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Abstract: This article examines classical and eco-technological methods for synthesizing aromatic carboxylic acids,
such as benzoic acid and its derivatives, which are pivotal in pharmaceuticals, materials science, and agrochemistry
due to their versatile functional groups. Classical methods, including oxidation, hydrolysis, and carboxylation, offer
high yields (80—95%) but often require harsh conditions, leading to increased waste and environmental concerns.
Modern approaches, such as P(Ill)/P(V)-catalyzed conversions and palladium-catalyzed carbonylation, enhance
efficiency and ecological sustainability by operating under milder conditions with reduced waste. The study analyzes
the applications of derived products like esters, amides, and halogenated derivatives, highlighting their significance
in industries ranging from food preservation to polymer production. By integrating empirical data and theoretical
insights, the article provides practical recommendations for optimizing synthesis methods based on yield,
selectivity, environmental impact, and economic efficiency, emphasizing the role of catalytic and eco-technological
innovations in advancing organic synthesis.
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INTRODUCTION:

Synthesis and Applications of Aromatic Carboxylic Acids ~ technological innovations  have significantly
in Modern Organic Chemistry transformed the synthesis of aromatic carboxylic acids,
improving process efficiency while addressing
environmental concerns through waste minimization.
This article provides a comprehensive analysis of both
classical and contemporary methods for synthesizing
aromatic carboxylic acids, explores their diverse
applications, and evaluates their economic and
ecological significance. By integrating empirical data
and theoretical insights from recent literature, it seeks
to bridge the gap between fundamental principles and
practical applications in organic synthesis.

Aromatic carboxylic acids, exemplified by benzoic acid
and its derivatives, occupy a pivotal position in the
landscape of modern organic chemistry due to their
versatile functional groups and inherent chemical
reactivity. These compounds serve as essential building
blocks in the synthesis of a wide array of products,
spanning pharmaceuticals, materials science, and
agrochemicals. The presence of the carboxylic acid
group (-COOH) imparts unique reactivity, enabling
targeted modifications that enhance biological activity,

physicochemical properties, and molecular it ' ) ) i
functionality. This molecular flexibility has cemented historical foundation, with studies dating back to the

their role not only in academic research but also in Iat'e 1?th century Wh?n classical methods such as
industrial-scale production, where they contribute to oxidation of alkyl-substituted aromatics and hydrolysis

the development of high-value chemicals. As of 2025 of nitriles were first established. Over time, these
advancements in catalytic methodologies and eco-  Methods have evolved through the integration of

The synthesis of aromatic carboxylic acids has a rich

American Journal of Applied Science and Technology 59 https://theusajournals.com/index.php/ajast


https://doi.org/10.37547/ajast/Volume05Issue10-13
https://doi.org/10.37547/ajast/Volume05Issue10-13
https://doi.org/10.37547/ajast/Volume05Issue10-13
https://doi.org/10.37547/ajast/Volume05Issue10-13
https://orcid.org/0009-0005-6935-0150

American Journal of Applied Science and Technology (ISSN: 2771-2745)

catalytic systems and sustainable technologies, driven
by the need for greater efficiency and reduced
environmental impact. Recent research, particularly in
2025, highlights significant strides in catalytic
approaches, such as the P(lll)/P(V)-catalyzed
conversion of carboxylic acids to nitriles, which has
emerged as a highly efficient method for functional
group interconversion. This technique, alongside other
innovations like metal-catalyzed carboxylation and
biocatalytic processes, has expanded the synthetic
toolkit available to chemists, enabling precise control
over reaction outcomes. These advancements not only
enhance yield and selectivity but also align with global
efforts to develop greener chemical processes by
minimizing waste and reducing reliance on hazardous
reagents.

The applications of aromatic carboxylic acids are vast
and multifaceted, reflecting their structural versatility.
In pharmaceuticals, they serve as key intermediates in
the synthesis of active pharmaceutical ingredients

(APIs), where the carboxylic group facilitates
derivatization to modulate drug efficacy and
pharmacokinetics. In materials science, these

compounds are integral to the development of
polymers, liquid crystals, and advanced materials with
tailored properties. Similarly, in agrochemistry,
aromatic carboxylic acids are precursors to herbicides,
pesticides, and plant growth regulators, contributing to
agricultural productivity. The economic significance of
these compounds is underscored by their widespread
use in industrial processes, while their ecological
impact is increasingly mitigated through sustainable
synthesis methods that prioritize energy efficiency and
reduced emissions.

A systematic review of the literature reveals that the
evolution of synthesis methods for aromatic carboxylic
acids has been marked by a shift toward sustainability
and innovation. Classical approaches, while effective,
often relied on stoichiometric reagents and energy-
intensive conditions, leading to significant waste. In
contrast, modern methods leverage catalysts—ranging
from transition metals to organocatalysts—and eco-
friendly technologies to achieve higher efficiency and
selectivity. For instance, the use of carbon dioxide as a
C1 building block in carboxylation reactions has gained
traction, offering a sustainable pathway to aromatic
carboxylic acids while utilizing a greenhouse gas.
Additionally, biocatalytic methods employing enzymes
have emerged as a promising alternative, providing
high specificity under mild conditions. These
developments reflect a broader trend in organic
chemistry toward harmonizing synthetic efficiency with
environmental responsibility.

This article aims to provide a holistic perspective on the
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synthesis and applications of aromatic carboxylic acids,
drawing on both historical context and cutting-edge
advancements. By analyzing classical methods
alongside modern catalytic and eco-technological
approaches, it highlights the progress made in
improving reaction efficiency and sustainability.
Furthermore, it evaluates the economic and ecological
implications of these methods, offering insights into
their role in shaping the future of organic synthesis.
Through a synthesis of empirical data and theoretical
frameworks, this study underscores the enduring
importance of aromatic carboxylic acids as versatile
intermediates and their contributions to scientific and
industrial advancements.

Methods for Synthesizing Aromatic Carboxylic Acids

The synthesis of aromatic carboxylic acids is a
fundamental process in organic chemistry, driven by
their critical role in producing intermediates for
pharmaceuticals, agrochemicals, and materials science.
Among the most prominent methods are oxidation,
hydrolysis, and carboxylation reactions, each enabling
the transformation of functional groups on aromatic
rings into carboxylic groups with high vyield and
selectivity. These methods are indispensable in both

laboratory and industrial contexts due to their
operational simplicity, reagent availability, and
economic efficiency. Recent advancements,
particularly as of 2025, emphasize catalytic systems
and milder reaction conditions to enhance
environmental  sustainability,  addressing  the
challenges of waste generation and energy

consumption inherent in traditional approaches. This
section examines these synthetic methods, focusing on
their mechanisms, advantages, and modern
innovations, with a particular emphasis on oxidation
methods.

Oxidation Methods

Oxidation Methods for Aromatic Carboxylic Acid
Synthesis

Classical Oxidation with Potassium Permanganate

The oxidation of toluene to benzoic acid using
potassium permanganate (KMnQ,) is a cornerstone of
industrial organic chemistry, celebrated for its high
selectivity and applicability to a wide range of alkyl-
substituted aromatics. The reaction proceeds as
follows:

CgHsCHs + [O] - [KMnO4, Hzo, heat] CgHsCOOH + H,O
In this process, the methyl group on toluene is oxidized
to a carboxylic group, yielding benzoic acid, a versatile
compound used as a food preservative, pharmaceutical

intermediate, and precursor in polymer synthesis. The
reaction’s mechanism involves the oxidative cleavage
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of the alkyl chain by KMnQ,, a potent oxidizing agent,
under aqueous conditions. The versatility of this
method lies in its ability to accommodate various alkyl
chain lengths, making it suitable for substrates beyond
toluene, such as ethylbenzene or cumene, with
consistent selectivity for the carboxylic acid product.

Despite its reliability, the KMnO4-mediated oxidation
requires stringent conditions, including elevated
temperatures (often exceeding 100°C) and pressures,
which result in high energy consumption. Additionally,
the reaction generates significant waste, notably
manganese dioxide (Mn0Q,) and other manganese-
containing byproducts, which pose environmental
challenges due to their toxicity and disposal costs.
Over-oxidation can also occur, leading to the formation
of carbon dioxide or other side products, which reduce
the atom economy and vyield (typically 80-85% under
optimized conditions). These limitations highlight the
need for more sustainable alternatives, particularly for
large-scale industrial applications where
environmental regulations and cost efficiency are
paramount.

Modern Catalytic Oxidation Approaches

To address the environmental and economic
drawbacks of traditional oxidation methods, research
as of 2025 has prioritized catalytic systems that
leverage milder conditions and greener oxidants. A
significant advancement is the aerobic oxidation of
alkyl aromatics using molecular oxygen (0,) as the
oxidant, catalyzed by transition metals such as cobalt,
manganese, or their complexes. This approach,
exemplified by cobalt-catalyzed oxidation of toluene, is
represented as:

CeHsCHs + O, > [Co catalyst,
CsHsCOOH

This method utilizes atmospheric oxygen, an abundant
and environmentally benign oxidant, achieving yields
of up to 90% under optimized conditions (e.g., 50—-80°C
and ambient pressure). The catalysts, often supported
on materials like silica, zeolites, or activated carbon,
enhance reaction efficiency by stabilizing reactive
intermediates and promoting selective oxidation of the
alkyl group. Compared to KMnO4-based methods,
aerobic oxidation significantly reduces waste,
eliminates the need for stoichiometric oxidants, and
lowers energy requirements, aligning with the eco-
technological priorities emphasized in 2025 studies. For
instance, manganese-based catalysts have been
optimized to minimize byproduct formation, achieving
near-quantitative conversion in some cases, making
this approach highly attractive for industrial
applications.

mild conditions]

Another innovative oxidation strategy involves the
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conversion of aromatic aldehydes or ketones into
cyanohydrins, followed by hydrolysis to produce alpha-

hydroxy carboxylic acids, which are valuable in
pharmaceutical synthesis. The reaction sequence is:
RCHO + HCN - RCH(OH)CN - [HsO*, heat]

RCH(OH)COOH

In this pathway, an aromatic aldehyde reacts with
hydrogen cyanide (HCN) to form a cyanohydrin
intermediate, which is hydrolyzed under acidic
conditions to yield an alpha-hydroxy carboxylic acid.
This method is highly selective, leveraging readily
available starting materials and enabling the
introduction of a hydroxyl group alongside the
carboxylic functionality. The resulting compounds are
versatile intermediates for synthesizing biologically
active molecules, such as anti-inflammatory agents or
enzyme inhibitors, due to their dual functional groups.
The process’s compatibility with both laboratory-scale
precision and industrial-scale production underscores
its practical utility.

Broader Context: Complementary Synthetic Methods

While oxidation methods are central to aromatic
carboxylic acid synthesis, they are complemented by
hydrolysis and carboxylation techniques, which
broaden the synthetic toolkit. Hydrolysis of aryl nitriles,
such as benzonitrile to benzoic acid, is a highly efficient
method, proceeding under acidic or basic conditions:

CsHsCN + 2H,0 = [H30* or OH~, heat] CeHsCOOH + NHs

This process is widely adopted in industry due to its
high yields (often exceeding 90%) and operational
simplicity. Recent advancements, such as P(llI)/P(V)-
catalyzed direct conversions, have further improved its
sustainability by reducing waste and enhancing atom
economy, as highlighted in 2025 research. These
catalytic systems minimize the need for harsh reagents,
offering a greener alternative for large-scale
production.

Carboxylation reactions, particularly those utilizing
carbon dioxide (CO,), provide another selective route
to aromatic carboxylic acids. Traditional methods
involve organometallic reagents, such as Grignard
reagents, reacting with CO,:

ArMgBr + CO; - ArCOOMgBr - [H30*] ArCOOH

This approach achieves yields of 80—95% but relies on
sensitive reagents that require anhydrous conditions,
limiting its scalability. Modern innovations, such as
palladium-catalyzed carbonylation of aromatic
sulfonium salts using CO, as a CO surrogate, offer
sustainable alternatives. These methods, developed
extensively by 2025, leverage transition metal catalysts
to achieve high selectivity under milder conditions,
reducing environmental impact and enhancing
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applicability in complex syntheses.
Advantages, Challenges, and Future Directions

Classical oxidation methods, such as KMnO4-mediated
oxidation, offer unparalleled reliability and scalability,
making them indispensable in industrial settings. Their
ability to handle diverse substrates ensures their
continued relevance. However, their environmental
drawbacks, including high energy consumption and
waste generation, necessitate greener alternatives.
Modern catalytic methods, such as aerobic oxidation
and cyanohydrin-based approaches, address these
challenges by utilizing abundant oxidants like O, and
operating under milder conditions, achieving
comparable or superior yields (up to 90%) while
minimizing ecological impact.

Challenges persist, particularly in catalyst design and
scalability. Transition metal catalysts may require
costly preparation or recycling processes, and
achieving high selectivity in the presence of multiple
functional groups on complex substrates remains a
hurdle. Additionally, safety concerns associated with
handling reagents like HCN in cyanohydrin synthesis
require stringent controls. Ongoing research, as of
2025, is exploring novel catalysts, such as supported
metal nanoparticles, biocatalysts, and organocatalysts,
to further enhance efficiency and sustainability.
Microwave-assisted oxidation and flow chemistry are
also emerging as promising techniques to improve
reaction kinetics and reduce energy demands.

Modern catalytic systems, such as those employing
polyphosphoric acid and hydroxylamine for single-step
conversions of carboxylic acids to amides and esters,
further enhance sustainability. These methods,
highlighted in 2025 studies, minimize the need for
harsh reagents and multi-step processes, reducing
environmental impact. Additionally, techniques like C—
H activation, where the carboxylic group acts as a
directing group, and microwave-assisted reactions
have improved efficiency and selectivity since their
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development in 2017.
Detailed Insights

Esters: Esters, such as methyl benzoate and ethyl
benzoate, are synthesized through esterification
reactions, where aromatic carboxylic acids react with
alcohols in the presence of an acid catalyst (e.g.,
H,SO4). These compounds are widely used in the
fragrance industry due to their pleasant odors, as
plasticizers to enhance the flexibility of polymers, and
as solvents in various chemical processes. Their
volatility and stability make them ideal for applications
requiring controlled release or compatibility with other
materials.

Amides: Amides, such as benzamide and its derivatives
like acetaminophen, are produced via reactions of
carboxylic acids with ammonia or amines, often
through acid chloride intermediates or modern
catalytic methods (e.g., palladium-catalyzed
carbonylation). These compounds are essential in
pharmaceuticals, serving as active ingredients or
intermediates for drugs with analgesic, anti-
inflammatory, or antimicrobial properties. In
agrochemicals, amides are used in the synthesis of
herbicides and fungicides, leveraging their ability to
interact with biological systems.

Halogenated Derivatives: Halogenated aromatic
carboxylic acids, such as 4-chlorobenzoic acid and 3-
bromobenzoic acid, are synthesized through
electrophilic aromatic substitution, as discussed in the
context of halogenation reactions. These derivatives
are critical intermediates in the production of
pesticides, where their halogen substituents enhance
biological activity, and in pharmaceuticals, where they
serve as building blocks for complex molecules. Their
ability to undergo further transformations, such as
cross-coupling reactions, makes them highly valuable in
synthetic chemistry.
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CONCLUSION

Oxidation methods remain a cornerstone of aromatic
carboxylic acid synthesis, offering robust and selective
pathways to essential intermediates like benzoic acid
and alpha-hydroxy carboxylic acids. The classical
KMnOs-mediated oxidation of toluene is a reliable,
scalable process but is hindered by its environmental
and economic costs. Modern innovations, including
cobalt- or manganese-catalyzed aerobic oxidation and
cyanohydrin-based methods, provide sustainable
alternatives that align with 2025 research priorities for
eco-friendly chemistry. These advancements enhance
yield, reduce waste, and leverage abundant oxidants,
ensuring their relevance in both laboratory and
industrial contexts. Complementary methods, such as
hydrolysis and carboxylation, further expand the
synthetic toolkit, with catalytic innovations improving
efficiency and sustainability. Continued research into
novel catalysts and reaction technologies will further
refine these processes, solidifying their role in
advancing organic synthesis while addressing global
environmental challenges.
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