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ABSTRACT
Green Chemistry is placed in the frontier areas of research and has been focused for considerable
recent research. Green Chemistry, the design of chemical products and processes that reduce or
eliminate the use and generation of hazardous substances is an overarching approach that is
applicable to all aspects of chemistry. From feedstocks to solvents, to synthesis and processing green
chemistry actively seeks ways to produce materials in a way that is more begin to human health and
the environment. The current emphasis on green chemistry reflects a shift away from the historic
"command-and-control™ approach to environmental problems that mandated waste treatment, control
and clean up through regulation and towards preventing pollution at its source rather than accepting
pollution at its source. Rather than accepting waste generation and disposal as unavoidable, green
chemistry seeks new technologies that are cleaner and economically competitive. Utilizing green
chemistry for pollution prevention demonstrates that power and beauty of chemistry: through careful
design, society can enjoy the products on which we depend while benefiting the environment.
All synthetic processes involve the use of different solvents. Unfortunately many of the solvents are
used in industry and retail are volatile organic compounds which inevitably lead to environmental
damage, through pollution, risks to human health and to resource depletion, we need to develop and
apply more environmentally friendly approaches.
So, all traditional and old synthetic routes are more or less ““Grey” in their working and obviously give
adverse effects to the mankind and all living beings. Green chemistry provides “Green” paths for
different synthetic routes using non-hazardous solvents and environmental- friendly chemicals.
The fundamentally attractive concept of green chemistry is solvent free reactions. Solvent free
reactions can be accelerated by microwave activation and this combined clean technology approach to
"greening" chemical reactions. The two most widely studied "new" alternative solvents at present are
ionic liquids and supercritical fluids.
An attempt has been made to introducing a new emerging Green face of multidimensional chemistry.
The major aim of this article is to provide / discuses the emerging trends in environment management
and evolve sustainable management strategies to solve the burning environmental problems.

Key Words: Green chemistry, solvent free reactions, microwave chemistry, atom economy, and
electrochemistry.

INTRODUCTION
The economic benefits of green chemistry are central drivers in its advancement. Industry is
adopting green chemistry methodologies because they improve the corporate bottom line. A
wide array of operating costs is decreased through the use of green chemistry. When less
waste is generated, environmental compliance casts go down. Treatment and disposal become
unnecessary when waste is eliminated. Decreased solvent usage and fewer processing steps
lessen the material and energy costs of manufacturing and increase material efficiency. The
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environmental, human health, and the economic advantages realized through green chemistry
are serving as a strong incentive to industry of adopts greener technologies.

The American Chemical Society (ACS), US Environmental Protection Agency (EPA) and
Royal society of chemistry have been working in this field for the betterment of the
environment globally. Royal society launched “green Chemistry Network™ to educate people
and to provide a common platform to all teachers, students, researchers and common people
to share their views to generate awareness about this burning Global problem.

Developed countries like UK, Japan, USA, Germany are very much aware about this new
“Green” Stream of Chemistry. But we are (in India) far behind and still there is a good scope
of developing Green approach with more scientific way in a managed and articulate manner.
Here, in this paper we are discussing the challenges and opportunities in the field of Green
chemistry in Indian context. Also, we are providing a fair discussion about comparison of
“Grey Chemistry” and “ Green Chemistry”.

Evoluation of the concept:

To maintain our current standard of living and improve our quality of life, society has come
to depend on the products of the chemical industry. The 20" century has been highly
successful in this regard. However, with the advent of the 21 century, the public is equally
aware of the hazardous substances used and generated by the chemical processes. Our
environment, which is endowed by nature, needs to be protected from ever increasing
chemical pollution associated with contemporary lifestyles and emerging technologies.
Developments in water treatment, waste disposal methods, agricultural pesticides and
fungicides, polymers, materials sciences, detergents, petroleum additives and so forth have all
contributed to the improvement in our quality of life. But all these advances come with a
price tag — of pollution.

Soon after the World War II, within just 15 years, the world witnessed what

economists call the Post-War Economic Boom. During this period the western world not only
saw enormous economic growth but also enormous environmental problems. By 1960, it was
impossible to breath in most Western cities. Since the 1960's a number of events all over the
globe have raised concern about the toxic chemicals being released into the environment. The
occurrence of major incidents such as the Exxon Valdez oil spill, the Union-Carbide (DOW)
Bhopal disaster, large — scale contamination of the Khine River, the progressive
determination of the Khine River, the progressive deterioration of the aquatic habitats and
conifer forests in the Northestern US, Canada and parts of Europe or the release of
radioactive material in the chorobyl accident, etc. and the subsequent massive publicity due
to the resulting environmental problems has highlighted the potential for imminent and long-
term disasters in the public's conscience. More than 3500 people were killed in December
1984 when poisonous gas leaked from a pesticide factory in Bhopal, India. The accident was
caused by Water entering a storage tank holding 40 tons of Methylisocynate provoking a
runaway reaction and explosion. Therefore, enormous amount of scientific and technological
investment had to be made the 1970's onwards to deal with the environmental crisis.
Sustainability and Cleaner Production:
To combine the technological progress with environmental safety is one of the key challenges
of the millennium. Cleaner technology is new dimension that is emerging rapidly at both
national and international level. Cleaner production has been in identified as a key method for
reconciling environment and economic development. The basic idea of cleaner production is
to increase production efficiency while at the same time eliminate at least minimize wastes
and emissions at their source rather than treat them at the end of pipe after they have been
generated. The concept of cleaner production, pollution prevention or waste reduction is still
relatively young, although the concepts involved are much older. Both cleaner production and
sustainability came into focus with the publication of 'our common future'.
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This report provided a focused definition for the concept of sustainable development : "A
process of change in which the exploitation of resources, the direction of investment, the
orientation of the technological development and instituted change are all in harmony and
enhance both current and future potential to meet human need and aspiration". According to
the World Commission on Environment and Development, Brundtland Commission on
Environment and Development, Brundtland commission 1987, Sustainable development is
"Development that meets the needs of the present without compromising the ability of future
generations to meet their own needs." Sustainable development®” demands change, requires
doing more with lesser resource input and less waste generation. Instead of end-of-pipe
technology, it requires pollution prevention philosophy, which is : "First and foremost, reduce
waste at the origin-through improved housekeeping and maintenance, and modification in
product design, processing and raw material selection. Finally, if there is no prevention
option possible, treat and safely dispose off the waste."

Green Chemistry and Eco-efficiency:

In the efforts to move towards 'Sustainable Development', chemistry nowadays is at the
forefront of the development of clean production processes and products. Chemistry is no
doubt determinant to understand and protect our environments as the world's future is
strongly dependently on the chemical processes adopted.Chemistry plays an integral part of
our lives and is all around us in the clothes we wear, the food, air and buildings etc.
Sustainability, eco-efficiency and green chemistry are new principles that are guiding the
development of next generation of products and processes.”® "Green chemistry is considered
an essential piece of a comprehensive program to protect human health and the environment.
It its essence Green Chemistry’'? is a science based, nor regulatory and economically driven
approach to achieving the goals of environmental protection and sustainable development.

In order to be eco-friendly, or green, organic synthesis °'® must meet, if not all, at
least some of the following requirements : avoid waste, be atom efficient, avoid use and
production of toxic and dangerous chemicals, produce compounds which perform better or
equal to the existing ones and are bio-degradable, avoid auxiliary substances, reduce energy
requirements, use renewable materials, use catalysts rather than stoichiometric reagents.
These requirements can be easily met by the concept of green chemistry.

GREEN CHEMISTRY: THE NEED OF THE DAY

Green chemistry is one of them, which involves modified engineering, practices,
bioremediation, eco-friendly reaction media and concept of atom economy leading to almost
zero waste. It clearly differentiates the grey synthetic processes with that of green natural
processes having strategic objectives with social and environmental benefits'”.
Green strategies include the replacement of organic solvent by water, altogether elimination
of a solvent, the substitution of environmentally benign substances to replace toxic heavy
metals, development of solid support reagents and catalysts for synthesis, launching of eco-
friendly methods of organic synthesis, designing of products, which can be recycled or safely
disposable, use of dry media reactions and many other important aspects. The overall strategy
is to virtually eliminate toxic persistent substances from the environment by allowing no
further release or by collecting and destroying the existing deposits. Harmful synthetic
products either should be replaced by green products or should be synthesized by
environment friendly techniques.
Just in time production approach for hazardous substances essentially required for any
commercial production is an excellent example of inherently safer chemistry. The use of
biocatalyst is promising avenue for this purpose. An inherently safer production process
using a biocatalytic approach has been developed which allow generating just the amount of
MIC (methyl isocynate), need for conversion into some agrochemicals. Devising waste free
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process involves the use of solid-state catalyst, which in many cases can be chosen so that
yield of the commercial product is maximized and undesirable by product is minimized. The
change of reactant or solvent for a reaction to one that is less toxic, often by using a different
reaction to produce the desired product is nothing but Green Chemistry. The use of
supercritical fluids [supercritical carbon dioxide] solvents can replace organic solvents, which
are often hazardous toxic, flammable and even explosive. Super critical CO, can replace now
banned CFC and other aromatic hydrocarbons as solvents in the production of number of

commercial organic polymers'®.
Avoid Waste
Non toxic Environment
Friendly
v
Safe—» Simple
A
Economical Sustainable
Atom Efficient

Fig. 1

Green chemistry has launched the concept of atom economy. The objective is to conduct
chemical reaction where all the atoms that go into process come out either incorporated in the
products or marketable side products. It combines the goals of environmental benignity with
synthetic elegance in the design of methods for producing compounds. Green chemistry
places special emphasis on the synthesis of new substances and the corresponding industrial
process. Examples include the replacement of classical synthesis in organic chemistry for
ethanol, ethanoic acid and amino acid. The use of microorganism for the synthesis of drugs
and chemical disposal with the help of genetically manipulated living system has been
considered safe'’.

Green methods to save vegetation from pests are to saw transgenic crops, engineered to be
resistant to specific insects. The genetic engineering can slash the volume of insecticides that
farmers need to dump on the land every year genetically engineered plants produce a steady
supply of own insecticide. Crops can be genetically engineered to produce Bt, and
insecticidal protein. Thus Bt. Cotton, Bt Maize, Bt. Potato have begin to hit the fields. Green
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alternatives to conventional chemical insecticides are considered viz. bacterial and viral
insecticides, which control insect by infecting them with bacterial diseases.

Green Products, like derivatives of B-methoxy acrylic acid, a class of natural
products having fungicidal properties are being envisaged to replace conventional fungicides.
One such derivative is [ICIA 5504] is likely to be come the most useful anti-fungal agent and
possesses an extremely low toxicity. Light activated herbicides are becoming increasingly
popular. These chemicals are use in solar energy to produce toxic compounds that kill the
weeds. Amino lemlinic acid is an important member, which is precursor to magnesium tetra p
yrrol, which in turn is a precursor to chlorophyll biosynthesis. When a weed is spread with
aminolevulinic acid, it produces abnormally large amount of magnesium tetra- pyrrol, a part
of which is used up in synthesis of chlorophyll and leftover remain unused. The unused
magnesium tetrapyrrol absorbs light energy and undergoes photochemical reaction to procure
a highly reactive form of oxygen called singlet oxygen. Singlet oxygen is a power full
oxidizing agent that can trigger free radical chain reaction amongst the biomolecules present
in the tissue of plants. The free radicals can destroy cell membranes, enzymes, nucleic acids ,
proteins and weeds are killed. Breeding for stress resistance species for water deficient soil
and revegetating the uncultivated land are the areas of immense interest of Green Agricultural
Chemists.

Recycling of waste is an important dimension of waste management. Waste
management is an area where we can help ourselves, win our won battles and stand at our
own feet. The food of single cell protein manufactured from refuse, chemicals from cellulose
wastes, alternative fermentation products and single cell protein [SCP] production have been
explored and examined. The production of genetically engineered microorganism for waste
utilization is now attainable objective. The waste of biological or chemical process will
become the feed stock of the next process so that energy, carbon content and water are fully
conserved. The developments of an alternative recycling strategies are being encouraged
under the domain of Green Chemistry to ensure resources for the future. The best way to
minimize waste and to avoid the burdensome costs associated with waste was to produce the
hazard components in the risk equation by developing environmentally benign chemical
synthesis right from the stand including the design of safer chemicals as end products. The
new approach is to move up the pipeline towards the point of pollutant creation. Generally,
saying or even eliminating the generation of wastes accomplishes this approach.

INTRODUCTION AND PRINCIPLES OF GREEN CHEMISTRY

“Industrial vomit.....fills our skies and seas pesticides and herbicides filter into our
foods. Twisted automobile carcasses, aluminium cans, non-returnable glass bottles and
synthetic plastics form immensde middens in our midst as more and more of our detritus
resists decay. We do not even begin to know what to do with our detritus resists decay we do
not even begin to know what to do with our radioactive wastes — whether to pump them into
the earth, shoot them into outer space, or pour them into the oceans. Our technological
powers increase, but the side effects and potential hazards also escalate.”

-Alvin Toppler, Furture Shock 1970

In the glorious days of 1950's and 1960's chemists envisioned chemistry as the solution to a
host of society's needs. Indeed, they created many things which improve the quality of life on
earth like dyes, plastic, cosmetics and other materials. At the same time chemistry brought
about medical revolution i.e. through antibiotics which conquered infectious disease. All
these things prove DuPont Slogan. "Better things for better living through chemistry".
But there are some adverse outcome due to discovery of drugs, insecticides, herbicides,
fertilizers etc. which causes a cancerous grip of the air, water, soil and noise pollution on
earth that grabbed this world like an octopus, e.g. DDT which accumulated in birds, and
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causes egg shell thining and nesting failures results in decline of that species. Refrigerent like
CFCs deplets the ozone layer remarkably which protects our earth from harmful UV rays of
sun. So there are several advantages and disadvantages of chemistry, but there is main
advantages of chemistry the beginning of green chemistry by the middle of 20th century.
The term " GREEN CHEMISTRY" was coined by Professor Paul Anastas, who is known as
the father of green chemistry, at US Environmental Protection Agency Green Chemistry is
the effort of reducing or eliminating the use of or generation of hazardous substances in the
design, manufacture and application of chemical products.*’
Green Chemistry is defined as environmentally benign chemical synthesis. It is science
based, non regulatory and economically driven approach to achieving the goals of
environmental protection.”'?® The ultimate value of green chemistry lies in its applicability
for the new millennium. So the challenge to reduce the waste, the toxicity of chemical and the
amount of energy used, while still providing the goods that society needs, is overcome
through green chemistry.
Green Chemistry has been referred by a number of alternate name like "Clean Chemistry',
'Atom Economy', Bengh by Design Chemistry®, 'sustainable chemistry'’, 'Eco-friendly
chemistry' and 'Environmentally Benign Chemistry'. While Green Chemistry encompasses
human health and the environment. The discovery and development of fundamental chemical
transformations that are harmful to the environment will be the driving force that moves this
area forward.
Green Chemistry is the utilization of a set of principles that reduce or eliminate the uses or
generation of hazardous chemicals in the design, manufacture and application of chemical
products. It describes an area of research arising from scientific discoveries about pollution
and covers the following areas :

(1) Development of environmentally improved routes to products.

(11) Use of sustainable resources.

(ii1))  Design of new green chemicals.

(iv)  Use of biotechnology, alternative and innovative technology for industrial

processes.

Green chemistry involves the design and redesign of chemical synthesis 24 and chemical
products to prevent pollution and thereby solve environmental problems. It is the use of
chemical principles and methodologies for source-reduction which is the most desirable form
of the pollution prevention. It incorporates pollution prevention practices in the manufacture
of chemicals and promotes industrial ecology. It is a new way of looking at chemicals and
minimizes any negative environmental effects.
The twelve principles of Green Chemistry can be applied to almost every part of chemistry,
that includes synthesis of molecules with a desired structure and property, catalysis of a
process, less polluting reaction conditions etc.

1. Prevention
It is better to prevent waste than to treat or clean up waste after it has been created.
2. Less hazardous chemical synthesis

Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

3. Designing Bafer Chemicals Chemicals products should be designed to affect
their desired function while minimizing their toxicity.
4, Atom economy

Synthetic methods should be designed to minimize the incorporation of all materials used
in the process into the final product. A very good example®® is the BHC company
synthesis of Ibuprofen, which creates less waste and fewer by products (Fig. 1). The %
economy for the three step catalytic green synthesis (BHC) Vs the six step brown
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synthesis (BOOTS) in 77% and 40% respectively. Considering the fact that acetic acid
generated in steps 1 of green synthesis is recovered the % atom economy climbs to 99%
from 77%.
5. Safer solvents and auxillaries The use of auxillary substances (solvents,
separation, agents, etc.) should be minimized whenever possible and should be made
innocuous when used.

6. Design for energy efficiency Energy requirements of chemical processes
should be recognized for their environmental and economic impacts and should be
minimized. If possible, synthetic methods should be conducted at ambient temperature and
pressure.

7. Use renewable feedstocks
Raw material or feedstock should be renewable rather than depleting whenever technically
and economically practicable.

8. Reduce derivatives

Unnecessary derivatization (use of blocking groups, protection / deprotection and temporary
modification of physical / chemical processes) should be minimized or avoided if possible,
because such steps require additional reagents and can generate waste.

0. Catalysis

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. Using
catalytic reagents creates opportunities for increased selectivity, better yield, and feasibility
of non feasible reaction.

10.  Design for degradation
Chemical products should be designed so that at the end of then function they break down
into innocuous degradation products and do not persists in the environment.

11. Real-time analysis for pollution prevention
Analytical methodologies need to be further developed to allow for real time, in process
monitoring and control prior to the formation of hazardous substances.

12. Inherently safer chemistry for accident prevention
Substances and the form of a substance used in chemical process should be chosen to
minimize the potential for chemical accidents including releases, explosions and fires.

Green Chemistry has changed our life style in many ways. Like now a days dry clearing of
clothes is done with the use of liquid CO, and a surfactant, thereby eliminating a need of
halogenated solvents like PERC (per chloroethylene CL,C=CCl,)*. This technology is known
as micell Technology. In the same way, hydrogen peroxide (H,O;) is used with some
activators like TAML® activators as a bleaching agents rater than the use of halogenated
compounds.
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SCOPE OF GREEN CHEMISTRY

Newer, environmentally friendly, waste-minimization, remediation (clean-up) and restoration
strategies can be based on physical, chemical or biological approaches31. Examples of green
chemistry / technology that have been developed encompass most all areas of chemistry
including organic, biochemistry, inorganic, polymer, toxicology, environmental physical,
industrial etc. The principle of green chemistry can be applied broadly to areas like synthesis,
catalysis32, reaction conditions, analysis and monitoring, extraction, separations,
computational chemistry and process modeling etc. An emerging area of increasing
importance in green chemistry is that of analytical chemistry and all of its associated
activities. Green chemistry is also applicable to all sectors of the chemical industry ranging
from pharmaceuticals and specialty chemicals to the high volume manufacture of bulk
chemicals. The growing public sentiment in support of our environment, the focus of the
industry has shifted to reduce or eliminate the use of water and organic solvents during
manufacturing and processing. This involves 'closed loop system' leading to reduction and /
or recycling, switching to "solvent free" processes or "solvent alternatives".

The key to achieving the goal of reducing the generation of environmentally unfriendly waste
and the use of toxic solvents and reagents is the widespread substitution of "solochiometric"
technologies by greener catalytic alternatives. The first two involve 100% atom efficiency
while the latter is slightly less than perfect owing to the co-production of molecular water.
The longer trend is towards the use of the simplest raw materials - H,, O,, H,O, H,O,, NHs,
CO and CO; in catalytic low salt processes. For many years catalysis> sprouted life and led
to evolution. Today catalysis is one of the powerful tools of the chemical industry. Similarly,
the widespread substitution of classical mineral and lewis acids by recyclable solid acids,
such as zeolites and acidic clays, and the introduction of recyclable solid bases, such as
hydrolatcites (anionic clays) will result in a dramatic reduction of inorganic waste. Because
of the deleterious effects that many organic solvents have on the environment and/or health,
media such as halogenated hydrocarbons (e.g. chloroform, dicholoromethane) are being
phased out of use and benign replacements are being developed. A possible alternative for the
use of organic solvents is the extensive utilization of water as a solvent. Traditionally, water
is not a popular reaction medium for organic reactions due to the limited solubility of many
substrates and also to the fact that a variety of functional groups is reactive towards
Water. But recently, there has been a revival of interest in water as a solvent™™ *> and
chemistry in aqueous medium, as it offers many advantages for a clean green chemistry. The
addition of surfactants can strongly modify the attitude of water to solubilize organic
molecules.

An important incentive for the use of supercritical fluids (SCFs)* in synthetic chemistry
comes from this increasing demand for environmentally and toxicologically benign processes
for the production of high value chemicals. Although SCFg’® were discovered more than 100
years ago, it wasn't until the 1970s that they were used commercially to decaffeinate coffee.
Since then, SCF media have been used successfully to extract analysis from a variety of
complex compounds through manipulation of system pressure and temperature. By
comparison conventional methods (e.g. So xhlet extraction and vaccum isolation) are more
complicated and time and energy intensive. In general, conventional method have a tendency
to generate crude extracts consisting of deteriorated constituents or to prematurely remove
volatile components. SCF extraction has also been applied to environmental remediation such
as removing PCBs and other organics from water and soil. Supercrifical carbon dioxide (SC-
CO,) is an attractive alternative because it is inexpensive and poses no threat to the
environmental or human health®’. However, depending on the application, a variety of other
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SCF; have been used for applications as diverse as extraction, chromatography, inorganic and
organic synthesis, catalysis, materials, processing and even dry cleaning. In ScCO, based
processes, simple pressure release leads to the isolation of solvent free clean products and the
non-toxic CO; can be readily recycled. Furthermore, the replacement of potentially hazardous
organic solvents with ScCO, can help to increase the inherent safety of a process as the risk
of explosion or ignition is greatly reduced in the presence of large amounts of inert CO,. The
use of SCFs for catalytic processes has also been shown to overcome many of the chemical
engineering, and environmental difficulties associated with conventional process.
Homogeneous catalysis is generally preferred to heterogeneous, catalysis because it offers
greater rates and selectivities. However, the drawback of this methodology is the difficulty in
separating products. By comparison, reactions involving SCFs offer the best opportunity for
separation of reaction products and removal of solvent from the system accomplished through
simple system depresurization.

Promoting a reaction photochemically rather than thermally is greener, since light is the green
reagent par excellence. Photochemistry®® offers are inexhaustible source of new chemistry via
chemical reactions of the excited state, which are much faster and little dependent on
conditions, affording a large freedom of choice. Similarly, reactions by a microwave have an
advantage of less or no solvent, very little time, no side products and better yields with better
selectivities compared to those carried out by conventional means.

Much of the industrial chemistry takes place in organic solvents, or involves apolar
compounds. Biocatalysis®, in contrast involves aqueous environments. The range of
reactions that can be carried out with whole cells is enormous, given the range of
microorganisms that have already been isolated or remain to be discovered. Microbial cells
can be employed as very effective reactors for the conversion of substrates to products,
operating in mixed aqueious — a polar systems. Optimized for the best space time yields
attainable at lowest costs. Biodegradation of toxic pollutants in the wastewater treatment
technologies, by using microbes is well known. Just as light, heat and moisture can degrade
many materials, biotechnology relies on naturally occurring, living bacteria to perform a
similar function. Some bacteria naturally "feed" on chemicals and other wastes including
some hazardous materials. They consume those materials, digest them, and excrete harmless
substances in their place. According to William K. Reilly, former head of the Environmental
Protection Agency, "The use of biotechnology to solve environmental problems, couldbe -
should be - an environmental breakthrough of staggering positive dimensions".

Mention of fuel cells*® and most people thoughts will probably turn to them being the future
energy source for cars, buses etc. However, the overage consumers first encounter with fuel
cell may will be through the domestic vacuum cleaner. Manhattan. Scientific teaming up with
electrouse to develop a new line centered on a small lightweight hydrogen fuel cell. The
saving on CO, emissions have not been calculated but the product is expected to be quieter,
lighter and of course cordless*'. Fuel cell vehicles could be a part of the solution to smog,
global warning and other ecological problems that conventional cars cause. The technology,
which was first used during the Apollo moon project in the 1960, mixes hydrogen fuel and
oxygen from air using electrochemical process to produce the electricity that powers the car.
Far from harming the environment, running on an inexhaustible power source, its only by
products are heat and water so pure that the Apollo astronauts drink it. The two Japanese
automakers. Toyato Motor and Honda Motor launched the biggest step yet towards the mass
marketing of FCVs.

EMERGING GREEN TECHNOLOGY

In current aspects development of more sustainable products and energy efficient processes
with reducing waste are discussed in emerging green technologies. By using these
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technologies energy input reduces, improvement of selectivity, shortening of reaction time
occurs. Some reactions which are not possible with single heating, can be posible with solid
support. Use of energy sources like light, mocrowave, ultrasound and electricity and more
clean and efficient. Particularly for bulk chemicals, development of much more energy
efficient processes provides significant commercial benefits. Emerging techniques, in the
overall development of "Green Chemistry", can be categorised in the following parts :

1. Photochemistry

Light is environmentally benign, leaving no residue to be removed in the workup of a
reaction. A photochemical reaction occurs when an atom or molecules absorb light [Gratthuss
- Draper law]. Further on photon of light can activate only on molecules [Stak - Einsteim
law] when a photon is absorbed by a molecule or atom it must transfer all its energy to atom
or molecule and promoted to higher energy state. The energy required for promotion from
ground state to lowest excited state falls in ultraviolet and visible region of electromagnetic
spectrum. Light can catalyzed some reactions that are difficult or impossible in other ways
(e.g. cycloaddition®). Solar furnance is used for isomerisation, catalytic cyclisation and
purification of water**. Dithianes, benzyl ethers and related compounds have been cleaved by
the use of visible light with a dye*. A combination of visible light and water was used in
cyclization to produce substituted pyridines with almost no byproducts*®. Oxidation of
hydrocarbons in zeolites with blue light gives improved selectivity*’. Photo oxidation of
cyclohexane in the presence of titanium dioxide gave 85.4% cyclo hexanone, 2.6%
cyclohexane and 12% carbondioxide™. Acylhydroquinones can be produced from 1,4-
benzoquinone and aldehyde using light from a sunlamp®. In contract to the usual acylation
with an acid chloride, this process produces no byproduct salt (Fig.2).

Benzonitrile in methanolic potassium hydroxide can be hydrolyzed to benzamide in 96%
yield using an oxophosporphyrin catalyst with light>420 nm at 20°C *°. Photo redox reactions
can be carried out with semiconductors. Irradiation of nitrobenzene in the presence of zinc
oxide particles in alcohol produce phenyl hydroxyl amine in 73% yield®'. Solar light induced
photocatalytic oxidation of benzyl alcohol using heteropalyoxometalate catalyst of the type
[S2M50¢2]* ~ was reported®. The photo reactions between 1,4-quinones and aldehyde (photo-
friedel-craft acylation of quinones), yielding acylated hydroquinones as sole products, were
investigated under artificial and solar irradiation conditions™. A photochemical method to
remos\ze uranium from a phosphate containing waste in high yield is reported by Evans
et.al.”™.

2. Electrochemistry

Electrochemistry is widely used in industry for example in effluent treatment, corrosion
prevention and electroplating as well as in electrochemical synthesis. Electrochemical
synthesis is a well established technology for major processes such as aluminum and chlorine
production. So now a days interest is increasing for clean synthesis of fine chemical by using
electrochemistry. The basis of electrochemical synthesis is the electrochemical cell of which
there are many types, both batch and continuous flow, with a multitude of electrode variation.
Lead, cadmium, zinc and carbon electrodes are quite after used.

The only large volume application in organic chemistry appears to be the hydrodimerization
of acrylonitrile to form adiponitridle (200000 tons/ year) which is then reduced to the
hexamethylenediamine or hydrolysed to adipic acid for the preparation of Nylon 66°.
Electrochemistry can be used to regenerate an expensive or toxic reagent in situ. It is used to
generate sodium hypoiodite and sodium hydroxide continuously for the epoxidation of 2-
methylnapthoquinone™®, yield is 100% and no waste is produced (Fig.3).
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Electricity can be used in oxidation and reductions instead of reagents. When iodine is
reduced to hydroiodic acid in this way’’, no waste products are formed. Naphethalene can be
oxidized to naphtoquinone with 98% selectivity using a small amount of cerium (III) that
forms is reoxidized to cerium (IV) electrically™®.

Substituted aromatic compounds can be oxidized to the corresponding phenols electrically
with a platinum electrode in trifluoroacetic acid, triethylamine and methylene chloride®. An
oxidation using a nickel hydroxide electrode is done®. Hydrogenation of edible oils using a
cell with a Nafion memberane with a ruthenium anode on one side and a platinum or
palladium black cathode on the other produced less of the undesirable trans-isomers than
conventional hydrogenations®' (Fig.4).Electrochemistry also provides a way to produce
radicals and anions.®**

Synthesis of 3-bromothiophene through 2,3,5-tribromothiophene provides an example of the
obvious environmental beneficial of an electrochemical route compared to a conventional
process because the use of metal reducing agent us avoided and no bromine is wasted. The
electrochemical hydrogenation of water immiscible olefins and acetylenes is enhanced by
concurred ultrasonication®. Tetramethyl adipic acid, a starting monomer for several
technically important polymers is synthesized by direct carbon-carbon bond formation
betweelg4 the saturated primary carbon atom of pivalic acid using a sonoelectrical fenton
process’ .

R S Me thyle ne green
o - 0,
R><S Visible light o (86-97%)

CH3CN/H ,0

Me thyle ne green

- 0,
ArCH ,OH Visible Tight ArCH,OH (70 - 100 %)
CH3CN/H ,0
H H + RCN 400 nm light
Co (I) Cataly st
4H,0 N R
(Upto 73% )
(0] OH (0]
i R
+ RCHO Light
(@) OH (Upto88% )
Lewis acid
RCOCL + OH
OH

Fig. 2

GREEN CHEMISTRY: AN OVERVIEW Sanjay K. Sharma, Ashu Chaudhary and R.V. Singh



RJC RASAYAN JOURNAL OF CHEMISTRY Vol.1,No.1(2008),68-92

0 0
*@" . o
o)
Fig. 3
CHg CHO CHg COOH
/ \ _ / 0\
N\ N\
N~ cl cl

Fig. 4

HO COOH

OO 06

98% convesation
98% vyield

(anion are formed
electrically)

Fig. 5

Electrochemistry is used on a large scale in the production of organic and inorganic
compounds. Reduction of carboxylic acids, nitro compounds and nitrile has been widely
reported. Oxidation of aromatics and methyl aromatics has also been studied. Other inorganic
compound like chlorine and sodium hydroxide etc. are manufactured using electrochemical
technology. Electrochemical treatment processes can provide valuable contribution to the
protection of environment through the minimization of waste and toxic materials in effluents.
Electrochemical treatment of distillery effluentS using catalytic anode was reported by
Manishanker et.al.”.

3. Sonochemistry

Ultrasound is defined as sound of a frequency, which is beyond human hearing i.e. above 16
KHz. It has been reported that chemical reactivity of a system increases on irradiating it with
power ultrasound. The study of effects of ultrasound on chemical reactivity is termed as
sonochemistry. Some important applications of ultrasound in chemical synthesis are given as:

RCOOH + R’OH — 3 RCOOR’(esterification)®

Many other examples of sonochemistry assisted organic synthesis like addition reaction,
oxidation, reduction, hydroboration, coupling reactions, etc. have been reported®”'. An
improved synthesis of chalcones under ultrasound irradiation has been reported by Li et.al.”.
The yields were 52-97% and 83-98% respectively with pulverized KOH and KF-ALOs;
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catalysts in alcoholic solvent. An improved preparatin of ionic liquide by ultrasound has been
reported””. of sonication with other techniques e.g. phase transfer and photocatalysis, gives
best results. Ultrasound technique is also useful in treatment of various pollutants.
Sonochemical degradation of toxic halogenated organic compounds volatile pollutants in
natural ground water’*, 2,4,6-trichlorophenol in presence of TiO, Catalyst’, textile dyestuff’®
have been reported.

4. Microwave Chemistry

Microwaves have wave length between 1cm and 1m (frequencies 30 GHz to 300 Hz). These
are similar to frequency of radar and telecommunication devices. In order to avoid
interference with these systems, the frequency to of radiation that can be emitted by
household and industrial microwave over is regulated and most of the appliances operate at a
fixed frequency of 2145 GHz. In 1986 two pioneering publications’® appeared, that described
several synthetic organic reations conducted in domestic microwave oven.

COOH

98% conv esati on
98% vyield
(anionar e for med
el ectri cal ly)

COOCH 3 COOCH 3
CH 3 CH ;3
OH "/H ,0
,60m im.
CH 3 CH 3

(S apon ifica tion)

H-/H
arcn OH-TH20 o en ,OH  (Hydr olysis)

KCH , MeCl ,

|
R —E;I —cl R—C —CN

50 °,
(70- 85% )
Rx.R 4N1Br
-_— —_—_—
N—COP h NaOH, @I—COP h
H CN R.T.
20-25m in. H CN
(Alkylati n)
VD Zn
CH 3(H »,C) ; (CH 7)7CH 3 +CH AN
(CH 3)7H3C (CH 2)7CH 3

(SimmonsS mithr ea cti on)

Fig.6
Ultra sound : 91% yield, no exothermic, no iodine
No ultrasound ; 50% yield,upredictable exothermic, iodine
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Ultrasonic synthesis gives excellent yield compared to other reactions. Combinatin The use
of microwave energy’ instead of convential heating, often results in good yields in very short
time. Lewis™ stated enhancement of a chemical reaction in microwave as compared to
conventional heating. Reaction can mainfest in several ways including:

e Highly accelerated reaction time
Improved yield in many cases
Stereo / regioselectivity in some cases
Reduction in side products.
Limited amount of solvents needed as reaction medium.
Successful product formation in some reactions that fail under conventional
conditions.
e Simplification and improvement of classical synthetic method etc.

A recent survey shows that mere than a thousand publications have appeared on microwave
mediated chemical reactions®’. Microwave heats some certain substances not others due to
selective absorbtion of microwave by polar molecules. Reactions can be classified in two
catagories in microwave : (a) Reaction with solvent (b) Solvent free reactions.

Various type of reactions are conducted in microwave. 2,3-Dimethyl indole was obtained
with 67% vyield from phenylhydrazine and butane -2- one at 220°C for 30 min**(Fig.7).

0
NHNH,
- MBR / H,0 / 220°C

30 min. \
N
H
(67%)
Fig.7
C6H5CH2C1 + H, o —» C6H5CH20H
(97%)
C6H5CH3 I C6H5COOH
M.W. 5 min

(Conventional heating 10-12 hr)

Hydralysis of benzyl chloride into benzyl alcohol takes 3 min in microwave while
conventional method takes 35 min®’.

Various types of oxidation ™ can be carried out in MW, e.g. In microwave some organic
reactions can be carried out with the use of organic solvent like esterification of alcohol®’,
esterification of benzyl ethers using Ln Br; ™. Fries rearrangement®, orthoester claisen
rearrangementgo, Diels-Alder reaction, decarboxylationgl, Chalcones synthesis, aziridine

synthesis’>”.

Cs¢HsCOOH + n-CH;CH,CH,OH » C¢Hs-COOC;H;
Prophenylbenzozte (70%)
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Hydrogenation of B-lactams using ammonium format as hydrogen doner and pd/c as catalyst
has been described by Bose and co-workers”. Using solid support various organic
reactions””® can be carried out in microwave. Cyclo condensation of N(carbo trifluoro
methyl) ortho arylene diamine”™ on clay KIO in dry media under MW irradiation for 2
min.give high yield while by classical heating only traces of heterocycles are observed””.
Condensation of B-formyl enamides with cyano methylenes under microwave irradiation is
catalyzed by basis alumina to afford fused pyrimidines in excellent yields in very short
time”. Hantysh dihydrophyridine synthesis'® and oxidation of f, B-disubstituted enamines
over KM,0,4A1,05"" is also reported in MW with shorter time and high yield as compared'®,
thiadiazephines synthesis'®, carbohydrate glycosylations'® can be carried out in MW by
using solvent.

Reaction of carboxylic acid with benzyl halides does not occur when heated conventionally
but could be performed in MW by using phase transfer catalyst some important organic
reactions like ester synthesis'™ '%, ether synthesis'”’, N-alkylation of benzoxazinones and
benzothiazinones'”’, hydrolysis of nitriles'®, oxidation of primary and secondary alcohol'”
can be done in MW.
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Heck cross coupling reaction''’ can be done in same way under solventless liquid-liquid
phase transfer catalytic conditions in presence of potassium carbonate.

[Pd(PPh3)CI].KrCO
R H —\ . >
\'% TBAB.H,O
: //—Y
R

10 min. (86-93%)
10 min. (5-15%)
3 - 7h (54-90%)

MW
Conventional heating

Fig. 11
Aromatic aldoximies were converted to the corresponding nitriles in the presence of a
molecular sieve type modified zeolite, Ersorb, under solvent free condition'''(Fig.12).

0O "LLLL 7
050 =010
OH
O o)

NMP, N-methyl pyrralidinone
Fig. 12
A novel and efficient synthesis of N-arylamines by the reaction of activated aryl halides with
secondary amines in the presence of basic Al,O3 under microwave irradiation in solvent free
conditions in reported' '*(Fig.13).
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A fast, highly efficient and environmentally friendly, solvent procedure under microwave
irradiation using silica gel supported reagents for the synthesis of melamines is also
developed'”. There are some reactions which takes place in MW under solvent free
conditions. Like deactivated and sterically hindered phenols have been acetylated with acetic
anhydride using iodine as catalyst in an ecofriendly process''*.

Traditionally synthesis of molecules involves use of chemicals, which are hazardous and also
put at risk both the human beings and environment. Also, tightening and more universal
legislation over the use of hazardous chemicals may indirectly hinder or prevent
manufacturing of many important chemical products. Green chemistry as applied to chemical
processes can be environmentally benign (in terms of reduction of energy, auxiliaries, waste,
etc.) and should always lead to simplification of processes in terms of chemicals used and
steps involved. Thus, if we can develop an efficient chemical synthesis (economically and
technologically viable), which incorporates human and environmental good as its core
principles, then we truly have sustainable green chemical processing.

SOLVENT FREE MICROWAVE ASSISTEDSYNTHESIS (ENVIRONMENT -
FRIENDLY ALTERNATE )

The combination of solvent free procedures and microwave irradiation can be used to carry
out a wide range of reactions with in short reaction times and with high conversions and
selectivity. Yields and purity of the products as proved by GC analysis are generally
improved when compared to those obtained by conventional heating. This approach is
efficient, easy-to-perform, economic and less polluting as avoiding solvents. Some specific,
non-purely thermal, effects of the radiation are often evidenced depending on the reaction
mechanism and enhancement in polarity during the reaction progress.

Background Informations

Among the most promising ways in procedures for Green Chemistry, solvent free techniques
hold a strategic position as solvents are very often toxic, expensive, and problematic to use
and to remove. It is the main reason for the development of such modern technologies. These
approaches can also enable experiments avoiding the use of strong mineral acids (i.e. HCI,
H,SO, for instance) that can in turn cause corrosion safety, mainpulation and pollution
problems as wastes. These acids can be replaced advantageously by solid, recyclable acids
such as clays (montmorillonites).

Reactivity

Accelerations of reactions can result from increasing concentrations in reactants when a
diluting agent such as a solvent is avoided. As concentrations in reactive species are optimal,
reactivity is notifceably increased and only mild conditions can be required. In several cases
difficult reactions using solvents can be easily achieved under solvent free conditions.
Another important advantage lied in the fact that higher temperatures, when compared to
classical conditions, can be used in open vessels without the limitation imposed by solvent
boiling points.

Selectivity

The layout of reacting systems can be increased when high concentrations/aggregation of
charged species are involved. It can lead to some modifications in mechanisms resulting in a
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decrease in molecular dynamics and induce subsequent special selectivities (stereo - regio -
or enantioselectivity). Weak interactions can appear (such as T-stacking) which are usually
masked by solvents, inducing further benefic consequences on selectivity.

CLEAN

l

SOLVENT

TIME SAVING FREE MICROWAVE EFFICIENT AND

SAFE
SYNTHESIS

T

ECONOMICAL

Fig. 14
Reactions on Solid Mineral Supports'*®
Reactants are previously impregnated onto solid mineral supports such as aluminas, silicas
and clays as neat liquids or via their solutions in an adequate organic solvent and further
solvent removal. Reaction in "Dry media" is then performed between individually
impregnated reactants, possibly under heating. At the end of reaction, organic products are
easily removed by elution with diethyl ether or dichloro-methane and a simple filtration to
eliminate the solids.

Solid-Liquid Phase Transfer Catalysis (PTC)"*

Reactions occur between neat reactant sin quasi-equivalent amounts in the presence of a
catalytic quantity of tetraalkylammonium salts or cation complexing agents. When the
reaction is performed in the absence of solvent, the liquid organic phase consists of the
electrophilic reagent then possibly the reaction product (Fig.1). Nucleophilic anionic species
can be generated in situ by reacting their conjugated acids with solid bases of increased
strength due to ion-pair exchange with RyN"X".
Reactions without any solvent support, or catalyst
The heterogeneous reactions are carried between neat reactants in quasi equivalent amounts
without any adduct. In the case of solid-liquid mixtures, the reaction implies either
solubilization of the solid in the liquid phase or adsorption of the liquid on the solid surface
as an interfacial reaction.

Advantages of Microwave Exposure

From the interactions between materials and electromagnetic waves, the heat is produced
according to an original process characterized by a heating taking place in the core of the
materials without superficial overheating, with a subsequent very homogeneous temperature.
Specific Effects of Microwaves Microwaves can be used to promote many chemical
syntheses. The materials-wave interactions produce some heating of the reaction medium by

117,118
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polar molecules (solvents, reagents or complexes, solid supports). To these purely thermal
effects can be added specific effects due to MW radiation.

SYNTHESIS UNDER MICROWAVES™ APPLICATIONS

»  Thermal reactions, which need high temperatures for long reaction times. Microwaves
will bring acceleration of reactions, lower decomposition of products and consequently
enhanced yield.

»  Equilibrated reactions, with displacement of equilibrium by vaponzation of small polar
mole cules.

BENEFITS
Very rapid reactions.
Higher degree of purity achieved due to short residence time at high temperatures.

No local overheating, miner decomposion & minor occurrence of secondary reactions.
Yield often better.

Short reaction time.

YVVYYVYYV

STRIKING EXAMPLES OF SOLVENT-FREE SYNTHESIS UNDER
MICROWAVES!19 121, 122,123, 124

< Alkylation :

CH3COO K" + nCgH17X —— » CH3COONH -
Al,O3

98% 2 min. (186°C)
b < % 2 min. (186°C)

Oxodation:
H
EtOOC COOEt EtO0C COOEt
Mn02
—_—
| | bentonils

N

H

HANTZSCH D.H.P. 100% 6 min.

Deacetylation

(CH,)30Ac (CH,)30AC (CH,)30H

A|203 A|203
30 Sec. 2 5m
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Synthesis of Fused Anthraquinones Using Clay Under Microwaves :

Cl

Classical method : PCI

5(1.5 eq) AICI,

O

Cl C A\
— @ K10
g dry media

COOH

O

Vol.1,N0.1(2008),68-92

N
S

1.5 eq Nitrobenzene

Classical method : PCI (1.5eq)AICI, 1.5 eq Nitrobenege

4 Hrs. 140°C 70%
Dry Media Condition :
3 min. 320°C MW 92%
1 hr. 320°C 4.1%
Solvent-Free Esters Saponification***!%
R R' Time | Final | Yield% | Time | Final | Yield
(min.) Temp. (min.) Temp (%)
°C °C
Ph Me 1 205 96 1 205 90
Ph nOct 2 210 94 2 210 72
Me 2 240 87 2 240 38
nOct 4 223 82 4 223 0

- Easy Saponification of Hindered Esters due to solvent free PTC” MW coupling

- M.W. specific effect is clearly substrate dependent
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CONCLUSIONS
When coupling to microwave irradiation, solvent free technique revealed to be of special
efficiency as furthermOre clean and economic procedures. Serious improvements and
simplifications over conventional methods originate from the repidity, the enhancements in
yields and purities of products.

Non-purely thermal specific MW effects can be involved essentially when non-polar
solvents, or better solvent free conditions, are concerned with polar mechanisms (more polar
transition states when compared to their ground states) and for difficult reactions, which
necessitate high energy of activation (late transition state according to Hammond postulate). In
all cases, accurate controls of temperature and microwave emitted power are necessary to ensure
reproducible and safe reactions.
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GREEN CHEMISTRY is the need of today’s life. It is our

prime duty to save our planet from the evil Pollution. Chemists all
over the World are fighting for this Noble cause.
We invite all researchers of GREEN CHEMISTRY to contribute

their research finding to RASAYAN and share their views
mutually on a common platform here. We welcome the research
papers of GREEN CHEMISTRY. We shall include such papers on
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