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Chapter

Atom Economy

Kunnambeth M. Thulasi!, Sindhu Thalappan Manikkoth?,
Manjacheri Kuppadakkath Ranjushal,
Padinjare Veetil Salija!, Vattakkoval Nishal,
Shajesh Palantavida? and
Baiju Kizhakkekilikoodayil Vijayan'*

'Department of Chemistry/Nanoscience, Kannur University,

Swami Anandha Theertha Campus, Payyannur, Edat P.O.,

Kerala-670 327, India.

2Centre for Nano and Materials Science, Jain University,
Jakkasandra, Ramanagaram, Karnataka, India.

INTRODUCTION

The concept of atom economy was developed by Barry M. Trost in 1991. Organic
synthesis requires multiple reagents, facilitating agents and solvents to obtain
the desired product. At the end of the reaction everything except for the desired
product and reagents that can be recycled, like solvents and catalysts, will end up
as wastes, mostly hazardous wastes. Conceptually, if the desired product contains
all the atoms making up the reagents there will be no waste generated. The concept
of atom economy can be used to identify synthetic methodologies that will retain
the maximum number of atoms from the reactants in the final product and thereby
reduce wastage. The atom economy concept allows quantification of the efficiency
of a reaction with respect to the number of atoms transferred from the reactants to
the final desired product (Trost, 1995; Trost, 2002). The concept of atom economy
can be applied to every synthesis and be used to define new pollution prevention
benchmarks (Cann and Dickneider, 2004; Song et al., 2004). Atom economy
calculation, broadly presents a measure of the greenness of a chemical reaction.

*For Correspondence: baijuvijayan@kannuruniv.ac.in; baijuvijayan@gmail.com
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The commonly used indicator for efficiency of a reaction in organic synthesis is
the percentage yield, which neglects mass flow (Cann and Dickneider, 2004). A
synthetic chemist records the yield of a particular reaction as percentage yield. The
percentage yield can be calculated as

Actual yield of the product

Y%yield = 100

Theoretical yield of the product

A yield above 90% is considered good.

From the above calculations, it can be understood that if one mole of the
reactant produces one mole of the product we get 100% yield. However, the amount
of waste produced is not factored in the above calculation. So a synthesis cannot
be characterized in terms of greenness, even if it has a 100% yield (Eissen et al.,
2004). An example is the Grignard reaction (Scheme 2.1). It cannot be considered
green, even though it gives a 100% yield. A large amount of by-products is formed
in the reaction.

o Ho MO Mg(OH)B
CH;Mg Br + CH;COCH; —— > + Mg(OH)Br

Scheme 2.1 Grignard reaction.

Here one mole of acetone gives one mole of tert-butyl alcohol. But one mole
of Mg(OH)Br is formed as a by-product which is not taken into account while
calculating the yield.

Here lies the need for an accurate gauge for the greenness of a chemical reaction
and leads to the concept of atom economy. If there are two possible schemes for a
synthesis, the one, more consistent with green principles should be chosen. Such a
synthetic route, will mainly incorporate the maximum number of atoms from the
reagents into the desired final product (Anastas et al., 2002). Hence the concept
of atom economy concentrates on developing synthetic schemes that will reduce
waste by maximizing the incorporation of atoms from the reactants in the desired
product. By following the atom economy one can design greener reactions.

The quantification of atom economy concept was conducted by Roger A Sheldon
(Kidwai and Mohan, 2005), a professor at Delft University in the Netherlands. He
introduced the percentage atom utilization as a measure of atom economy and is
given as

Molecular weight of desired product

% Atom utilization = x100

Molecular weight of formed product + Waste product

Percentage atom utilization is the percentage of atoms in the reactants that are
incorporated into the final product. If more than one product of interest is formed
in a reaction, percentage atom utilization equation is modified as

(ZN, W)
[(EN,,) + (ZN, W, )]

% Atom utilization = x100
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where,
N, = Number of molecules of the products

N, = Number of molecules of the residues

W, = Formula weight of products

W,. = Formula weight of residues

An example of a 100% atom utilization reaction is the reaction between sodium
sulfite and sulfur powder to form sodium thiosulfate, which is given in Scheme 2.2.

Nast3 + Sulfur —— N32S203

Scheme 2.2 Formation of sodiumthiosulfate.

In several reactions, it is difficult to determine the identities of waste products
and the concept of percentage atom utilization cannot be used. The law of
conservation of mass provides a better platform for understanding the maximum
inclusion of all the atoms of the reactants in the final products and is applied for
calculating percentage atom economy. It is given by:

formula weight of atoms utilized

% Atom economy = x100

total formula weight of all the reagents used in this reaction

ATOM ECONOMY IN DIFFERENT TYPES OF
REACTIONS IN ORGANIC SYNTHESIS

The concept of atom economy can be best understood by considering examples of
different kinds of reactions. There are four main types of reactions in organic synthesis;
rearrangement, addition, substitution and elimination reactions. By calculating the
percentage atom economy, we can find out which one is more atom economical.

Rearrangement Reactions

All rearrangement reactions are carried with 100% atom economy as it involves
only the rearrangements of the atoms of a molecule. As an illustration, consider the
rearrangement reaction of propan-1-ol to propan-2-ol (Scheme 2.3).

.
_\—OH OH
Scheme 2.3 Rearrangement reaction of propan-1-ol to propan-2-ol.

Here all the atoms in the reactant molecule are utilized in the final desired product.

formula weight of atoms utilized %100

% Atom economy =
v total formula weight of all the reagents used in this reaction

= @XIOO =100%
60
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Consider the rearrangement of 3, 3-dimethyl-1-butene to 2, 3-dimethyl-2-
butene in presence of acid catalyst (Scheme 2.4).

—_— +
A<__H,

Scheme 2.4 Rearrangement of 3, 3-dimethyl-1-butene to 2, 3-dimethyl-2-butene in
presence of acid catalyst.

% Atom economy = % x100 =100%

Here also all the atoms in the reactant are rearranged to form the final product
and atom economy is found to be 100%. The acid used in the reaction is not included
in the calculation because it is only required in catalytic amounts and does not
form part of the product. The Claisen rearrangement is another classical example
of 100% atom efficiency reaction, which involves rearrangement of aromatic allyl
ethers producing ortho-substituted product, is illustrated in Scheme 2.5.

(\o Z OH
@ 200 °C ;

Scheme 2.5 Claisen rearrangement.

34.75

% Atom economy = 5 x100 =100%

An important rearrangement involving catalysts is the beckmann reagent
where a cyclohexanone oxime converted to caprolactum in the presence of oleum
(Scheme 2.6), a major precursor for the synthesis of nylon 6. Fries rearrangement of
phenolic esters also go through a catalytic route involving lewis acid such as AICI;
as catalyst, which is given in Scheme 2.7. However the use of a large amount of
catalyst increases the aluminum waste thereby reducing atom efficiency. In order to
make it atom economic, photo-fries rearrangement is carried out where the reaction
takes place through an intermolecular free radical route.

0
R__R R_R P HO__R
C H,0 "R
M e i Sy
“OH OH, R -H R R

Scheme 2.6 Beckmann rearrangement.

N it
AICly _+ o ClAlL OAICI,

© + AlCI, © < © © © + Al(OH); + 2 HCI

Scheme 2.7 Fries rearrangement.
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Even though rearrangement reactions are considered to show 100% atom
economy, there are few exceptions. Some rearrangement reactions involve elimina-
tion of water reducing the theoretical atom economy. Similarly, rearrangements
involving intermediates along the reaction pathway show less atom economy.

Addition Reactions

Addition reactions are reactions in which there occur an addition of molecules or
groups across a double or triple bond. These reactions are 100% atom economical
(Trost, 2002), since the reactants combine to form the final product, without any
elimination of side products. We can consider an example for addition reaction.

Considering the hydrogenation of ethene (Scheme 2.8), all the atoms of ethene
and hydrogen molecule are utilized in forming the final product ethane. Here,
nickel is only required in catalytic amounts and will not influence the calculation
of atom economy.

Ni
H,C=CH, + H, — H;C—CH;
Scheme 2.8 Hydrogenation of ethene.

In this reaction, the total formula weight of reagents used is 30 g/mole and the
total formula weight of atoms utilized is also 30 g/mole and thus the percentage
atom economy is 100%.

Other examples of simple addition reactions include carbonylation, bromination,
chlorination, etc. which also proceeds with 100% atom economy. Geier et al. in
2010 reported metal free reductions of N- heterocycles in the presence of a catalytic
amount of borane, B(C4F5); and hydrogen.

Substitution Reactions

Substitution reactions take place by the replacement of one or a group of atoms by
another atom or group of atoms. These reactions are usually poor in terms of atom
economy.

Consider the example of acid promoted nucleophilic substitution reaction,
given in Scheme 2.9.

/\/\ /\/\
HyC OH + NaBr + H,80, — H,C g+ NaHSO,+ H,0

Scheme 2.9 Bromination of butanol.

Here, some atoms of the reactants are wasted and some are incorporated in the
desired products. We can see that half of the mass of the reactants converts to the
desired products and the rest is wasted as unwanted materials.

Total formula weight of reagents used = 275 g/mole

Total formula weight of atoms utilized = 138 g/mole



10 Green Chemistry and Applications

formula weight of atoms utilized

% Atom economy = x100

total formula weight of all the reagents used in this reaction

= g><100 =50%
275

i.e., for the above reaction % atom economy is only 50%.

In the Mitsunobu reaction of conversion of secondary alcohols to ester,
diethyl azodicarboxylate and triphenyl phosphine are used as reagents. Diethyl
azocarboxylate is unstable and explosive in nature. The byproducts of the reactions
also have considerable mass. Therefore the reaction is not ideal and has low atom
economy. Instead of these reagents, Barret in 1998 used imidate esters (Barrett et al.,
1998), produced from DMF and oxalyl chloride. This, on reaction with potassium
benzoate leads to SN, substitution reaction of secondary alcohols. This reaction,
given in Scheme 2.10 minimizes the quantity of nucleophile which improves atom
economy. Moreover, the side products (DMF and KCl) can be removed easily.

R DME, THF, (COCl); R
>—OH > R
R PhCO,K, Reflux 0,CPh

Scheme 2.10 Mitsunobu reaction using imidate esters.

Generally, bromination of alkenes is carried out with liquid bromine in non-
reacting or acidic solvents like CH,Cl,, CCl, and glacial acetic acid. This easy method
can be completed in 10 minutes. But the chemicals used are harmful, carcinogenic
and a skin irritant. Mckenzie et al. in 2005, utilized pyridiniumtribromide as a
bromine source to make this reaction greener. This reaction used ethanol as a solvent
instead of glacial acetic acid. Reaction was carried out at room temperature. But
a disadvantage was that, the reaction was less atom economical than the classical
reaction. Instead of the above mentioned reactants, they used hydrobromic acid in
the presence of hydrogen peroxide as a bromine source and high atom economy
could be achieved. Consider bromination of Stilbene given in Scheme 2.11.

Ph Br Ph
Bromination Br
—_—

Scheme 2.11 Bromination of stilbene.

In the process stilbene is dissolved in ethanol and heated to reflux. HBr and 30%
H,0, are then added to the mix. Orange color appears in the solution, indicating
the formation of bromine in the system. The reaction mixture becomes colorless
as the product precipitates out. The atom economies of bromination of stilbene in
classical and green methods are given in Scheme 2.12.
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Br, in CH,Cl,

O > 100%
Z Pyridinium tribromide
o
Ethanol 68%
HBr and H,O,
> 90.4%
Ethanol

Scheme 2.12 Atom economies of bromination of stilbene.

Fishback in 2016 compared the aromatic electrophilic substitution (bromination
and nitration) reactions of toluene (Fishback et al., 2016). Bromination using
N-bromosuccinimide and nitration with nitric acid, illustrated in Scheme 2.13, were
chosen for their study.

__Hso,
+ HNO,

FeCl
+ NBS Acetomtrlle
Br

Scheme 2.13 Bromination and nitration of toluene.

Atom economy of nitration reaction is 85% and that of bromination is 63%.
Functionalization by nitration reaction is greener than bromine substitution to obtain
monosubstituted toluene. Even though nitration is greener from the perspective of
atom economy and green principles, it is more difficult to execute than bromination.

Elimination reactions

In the case of elimination reactions, two atoms or group of atoms are lost from
the reactant. Therefore, the reaction can never be atom economical. These are
considered the worst atom economical reactions among the four.

Consider preparation of methyl propane from 2-bromo 2-methyl propane,
given in Scheme 2.14.

Brl< + \_ONa —_— :< + \_OH + NaBr
Scheme 2.14 Preparation of methyl propane.

Total formula weight of reagents used = 205 g/mole
Total formula weight of atoms utilized = 56 g/mole
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formula weight of atoms utilized %100

% Atom economy =
Y total formula weight of all the reagents used in this reaction

= ﬁ><100 =27%
205

i.e., for the above reaction percentage atom economy is only 27.

There are several other types of reactions, such as pericyclic reactions, carbon-
carbon coupling reactions, non carbon-carbon coupling reactions, condensation
reactions, redox type reactions, multicomponent reactions, isomerizations, etc. The
atom economy of these reactions can also be calculated.

Pericyclic Reactions

Pericyclic reactions are concerted reactions in which reorganization of electrons
occur via a single cyclic transition state. There are different types of pericyclic
reactions, such as cycloaddition, electrocyclic reaction, sigmatropic rearrangement,
group transfer reaction, chelotropic reaction and diatropic rearrangement. Pericyclic
reactions are 100% atom economical, like simple addition and rearrangement.

Consider the cycloaddition of butadiene and ethene (Diels-Alder reaction), the
product obtained is cyclohexene and takes place in presence of heat, illustrated in
Scheme 2.15.

N + H,C=CH, _MHeat @
Scheme 2.15 Diels — Alder reaction.

Here the total formula weight of reagents used is 82 g/mole and the total formula
weight of atoms utilized is also 82 g/mole giving a percentage atom economy of
100%.

Coupling Reactions

In organic chemistry, the term coupling reaction encompasses a variety of reactions,
where 2 reaction fragments join each other by forming new bonds between atoms,
with the help of a catalyst. Fischer indole synthesis, Danishefsky synthesis,
Meerweinarylation, Kolbe synthesis, Zincke-Suhl synthesis, Robinson annulation,
Gattermann-Koch reaction, Henry reaction, Heck reaction, Nazarov cyclization,
Stoltz aerobic etherification, Buchwald-Hartwig cross coupling, Stahl aerobic
amination, Polonovski reaction, etc. are some named organic reactions belonging
to this category.

Consider the Heck reaction between methyl chloride and propene in presence
of a base and palladium catalyst to form 2-butene, given in Scheme 2.16.

CH,Cl + Y —B8¢,

Scheme 2.16 Heck reaction.
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Formula weight of all the reactants used = 92.5 g/mole
Formula weight of atoms utilized = 56 g/mole

% Atom economy = %65 x100 = 60.5%

Here the percentage atom economy is only 60.5%.

Fishback et al. in 2016 compared various reactions through a green approach.
According to him, the Barbier reaction which is an aqueous version of the Grignard
reaction, is less toxic and greener than the Grignard reaction, illustrated in
Scheme 2.17. Unlike the Barbier reaction, the Grignard synthesis has to be
performed in anhydrous condition in organic solvents. Atom economy of the
Barbier reaction is 65%.

o OH
Zn/NH,CI A

H
—
+ 2 Br TH,0MHF

Scheme 2.17 Barbier reaction.

Classical Wittig reaction using organic solvents and waste generation is very
high. For making it greener, Fishback et al. 2016 proposed a grinding method to
induce contact between the reactants in the absence of any solvent (Scheme 2.18).
This greener method has an improved atom economy of 45%.

|+Ph K PO,
P Cl + H + P(Ph)30 + HCI
No Solvent

Scheme 2.18 Green wittig reaction.

Multicomponent Reactions

These are a special type of addition reactions in which at least three substrates
react together in one reaction vessel either sequentially or all at once (Posner,
1986; Ugi et al., 1994; Domling, 2002). Here the order of addition of substrates
determines the final product of the reaction. Strecker synthesis of R-cyanoamines,
Hantzschdihydropyridine synthesis, Radziszewski imidazole synthesis reaction,
Riehmquinoline synthesis, Doebner reaction, Pinner triazine synthesis, Hantzsch
synthesis, Biginelli reaction, Thiele reaction, etc. belong to the category of
multicomponent reactions.

Consider the Doebner reaction of aniline with acetaldehyde and pyruvic acid
forming quinolone-4-carboxylic acid (Scheme 2.19).
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0 o) Oy _OH
NHZ H
H
_-od + 2H,0
Z
AO N

Scheme 2.19 Doebner reaction.

Formula weight of all the reactants used = 225 g/mole
Formula weight of atoms utilized = 187 g/mole

1
% Atom economy = %x 100 =83.1%

From the calculation here, the percentage atom economy is 83.1%.

Condensation Reactions

Condensations are reactions in which carbon-carbon coupling takes place by
straight-chain additions or cyclizations, producing hydroxylic molecules like water
or alcohol as a byproduct. Dieckmann condensation, Stobbe condensation, Nenitzes-
cuindole synthesis, Mukaiyamaaldol condensation and acyloin condensation are
some examples.

Consider the example of Claisen condensation between methyl propanoate
and methyl methanoate, in the presence of the base sodium ethoxide, forming the
ketone derivative, with the elimination of ethanol as given in Scheme 2.20.

/\n/ ~ +\ﬂ/  __G,H;ONa /\n/\n/o\

Po) o O

Scheme 2.20 Claisen condensation.

Formula weight of all the reactants used = 162 g/mole
Formula weight of atoms utilized = 130 g/mole

1
% Atom economy = % x100 = 80.2%

The percentage atom economy is 80.2%.

Amide formation reaction is the most important topic in the area of
pharmaceutics. For the preparation of amide bonds, the two classical methods
used are acid chloride route and coupling agent method. The first method is the
reaction of amine with an acid halide, an acid anhydride or an ester. In the second
method, amine reacts with carboxylic acid in the presence of coupling reagents like
dicyclohexylcarbodiimide. These methods have the disadvantage of being less safe
and having a low atom economy. Fennie in 2016 proposed a catalytic method for
the formation of amides involving generation of water as the byproduct, a greener
alternative (Fennine and Roth, 2016).

As an example, consider the synthesis of N-benzyl-3-phenylpropanamide using
the above three methods, given in Scheme 2.21.
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OH +

Diisopropylethylamine

Coupling agent
Acid chloride DMF

PhMe
heat
H;BO;

NH\©

Scheme 2.21 Synthesis of N-benzyl-3-phenylpropanamide through various methods.

A comparison of the atom economy of these three reactions show that the acid
chloride route has 49% atom economy, the coupling reagent method has only 31%
atom economy and the catalytic method using boric acid catalyst has 93% atom
economy. This affirms the greenness of the process along with the low cost.

Redox-type Reactions

Redox-type reactions involve oxidation or reduction of reactants in the presence
of oxidizing or reducing agents respectively. These reactions usually produce
significant by product wastes mostly from the oxidation or reduction of the
reducing and oxidizing reagents (Andaros, 2005a, b; Sipos et al., 2013). Redox type
reactions require the presence of another redox couple for converting byproducts
back to the initial oxidizing or reducing reagents (Sato, 1998). These reactions are
not green in terms of atom economy.

Consider the oxidation of 2- butanol to 2- butanone using the Jone’s reagent
(Scheme 2.22).

37 420105 + 3,50, —=3 7Y+ Cry(80,); + 6 H,0
OH (0]
Scheme 2.22 Oxidation using Jone’s reagent.

Formula Weight of all the reactants used = 820 g/mole
Formula weight of atoms utilized = 216 g/mole

2
% Atom economy = % x100 =26.3%

Cascade redox reactions, resulting in water as the ultimate waste product
has recently been developed (Wardman, 1989). Molecular oxygen from air and
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hydrogen peroxide are the optimal oxidizing agents which produce water as the
byproduct (Choudary et al., 2003) and hydrogen gas is the optimal reducing agent
which produces no byproducts. Catalytic oxidations are always superior to the
above stoichiometric oxidations in the calculation of atom economy.

Consider the above example of oxidation of 2-butanol to 2-butanone, in the
presence of oxygen and a catalyst, illustrated in Scheme 2.23.

(0}
/\/+ 0.502—'/\f+ H,0

OH
Scheme 2.23 Catalytic oxidation.

Formula weight of all the reactants used = 90 g/mole
Formula weight of atoms utilized = 72 g/mole

72
% Atom economy = 90 x 100 =80%

Percentage atom economy is almost three times compared to stoichiometric
oxidation.

Fishback et al. in 2016, studied epoxidation of trans-Anethole using potassium
peroxymonosulfate and meta- Chloroperoxy benzoic acid as oxidizing agents to
produce trans - Anethole oxide, illustrated in Scheme 2.24.

N
JOJ7

+ +

Potassium peroxymonosulphate mCPBA

Na,CO
NaHCO 273
’ CH,| H,0
Acetone CH,Cl,
O
o

Scheme 2.24 Epoxidation of trans-anethole.

The atom economy of epoxidation reaction using mCPBA (51%) is higher as
compared to that involving potassium peroxymonosulphate (36%). Epoxidation
using mCPBA is also cheaper. Therefore, it is the greener one from the perspective
of atom economy and cost consideration.

Nguyen and Retailleau in 2017, reported for the first time, a redox-neutral,
catalyst free, completely atom-economical synthesis of sultams. Sultams are cyclic
derivatives of sulfonamides and are used as important scaffolds in medicinal
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chemistry. Their uses also include antibacterial activity, lipoxygenase inhibition,
drugs for heart disease, etc. Redox and non-redox approaches were widely used
for the preparation of sulfonamides and sultams. In the redox method, the widely
used strategy is the oxidation of sulfonamide derivatives such as sulfenylamides
and sufinylamides and in non-redox method, the condensation of amines with
activated sulfonyl group is utilized. In both strategies, the atom economy can
never attain 100%. In the new method, elemental sulfur was used as a versatile
synthetic tool in sulfonamide synthesis without any byproducts. Nguyen presented
a total atom economical approach for the synthesis of sultams (Scheme 2.25)
which involves heating of 2-nitrochalcones with elemental sulfur in the presence
of N-methylmorpholine or 3-picoline without any catalyst.

(0]
1
R N R 100-135°C, 16 h
+ Sulfur
NO, N Methyl Morpholine
Scheme 2.25 Synthesis of sultams from 2-nitrochalcone.
Isomerizations

Synthesis of conjugated carbonyl compounds by the isomerization of propargyl
alcohol represents an atom economical reaction. The isomerization of propargyl
alcohols into enones occur via a traditional two step stoichiometric redox
reaction in presence of a Ruthenium catalyst. Total synthesis of adociacetylene
B through an enantioselective route is shown in Scheme 2.26. Conversion of
alkynylvinylcyclopropene to a fused ring structure with ring size 5 or 7 also shows
ideal atom economy (Li and Trost, 2008), which is shown in Scheme 2.27.

4
/ / \
CH
\\( 2)6 (CH ) Ru catalyst (CH2)6
O 2’6 \\ O (CH2)6
Cat. In(OSO,CF,), >
OH
¢\
—~—
2 steps (CHy)™
N o (CHy)q
\W/ N

Scheme 2.26 Isomerization of propargyl alcohol.
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// R-CH,OTIPS  HOOCH,C H
—_—
HOOCH,C OTIPS
CH,COOH 7 i
HOOCH,C H + PhRu(NCCHy); PF, 85%
N\ R CHO
H
B HOOCH,C
—
R-CHO HOOCH,C
H
80%

Scheme 2.27 Conversion of alkynylvinylcyclopropene.

ATOM ECONOMY IN CATALYSIS

Catalysis offers atom efficient reactions through an alternative reaction pathway
by lowering the activation energy and thereby enhancing the rate of chemical
processes. Catalysts can be excluded from the atom economy calculation, as they
are not used in the reaction. The use of homogenous, heterogenous or biocatalysts
helps to reduce reaction steps, stoichiometric components and energy thus giving
higher atom economies (Anastas et al., 2001).

Heterogenous Catalysis

Atom economy of some reactions can be increased by using a suitable heterogenous
catalyst. Here the reactant in one phase and the catalyst in a different phase interact
through adsorption. As an illustration, consider the case of nickel-catalyzed hydro-
genation ofnitrobenzene. The atom economy of aniline production is found to be
35% without nickel catalyst and hikes to 70% with this robust, cost-effective, easily
recyclable heterogeneous catalyst, Scheme 2.28 (Grant et al., 2005).

NO, Ni (cat) NH,
i (cat.
+ M, ———————* + 2H,0
300 °C, 5 psi

Scheme 2.28 Nickel catalyzed hydrogenation process.

% Atom economy = 9313 x100 =72%

129.17
In the case of amide bond formation, there are many inefficient coupling
reagents such as phosphonium/uranium salts and carbodiimides, which not only
reduce the atom economy but also forms toxic or corrosive side products (Valeur
and Bradley, 2008; Constable et al., 2007). Many methods have been proposed to
overcome this problem. Among them, the most significant approach is the use of
readily available and affordable, thermally activated K60 Silica as a heterogenous

catalyst (Comeford et al., 2009) (Scheme 2.29).
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NH
011 H,N K60 Silica + H,0
0 toluene
4-phenylbutanoic acid N,4-diphenylbutanamide

Scheme 2.29  Synthesis of N, 4-diphenylacetamide from 4-phenyl butanoic acid in
presence of K60 silica catalyst.

239.32
% Atom economy = % x100 =93%

The above reaction of 4-phenylbutanoic acid with aniline have 74% yield with
93% atom economy although they were carried out at high temperature to inhibit
the trapping of product into the silica pores. In addition, catalytic recyclability and
completion of reaction were established through continuous flow experiments for
industrial applications.

An important form of heterogenous catalysis is phase transfer catalysis. The
transfer of a reactant from one phase into another where reaction occurs is facilitated
by using phase transfer catalysts. Studies reveal that benzoin condensation in aqueous
media using quaternary ammonium salt (Q"X") as pseudo phase transfer catalysts
(Scheme 2.30) tend to be 100% atom economical (Yadav and Kadam, 2012).

I P
H QX
2 —-
0

Scheme 2.30 Quaternary ammonium salt catalyzed Benzoin condensation.

212.225

% Atom economy = x100 =100%

Homogenous Catalysis

Homogenous catalysis is gaining attention despite the fact that 90% of industrial
processing involves heterogeneous catalysis. An important completely atom
economic industrial process is the synthesis of adiponitrile using nickel-tetrakis
(phosphite) complex as catalyst, given in Scheme 2.31.

108.14

% Atom economy = 108.15 x100=100%

Research has progressed to improve the efficiency of catalytic reactions. Allen
and Crabtree proposed such systems in the reference (Allen and Crabtree, 2010).
The enhancement of atom economy in B-alkylation of alcohols is usually a three
step process (Scheme 2.32) with minimum atom economy which can be improved
by the use of an alkali metal based catalyst, which is shown in Scheme 2.33.
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The suggested mechanism begins with oxidation followed by aldol condensation
involving base catalyst and subsequent reduction using aluminium alkoxide
catalysts. This method presents an energy efficient and cheaper process using less
toxic metals, apart from the atom efficiency consideration.

Ni Complex
A~F + HCN P "N + \)\CN

3PN (major) 3M3BN (minor)

Isomerization

AN + NN

4 PN (major) 2 PN (minor)

\ HCN

NC
\/\/\CN
adiponitrile
Scheme 2.31 Ni catalyzed synthesis of adiponitrile.

OH 0O OH
oxidation alkylation » reduction ,
A idaton_ | stlation_ M perecion T

Scheme 2.32 Three-step beta alkylation of alcohols.

OH

OH
KOH 1 eq.
A+ mon—=% Ph)\/\Ph + H,0
Ph
Scheme 2.33 Base catalyzed beta alkylation of secondary alcohols.

212.29
% Atom economy = 286.42 —— %100 =74%

Hydrogen borrowing is another significant approach in homogenous catalysis
(Berliner et al., 2011). This process combines one-pot oxidation-reaction-reduction
sequence using alcohols or amines as alkylating agents with inherently high atom
economy. Conventionally second and third row transition metals particularly Ru,
Os, Rh and Ir were used. In need of sustainable methodologies, finding efficient
alternatives becomes a major challenge. In recent times first row transition metals,
which are very abundant on earth, have been established for hydrogen borrowing
catalysis. Iron catalyzed methylation is the best example for the hydrogen borrowing
approach using a Knoélker-type (cyclopentadienone) iron carbonyl complex as a
catalyst, illustrated in Scheme 2.34. A variety of amines, indoles, ketones, sulfon-
amides and oxindoles undergo mono- or dimethylation in excellent yields following
this method (Polidano et al., 2018).
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Scheme 2.34 Iron catalyzed methylation.

Biocatalysis

In biocatalytic processes natural catalysts such as enzymes accomplish desired
transformations (Straathof et al, 2002). Modern technologies including
recombinant DNA technology, immobilization methods and protein engineering
providenumerous ways for realizing these reactions (Parmar et al., 2000; Powell et
al., 2001). Extremely high reaction rates, high selectivity and biodegradability make
enzymes a good candidate for such reactions. However high substrate specificity
causes difficulties when wide substrate applicability is needed. Concerning atom
economy, synthesis of 6- aminopencillanic acid from pencilin G can be considered
(Scheme 2.35). Usually 6-aminopencillanic acid is synthesized through a four step
deacylation process (Weissenburger and van der Hoeven, 2010).

©/\( \)L 1. Me,SiCl \)L
J:'/ 2. PCls, -40°C j:'/
COOK' COOSnMe3

3. n- BuOH, —40 °c

D e Oy

oocC
COOSiMe;

COOBu

Scheme 2.35 Synthesis of 6- aminopencillanic acid.

The mechanism includes protecting carboxyl group of penicillin G by silyl,
conversion of amide into imine chloride and enol ether formation followed by
hydrolysis. The atom economy of the reaction is only 28%. Later Wegman et al.,
2001 demonstrated 58% atom economy by employing stable enzyme penicillin G
acylase (Wegman et al., 2001), given as Scheme 2.36. Similar studies have been
done extensively by completely replacing the conventional deacylation process.
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NH H;N
W \S)L Pencillin acylase \S)L
0 N HO Ne

- -+ (0] . _
COO K CO0

Scheme 2.36 Penicillineacylase catalyzed production of 6-amino penicillanic acid.

Research is progressing by taking atom economy as a valuable tool to design the
sustainable process of pharmaceutical chemicals. Recently, Oeggl and co-workers
used biocatalysts in cascades producing pharmaceutical chemicals with enhanced
productivity and selectivity (Oeggl et al., 2018). In this work, all four isomers
of anti-inflammatory drug 4-methoxyphenyl-12-propanediol were synthesized
via two step cascade reactions using NADPH-dependent alcohol dehydrogenases.
The reaction takes place with 99.9% atom economy.

Novel Examples for Catalytic Synthesis
Involving 100% Atom Economy

Kang and co-workers, in 2013 reported a 100% atom economical catalytic
redox-neutral method for synthesis of amides from an alcohol and a nitrile (Kang
et al., 2013). The earlier method of amide production is given in Scheme 2.37,
which are not atom economical. Many approaches, including direct oxidation of
primary alcohols and amines have been attempted for a 100 % atom economical
amide synthesis (Zweifel et al., 2009; Gunanathan et al., 2007,). Ru catalyzed
hydrogenation of nitriles yielding primary amines without side products had
been reported (Enthaler et al., 2008; Takemoto et al., 2002). Kang et al., 2013
inspired by this, used a Ru catalyst, RuH,(CO)(PPh;); for transfer of hydrogen
from alcohol to nitrile, which was followed by C—N bond formation between
a-carbon of the primary alcohol and nitrogen of the nitrile and yielded amides
without any byproduct. The completely atom-economical redox neutral amide
synthesis method is given in Scheme 2.38.

0
R Son — M 0

R® 'OH
R™ 'NH R

Coupling Reagents

1
R-CN — R'™nn,

Scheme 2.37 Earlier method of amide production.

A R
R oH + pR-on—Ru )J\NH'\RI

Scheme 2.38 Amide formation from alcohols and cyanides in presence of Ru catalyst.

Nitrogen-containing polycyclic compounds are essential for the agrochemical,
pharmaceutical and fine chemical industries. Thus the improvement of existing
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methods and development of new methodologies for synthesizing nitrogen-
containing polycyclic compounds are very important. Qiu et al. in 2017 reported
a 100% atom economic method for synthesizing indanone fused pyrrolidine from
enynals and propargylamines using CuCl/Et;N as the catalyst, which is given in
Scheme 2.39. Here in this reaction, two rings and four bonds are formed in a single
step with high atom economy.

1

R
CHO _ 2 N
R [ CuCl
+ R-NH — = .R AN
D Et;N EWG |,
EWG o R

Scheme 2.39 Indanone fused pyrrolidine synthesis in presence of CuCl/Et;N catalyst.

Large varieties of natural bioactive compounds, such as lignans, terpenes,
steroids, nucleosides, etc. contain 2-methylene tetrahydrofurans and g-lactones
as their core structures. Also the polycyclic structures such as euchroquinol,
tricholomalide, parthenolide, dehydrocostus lactone, solanacol, etc. are formed
by fusing these skeletons with other cyclic units. But all these syntheses require
multisteps with low atom and step economy. Thus development of an efficient method
for the synthesis of polycyclic compounds containing 2-methylene tetrahydrofuran
and g-lactone units is of great importance. Liang in 2016 reported a 100% atom
economic one pot rapid process for synthesizing indanone-fused 2-methylene
tetrahydrofurans from enynals and propynols, which involves hydrolysis, followed
by Knoevenagel condensation, Michael addition and Conia-ene reactions (Liang
et al., 2016), which is illustrated in Scheme 2.40. Here in this method two rings and
four bonds are formed with complete atom-economy.

. CHO HO , In(OTf),
R + H: |
R R THF, 60 °C, 12 h
X
EWG
Scheme 2.40 Synthesis of indanone-fused tetrahydrofurans in presence of Indium
catalyst.

Tri aryl methanes find various applications in medicinal chemistry and the
dye industry. They also find various applications in material science, mostly as
photochromic agents and fluorescent probes. Reddy and Vijaya in 2015 reported
a highly efficient, 100% atom economic, one pot methodology (Scheme 2.41) for
the synthesis of unsymmetrical diarylindolyl methane derivatives by a Pd catalyzed
addition of o-alkynyl anilines to p-quinonemethides (Reddy and Vijaya, 2015).
The main features of this methodology are its 100% atom economy and its broad
substrate scope. Unlike the reported methodologies so far, this method does not
need the protection of the amino group.



24 Green Chemistry and Applications

PdCl,
DCE, 70 °C

Scheme 2.41 Pd catalyzed synthesis of unsymmetrical diarylindolyl methane derivatives.

Many natural products and bioactive molecules contain spiro[4,5]cyclohexa-
dienones as their skeletons. Hence they are considered as dominant intermediates
in many natural product syntheses. Traditional methods for the synthesis of
spiro[4,5]cyclohexadienones are intra molecular dearomatization reaction of
phenol derivatives. These reactions need the use of heavy metals and hard reaction
conditions. Yuan in 2017 reported a highly efficient, 100% atom economic method
for the synthesis of spiro[4,5]cyclohexadienones from para-quinonemethides and
propargylmalonates through a silver-catalyzed 1,6-addition reaction (Yuan et al.,
2017), explained in Scheme 2.42.

0
o 2 2
. - /\ R R
= X Ag
+ W% — .
3
X | x=(cHCOOR®),, NHTs N

Scheme 2.42 Silver catalyzed synthesis of spiro[4,5]cyclohexadienones.

CHEMISTRY OF NANOSIZED METAL PARTICLES
VIA ATOM ECONOMY CONCEPT

In the modern era, advanced technologies for synthesis are gaining wide attention.
In case of metal nanoparticle synthesis, a long standing dilemma exists between the
classical top-down and bottom-up approach. Although each method is significant
in some way, size control is a crucial problem with physical methods. Even though
the colloidal approach can address the problem, low yields hamper the advantage.
Moreover, large scale production of monodisperse nanoparticles cannot be achieved
using physical methods. An atom economical approach could be more feasible
in this context. Selecting reagents with multiple capability and reducing reagents
eliminates unwanted products and purification processes. Wostek et al. investigated
nanoparticles of Ru, Co and Rh through decomposition of organo metallic precursors
(Wostek et al., 2005). Greckler and co-workers synthesized Au nanoparticle using
poly(vinylpyrrolidone) as the protecting agent and NaBH, as the reducing agent in
the solid state using high speed vibration milling (Debnath et al., 2009).
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In 2010, Kalidindi and co-workers suggested a facile green route (scheme)
for synthesizing air stable Cu, Ag and Au nanoparticles. The method used the
mechanical stirring of mixtures of a metal salt and ammonia borane. Ammonia
borane plays both the role of a reducing agent and the precursor for the stabilizing
agent. Here ammonia borane is maintained at 60°C in an oil bath and metal salt
is added in small batches under an inert atmosphere. The resulting powders are
desired metal nanoparticles of corresponding metal salts.

The metal particles formed can be identified from the color of the final product.
For example, CuCl, has a brown color, while the copper nanoparticle has a reddish
brown appearance.

OTHER CONCEPTS RELATED TO ATOM ECONOMY

There are various other measures, which can be used for calculating the greenness
of a chemical reaction. Selectivity, E-factor, effective mass yield, reaction mass
efficiency, etc. are some concepts related to atom economy utilised in green
chemistry (Sheldon, 2018; Andaros and Sayed, 2007; Hudson et al., 2016).
Selectivity is a widely accepted concept for measuring the greenness of a reaction
and is described in detail below.

Selectivity

Selectivity is one of the important concepts in green chemistry and arises when we
have to control the reaction to get the desired product over side products. Selectivity
is related to yield an atom economy. A number of compounds are prepared through
selective reactions. Selectivity is influenced by steric and electronic effects.
Depending on the nature of selection chemoselectivity (functional group reactivity),
regioselectivity (orientation) and stereoselectivity (spatial arrangement) can be
defined (Trost, 1983).

Chemoselectivity

According to IUPAC, Chemoselectivity is defined as “the preferential reaction of
a chemical reagent with one of two or more different functional groups” (Shenvi
et al., 2009). In the absence of chemoselective reagents the reaction is indiscriminate
and all possible products are formed, decreasing the atom economy of the process.
Chemoselectivity becomes important when complex organic molecules with more
than one reactive site or functional groups are involved in the reaction. In this case,
the reagent has to be directed to the preferred site for the desired outcome. The
discrimination ability of a reagent, the ability of the reagent to select sites to react
with it, is called chemoselectivity (Trost, 1983).

For example, SnCl,/HCI does not react with -CHO group, when both the nitro
and aldehyde groups are present in the same molecule. Thus only the nitro group
will be reduced as shown in the Scheme 2.43.
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CHO CHO
SnCL/HCl
—_—

NO, NH,
Scheme 2.43 Reduction using SnCl,/HCI.

Another example is the reduction of -CHO group to —CH,OH in presence
of another substituent —COOEt group, by NaBH, as reducing agent, given in
Scheme 2.44.

CHO CH,0H
NaBH,
————
EtOH
COOEt COOEt

Scheme 2.44 Reduction using NaBH,.

Most of the industrial synthesis of dyes, medicinal supplies, agricultural
chemicals, etc. is accompanied by reduction of nitroarenes to aromatic amines
(Tsukinoki and Tsuzuki, 2001). The conventional procedure for reduction of
aromatic nitro compounds requires organic solvents under drastic conditions and
irritant reagents like NH;, conc.HCI or 20% aq. NaOH, so this reaction is not
environmentally benign. To make the reaction green Zinc metal and NH,Cl in
water at 80°C can be used as reducing agents. The sterically hindered 2,6-dime-
thylnitrobenzene can be reduced selectively by these reagents, which is shown in
Scheme 2.45. The reaction is chemoselective for nitrogroups only; other substituents
such as amide, ester and halide on aromatic rings are rarely affected.

NO, NH,
Zn/NH,CI

—_—

80°C

Scheme 2.45 Reduction using Zn/NH4CI.

Regioselectivity

In regioselective reactions, one of the positional isomer is preferentially formed.
The question of regioselectivity arises when a reagent can approach a particular
reactive site through different regions or positions. A regioselective reagent is
required to obtain the desired product. A simple example is addition of HX over
an unsymmetrical olefin.

Example: Reaction of Propene with HBr

(a) In the absence of hydrogenperoxide - Markovnikov’s addition: The positive
end goes to the carbon having more number of hydrogen atoms (Scheme 2.46).



Atom Economy 27

Br
H3C_\\CH+ HBr — —Q
2

Scheme 2.46 Markovnikov’s addition.

(b) In the presence of hydrogenperoxide—AntiMarkovnikov’s addition: The posi-
tive end goes to carbon having lesser number of hydrogen atoms (Scheme 2.47).

Br
H,C \ + HBr —— —Q
CH,
Scheme 2.47 AntiMarkovnikov’s addition.

Traditional procedure for the nitration of phenol is the use of conc. nitric
acid and sulfuric acid. The products obtained here are ortho- nitrophenol, para-
nitrophenol and dinitro phenol. i.e. the nitration of phenol is not selective.

Regio selective ortho nitration of phenol can be done by using NaNO,/KHSO,
in CH;CN (Heravi et al., 2007), Scheme 2.48. The reagent used is also inexpensive,
easy to handle and ecofriendly compared to the traditional nitration reagents.

NaNO /KHSO,

CH CN

63.282% 12.131% 6.891%
Scheme 2.48 Regio selective orthonitration of phenol.

Another regioselective method for the nitration of phenol and substituted
phenols is the use of dilute HNO; in the presence of a phase transfer catalyst
tetrabutylammonium bromide (TBAB) using ethylene dichloride (EDC) as a
solvent (Joshi et al., 2003), given in Scheme 2.49. As a consequence, reaction
rate increases, yield increases and production of waste reduce. The nitration data
of phenol and substituted phenols using different mol% of phase transfer catalyst
reagent is provided in Table 2.1.

OH OH
NO,
HNO,
—_—
TBAB,EDC
X X

where X =CHj3, Clor F
Scheme 2.49 Nitration using HNOj in presence of TBAB.
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Table 2.1 Nitration with phenol and substituted phenols (Joshi et al., 2003)

S1 no. Reactant TBAB (mol%) Time (hours) % Yield
1 Phenol 0 4 0.4
2 Phenol 5 4 90
3 4-Cresol 10 5 97
4 4-Chlorophenol 10 6 97
5 4-Fluorophenol 10 6 97

Stereoselectivity

Stereoselectivity in a reaction allows preferential formation of one stereoisomer
in the reaction. Stereoisomers differ only in the spatial orientation of constituent
atoms in space. Stereoisomers can be optically active or inactive. Stereoisomers that
are mirror images are called enantiomers and those that are not mirror images are
called diastereomers. Stereoselectivity have been achieved in many cases between
enantiomers and diastereomers. They are considered separately below.

a) Enantioselectivity
In enentioselective reactions, one enantiomer is formed preferentially over the other.
Enantiomers have similar physical and chemical properties, but significantly differ
in biological activity. Enantiomers are optically active and contain chiral reaction
centers. Hence chiral features in substrate, reagent or catalyst are required for an
enantioselective reaction to occur. Non-chiral reagents produce racemic mixtures
as products. Enantioselectivity is of great importance in pharmaceutical chemistry
(Federsel, 2005) and agrochemistry, particularly in cases where one enantiomer
has good efficiency and is non toxicity, while the other one has no activity and is
toxic. Consider the case of ibuprofen, a pain killer. The S-form of the molecule is
an effective analgesic while the R-form is inactive. As separation of two forms is
difficult, the drug is supplied as a racemic mixture. Enantioselective synthesis of
ibuprofen has been addressed in may research reports (Acemoglu and Williams,
2003; Tanaka et al., 2001).

An example of enantioselective reaction is the reduction of ketone using
the enzyme Thermoanaerobiumbrockii. Lower ketones like 2-butanone produce
R-alcohol and higher ketones like 2-hexanone produce S-alcohol (Scheme 2.50).

(0}
_<_ T-Brockii
E—————

2 Butanone R-alcohol(40% ee)

OH

o OH

4<1 T-Brockii ‘\_\;
——

2-hexanone S-alcohol(40% ee)

Scheme 2.50 Enantio selective reduction of ketone with Thermoanaerobiumbrockii.
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‘ee’ is the enantiomeric excess, which is the differencein mole fractions of
enantiomers in the mixture, used to measure degree of selectivity. Since a racemic
mixture contains equal amount of enantiomers, the enantiomeric excess is zero.
If a mixture contains the (+) enantiomer in four times than (—) enantiomer, the
difference is 0.8-0.2 = 0.6 or 60% ece. A pure enantiomer has 100% ee.

b) Diastereoselectivity
Consider the hydrogenation of substituted cyclohexene given in Scheme 2.51.

Hydmgenatlon H
<
Hydrogenatlon H
o

H
2

Scheme 2.51 Hydrogenation of substituted cyclohexene.

Addition of the two hydrogen atoms through the same side of the plane of the
double bond, results in product I and through opposite sides results in product II.
Catalytic hydrogenation usually results in product I rather than II since the hydrogen
atoms are delivered from the catalyst surface, on one side. The two products are
diastereomers.

This preferential formation of one diastereomer over the other is called
diastereoselectivity. Diastereomers contain more than one chiral center. Consider
the reaction between anthrone and R(+)-N-o-methyl benzyl maleimide in the
presence of triethyl amine as achiral base in water-ethanol medium, given in
Scheme 2.52. The reaction has excellent yields, but is not diastereoselective.
Instead of the achiral base, chiral Brownsted bases like cinchonine, quinine, etc.
produce diastereoselective products.

(o)

| h H Chiral Bronsted bases 3a-e
+ \ e

Room temp. aq. EtOH

Scheme 2.52 Reaction between anthrone and R-(+)-N-a-methyl benzyl maleimide in the
presence of triethyl amine.

E-Factor

Waste production is an unavoidable consequence of industrial production.
Managing the waste problem is of prime importance in green and sustainable
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chemistry. One aspect of minimizing waste production is recycling reagents and
solvents. If catalysts and reagents are in the solid phase, they can be filtered off
and reused. Substrate materials are continuously added to yield the product which
is simultaneously removed, while heterogeneous reagents and catalysts are kept
stationary. Environmental factor (E-factor) was introduced by Roger Sheldon to
determine the mass efficiency of such type of chemical reactions (Andaros, 2009).
E-factor can be effectively used as a tool to measure how much waste is generated.
It gives a perspective on the environmental impact of a particular reaction.

E-factor = Mass of produced wastes

Mass of desired product

Since estimation of the exact amount of wastes is difficult, an easier way of
calculating the E-factor is given below.

E-factor — Mass of raw materials — Mass of product

Mass of product

For almost all petroleum refining processes E-factors have been estimated to
be close to zero, an ideal production with zero waste generation. But in the case of
pharmaceutical and fine chemical industries, E-factors have been estimated to be
very high, in the range 5-100, indicating production of a large amount of waste.
The E-factors of various industries is given in Table 2.2.

E-factor and other concepts do not discuss the toxicity of wastes. For
comparison of alternate processes, we need to consider the toxicity aspect , along
with the amount of waste production. The term Environmental Quotient (EQ) was
proposed and is calculated as the product of E-factor and a correction factor Q
(unfriendliness quotient). The unfriendliness quotient, Q is the measure of toxic
substances. If Q-factor is 1, the waste has no environmental impact. The waste
can be recycled, if the E-factor is less than 1 and the wastes produced are toxic,
hazardous and cannot be recycled, if it is greater than 1.

Table 2.2 E-factors for different sectors of chemical industry (Sheldon, 2008)

Industry sector Annual production (tones) E-factor
Oil refining 106-108 Less than 0.1

Bulk chemicals 104-10° <1

Fine chemicals 102-10* 5-50

Pharmaceuticals 10-103 25-100

We can compare E-factor of various chemical industries. Production of bulk
chemicals is highly efficient compared to the production of fine chemicals and
pharmaceuticals. Use of inorganic reagents such as metals (Zn, Fe), metal hydrides
(NaBH,, LiAlIH,), etc. in reduction steps and KMnO,, K,Cr,0; etc. in oxidation
steps helps in decreasing the E-factor. Many reactions are accelerated by Lewis
acids (AICl;, BF;, ZnCl,) or mineral acids (H,SO,, H;PO,, HF). Substituting
outdated stoichiometric approaches with suitable catalytic alternatives is a way to
manage the waste. A catalytic process in which hydrogen acts as a reducing agent
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is more atom efficient than a hydride reducing agent. Similarly in comparison of
E-factors of different oxidants, oxygen has less E-factor than other oxidants and is
more reliable.

Effective mass yield (EMY)

Another concept related to atom economy is the Effective Mass Yield (EMY)
proposed by Hudlicky

Mass of desired product

EMY = x100

Mass of non-benign reagents

A non benign substance is defined as those by-products, solvents or surplus
reagents being associated with environmental threats. The difficulty to find out
whether the reagent is non benign or not is the major drawback of this concept.
The scarcity of toxicology data and measuring of non-benign nature makes this
parameter a less useful one.

Reaction Mass Efficiency (RME)

We cannot ensure that a reaction with high atom economy will give high yields or
vice versa. So a need for a better quantitative measure arises, which accounts for
both yield and atom economy. Reaction Mass Efficiency (RME), also called real
atom economy is a more realistic metric for describing the greenness of a chemical
reaction, put forward by Constable et al. at Glaxo Smith Kline in 2002. RME
comprises yield, stoichiometry and atom economy and thus can be considered as a
superior tool among all.

_ Mass of desired product %100%

Total mass of reactants

It can be expressed in another way as,

1
Stoichiometric factor

RME = Yield x Atom economy X

Consider the esterification reaction of n- butanol with acetic acid to form
n-butyl acetate ester, as an example for illustration (Table 2.3).

Table 2.3 Number of moles calculation for esterification reaction of
n- butanol with acetic acid

Reactant/Product Mol. weight (g) Mass (g) No. of moles
n-Butanol 74 37 0.5
Acetic acid 60 60 1
Acetate ester 116 40 0.34

Yield = % x100 = 68%
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116
Atom economy = —— x100=87%
74 + 60
From the calculation, it is clear that, this esterification reaction is green in atom
economical context, but in terms of yield, it is only moderately green. Here we can
calculate the RME, which is a measure encompassing both these aspects.

RME = ﬂ><100 =41%
97

As one can imagine multiple factors need to be taken into account to access the
greenness of a process along with atom economy. Recently multi-metric analysis
including acidification potential, smog formation potential, global warming
potential, ozone depletion potential, abiotic resource depletion potential, persistence,
bioaccumulation, ingestion toxicity, inhalation toxicity, etc. of different synthetic
routes of aniline from benzene have been attempted to identify the greener process
(Mercer et al., 2012). Similar assessments are required to completely characterize
a process as being completely green.

CONCLUSION

Use of green chemistry and green principles are going to be pivotal if sustainable
life is to be established on earth. It is high time that our synthetic methodologies
and industrial production are revamped to align with green principles that outline
safe, sustainable and waste minimizing synthetic methods. Among the 12 principles
of green chemistry, the second one, concept of atom economy allows a quantitative
estimation of greenness of a synthetic process. The process with higher atom
economy is expected to result in low wastage. But one needs to keep in mind that
it does not encapsulate product yield, extend of waste generation or nature of waste.
Definitions with wider scope that can reflect toxicity, nature and management of
waste, general usefulness and environmental impact would be required to precisely
quantify the environmental and sustainability impact of a chemical process.
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Editorial

The growing Phenomenon of globalization, liberalization and
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Abstract

Unemployment is the crucial problem faced by the yous, of the
nation. ldustrialisation is the solution for economic growth gy
employment generation. Govt of India introduced a credit linke|
capital subsidy scheme named Prime Minister's Employmen
Generation Programme to generate employment opportunities
by setiing up micro enterprise in rural and urban area. Rurdl
areas development is inevitable for the development of
developing country like India. PMEGP provides high rake
subsidies for setting up micro enterprises in rural areas. Al
national level Khadi and Village Indusirics Commission acted a5
nodal agency, at state level PMEGP implemented through Khadi
and Village Industries Board and District Industries Center. IJ’"
India ~ PMEGP  generates  employment opportuniis
approximately 1,58,230 as on 23rd January,2015.50 it
significant 10 study the role of Prime Minister’s Employme”
Generation Programme in Kerala. o
Key words: Industrialisation, Prime Minister’s Employ"®

Generation Program and Micro enterprise
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(Gupta 2014). Industrialisation is one of the B &s

i uns

mic grOWlh and employment generation. Goyy of Indi
Wdia
i yced yarious employment generalion programs with g

m.w 10 eradicate poverty and for ensuring rural development
e Minislﬁf’s Employment Generation Program (PMEGP) is

of the flagship program implemented by the Govt of Indiz
[hmugh the Ministry of Micro Small and Medium Enterprises.
i Minister’s Employment
{PMEGP) is playing a vital role in promoting self-employment
up[,m-[_unilin:s through micro and small industrial development

encouraging new entrepreneurs (Sanjeeb & RikoMihy,
1018).PMEGP is a credit linked capital subsidy scheme
ntroduced to generate employment opportunities. PMEGP
mplemented through Kadhi and Village Industries Commission
a_l'-n_aﬁonal level, at state level Kadhi and Village Industries
pourd and District Industries Centers. Prime Minister’s
Employment Generation Programme approximately generated
over 11,13,000 employments during the last three yeans 1e.
015-16 to 2017-18.Govt of Kerala also implemented PMEGP
0 generate employment opportunities.
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¢ PRIME MINISTER'S EMPLOYMENT GENERATI g
PROGRAM

Prime  Minister's Employment  Generation Prograp,
(PMEGP) was announced on 15th August, 2008 anq launch, ednTE
2008.09. PMEGP is a creditlinked subsidy proggg "
launched by Ministry of Micro Small and Medium Enterprigeg
(MSME) for creation of employment opportunities lhﬂ}ug]ll
selfing up micro enterprises in both rural and urban areas of the
country. Micro enterprises are increasingly being viewed as
means for enhancing the income earning capacities of the you
(Gupta 2014).Prime  Minister's  Employment  Generation
Programme is a credit linked capital subsidy scheme introduced
by Govt of India by merging existing two schemes namely
Prime Ministers Rojgar Yojana(PMRY) and Rural Employment
Generation Program(REGP) to create employment opportunities
through the establishment of micro enterprises in rural and urban
areas. (Ministry of MSME 2018).At national level the Scheme is
implemented by Khadi and Village Industries Commission
(KVIC). At the State level, the Scheme is implemented throvgh
State KVIC Directorates, State Khadi and Village [ndustries
Boards (KVIBS) and District Industries Centres (DICS)
banks. The Government subsidy under the Scheme is rcul.ed by
i:‘iifgugh_ ll‘.ue identified Banks for eventual dislribi:nor% T]Z
iz clanes/entrepreneurs in their Bank accoll s'“n -
manufaclurinms' Of- e gieeatnit admlss-lbie [service

- 2 sector is Rs.25 lakh and under business/s® 246

18 i SBeLS Patting
ﬁlﬂ“ 1slﬂﬂdard pass for projects costing
gt facturing sector and above Rs. 5 |akp i the

B B a ey e
i f;scl"’ice sector eligible (o apply, Only pey Projects are

el

6.10 jakh. Any individual above |8 years of 5
: ' ge at

above Rs.10 akh in

¢ for ganction under PMEGP, Se|f Help Groups
ﬂullS‘de st pelonging to BPL provided (hap they have mﬁ

ﬁngludlbinems under any other Scheme), Institutions registered

il SOCiBIiES Regislration Act,1860; Production Co-operative

and Charitable Trusts are also eligible. Existing Units
Piv{RY' REGP or any other scheme of Governmen of

(i or State Government) and the units that have already
dia ©

ed Government Subsidy under any other scheme of

"w“nment of India or State Government are NOT eligible.
yfnistry ©

f MSME 2018)

MINISTERS

ONECTIVES OF PRIME EMPLOYMENT

GENERATION PROGRAM

i, To generate employment opportunities in rural as well as

urban areas of the country through setting up of new seli-
employment ventures/projects/micro enterprises.

i. To bring together widely dispersed traditional artisans/ rural

and urban unemployed youth and give them self-
employment opportunities to the extent possible, at their
place

To provide continuous and sustainable employment 10 a
large segment of traditional and prospective artisans and
mral and urban unemployed youth i the country.
{i¥) To increase the wage eaming capacity of artisans and
fontribute to increase in the growth rate of rural and urban
mployment. (Ministry of MSME 2018)

QUANTUM AND NATURE OF FINANCIAL “SSISTANC;.;
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e max
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pusiness / service sector 1S Rs.10 lakhs. © Uy,
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subsidy of 25 9 of the project cost in rura] areas :n'; “‘“ney
urban areas. For beneficiaries belonging 159, i
categories such as scheduled casle!scheduledhtribe fsPEctal
the margin money subsidy is 35% in rural aregg i Wome,
urban areas. (Ministry of MSME 2018) 3%

ildmisﬂime :
e,

e B R — | s
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s : [ | be provided by
Special (including [ y
05% | 25% |35% | Banks
SC/ST etc.) i 0 ‘ 35% ‘ Bdnl\l; :s term ||
n.

(Ministry of MSME, 2018)

7.IMPLEMENTING AGENCIES

The Scheme will be implemented by Khadi and Village
Industries Commission (KVIC), Mumbai, a statutory body
created by the Khadi and Village Industries Commission Act
1956,which will be the single nodal agency at the national level.
Al the State level, the scheme will be implemented through S12¢
Directorates of KVIC, State Khadi and Village Indus™®
Boards (KVIBs) and District Industries Centres in rural a2
“’Pa‘f areas, the Scheme will be implemented DY the §mt=
District Industries Cenires (DICs) only. KVIC will c00d™™"
with State KVIBs/State DICs and monitor performance in ue
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o areas. (Khadi and Villag
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3 prbd § Cummissign_
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20 ERFORMANCE OF PMEGP IN KERALA

(i od's the own couniry, located on the southe
S 1 . i m

Kerd s Kerala blessed with natural resources and a

. . -~ s

most li.p
g youth. Govt of Keral

0 rich in

. a cannot gh|
Jucatim : : € 10 meet the
'“cloymem requirement of educated youth of yp, th
' W 3 A i state,
Tﬂusﬁialis""tmn is one of the best possible ways 1g er dicae
In e

of unemployment and also ensure the effecy
. . {=

of available resources in the State. By consider;
Sidering

Prime  Minister’'s Er ;
st nployment  Generation

ngramme played an important role in generating employment

" Lanities and ensures a way for industrialisation. Central
i Flagship program PMEGP implemented by the state
u;{nugh Khadi and Village Industries Commission, Khadi and
village Industries Board and Directorate of industries and

commerce. During the year 2015-2016 the number of units set

yp in Kerala 1, 36, 99,653 employment opportunities generated
uder this scheme. District Industries Center is leading in
qumber of units set in Kerala under the scheme of PMEGP.DIC
set up 734 units in Kerala under PMEGP during 2015-2016.
Table 1 Approximate Number of units set up in Kerala

Under PMEGP -2015-2016

81

KVIC| KVIB DIC| Total
No

District

Thiruvananthapuram| 33 | 8 | 7 19

2 Kollam RERE R

Pathanamthita 9 7 | =) M
105

Alappuzha 5| 2| ® %
Kottayam 6| %0 |%* i
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Table 2 District wise Progress Report of PMEGP during
2016-17
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— ;

1| Kozhikode 80.76 | 111] 80

o 215.7 =l

I wayanad | 8076 | 158 157| 27| 157 65 -;nlqs_]l

[ Kannur 70 | 81| 70 [ 9121| 70| 40| 408 5|

o 101.7 1

i Kasargod 80.76 | 92 | 57 ,! 57126137199 W]|

1101, | 191 | 159 2222.| 157| 78 | 991.8] 70

A 02815243185‘

! Source: Directorate of Industries & Commerce |

9FINDINGS OF THE STUDY

The present study observed the following points.

L In Kerala margin money utilised in 2015-2016 was
2720.48 lakhs. Margin money utilisation in Kerala shows
an increasing trend by 1.54 percent.

% In Kerala Prgojecl sctyup under this scheme in 20!5-2013
Was 1369.Project set up under PMEGP in Kerala showe

- 2 1.83 percent increase.
- In Kerala employment generated und
2015 was 9653 Employment generation U

er this scheme in

nder PMEGP in
251
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———

- chowed 0.87 percent decrease 3¢
pni\'i'ous year. ‘o

PMEGP generates employment Opportunities o Tox;

| 58,230 as On 23" January, 2015 in all over the coyp,, "

'''' nt oPpOnunilies can be created by .

Omp;]md 1
0

- POPUlarie:
employme i by w . PoPularigiy
program through media and by way of YMPlifying
formalities-

CONCLUSION

Prime Minister Employment Generation Program implemep
by the Govt with a view 10 c.reaie. employment OPPOrtunities ::'
setting up micro enterprise. in - rural and urbgy areas
Development of the rural area is efsemial for the Li::ve:lopmenll
of a nation. So this program gave priority for the developmen; of
rural area also. PMEGP generates employment Opportunitjes
approximately 1,58.230 as on 23" January, 2015 in all over the
country . This shows that the performance of PMEGP in India is
satisfactory. Performance of Kerala under this scheme showeq
an increasing trend in margin money utilisation and number of
unit set up. But the employment generation showed a slight
reduction. But as compared to India the performance of PMEG
in Kerala is good. The study concluded that the effort of central
Govt 10 generate employment opportunities through setting up
micro enterprise is successful and it also ensures the
development of rural area. So Employment generation through
industrialisation is a possible solution.
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Editorial

The growing Phenomenon of globalization, liberalization and
Privatization has been immensely influencing the commerce and
management field. Within the last decade, a lot of new trends
have emerged iIn commerce and management field with a
profound influence. The broad aim of this international
conference was to explore and provide a platform of debate
about global and nationwide developments in commerce and
management. The seminar submissions in the form of paper on
different aspects on the scheme after review process have been
enclosed in this edited book.

We extend our profound thanks to the Management, The
Principal, State bank of India, Regional branch, Shormur and
resource persons who contributed greatly to this conference .We
sincerely congratulate and thank all the authors for contributing
their creative research work to this conference. We are also

grateful to Book media who have helped to publish this edited
Book.

Dr.P. Vasanthakumari
Head of the Department of commerce
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Abstract

Shelter is the biggest dream and a requirement of everybody's
life. It is a primary need along with food and clothes. A good
home gives meaning and extent of his life. Adequate shelter for
each and every household is a fundamental prerequisite for a
healthy living in any society. The Government of India is
considered to be of immense significance to shelter and all
governments have highlighted its importance in their plans and
policies. Pradhan Mantri Awas Yoajana is one of the important
program implemented by the central Govt with a view to achieve
the target to buit 2 crore houses across the nation’s length and
breadth.Estimated completion of the scheme is 2022.That means
2 crore houses will be constructed over a period of 7 years.It is
significant to study the effect of Pradhan Mantri Awas Yoajana
in reduction of rural housing shortage in rural area.

Key words: Housing shortage,Pradhan Mantri Awas
Yojana,IndhiraawasYojana,Rural development

1.INTRODUCTION
Rural Development is essential for the Socio-Economic
Development of the nation. The objective of rural development

is to enrich the quality of human life in the rural areas (Gaikwad
and Varade 2018).India suffered numerous problems. Housing is

382

of the major problem in Ilndia (M. and Ve?-have(han
0 1g).The Government of India plays a coordinating gng
20 oring Tl and also supports the States/UTs throgp
‘c’:’:ﬂ rally Sponsored schemes §nd Programmes to overcome the
pousing probicms.Govl of lndl.a implemented varioys program
5 ceduce housing sh(.)nage in IndiaPradhan Man Awas
Yoajana is one of {he. lmportanl. program implemented by the
central Govt with a view to achieve the target 1o built 2 crore
pouses ACTOSS the nation’s length and breadth Estimated
completion of the scheme is 2022.That means 2 crore houses
will be constructed over a period of 7 years. (Ministry of Rural
pevelopment Govt of India 2018)

2. LITERATURE REVIEW

Shelly (2017)studied “The role of the Pradhan Maniri Awas
Yojana (urban), 2015 in financial inclusion in india” The
reaesrcher mainly focused to study the conceptual framework of
Pradhan Mantri Awas Yojana (urban) and assess the role of lhe
Pradhan Mantri Awas Yojana (urban) in financial inclusion in
India.The study observed that Pradhan Mantri Awas played 2
major role in urban financial inclusion.

Gaikwad and Varade (2018)conducted 3 stdy O:ams for

Mantri Awaas Yojana-(gramin):"a sip lowmf:;k e

all” The study examined the conceplual. t‘mﬁwmk S b

Mantri Awaas Yojana—(Gramin) as.mmd villages of Union

Mantri Awaas Yojana-(Gramin) 1" e the financial and
: Haveli, analyse

Territory of Dadra and Nagf i

: f
hysical achievements 0% & illages of U
E)rz\::caen and its implication 11 “‘:ﬂ"‘ aved
4 Nagar Haveli. The study B85
of Dadra an and N

Union Territory ©
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e scheme and segpesied that arange more awareness
among neral peopie 1o popularise the scheme.

W'—-‘n:dpﬂtﬁrnumdpolk}(ml&madea
sudy on Impact of “Pradham Mantn Awaas Yojana Gr, min in
maﬂicqiﬁ)m_.mmhasbeenm an
ascempt 10 esimute the impact of PMAY-G ip generating
atSsonsl employment 2ad moome since ml&l?,mimmﬂ
d&t::'m-:mmpiapmmdm;ntum!dbcdirmm
-da-ﬁn::_meﬂhmhdmeundcnwomE&[nﬁt

cane of dent effent, the stady wses PAHAL designs provided
e Seane level.

M. 2nd Verhavethan (2018ymade 2 stdy on “A study on the
Bossisg & reraddl wess  with  special reference 1
pradhanmansrizwmsyopna  (pmay-g) The study focused 1o
snalyse the howsiog development in rural areas 2nd also assess
e implementation process of Pradhan  Mantri  Awas
Yojana The siudy obnerved that houses are well developed in
reral areas wnder this schemethescheme s implemented
propedy in ladia and the target that was set by the government
e implementation of this scheme clearly showed that there is
remarkable increase in the housing project.

30BJECTIVES OF THE STUDY

1. To sudy the conceptual frame work of Pradhan Mantri
Awian Y vjana ~ Graminin India

2. To sudy the performance of Pradhan Mantri Awas Yojana
~Crrarmnin India.

3. Toknow the various housing schemes of Government of
India.

Program

384

- OF RESEARCH

W:‘;‘ T 0.8 M descriptive researcy

study focus on the India as a whole and speciy reference 1o
e anization of India.
ﬁ

.|- mcg OF DATA
! memdy based on secondary data. The main source of
M includes, journals, official website of census India etc.

5 HISTORY OF RURAL HOUSING PROGRAM IN

| rehabilitation of refugees immediately afier independence. Till
Ht year 1960, approximately S lakh familics were provided
housing in different parts of India. In 1957, as a pan of the
community development movement a village housing program
was introduced providing loans to individuals and cooperatives
- upto Rs.5000/- per unit. Only 67,000 houses could be
constructed in this scheme till the end of 5 year plan.

' Specific focus on rural housing in Indiahas ils origin in
the wage

985 as a sub scheme

as launched in April
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and freed bonded luhc)urers.‘!n 59?3'94.iije coverage wyg
;:xlendcd 1o Non-SC/ST families by Increasing the earmarke
fund for housing under JRY to 10 persent.The additiona] 4
percent was (0 be used for non SC/ST category of beneficiaries.

Indira Always Yojana (IAY) was made an independen
program with effect from 1™ January 199FJ aimed at addressing
the housing needs of the below Poverty Line (BPL) householgs,
After more than 30 years of its implementation, although LAY
addressed the rural housing shortage considerably, however iy
view of the limited scope of coverage under the program there
still are considerate gaps in rural housing.

Government has committed to provide “Housing for Al”
by 2022.To fulfil the Government's commitment and to address
rural housing gaps. IAY has been restructured into Pradhan
Mantri Awas Yojana-Gramin (PMAY-G) with effect from April
2016. (Ministry of Rural Development Govt of India 2018)

6. PRADHAN MANTRI AWAS YOJANA - GRAMIN

The Pradhan Mantri Awas Yojana (PMAY) Credit
Linked Subsidy Scheme (CLSS) - scheme launched by our
honourable Prime Minister ShriNarendra ‘Housing for All’ is a
home loan.The PMAY scheme for the people who belong to
lower income group,economically weaker section and middle
income group in India. The scheme envisions 'Housing for All'
by the year 2022 (Pradhan Mantri Yojana 2018).The scheme
devided into two parts PMAY Urban and PMAY
Gramin.PMAY urban house will be constructed with in urban
areas PMAYGramin  scheme introduced for peole in rural
areas.People who are living in rural areas in rented houses Of
own houses but need construction eligible to apply PMAY
Gramin PMAY launched on June 2015.The main objective of
this program is to ensure that 2 crore houses are built across the

386

ation’s length and brcadlh-Eﬁlimaled COmpler;
is 2022.That means 2 crore houses Mpletion of the g L
period of 7 years. (Pradhan Mantri Yoiana 20:1;ns:rucled over 4

.-Housing for All" Mission 5 )
impleme"wdbw“h effect from ”-06,20;]5 N areq pgq e
assistance to 1lmplememing agencies, The Cm‘f Provide cenyry
Scheme is being offered under this missiop F“ Lu_aked Subsidy
Group(MIG), the interest subsidy ) be P'! (::'_ Middle Income
joans for acquisition/construction o houlldﬁd on housing
repurchase).For Economical]y Weaker Semfra:_‘ncludmg
income Group(LIG), the interest subsidy i po - "
housing loans for acquisition, canslruc!io;l of hoﬂ-,tp"%:dcd on
Linked subsidy would also be available for ho;:sln cfedn
availed for new construction and SSH -

addition of rooms, ki
toilet etc. to existing dwellings as incremental hou-inL:?:;
interest subsidy benefit will be upfront on the P"i::ipal

outstanding.

The availability and amount of interest subsidy is subject 1o
meeting income criteria as per various calesory under this
scheme. (Ministry of Rural Development Govt of India 2018)

Table:1 Pradhan Mantri Awas Yojana Scheme Grid

—_— i - |
2 ® | T2 |3 |3
= — - s
1a |, |3 38 10
HEAEREIRIR
2g | P | 3| 03 |E%|Es
3 g 3 3 g4 |E [O%
£ :| 52 |§ |3
2| %g |=
[ No
Upto 3 267 Limit
]';kh EWS | 6.50% | 600000 | o |57
__...—-"
Y 00000 | 267 | No |
3lakh | LIG | 6.50% | 600000 | =2 |
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=T lakh | Limit |
106
ok
lakh —
v 235 1291
6lakto | vic i | 400% | 900000 | o) sq.
12 lakh 8 .
12 lakh 230 | 1614
557 ; 0,000 %
w18 | MIG-2 | 3.00% 12,00,0 kb | 5
lakh
TABLE.2 HOUSES CONSTRUCTED UNDER PMAY
Financial Houses Houses Total rural
year completed completed houses
under [AY under PMAY- | completed
G
2014-15 1193000 0 1193000
2015-16 1823000 0 1823000
2016-17 3212000 2000 3214000
2017-18 636000 3818000 4454000
Total 6864000 3820000 10684000
Source:

A total of 1.07 crore rural houses have been completed
over the last four years (2014-15 to 2017-18) which include
completion of 38.20 lakh Pradhan Mantri Awaas Yojana —
Gramin (PMAY- G) houses and 68,64 lakh IAY houses that
were sanctioned in 2014-15 and 2015-16 and prior to that. If the
figures of the current financial year are also added to this
achievement under the rural housing scheme the achievement
from 2014-15 till date becomes 1.13 crore completed rural
houses, A summary of houses completed, as on 31.7.2018,
which shows an upward swing, is shown below:

388

- Completion of 38.20 lakh Pradhan Mantti AV

- Were sanctioned in 2014-15 and 2015-16 38

2000000 T

_‘—__‘_‘_H_‘_'_“- —
40000000 v
8000000 B ]
5000000 ® Houses compleeq
{‘ under |ay
4000000 +——— !-'H"“‘“Comme:ed
2000000 - N

—% Total 1ural hogsee
Completed.

A
< G e g
>

7. FINDINGS OF THE STUDY

The .incrcasing population and urabnisation resulied in Indian
housing shortages; the housing shortage in India has touched
18.78 fnillion units. All the governments have provided with
great importance to housing in their plans and policies.
F}ovemment has acknowledged the importance of the housing
issues in the country in the current five-year plans. Under
WAY, it is proposed to build 2 crore houses for urban poor
ncluding Economically Weaker Sections and Low Income
Groups in urban areas by the year 2022 through a financial
assistance of 2 trillion from central govenment.

In India ag a part of Indhiraawas Yojana and Pradhan Mantri

Awaas Yojana — Graminrural houses completed a total of 1.07

Crore over the last four years (2014-15 10 2017-18) It includes
aas Yojand —

64 lakh IAY houses that

in (PMAY- G) houses and 68.
d prior t0 that.
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