)methanimine)
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4.4.6. Synthesis, Green Chemistry metrics calculation and characterization of (E)-1-(2-

hydroxy-5-methylphenyl)-3-(6-methylpyridin-2-yl)prop-2-en-1-one

6-methylpicolinaldehyde (1 mmol, 0.121 g) and 1-(2-hydroxy-5-methylphenyl)ethan-1-
one (1 mmol, 0.150 g) were ground together with sodium hydroxide (0.85 mmol, 0.034 g) in
a mortar for 15 minutes. The reaction mixture was then treated with EtOAc and washed
with HCl 3M, and dried over Na:SOs. The product was obtained as an orange solid (0.044
g, 0.17 mmol, 17%). '"H NMR (500 MHz, CDCls) 12.61 (s, 1H), 8.21 (d, ] = 15.1 Hz, CH=CH),
7.83 (d, ] =15.1 Hz, 2H), 7.64 (t, ] = 7.7 Hz, 1H), 7.33 - 7.30 (m, 2H), 7.18 (dd, ] = 7.8, 1.1 Hz,
1H), 6.93 (d, ] =8.4 Hz, 1H), 2.65 (s, 3H), 2.36 (s, 3H) ppm. *C NMR (126 MHz, CDCls) 194.27,
161.74, 159.37, 152.39, 143.73, 137.84, 137.15, 130.10, 128.13, 124.68, 123.94, 123.17, 119.91,
118.38, 24.86, 20.72 ppm.

E-factor calculation

Mass considered in the E-
factor calculation with 90%
solvent recovery (g)

Volume | Density | Mass

(mL) (g/mL) (g)

Chemical

6-
methylpicolinaldehyde 0.121
1-(2-hydroxy-5-
methylphenyl)ethan-1- 0.150

one
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NaOH 0.034
HCI 3M 3 1.0 3.0
Ethyl acetate 10 0.902 9.02 0.902
Naz504 0.015

Amount of product = 0.044 g (17% yield)

E-factor (including 90% solvent recovery by vacuum distillation) = 26.8

PMI=96.0

RME =16.2%
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'H NMR (500 MHz, CDCls) Spectrum of (E)-1-(2-hydroxy-5-methylphenyl)-3-(6-

methylpyridin-2-yl)prop-2-en-1-one
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BC NMR (126 MHz, CDCls) Spectrum of (E)-1-(2-hydroxy-5-methylphenyl)-3-(6-

methylpyridin-2-yl)prop-2-en-1-one
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Chapter 5. Sustainable organometallic catalysis

5.1. Introduction

5.1.1. Earth-Abundant metals in green organic synthesis

This chapter will focus on the second part of the work conducted during my visiting PhD
period at the University of Edinburgh.

The increasing global awareness of environmental challenges and resource limitations
has profoundly reshaped the priorities of modern chemical research. Within this evolving
scenario, organic synthesis faces the urgent task of combining efficiency and molecular
complexity with environmental responsibility and human health protection. Traditional
synthetic methodologies often rely on stoichiometric reagents, hazardous solvents, and
precious transition metals; all of which are increasingly incompatible with the principles of
sustainable development. As a result, the search for alternative strategies that minimize
waste generation, reduce toxicity, and improve resource efficiency has become a central

objective in contemporary synthetic chemistry.

In this context, catalysis represents one of the most powerful tools for green chemistry.
By replacing classical stoichiometric processes with catalytic methodologies, it becomes
possible to dramatically enhance atom economy, decrease energy consumption, and limit
the production of undesired by-products.! Catalytic systems enable the selective activation
and transformation of substrates under more mild conditions, thereby reducing both
environmental impact and operational costs. The development of innovative catalytic
strategies is therefore not merely an academic pursuit, but a necessary step towards a more

sustainable chemical industry.

A key challenge in advancing sustainable catalysis lies in the choice of the metal(s) used.
Historically, many highly efficient catalytic transformations have relied on Platinum Group
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Metals (PGMs), such as palladium, rhodium, iridium, and platinum. While these metals
offer remarkable reactivity and selectivity, their scarcity, high cost, and potential toxicity
pose significant environmental and economic concerns. Furthermore, the extraction and
disposal of PGMs are associated with substantial ecological and geopolitical burdens,

rendering their large-scale application increasingly problematic in the long term.>

In light of this, in recent years impressive efforts have been devoted to developing new
catalytic systems based on Earth-abundant elements, particularly first-row transition metals
such as iron, manganese, titanium, and aluminium. These metals are characterized by
natural abundance, lower toxicity, reduced environmental footprint in sourcing and
disposal, and significantly lower costs compared to PGMs. Beyond these sustainability
advantages, first-row transition metals exhibit unique electronic structures and reactivity
profiles that open new opportunities for catalytic innovation.® In this context, the
identification and implementation of catalytic platforms based on Earth-abundant elements
offer a tangible strategy to address the sustainability concerns associated with precious
metals. Moreover, the transition away from PGM catalysts not only mitigates environmental
and economic limitations, but also unlocks complementary reactivity patterns, enabling
bond disconnections that are inefficient or, in some cases, unattainable with current
systems.? Direct C-H functionalisation reactions have emerged as a particularly attractive
target for investigation in sustainable synthesis. By allowing the selective transformation of
inert C-H bonds into C-C or C-X bonds, these reactions provide a powerful means to

efficiently increase molecular complexity and with minimal waste and effort.*

Recent research has focused on the development of methods using Earth-abundant
metals in place of precious-metals as catalysts. Manganese-based systems, in particular,
have demonstrated promising reactivity in the activation and functionalisation of arene
C-H bonds. Nevertheless, and despite the remarkable results, these systems still present
significant challenges in modern organometallic chemistry, as they often require the
presence of a directing group to achieve regioselectivity, limiting their generality and

practical applicability. 5
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Such selectivity could be obtained by carefully tuning the metal centre, ligand
environment, and reaction conditions to exploit the subtle electronic and steric differences
between C-H bonds, and success in this area would not only enhance the efficiency of
molecular synthesis but also align directly with green chemistry principles by minimizing

waste, avoiding excess reagents, and reducing the number of synthetic steps.

Aryl boronic acids (Ar-B(OH)z) and aryl boronic esters (Ar-B(OR)2) are bench-stable and
highly versatile intermediates that have become key building blocks in modern organic
synthesis.® Their utility was first demonstrated in the Suzuki-Miyaura cross-coupling
reaction, enabling the efficient formation of C(sp?)-C(sp? bonds. Over time, their
applications have expanded since organoboron compounds are widely used as synthetic
intermediates and C-H bond functionalization offers numerous potential applications in
the preparation of fine chemicals. C-H bond functionalization provides a versatile platform
for modifying aromatic C-H bonds in numerous ways (Figure 1). In particular, the products
obtained from aromatic C—H borylation can serve not only as key intermediates for cross-
coupling reactions, but also as a platform for a series of different functionalization, enabling
the conversion of arenes into phenols, amines, when followed by additional steps or work-
ups, as well as to regioselective halogenation, among the others.” This unique versatility,
combined with stability, and ease of handling, has made the development of efficient

synthetic routes to aryl boronic esters a topic of continuous interest.
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Figure 1. Key examples of the versatility of aryl boronic esters in organic synthesis.

Traditionally, aryl boronic esters were synthesized by the reaction of organometallic
reagents, such as Grignard or organolithium species, with boron electrophiles including
trialkyl borates (B(OR)s). Despite high regioselectivity, these procedures require
stoichiometric amounts of air- and moisture-sensitive reagents, which limit functional
group tolerance and pose operational hazards. Later, Miyaura introduced the palladium-
catalyzed borylation of (pseudo)halides using bis(pinacolato)diboron (B:pinz), providing
milder reaction conditions and improved practicality. Nonetheless, this approach remains
constrained by the need for prefunctionalized halide substrates, as the site of borylation is

predetermined by the halide position.
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As far as alkenes are concerned, a viable way to achieve the corresponding borylated
products is hydroboration, but this limits the applicability of the method to unsaturated

substrates (Scheme 1).

Metalati B(OR’)
RoX etalaon _  _ 3 s R-B(ORY),

(R'O),B—B(OR"),

R-X » R-B(OR'),
Pd(0), Base
Hydroboration ,
RN y > o ~_BORY)

C-H borylation
R-H » R-B(OR’),

Scheme 1. Main synthetic routes to achieve aryl boronic esters from unsaturated substrates.

Besides these synthetic routes, direct C—H borylation has emerged as a more sustainable
and atom-economical strategy, enabling the functionalization of C-H bonds without prior
functionalization. This one-step process increases molecular complexity by activating
typically inert and readily available hydrocarbons, that are thus used as direct feedstocks

and converted into valuable functionalized compounds.®

As a result, during my visiting PhD period at the University of Edinburgh, I had the
opportunity to be involved in the research project focused on the development and
exploration of innovative strategies to advance catalytic systems based on Earth-abundant
metals. In particular, the work aimed at enabling efficient and selective C-H activation of
carbo- and heteroarenes in the absence of directing groups, while maintaining alignment
with the principles of sustainable synthesis, remaining fully consistent with the objectives
of this thesis and, more broadly, with those of the Rome Technopole Project. The results
presented in the following section are part of a manuscript currently in preparation for

submission.
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5.1.2. Manganese-catalysed C-H borylation of arenes

The current state-of-the-art methods for direct C—H borylation typically use second- and
third-row transition metal catalysts, most commonly ruthenium, rhodium, and iridium,
with well-defined catalysts including [RuHz(3-phenylindenyl)(SiEts)], [Rh(PMes)2(CO)Cl],
and [Ir(Cl)(COD)]./Phenantroline, that present challenges related to cost, toxicity, and
environmental impact, as well as concerns regarding long-term availability. Given the
growing demand for more sustainable synthetic methodologies, it is imperative to identify
viable alternatives to existing approaches. Although notable advances have been achieved
in the development of cobalt-,° iron-,'° and nickel-!! based catalysts for C-H borylation,

(Figure 2), manganese catalysts remain under explored in this field.

PPra N PMes, PMe;
/ | P/,,' | \\\P ,Ni
_ _ . . K ya \\
o N—Co—CH,SiMe; ( /Fe\ j <\ A
P'Pr, c |
Chirik et al. (2014) Thomas et al. (2020) Li et al. (2024)

Figure 2. Examples of first-row transition metal catalysts used for C-H borylation.

Manganese is the third most abundant transition metal in the Earth’s crust, so offers
potential as a sustainable C-H borylation catalyst. This body of work highlights both the
potential and the limitations of a new manganese-based system for C-H borylation,
particularly regarding substrate scope, functional group tolerance, and the requirement for

light activation.

Manganese-catalyzed systems for the C—H borylation of arenes remain scarce, with only
few examples reported in the literature. Based on what has already been reported, it is well-
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known that manganese complexes can mediate C-H borylation of carboarenes under
stoichiometric or catalytic conditions with UV irradiation.!? Recently, the application of a
manganese-based catalyst was extended and validated for the borylation of heteroarenes
such as furans and thiophenes under blue light irradiation.’* Notwithstanding, such
approaches required a large excess of the arene to achieve satisfactory reactivity and longer
reaction times.'* Furthermore, most notably, N-heteroarenes or substituted carboarenes
were largely unreactive, and functional groups susceptible to reduction or halides were not

tolerated.

5.2. Results and discussion

5.2.1. Investigation and optimization of reaction conditions

Taking advantage of the extensive experience of the Thomas group in the field,'* the
challenge was to design a practical and operationally simple manganese-based catalyst
using bench-stable, commercially available reagents, with the carboarene as the limiting

reagent, while assessing regioselectivity as well as functional group tolerance.

Preliminary studies conducted by Adridn Moreno Gonzdlez, a former PhD student in the
Thomas group, had been carried out to establish a crossover between Mn-catalysed
hydrogen isotope exchange (HIE) and C-H borylation before I joined the project. Based on
their successful application in the catalytic HIE of arenes, several manganese hydride
complexes [LMn(CO)sH] were chosen for investigation as potential manganese-based
catalysts for efficient C—H borylation. Starting from the initial reaction conditions reported
by Thomas and co-workers for the borylation of furan and thiophene derivatives,
employing blue light (460 nm) and a manganese-based catalyst, a model reaction was

selected (Scheme 2)."3
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Scheme 2. Representative reaction under investigation. Conditions: 2-Methylfuran (0.2 mmaol),

Bapin:z (1.2 eq.), catalyst (10 mol%), toluene (0.5 mL), 32 °C, 24 h, UV light (365 nm).

Conducting the model reaction in toluene, under UV light irradiation (365 nm),
[dmpeMn(CO)sH] was identified as the most suitable manganese-based catalyst for the C—-
H borylation under investigation. However, it has been realized that the use of the pre-
formed manganese hydride posed a barrier to operational simplicity so was questioned if
this was strictly necessary. Indeed, enhanced reactivity was achieved when the bromide
precursor [dmpeMn(CO)sBr] was used together with an activator; KOBu. The role played
by alkoxides as in situ activators of Bzpinz is well documented.'>!¢ However, after screening
several alkoxide species (such as methoxide and ethoxide salts), KO'Bu provided higher
yields of the representative reaction and revealed to be the most efficient activator in such
reaction conditions. The most successful result was achieved when [dmpeMn(CO)sBr] and
potassium tert-butoxide (KO'Bu) were used as the precatalyst and the activator,
respectively. Hence, after also having optimized both the starting material amount and the
precatalyst loading, a subsequent optimization was carried out, aiming at finding the final

best conditions for the model reaction (Scheme 3).

[dmpeMn(CO)3Br] i
B,pin, N F)/ E|‘r o
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Scheme 3. Representative reaction examined. Conditions: 2-Methylfuran (0.2 mmol), B2pinz (1.2
eq.), KOBu (1.2 eq.), [dmpeMn(CO)sBr] (10 mol%), toluene (0.5 mL), 32 °C, 24 h, UV light (365 nm).
Yields were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal

standard.

After a thorough study of the topic and careful evaluation of the synthetic challenge, and
making use of the previous optimization, my first contribution focused on control
experiments (Table 1, entries 1 and 2). The use of UV light proved essential, as no reactivity
was observed when the reaction was simply heated under reflux. Furthermore, the use of
two lamps did not lead to any improvement of the reaction efficiency (entry 3), thus
demonstrating the need for just one UV lamp. The presence of the activator also proved to
be an important factor for the reaction efficiency, while, as far as the choice of the borylation
reagent is concerning, B2pin: was found to be better than HBpin (entry 5), a bonus given the
higher stability and easier handling of the former compared to the latter. Attempts to
increase the yield by using an increased amount of activator (entry 6) as well as by using a

stoichiometric amount of the precatalyst failed (entry 7).

Deviation From Standard

1 o,
Entry Conditions Yield (%)
1 None 44
2 No light 0
3 Two lamps 37
4 No KOBu 14
5 Boron source = HBpin 20
6 KOBu2.2eq 37
7 Stoichiometric precatalyst loading 34

Table 1. Control experiments for the representative reaction.
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A screening of several reaction media was thus conducted, aiming at identifying
conditions that could minimize the formation of side products and maximize the reaction
efficiency (Table 2). The solvents evaluated included hexane, tetrahydrofuran (THEF),
cyclopentyl methyl ether (CPME), and methyl tert-butyl ether (MTBE). Given the sensitivity
of the reaction to oxygen and moisture, all solvents were dried, degassed and distilled prior
to use. Beyond achieving improved reaction efficiency, particular attention was devoted to
the identification of a more sustainable alternative to toluene as the reaction medium, in
light of its well-established hazardous safety profile. The solvent screening demonstrated
that MTBE afforded the highest yield (entry 5), thereby establishing it as the solvent of
choice for subsequent optimization studies, while also supporting the adoption of
potentially more sustainable reaction conditions owing to its comparatively improved
environmental profile to that of toluene.” Extending the reaction time from 24 hours to 48
hours did not lead to a significant improvement in the product formation (yield 60%,

compared to that in standard conditions, 55%).

[dmpeMn(CO);Br] |
o szinz o : \P/ ?r co
KO™Bu Bpin I
. ! Mn
W Solvent \U/ ! I;P/ | \CO
UV light ! A\ CoO
Entry Solvent Yield (%)
1 Toluene 44
2 Hexane 44
3 THF 7
4 CPME 30
5 MTBE 55

304



Table 2. Optimization of the reaction medium. Conditions: 2-Methylfuran (0.2 mmol), B2pinz (1.2
eq.), KOBu (1.2 eq.), [dmpeMn(CO)sBr] (10 mol%), solvent (0.5 mL), 32 °C, 24 h, UV light (365 nm).
Yields were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal

standard.

5.2.2. Substrate scope

Once the reaction conditions were optimized, the scope of this reaction was assessed

across several substrates (Scheme 4).

[dmpeMn(CO)3Br] (10 mol%)
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I
I
I
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Scheme 4. Substrate scope for the manganese-catalysed C-H borylation of carboarenes and
heteroarenes. Conditions: Arene substrate (0.2 mmol), Bzpinz (0.24 mmol), KO'Bu (0.24 mmol),
[dmpeMn(CO):Br] (10 mol%), MTBE (0.5 mL), 32 °C, 24 h, UV light (365 nm). Isolated yields are
reported. Product ratios were determined by 'H NMR spectroscopy. *Starting material pre-mixed
with 1 equivalent of HBpin. **Yields were determined by 'H NMR spectroscopy using 1,3,5-

trimethoxybenzene as internal standard.

For furan derivatives, C-H borylation occurred preferentially at the C2 or C5 positions.
Changing the C2 substituent from methyl to n-octyl led to an increased yield. In the case of
3-methylfuran, the reaction produced a mixture of 5- and 2- borylated products, with no
exclusive C2 position borylation. The system also tolerated a free alcohol group when pre-
mixed with an equivalent of HBpin. Overall, 2-methylthiophene displayed high reactivity,

yielding the borylated product at the C5 position in 70%.

For the first time, a manganese-based catalytic system was successfully applied to the C-
H borylation of N-containing heteroarenes. Unprotected pyrrole underwent direct
borylation under these reaction conditions, giving a mixture of 2- and 2,5-bis-borylated
products. When pyrrole was pre-mixed with HBpin, acting as a ‘traceless” protecting group,
the yield increased from 10 to 25% without affecting the regioselectivity. N-Substituted
pyrroles bearing electron-donating groups showed borylation at the C3 position, in
particular N-methyl pyrrole gave a mixture of 2-, 3-, and 2,5-bis-borylated products,
whereas the bulkier N-Si(‘Pr)s derivative exclusive gave C3 borylation. Indoles were
efficiently borylated with regioselectivity for the C2 position, although no reactivity was
observed when unprotected indole was pre-mixed with HBpin. The sterically hindered 2,6-
di-tert-butylpyridine was also compatible with the system, providing exclusive para-

selective C-H borylation.

The methodology was also applied to carboarenes. Benzene underwent mono-borylation,
albeit in low yield. Toluene afforded a statistical mixture of meta- and para-borylated

products, with no ortho-substitution, likely due to steric hindrance. This steric effect was
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further highlighted by the exclusive C5 position borylation of 1,3-dimethoxybenzene.
Substrates bearing electron-withdrawing groups showed enhanced reactivity, in particular
trifluorotoluene gave higher yields than toluene, as a mixture of para-, meta-, and di-meta-
borylated products. Fluorotoluene derivatives underwent selective ortho-borylation relative
to the fluorine atom, although partial defluorination was observed under the standard

conditions, similar to what has been reported for iron-based catalysts.!8

Substrates with terminal alkynes did not react, with 'H NMR showing recovery of
starting material. Reducible functional groups, such as nitriles and esters, were
incompatible, and attempts to protect carbonyls as acetals failed. N-substituted indoles with
bulky, electron-withdrawing groups (e.g., Boc, tosyl) were unreactive, likely due to steric
hinderance of the C2 position. Less hindered pyridine derivatives also showed no reactivity,
and other N-heteroarenes, including oxazole, imidazole, and benzimidazole, were
unreactive. For carboarenes, alcohols were not tolerated even when pre-mixed with HBpin,

and anilines, including N,N-disubstituted derivatives, did not undergo C-H borylation.
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5.3. Conclusions

In conclusion, a new manganese-catalysed C—H borylation protocol has been successfully
developed and applied to a range of furan derivatives, providing moderate yields as well
as high regioselectivity for the C2 and C5 positions, further demonstrating the trend of the
functionalization of the C-H bond «a to the heteroatom that is common also in the
conventional systems." The procedure was applied even to hetero- and carboarenes, giving
lower yields than those obtained with iron- and cobalt-based catalysts, especially for the
simplest arenes, benzene and toluene.”!® By contrast, the potential of this procedure lies in
the successful application to N-containing heteroarenes, especially to the regioselectivity
borylation of indoles, that typically show lower yields and complex mixtures, compared to

other already reported iron-based catalysts.!8

By relying solely on bench-stable and commercially available reagent (potassium tert-
butoxyde), in combination with the use of UV light irradiation (365 nm), and an in situ
activation of a readily synthesised and bench-stable precatalyst, this procedure represents
the first manganese-based system in which the arene can be used as the limiting reagent.
Furthermore, the protocol has the advantage of using bis(pinacolato)diboron (Bzpinz) that is
readily available and a higher stable and easier to handle boron source compared to

pinacolborane (HBpin).

Scope and limitation studies showed an expansion on the current reactivity of manganese
catalysts and that, for the first time, a manganese-catalysed approach could be extended to
direct C-H borylation of the challenging N-containing heteroarenes, such as pyrrole, indole,
and pyridine. In these cases, steric effects governed regioselectivity, with bulky substituents
hindering reaction at the C2 position of both pyrrole and indole derivatives. Ongoing
studies aim to clarify the reaction mechanism, the influence of the ligand, and the

requirement for light irradiation.
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By being both chemically robust and environmentally responsible, this method
contributes to advance the field of sustainable organometallic catalysis and offers a practical
and viable way for affording valuable and highly versatile functionalised organic molecules,
such as aryl boronic esters, paving also the way to further investigation on Earth-abundant

metals in promoting key organic transformations in increasingly sustainable ways.
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5.4 Experimental section

5.4.1. Materials

All reactions were performed in oven (120 °C) dried glassware under an atmosphere of
anhydrous argon or nitrogen, unless otherwise indicated. All air- and moisture-sensitive
reactions were carried out using standard vacuum line and Schlenk techniques, or in a
glovebox with a purified argon atmosphere. All glassware was cleaned using base (KOH, i-
PrOH) and aqueous acid (HNOs) baths. All reported reaction temperatures correspond to
external bath temperatures. Analytical thin-layer chromatography was performed on
aluminium-backed silica plates (Merck 60 F254). Product spots were visualised by UV light
at 254 nm or staining with KMnO.a. Flash column chromatography was performed on silica
gel (Merck Kielselgel 60, 40-63 um) or if specified, carried out on a Teledyne ISCO
CombiFlash NextGen 300+ using RediSep Rf normal phase silica flash columns (12, 25, 40,
or 80 g; 20-40 microns). Substrates were purified using hexane and ethyl acetate on a
gradient of 100:0 to 0:100 with flow rates of 10-110 mL min* depending on the size of column
and AR:. All solvents for air- and moisture sensitive techniques were obtained from an
anhydrous solvent system (Innovative Technology). Reaction solvents tetrahydrofuran
(THF) (Fisher, HPLC grade), ether (Et:O) (Fisher, BHT stabilised ACS grade), and
dichloromethane (CH:Clz) (Fisher, unstabilised HPLC grade) were dried by percolation
through two columns packed with neutral alumina under a positive pressure of argon.
Reaction solvent toluene (ACS grade) was dried by percolation through a column packed
with neutral alumina and a column packed with Q5 reactant (supported copper catalyst for
scavenging oxygen) under a positive pressure of argon. Reaction solvent ethanol (absolute,
VWR) was used as received. Solvents for filtration, transfers, chromatography, and
recrystallisation were dichloromethane (CH:Cl2) (ACS grade, amylene stabilised), ether
(Et20) (Fisher, BHT stabilised ACS grade), ethyl acetate (EtOAc) (Fisher, ACS grade), hexane
(Optima), methanol (MeOH) (ACS grade), pentane (ACS grade), and hexane (40-60°C, ACS

grade). All reagents were purchased from Sigma Aldrich, Alfa Aesar, Acros Organics,
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Tokyo Chemical Industries UK, Fluorochem and Apollo Scientific, or synthesised within the

laboratory.

5.4.2. Instrumentation

'H, B, C, F, 3'P NMR spectra were recorded on Bruker Avance III 400 and 500 MHz
spectrometers. Chemical shifts are reported in parts per million (ppm). 'H NMR spectra
were referenced to the residual protonated solvent peak (CHCls: 7.26 ppm). *C NMR spectra
were referenced to the solvent peak (CDCls: 77.00 ppm). Multiplicities are indicated by app.
(apparent), br. (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin. (quintet), sext.
(sextet), hept. (heptet), oct. (octet), non. (nonet). Coupling constants, ], are reported in Hertz
and rounded to the nearest 0.1 Hz. Integration is provided and assignments are indicated.

Lamp: HepatoChem P301-30-1 365 nm.

5.4.3. General procedure and characterization of the borylation of arenes

In a glove box with a purified argon atmosphere, potassium tert-butoxide (23 mg, 0.24
mmol), bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO):Br] (7.4 mg, 0.01 mmol),
the corresponding heteroarene (0.2 mmol) and anhydrous MTBE (0.7 mL) were added to an
NMR tube. The tube was sealed and shaken, then removed from the glove box and
irradiated with UV light (365 nm) for 24 hours. The reaction mixture was exposed to air and
tiltered directly through a silica plug (ca. 3 g SiO2 15 mm J) with ethyl acetate. The analytical
data were in accordance with those previously reported.?* C-B B3C resonance was not

observed, unless otherwise stated.
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5.4.4. Synthesis and characterization of the manganese precatalyst [dmpeMn(CO):Br]

Dmpe [bis(dimethylphosphino)ethane] (1.1 mmol, 1.1 equiv., 0.17 g) was added
dropwise to a suspension of [Mn(CO)sBr] (0.28 g, 1.0 mmol) in anhydrous toluene (5 mL)
under an argon atmosphere. The reaction mixture was heated under reflux under nitrogen
for one hour. Anhydrous hexane (15 mL) was added to form a precipitate that was filtered,
washed with hexane (3 x 5 mL) and dried to give [dmpeMn(CO):Br] as a yellow solid (0.28
g, 0.76 mmol, 76%). 'H NMR: (500 MHz, CDCls) 2.18 - 2.10 (m, 2H), 1.85 - 1.77 (m, 2H), 1.77
-1.73 (m, 6H), 1.60- 1.58 (m, 6H). *C NMR: (126 MHz, CDCls) 222.1, 218.0, 28.5 (app. t, | =
21.3 Hz), 16.3 (dd, ] =15.5, 13.1 Hz), 14.1 (dd, ] = 15.5, 13.1 Hz). 3'P NMR: (202 MHz, CDCl)
56.7 (s).
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'H NMR (500 MHz, CDCls) Spectrum of [dmpeMn(CO)sBr]
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BBC NMR (126 MHz, CDCls) Spectrum of [dmpeMn(CO)sBr]
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S1IP NMR (202 MHz, CDCls) Spectrum of [dmpeMn(CO)sBr]

56.74

_

T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25
Chemical shift (ppm)

316

T
20

T
15



5.4.5. Synthesis and characterization of 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-2-

methylfuran

(0]

Bpinv

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and 2-
methylfuran (18 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-2-methylfuran as a colourless oil (21 mg, 0.10 mmol, 51%). 'H NMR: (500
MHz, CDCl) 6.99 (d, ] = 3.2 Hz, 1H), 6.05-6.02 (m, 1H), 2.36 (s, 3H), 1.34 (s, 12H); "B NMR:
(160 MHz, CDCls) 27.0. *C NMR: (126 MHz, CDCls) 157.9, 125.0, 107.0, 84.2, 24.9, 14.1.
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'H NMR (500 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylfuran
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B NMR (160 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylfuran
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BC NMR (126 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylfuran
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5.4.6. Synthesis and characterization of 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-2-

octylfuran

Bpin o
P U”octyl

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and 2-
octylfuran (40 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude product
was purified by flash column chromatography (Teledyne ISCO CombiFlash NextGen 300+,
12 g, 40 mL min?, hexane/ethyl acetate 10:1) to give 5-(4,4,55-tetramethyl-1,3,2-
dioxaborole)-2-octylfuran as a colourless oil (43 mg, 0.14 mmol, 69%). 'H NMR: (500 MHz,
CDCls) 6.99 (app. d, ] =3.2 Hz, 1H), 6.03 (d, ] = 3.2 Hz, 1H), 2.67 (t, | =7.7 Hz, 1H), 1.70-1.55
(m, 2H), 1.40-1.18 (m, 24H), 0.87 (t, ] = 6.9 Hz, 3H). "B NMR: (160 MHz, CDCls) 27.0. 3C
NMR: (126 MHz, CDCls) 162.5, 124.8, 106.0, 84.1, 32.0, 29.4, 29.4, 29.3, 28.5, 28.2, 24.9, 22.8,
14.2.
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'H NMR (500 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

octyllfuran
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1B NMR (160 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

octylfuran
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BC NMR (126 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

octylfuran
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5.4.7. Synthesis and characterization of 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-4-

methylfuran and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3-methylfuran

Bpin @) Bpin O

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and 3-
methylfuran (18 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-4-methylfuran as a colourless oil (8 mg, 0.04 mmol, 20%) and 2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborole)-3-methylfuran as a colourless solid (10 mg, 0.03 mmol, 15%).
Product distribution 2-:2,5-bis = 57:43

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-4-methylfuran: 'H NMR: (500 MHz, CDCls)
7.41-7.39 (m, 1H), 6.91 (s, 1H), 2.04 (d, ] = 1.2 Hz, 3H), 1.33 (s, 12H). "B NMR: (160 MHz,
CDCls) 27.0. *C NMR: (126 MHz, CDCls) 144.5, 126.0, 120.8, 84.3, 24.9, 9.5.

2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3-methylfuran: 'H NMR: (500 MHz, CDCls)
6.90 (s, 1H), 2.23 (s, ] = 1.2 Hz, 3H), 1.31 (m, 24H). "B NMR: (160 MHz, CDCI3) 27.1. ©C
NMR: (126 MHz, CDCls) 135.4, 126.2, 84.1, 83.7, 24.8, 24.7, 10.6.
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'H NMR (500 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-4-

methylfuran
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1B NMR (160 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-4-

methylfuran
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BC NMR (126 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-4-

methylfuran
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'H NMR (500 MHz, CDCls) Spectrum of 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylfuran
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1B NMR (160 MHz, CDCls) Spectrum of 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylfuran
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BC NMR (126 MHz, CDCls) Spectrum of 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylfuran
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5.4.8. Synthesis and characterization of 5-(4,4,5,5-Tetramethyl-1,3,2-
dioxaborole)furfuryl alcohol and 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)furfuryl

alcohol

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), furfuryl
alcohol (17 mL, 0.2 mmol), and HBpin (29 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were
reacted. The crude product was purified by flash column chromatography (Teledyne ISCO
CombiFlash NextGen 300+, 12 g, 40 mL min?, hexane/ethyl acetate 10:1) to give an
inseparable mixture of 5-(4,4,55-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol and 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol in a 80:20 5-:4- ratio as a colourless oil
(18 mg, 0.08 mmol, 40%)

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol: 'H NMR: (500 MHz, CDCls) 7.03
(d, ] =3.3 Hz, 1H), 6.34 (d, ] = 3.3 Hz, 1H), 4.66 (s, 2H), 1.35 (s, 12H). "B NMR: (160 MHz,
CDCls) 27.0. 3C NMR: (126 MHz, CDCls) 159.3, 124.5, 108.5, 84.4, 57.8, 24.9.

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol: 'H NMR: (500 MHz, CDCls) 7.73
(s, 1H), 6.48 (s, 1H), 4.61 (s, 2H), 1.31 (s, 12H). "B NMR: (160 MHz, CDCls) 29.6. *C NMR:
(126 MHz, CDCls) 154.7, 151.4, 111.5, 83.7, 57.5, 24.9.
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'H NMR (500 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl
alcohol and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol
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1B NMR (160 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl
alcohol and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol
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BCNMR (126 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl
alcohol and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)furfuryl alcohol
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5.4.9. Synthesis and characterization of 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-2-

methylthiophene

Bpin S

W

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and 2-
methylthiophene (19 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-2-methylthiophene as a colourless oil (31 mg, 0.14 mmol, 70%). 'H NMR:
(500 MHz, CDCls) 7.45 (d, | = 3.4 Hz, 1H), 6.86-6.82 (m, 1H), 2.53 (d, ] = 1.0 Hz, 3H), 1.33 (m,
12H). "B NMR: (160 MHz, CDCls) 28.8. *C NMR: (126 MHz, CDCls) 147.7, 137.8, 127.1, 84.0,
24.9,15.5.
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'H NMR (500 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylthiophene
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1B NMR (160 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylthiophene
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BC NMR (126 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-2-

methylthiophene
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5.4.10. Synthesis and characterization of 2-(4,4,5,5-Tetramethyl-1,3,2-

dioxaborole)pyrrole and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and
pyrrole (14 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude product
was purified by flash column chromatography (Teledyne ISCO CombiFlash NextGen 300+,
12 g, 40 mL min, hexane/ethyl acetate 10:1) to give an inseparable mixture of 2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborole)pyrrole and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborole)pyrrole as a colourless oil (12 mg, 0.05 mmol, 25%). Product distribution 2-:2,5-

=57:43.

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole: 'H NMR: (500 MHz, CDCls) 8.82 (br. s,
1H), 7.02 - 6.95 (m, 1H), 6.90 — 6.84 (m, 2H), 6.30 (d, ] = 3.0 Hz), 1.32 (s, 12H). "B NMR: (160
MHz, CDCls) 27.8. *C NMR: (126 MHz, CDCls) 122.8, 120.2, 109.9, 83.7, 24.9.

2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole: 'H NMR: (500 MHz, CDCls) 9.27
(br. s, 1H), 6.83 (d, ] = 2.3 Hz, 2H), 1.31 (s, 24H). "B NMR: (160 MHz, CDCls) 27.8. 3*C NMR:
(126 MHz, CDCls) 120.6, 83.9, 24.9.
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'H NMR (500 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole
and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole
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1B NMR (160 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole

and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole
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BBC NMR (126 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole
and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyrrole
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5.4.11. Synthesis and characterization of 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-N-
methylpyrrole, 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole and 2,5-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole

. [
Bp\LN/) M

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO):Br] (7.4 mg, 0.02 mmol), and N-
methylpyrrole (18 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-N-methylpyrrole as a colourless oil (6 mg, 0.03 mmol, 15%), and an
inseparable mixture of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole and 2,5-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole as a colourless oil (7 mg, 0.04
mmol, 20%). Total isolated product yield (2-:3-:2,5-) = 35% (43:43:14).

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-pyrrole: 'H NMR: (500 MHz, CDCls) 6.84 —
6.78 (m, 2H), 6.15 (dd, ] = 3.6, 2.4 Hz, 1H), 3.84 (s, 3H), 1.31 (s, 12H). "B NMR: (160
MHz, CDCls) 30.0. *C NMR: (126 MHz, CDCls) 128.3, 122.1, 108.5, 83.2, 36.7, 24.9.

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-pyrrole: 'H NMR: (500 MHz, CDCls) 8.82 (br.
s, 1H), 7.02 — 6.95 (m, 1H), 6.90 — 6.84 (m, 2H), 6.30 (d, | = 3.0 Hz), 1.32 (s, 12H). "B NMR:
(160 MHz, CDCls) 27.8. 3C NMR: (126 MHz, CDCls) 122.8, 120.2, 109.9, 83.7, 24.9.

2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-pyrrole: 'H NMR: (500 MHz, CDCls) 9.27
(br. s, 1H), 6.83 (d, ] =2.3 Hz, 2H), 1.31 (s, 24H). "B NMR: (160 MHz, CDCls) 27.8. 3*C NMR:
(126 MHz, CDCls) 120.6, 83.9, 24.9.
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'H NMR (500 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-

methylpyrrole
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1B NMR (160 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-

methylpyrrole
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BC NMR (126 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-

methylpyrrole
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'H NMR (500 MHz, CDCls) Spectrum of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-
methylpyrrole and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole
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1B NMR (160 MHz, CDCls) Spectrum of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-

methylpyrrole and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole
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BC NMR (126 MHz, CDCls) Spectrum of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-
methylpyrrole and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-methylpyrrole
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5.4.12. 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-N-triisopropylpyrrole

Bpin

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO):Br] (7.4 mg, 0.02 mmol), and N-
N-triisopropylpyrrole (49 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The
crude product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 3-(4,4,5,5-Tetramethyl-
1,3,2-dioxaborole)-N-triisopropylpyrrole as a colourless oil (38 mg, 0.11 mmol, 57%). 'H
NMR: (500 MHz, CDCls) 7.23 (app. t, ] = 1.6 Hz, 1H), 6.81 (dd, ] =2.7, 1.9 Hz, 1H), 6.62 (dd,
J=2.7,1.3 Hz, 1H), 1.46 (hept, ]=7.5 Hz, 3H), 1.32 (s, 12H), 1.09 (d, ] = 7.5 Hz, 18H). ''B NMR:
(160 MHz, CDCls) 30.2. *C NMR: (126 MHz, CDCls) 133.8, 125.1, 115.8, 82.9, 25.0, 18.0, 11.8.
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'H NMR (500 MHz, CDCls) Spectrum of 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-N-

triisopropylpyrrole
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1B NMR (160 MHz, CDCls) Spectrum of 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-N-

triisopropylpyrrole
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BC NMR (126 MHz, CDCls) Spectrum of 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-N-

triisopropylpyrrole
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5.4.13. Synthesis and characterization of 2-(4,4,5,5-Tetramethyl-1,3,2-

dioxaborole)indole

H
N

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and
indole (23 mg, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude product was
purified by flash column chromatography (Teledyne ISCO CombiFlash NextGen 300+, 12 g,
40 mL min?'!, hexane/ethyl acetate 10:1) to give 2-(4,4,55-tetramethyl-1,3,2-
dioxaborole)indole as a colourless oil (22 mg, 0.09 mmol, 43%). 'H NMR: (500 MHz,
CDCls) 8.54 (br. s, 1H), 7.6 (dd, ] =8.0, 1.0 Hz, 1H), 7.39 (d, ] =8.2, 1.0 Hz, 1H), 7.25-7.20 (m,
1H), 712 (dd, J = 2.1, 1.0 Hz, 1H), 7.11 - 7.08 (m, 1H), 1.37 (s, 12H). "B NMR: (160 MHz,
CDCls) 28.6. 3C NMR: (126 MHz, CDCls) 138.4, 128.5, 123.8, 121.8, 120.0, 114.0, 111.4,
84.3, 25.0.
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'H NMR (500 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)indole
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B NMR (160 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)indole

28.62
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BBC NMR (126 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)indole
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5.4.14. Synthesis and characterization of 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-N-

methylindole

/

N

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)3Br] (7.4 mg, 0.02 mmol), and N-
methylindole (25 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-N-methlyindole as a colourless oil (28 mg, 0.11 mmol, 57%). 'H NMR:
(500 MHz, CDCls) 7.64 (dt, | = 8.0, 1.0 Hz, 1H), 7.36 — 7.33 (m, 1H), 7.28 — 7.24 (m, 1H), 7.13
(d, J=0.9 Hz, 1H), 7.10 - 7.06 (m, 1H), 3.97 (s, 3H), 1.37 (s, 12H). "B NMR: (160 MHz, CDCls)
28.6. BC NMR: (126 MHz, CDCls) 140.3, 128.0, 123.3, 121.7, 119.4, 114.4, 109.8, 83.8, 32.4,
25.0.
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'H NMR (500 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-
methlyindole
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1B NMR (160 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-

methlyindole

28.64
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BC NMR (126 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-N-

methlyindole
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5.4.15. Synthesis and characterization of 2,6-di-tert-butyl-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborole)pyridine

Bpin
X

7

N

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and N-
methylindole (45 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 2,6-di-tert-butyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborole)pyridine as an amorphous colourless solid (51 mg,
0.16 mmol, 79%). '"H NMR: (500 MHz, CDCls) 7.44 (s, 2H), 1.36 (s, 18H), 1.35 (s, 12H). "B
NMR: (160 MHz, CDCls) 30.8. *C NMR: (126 MHz, CDCls) 167.0, 120.5, 84.3, 37.8, 30.4, 25.0.
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'H NMR (500 MHz, CDCls) Spectrum of 2,6-di-tert-butyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborole)pyridine
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1B NMR (160 MHz, CDCls) Spectrum of 2,6-di-tert-butyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborole)pyridine
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BC NMR (126 MHz, CDCls) Spectrum of 2,6-di-tert-butyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborole)pyridine
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5.4.16. Synthesis and characterization of (4,4,5,5-Tetramethyl-1,3,2-

dioxaborole)benzene

Bpin’ :

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and
benzene (18 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted to give (4,4,5,5-
tetramethyl-1,3,2-dioxaborole)benzene (13%) as determined by 'H NMR spectroscopy of the
crude reaction mixture. 'H NMR: (500 MHz, CDCls) 7.81 — 7.78 (m, 2H), 7.47 — 7.41 (m, 1H),
7.39 —7.34 (m, 2H), 1.34 (s, 12H). 3C NMR: (126 MHz, CDCls) 134.9, 131.4, 127.8, 83.6, 25.0.
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'H NMR (500 MHz, CDCls) Spectrum of the crude reaction mixture of (4,4,5,5-

Q2

tetramethyl-1,3,2-dioxaborole)benzene
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BC NMR (126 MHz, CDCls) Spectrum of the crude reaction mixture of (4,4,5,5-

tetramethyl-1,3,2-dioxaborole)benzene
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5.4.17. Synthesis and characterization of 3-(4,4,5,5-Tetramethyl-1,3,2-

dioxaborole)toluene and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)toluene

o

Bpin
Bpin

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and
toluene (21 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted to give 3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborole)toluene and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)toluene
in a 66:33 3-:4- ratio (8%) as determined by 'H NMR spectroscopy of the crude reaction

mixture.

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)toluene: 'H NMR: (500 MHz, CDCls) 7.63 (br. s,
1H), 7.61 — 7.59 (m, 1H), 7.27 (d, ] = 1.3 Hz, 2H), 2.35 (s, 3H), 1.34 (s, 12H). *C NMR: (126
MHz, CDCl) 137.3, 135.5, 132.2, 131.9, 127.8, 83.9, 25.0, 21 4.

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)toluene: 'H NMR: (500 MHz, CDCls) 7.70 (d, | =
79 Hz, 2H), 7.18 (d, ] = 7.9 Hz, 2H), 2.36 (s, 3H), 1.33 (s, 12H). C NMR: (126 MHz, CDCls)
141.5, 135.0, 128.6, 83.7, 25.0, 21.9.
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'H NMR (500 MHz, CDCls) Spectrum of the crude reaction mixture of (4,4,5,5-

tetramethyl-1,3,2-dioxaborole)toluene
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BC NMR (126 MHz, CDCls) Spectrum of the crude reaction mixture of (4,4,5,5-

tetramethyl-1,3,2-dioxaborole)toluene
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5.4.18. Synthesis and characterization of 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-1,3-

dimethoxybenzene

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)3Br] (7.4 mg, 0.02 mmol), and 1,3-
dimethoxybenzene (26 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The crude
product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min”, hexane/ethyl acetate 10:1) to give 5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-1,3-dimethoxybenzene as an amorphous colourless solid (15 mg, 0.06
mmol, 28%). 'H NMR: (500 MHz, CDCls) 6.95 (d, ] = 2.4 Hz, 2H), 6.57 (t, ] =2.4 Hz, 1H), 3.81
(s, 6H), 1.34 (s, 12H). "B NMR: (160 MHz, CDCls) 30.9. 3C NMR: (126 MHz, CDCls) 160.6,
111.8, 104.7, 84.0, 55.6, 25.0.
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'H NMR (500 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-1,3-

dimethoxybenzene
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1B NMR (160 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-1,3-

dimethoxybenzene

30.85

e e A A b

T T T T T T T T T T T T T T
130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130
Chemical Shift (ppm)

375



BC NMR (126 MHz, CDCls) Spectrum of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-1,3-

dimethoxybenzene
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5.4.19. Synthesis and characterization of (4,4,5,5-Tetramethyl-1,3,2-
dioxaborole)trifluorotoluene and 3,5-bis(4,4,5,5- tetramethyl-1,3,2-

dioxaborole)trifluorotoluene

CF, CF, CF,

.. O O

Bpin Bpin Bpin

Bpin

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and
trifluorotoluene (25 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted to give
(4,4,5,5-tetramethyl-1,3,2-dioxaborole)trifluorotoluene and 3,5-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborole)trifluorotoluene in a 45:45:10 3-:4-:3,5-bis ratio (55%) as determined by 'H NMR
spectroscopy of the crude reaction mixture. The crude product was purified by flash column
chromatography (Teledyne ISCO CombiFlash NextGen 300+, 12 g, 40 mL min?,
hexane/ethyl acetate 10:1) to give (4,4,5,5-tetramethyl-1,3,2-dioxaborole)trifluorotoluene as
a colourless oil in a 77:23 3-:4- ratio (14 mg, 0.05 mmol, 25%) and 3,5-bis(4,4,5,5-tetramethy]l-
1,3,2- dioxaborole)trifluorotoluene as an amorphous colourless solid (4 mg, 0.01 mmol, 5%).

Total isolated yield (3-:4-:3,5-bis) = 30%.

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)trifluorotoluene: 'H NMR: (500 MHz, CDCls)
8.06 (s, 1H), 7.97 (d, ] =7.5 Hz, 1H), 7.70 (m, 1H), 7.50 — 7.47 (m, 1H), 1.36 (s, 12H). ''B NMR:
(160 MHz, CDCls) 30.6. YF NMR: (470 MHz, CDCls) —62.6 (s).

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)trifluorotoluene: 'H NMR: (500 MHz, CDCls)
791(d, J=7.7Hz, 2H), 7.61 (d, ] =7.7 Hz, 2H), 1.36 (s, 12H). "B NMR: (160 MHz,
CDCls) 30.6. F NMR: (470 MHz, CDCls) —63.0 (s).
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3,5-Bis(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)trifluorotoluene: 'H NMR: (500 MHz,
CDCls) 8.41 (s, 1H), 8.13 (s, 2H), 1.35 (s, 24H). "B NMR: (160 MHz, CDCls;) 30.6. 3C
NMR: (126 MHz, CDCls) 144.4, 134.1, 84.4, 25.0. F NMR: (470 MHz, CDCls) —62.5 (s).
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'H NMR (500 MHz, CDCls) Spectrum of  (44,55-tetramethyl-1,3,2-
dioxaborole)trifluorotoluene
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B NMR (160 MHz,  CDCls) Spectrum of  (4,4,55-tetramethyl-1,3,2-

dioxaborole)trifluorotoluene
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BF  NMR

(470 MHz, CDCls) Spectrum of  (4,4,55-tetramethyl-1,3,2-
dioxaborole)trifluorotoluene
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'H NMR (500 MHz, CDCls) Spectrum of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborole)trifluorotoluene
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"B NMR (160 MHz, CDCls) Spectrum of  3,5-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborole)trifluorotoluene
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BC NMR (126 MHz, CDCls) Spectrum of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborole)trifluorotoluene
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YF NMR (470 MHz, CDCls) Spectrum of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborole)trifluorotoluene
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5.4.20. Synthesis and characterization of 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-
methylfluorobenzene and 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3-

methylfluorobenzene
F

54

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),

Bpin

bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and 3-
methylfluorobenzene (22 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The
crude product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give an inseparable mixture
of  6-(4,4,55-Tetramethyl-1,3,2-dioxaborole)-3-methylfluorobenzene  and  5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborole)-3- methylfluorobenzene in a 73:27 6-:5- ratio as a colourless
oil (19 mg, 0.07 mmol, 35%). Product fractions contained inseparable amounts of borylated

toluene products.

6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-methylfluorobenzene: 'H NMR: (500 MHz,
CDCls) 7.64 — 7.58 (m, 1H), 6.96 — 6.92 (m, 1H), 6.87 — 6.82 (m, 1H), 2.35 (s, 3H), 1.35 (s, 12H).
"B NMR: (160 MHz, CDCls) 30.2. 3C NMR: (126 MHz, CDCls) 167.5 (d, | = 250.6 Hz), 144.5
(d, J=8.9 Hz), 136.8 (d, ] =8.6 Hz), 124.6 (d, ] = 2.9 Hz), 116.0 (d, ] = 23.7 Hz), 83.9, 25.0, 21.6
(d, ] =1.9 Hz). F NMR: (470 MHz, CDCls) -103.8 (s).

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-methylfluorobenzene: 'H NMR: (500 MHz,
CDCls) 7.41 - 7.37 (m, 1H), 7.29 - 7.26 (m, 1H), 6.98 — 6.96 (m, 1H), 2.36 (s, 3H), 1.34 (s, 12H).
"B NMR: (160 MHz, CDCls) 30.2. *C NMR: (126 MHz, CDCls) 162.7 (d, | = 246.3 Hz), 140.0
(d,J=7.0Hz),131.1 (d, ]=2.5Hz), 119.0 (d, ] =21.0 Hz), 118.0 (d, ] = 19.2 Hz), 84.2, 25.0, 21.2
(d, ] =1.9 Hz). “F NMR: (470 MHz, CDCls) -115.4 (t, ] = 9.4 Hz).
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'H NMR (500 MHz, CDCls) Spectrum of 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-
methylfluorobenzene and 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3- methylfluorobenzene
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1B NMR (160 MHz, CDCls) Spectrum of 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-
methylfluorobenzene and 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3- methylfluorobenzene
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BC NMR (126 MHz, CDCls) Spectrum of 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-
methylfluorobenzene and 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3- methylfluorobenzene
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YF NMR (470 MHz, CDCls) Spectrum of 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-3-
methylfluorobenzene and 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-3- methylfluorobenzene
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5.4.21. Synthesis and characterization of 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborole)-4-

methylfluorobenzene

Bpin

According to the general procedure, potassium tert-butoxide (23 mg, 0.24 mmol),
bis(pinacolato)diboron (58 mg, 0.24 mmol), [dmpeMn(CO)sBr] (7.4 mg, 0.02 mmol), and 4-
methylfluorobenzene (22 mL, 0.2 mmol) in anhydrous MTBE (0.5 mL) were reacted. The
crude product was purified by flash column chromatography (Teledyne ISCO CombiFlash
NextGen 300+, 12 g, 40 mL min, hexane/ethyl acetate 10:1) to give 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborole)-4-methylfluorobenzene as a colourless oil (17 mg, 0.05 mmol, 27%).
Product fractions contained inseparable amounts of borylated toluene products. 'H NMR:
(500 MHz, CDCls) 7.52 (dd, ] = 5.6, 2.3 Hz, 1H), 7.23 - 7.19 (m, 1H), 6.91 (app. t, ] = 8.8 Hz,
1H), 2.31 (d, ] = 0.9 Hz, 3H), 1.36 (s, 12H). "B NMR: (160 MHz, CDCls) 30.2. 3C NMR: (126
MHz, CDCls) 165.6 (d, ] = 248.0 Hz), 137.1 (d, ] =7.9 Hz), 1339 (d, ] = 8.5 Hz), 1321 (d, | =
31.5 Hz), 115.1 (d, ] = 24.0 Hz), 84.0, 25.0, 20.6. ’F NMR: (470 MHz, CDCls) -108.3 (dt, |
=9.9,5.5 Hz).
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'H NMR (500 MHz, CDCls) Spectrum of 2-(4,4,55-tetramethyl-1,3,2-dioxaborole)-4-

methylfluorobenzene
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1B NMR (160 MHz, CDCls) Spectrum of 2-(4,4,55-tetramethyl-1,3,2-dioxaborole)-4-
methylfluorobenzene
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BC NMR (126 MHz, CDCls) Spectrum of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborole)-4-
methylfluorobenzene
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YF NMR (470 MHz, CDCls) Spectrum of 2-(4,4,55-tetramethyl-1,3,2-dioxaborole)-4-
methylfluorobenzene
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Chapter 6. Conclusions and perspectives

In conclusion, this doctoral research has been carried out within the strategic framework
of the Rome Technopole Innovation Ecosystem, contributing to the broader mission of
developing sustainable functional materials and translating them into environmentally
responsible technological solutions. By operating at the intersection of materials chemistry,
sensor development, and green process design, the work aligns with the objectives of Spoke
1, Flagship 1, which aims to bridge fundamental research and technological innovation that

combine high performance with environmental responsibility.

Through the integration of the principles of Green Chemistry with the design of
functional materials and sensing platforms, the thesis aims to demonstrate how
sustainability can be effectively embedded into applied chemical research, from molecular

synthesis to device fabrication and application.

Addressing this challenge requires a holistic approach that explicitly incorporates the
green paradigm, including waste prevention, energy efficiency, catalysis, and the use of
renewable or abundant materials, into material selection, synthetic methodology, device

tabrication, operational lifetime, and end-of-life management.

A central aspect of this work has been the adoption of a sustainable-by-design approach
to the development of functional organic and metallomacrocyclic materials for
environmental sensing. This class of compounds are particularly attractive due to their
extended m-conjugated macrocycle, chemical robustness, and tunable redox properties.
Rather than focusing solely on analytical performance, the research emphasizes the
importance of considering the environmental footprint of the entire process, including

synthesis, processing, and device fabrication.

In this regard, the implementation of the Twelve Principles of Green Chemistry has
guided the development of synthetic strategies aimed at minimizing waste production,

improving atom economy, and reducing energy consumption. The use of one-pot
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procedures and greener reaction media has demonstrated that complex functional
materials, such as metallophthalocyanines, can be obtained through efficient and
environmentally conscious synthetic routes, without compromising their structural

integrity or functional properties.

Building upon this sustainable synthetic framework, the thesis explores the use of
functional water-soluble phthalocyanines as active materials for the straightforward
fabrication of electrochemical sensors for catechol detection. Through appropriate
functionalization, the phthalocyanine derivatives investigated in this work exhibit good
solubility in aqueous media, enabling their processing through environmentally friendly

deposition techniques (Figure 1).

Eco-friendly
Sensor
Fabrication \

Sensing application:
detection of catechol

Green Chemistry

in Phthalocyanines
Synthesis

Figure 1. Schematic representation of the main study of this doctoral thesis.

The immobilization of a PEGylated copper phthalocyanine (4-PEGCuPc) onto screen-
printed electrodes was achieved through a simple drop-casting procedure using fully
aqueous solutions. Despite the simplicity of this approach, the resulting modified electrodes
displayed efficient electrochemical detection of catechol. In particular, the new

phthalocyanine-based sensor enabled catechol oxidation at a relatively low potential and
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providing stable and reproducible responses over repeated washing cycles. Remarkably,
reliable electrochemical signals were maintained even after one hundred washing steps,

highlighting the strong adhesion and robustness of the deposited molecular layer.

The exploration of the electrochemical behavior of other PEGylated phthalocyanine
derivatives suggests that catechol detection arises from a mediated electron-transfer process
involving both the central metal ion and the extended m-conjugated macrocycle of the
phthalocyanine. While the coordinated metal appears to enhance catalytic activity and
facilitate electron transfer, the measurable activity observed for the metal-free derivative
indicates that the macrocyclic ligand itself contributes significantly to the sensing

mechanism, possibly through ligand-centered redox processes.

From a broader perspective, the results obtained in this thesis demonstrate that high-
performance electrochemical sensors can be fabricated through extremely simple,
accessible, and sustainable procedures. Unlike some previously reported phthalocyanine-
based sensing platforms, the sensors developed in this work operate efficiently using only
the phthalocyanine complexes deposited from aqueous solution. The possibility of
achieving reliable catechol detection through such a straightforward fabrication strategy
without any pretreatment of the electrode surface represents an important step toward the
development of environmentally responsible sensing technologies that can be easily

reproduced without specialized instrumentation.

Beyond the specific case study of phthalocyanine-based sensors, the work presented in
this thesis emphasizes the importance of integrating sustainability metrics into the
evaluation of new materials and devices. Analytical performance alone is no longer
sufficient as the sole criterion for technological advancement. Instead, parameters such as

fabrication simplicity, reusability, and environmental impact must also be considered.

By adopting this broader perspective, the thesis contributes to redefining how functional
materials and sensing technologies should be designed and assessed in the context of

sustainable innovation.
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The thesis also included work carried out during the time at the University of Edinburgh,
focused on the development of a sustainable optical sensor for metal detection. In particular,
the study addressed the design and evaluation of a sensing system capable of detecting
metal ions both in solution and on a solid support in the form of paper-based test strips.
Special attention was devoted to the sustainability of the entire process, from the synthesis
of the molecular sensing material to the fabrication of the final device. In this context, the
use of paper as a substrate represents an attractive platform due to its low cost, ease of
fabrication, and reduced environmental impact, enabling the development of simple and

accessible sensing tools for the detection of copper.

Finally, during the research period abroad, the sustainability-oriented approach of this
thesis was further extended to the field of catalysis. In particular, the investigation of
catalytic systems based on Earth-abundant elements addressed one of the key challenges of
modern chemical research: reducing the reliance on scarce and expensive Platinum Group
Metals. This aspect of the work further reinforces the central role of catalysis within Green
Chemistry and highlights how the development of sustainable catalytic methodologies can
complement advances in materials science and sensing technologies. Furthermore, it gave
me the invaluable opportunity to advance my research on sustainable catalysis, further

fueling my ambition to continue working in this field.

Future research could focus on the long-term stability and reusability of the sensing
devices. Although the drop-cast phthalocyanine layers demonstrated remarkable
robustness under repeated washing cycles, systematic investigations on operational
lifetime, regeneration protocols, and performance under real environmental conditions, as
well as on a deeper understanding of the sensing mechanism and the factors governing
device operation, would further validate their practical applicability for continuous

monitoring applications.

From a sustainability perspective, particular attention should also be devoted to the end-
of-life management of the sensors. Future work could explore strategies for the recovery

and recycling of the sensing platforms after use, including the regeneration of the electrode
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surface after use. The development of simple procedures for sensor refurbishment or
material recycling would significantly enhance the overall sustainability of the devices and

contribute to the implementation of circular approaches in sensor technology.

In addition, the integration of the developed sensing materials into alternative platforms,
such as flexible substrates, or paper-based analytical systems, could open new opportunities
for low-cost and portable environmental monitoring. In this context, combining
electrochemical sensing with optical or colorimetric detection strategies may enable the
development of multifunctional sensing systems capable of providing complementary

analytical information.

Finally, the sustainable synthetic strategies explored in this thesis could be extended to
the preparation of other functional macrocycles and highly promising derivatives.
Expanding this approach may contribute to the development of new environmentally
responsible materials for applications not only in sensing but also in catalysis, energy

conversion, and environmental remediation.
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