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Chapter2 
Atom Economy 

Kunnambeth M. Thulasi1, Sindhu Thalappan Manikkoth1, 
Manjacheri Kuppadakkath Ranjusha1, 

Padinjare Veetil Salija1, Vattakkoval Nisha1, 
Shajesh Palantavida2 and 

Baiju Kizhakkekilikoodayil Vijayan1* 
1Department 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
%yield = ¥100 

Theoretical yield of thhe 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. 

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 = ¥100 

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 

(SN W )
% Atom utilization = 

p p ¥100 
[(SN W ) + (SN W )]p p r r  
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where, 
Np = Number of molecules of the products 
Nr = Number of molecules of the residues 
Wp = Formula weight of products 
Wr = 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. 

Na2SO3 + Sulfur æææÆ Na2S2O3 

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 = ¥100 

total formmula 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). 

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
% Atom economy = ¥100 

total formmula weight of all the reagents used in this reaction 

60 
= ¥100 = 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). 

H+ 

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

60
% Atom economy = ¥100 = 100% 

60 

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. 

Scheme 2.5 Claisen rearrangement. 

134.75
% Atom economy = ¥100 = 100% 

134.75 

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 AlCl3 
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. 

Scheme 2.6 Beckmann rearrangement. 

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. 

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(C6F5)3 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. 

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 
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=

formula weight of atoms utilized
% Atom economy = ¥100 

total formmula weight of all the reagents used in this reaction 

138 
= ¥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 SN2 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. 

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 CH2Cl2, CCl4 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. 

Scheme 2.11 Bromination of stilbene. 

In the process stilbene is dissolved in ethanol and heated to reflux. HBr and 30% 
H2O2 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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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. 

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. 

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
% Atom economy = ¥100 

total formmula weight of all the reagents used in this reaction 

56 
= ¥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. 

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. 

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 

56
% Atom economy = ¥100 = 60 5. %  

92.5 

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%. 

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%. 

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; Dömling, 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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Scheme 2.19 Doebner reaction. 

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

187
% Atom economy = ¥100 = 83 1. %  

225 

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. 

Scheme 2.20 Claisen condensation. 

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

130
% Atom economy = ¥100 = 80 2. %  

162 

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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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). 

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 

820
% Atom economy = ¥100 = 26 3. %  

216 

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. 

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 = ¥100 = 80% 

90 

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. 

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. 

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. 

Scheme 2.26 Isomerization of propargyl alcohol. 
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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). 

Scheme 2.28 Nickel catalyzed hydrogenation process. 

93.13
% Atom economy = ¥100 = 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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Scheme 2.29 Synthesis of N, 4-diphenylacetamide from 4-phenyl butanoic acid in 
presence of K60 silica catalyst. 

239.32
% Atom economy = ¥100 = 93% 

257.33 

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). 

Scheme 2.30 Quaternary ammonium salt catalyzed Benzoin condensation. 

212.225
% Atom economy = ¥100 = 100% 

212.24 

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 = ¥100 = 100% 

108.15 

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. 

Scheme 2.31 Ni catalyzed synthesis of adiponitrile. 

Scheme 2.32 Three-step beta alkylation of alcohols. 

Scheme 2.33 Base catalyzed beta alkylation of secondary alcohols. 

212.29
% Atom economy = ¥100 = 74% 

286.42 

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 Knölker-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). 

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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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, RuH2(CO)(PPh3)3 for transfer of hydrogen 
from alcohol to nitrile, which was followed by C−N bond formation between 
α-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. 

Scheme 2.37 Earlier method of amide production. 

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/Et3N 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. 

Scheme 2.39 Indanone fused pyrrolidine synthesis in presence of CuCl/Et3N 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. 

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. 
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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. 

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 NaBH4 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, CuCl2 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, SnCl2/HCl 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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Scheme 2.43 Reduction using SnCl2/HCl. 

Another example is the reduction of –CHO group to –CH2OH in presence 
of another substituent –COOEt group, by NaBH4 as reducing agent, given in 
Scheme 2.44. 

Scheme 2.44 Reduction using NaBH4. 

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 NH3, conc.HCl or 20% aq. NaOH, so this reaction is not 
environmentally benign. To make the reaction green Zinc metal and NH4Cl 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. 

Scheme 2.45 Reduction using Zn/NH4Cl. 

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). 
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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). 

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 NaNO2/KHSO4 
in CH3CN (Heravi et al., 2007), Scheme 2.48. The reagent used is also inexpensive, 
easy to handle and ecofriendly compared to the traditional nitration reagents. 

Scheme 2.48 Regio selective orthonitration of phenol. 

Another regioselective method for the nitration of phenol and substituted 
phenols is the use of dilute HNO3 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. 

Scheme 2.49 Nitration using HNO3 in presence of TBAB. 
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Table 2.1 Nitration with phenol and substituted phenols (Joshi et al., 2003) 
Sl 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). 

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% ee. A pure enantiomer has 100% ee. 

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

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-a-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. 

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. 

Mass of produced wastesE-factor = 
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. 

Mass of raw materials Mass of product-E-factor = 
Mass of prooduct 

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 104–106 ≤1 
Fine chemicals 102–104 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 
(NaBH4, LiAlH4), etc. in reduction steps and KMnO4, K2Cr2O7 etc. in oxidation 
steps helps in decreasing the E-factor. Many reactions are accelerated by Lewis 
acids (AlCl3, BF3, ZnCl2) or mineral acids (H2SO4, H3PO4, 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 = ¥1000 

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 Effciency (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 
RME = ¥100% 

Total mass of reactants 

It can be expressed in another way as, 

1
RME = Yield ¥ Atom economy ¥ 

Stoichiometric factor 

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 

0.34
Yield = ¥100 = 68% 

0.5 
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116
Atom economy = ¥100 = 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. 

40
RME = ¥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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