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Foreword

The design of chemical reaction that reduces or eliminates the generation of
hazardous substances demands the adoption of innovative and revolutionary green
chemistry approach. The practice of green chemistry methodology in organic
synthesis has certainly led to significant environmental benefits and has strength-
ened economic innovations. This book on Green Chemistry—Introduction, Applica-
tion, and Scope provides a very interesting overview of the fundamental principles
of green chemistry with their notable perspectives. This book would be useful to
UG/PG students, academicians, researchers as well as chemists working in chemical
industries because of the absence of any worthwhile book on this subject.

This book by Vinod K. Tiwari and coworkers begins with the introduction of green
chemistry and its twelve principles coined by Paul Anastas and John Warner and
moves forward with the exhaustive discussion on the important metrics of the green
chemistry such as E-factor, atom economy to evaluate the greenness of a chemical
process. Other important discussions in this chapter include principles of inherently
safer design (ISD) and barriers in the direction of implementation of different green
chemistry principles.

Various environmentally benign alternatives such as microwave, ultrasound,
visible light, ball milling, mechanocatalysis, and electro-organic approaches to
conventional C—C and C-X (X = heteroatom) bond-forming organic transforma-
tions have been elaborated in Chap. 2. Following this, the chapter deals with the
introduction of greener solvents, i.e., water, ionic liquid, supercritical CO,, switch-
able solvent, fluorous biphasic system, polyethylene glycol as well as using solvents
derived from biobased feedstock such as vegetable oil. The growing impact of ionic
liquids in synthesis mainly in heterocyclic synthesis and application in carbohydrate
chemistry is elaborated in Chaps. 4 and 5, respectively.

A book on green chemistry today would not have been justified if this does not
include catalytic reaction. The author has rightly included the application of various
catalytic transformations such as oxidation, reduction, carbon—carbon, and carbon—
heteroatom bond-forming reactions in this book. Emerging concept of organocatal-
ysis, types of catalysts, and application in asymmetric synthesis is appropriately
highlighted in Chap. 7.
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Furthermore, the significant importance of enzyme-mediated transformation and
notable applications of green chemistry in some real-world cases, e.g., the synthesis
of pharmaceuticals, API, polymers, etc., have been discussed in the last two chapters.
Also, the impact of employing green method and its comparison with the conventional
approaches are highlighted in this book.

All the chapters provide relevant references to original papers, reviews, and
some specialized books on the topic. The present book on green chemistry presents
all essential and important concepts with clarity and provides up-to-date informa-
tion on almost all aspects of green chemistry for UG/PG and doctoral students of
chemistry. It becomes apparent that this book has basic objective of bringing the
subject clarity, without compromising on most essential concepts, but avoiding less-
frequently encountered components. This book should be successful in developing
“fondness” for green chemistry among scientific community. This book should be
useful to the chemistry academic faculty and industrial chemists equally. It is a much-
welcome addition to repertoire of practicing researchers and academics. Academic
and research background of the authors justify their book on the green chemistry.

Prof. Ganesh Pandey, FNA, FNASc, FASc
Distinguished Professor

Department of Chemistry

Institute of Science

Banaras Hindu University

Varanasi, India



Preface

In the present scenario, the development of a greener and environment-friendly
approach to minimize and/or avoid the generation of waste material during the
synthesis of a vast range of compounds with diverse applications has been consid-
ered to be an important area of investigation. Especially after realizing the short- and
long-term adverse effect of conventional synthetic approaches on safety, health, and
environment (SHE), the attention of research community took a paradigm shift in
achieving the synthesis from conventional to efficient synthetic methods with utmost
care of lives and environment, the essentials of sustainable development. Therefore,
we are presenting this book with the title Green Chemistry—Introduction, Applica-
tion, and Scope for a better understanding of green chemistry fundamentals with
notable perspectives, particularly about the various emerging synthetic approaches
under environmentally benign conditions that would prove to be an important and
useful piece of study material to the readers.

This book has been divided into nine chapters that cover the topics mentioned
in the green chemistry course of most of the academic institutions across the world.
Thus, it would offer the students of UG/PG as well as researchers from both academic
institutions and industry a complete understanding of the different emerging topics
using the latest notable examples. Chapter 1 titled “Green Chemistry: Introduc-
tion to the Basic Principles” provides the fundamental information about the green
chemistry and its twelve principles jointly coined by Paul Anastas and John Warner.
These principles act as a guiding tool for the development of an environmentally
benign process. This chapter covers the exhaustive discussion about some of the
important metrics like E-factor, atom economy, etc., to evaluate the greenness of a
chemical process. Further, different ways to prevent and minimize the generation
of waste material in a chemical process have also been discussed with the help of
suitable examples. Other important topics such as the principle of inherently safer
design (ISD) and barriers in the direction of implementation of different green chem-
istry principles have also been covered. In Chap. 2 titled “Energy-Efficient Process
in Organic Synthesis,” various environmentally benign alternatives to the conven-
tional heating methods adopted to achieve different types of organic transforma-
tions, for example, C—C bond-forming reactions, heterocyclic synthesis, etc., have

vii
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been discussed. We have briefly covered the applications of microwave, ultrasound,
visible light, and electro-organic method in achieving different types of organic trans-
formations. Also, the application of ball milling method which is also emerging as
an energy-efficient way in organic synthesis, in particular, for the direct and indirect
mechanocatalysis, has been highlighted with the latest examples. In Chap. 3 titled
“Green Solvents: Application in Organic Synthesis,” discussion is about the appli-
cation of different types of greener alternatives to conventional organic solvents in
organic synthesis have been included. Organic reactions explored using water, ionic
liquid, supercritical CO,, switchable solvent, fluorous biphasic system, polyethylene
glycol as well as using solvents derived from biobased feedstock such as vegetable oil
have been discussed elaborately. In Chap. 4 titled “Growing Impact of lonic Liquids
in Heterocyclic Chemistry,” the importance of ionic liquids as another greener alter-
native to conventional solvents and their application as a solvent in organic synthesis
particularly for the synthesis of heterocyclic rings have been covered thoroughly.
Chapter 5 titled “Growing Impact of lonic Liquids in Carbohydrate Chemistry,”
highlights the applications of ionic liquids in carbohydrate chemistry in great detail.
Chapter 6 titled “Catalysis: Application and Scope in Organic Synthesis” covers the
vast discussion on different types of catalysis and their applications in various types of
organic transformations including oxidation, reduction, carbon—carbon, and carbon—
heteroatom bond formations. Organocatalysis is now emerged as a valuable area of
research and beyond doubt a truly greener alternative to the transition metal-based
catalysis. Considering its immense importance in asymmetric organic synthesis, this
year’s Nobel Prize in Chemistry has been awarded to Prof. Benjamin List and Prof.
David W. C. MacMillan, and thus, a separate Chap. 7 titled “Organocatalysis: A
Versatile Tool for Asymmetric Green Organic Syntheses” has been presented. This
chapter is dedicated to organocatalysis with brief discussions related to different
types of organocatalysis and their applications in various asymmetric transforma-
tions. Furthermore, the significant importance of enzyme-mediated transformation
is considered and included in Chap. 8 titled “Enzymes in Organic Synthesis.” At
the last, Chap. 9 titled “Application of Green Chemistry: Examples of Real-World
Cases” focuses on the notable application of environmentally benign approaches in
some real-world cases such as for the synthesis of pharmaceuticals, APIs, polymers,
etc. In addition, the impact of employing green method and their comparison with
the conventional approaches have also been highlighted in this book. Overall, this
book presented a detailed scope of green chemistry to a wide range of readers and
investigators.

We would like to express our heartfelt thanks and deep sense of appreciation to
Prof. Ganesh Pandey, Distinguished Professor at the Department of Chemistry, Insti-
tute of Science, Banaras Hindu University, for his consistent support and moreover for
writing the venerated foreword to the Springer book. The authors thank Prof. Richard
R. Schmidt (Universitat Konstanz), Prof. Xi Chen (University of California-Davis),
Prof. R. P. Tripathi (CSIR-Central Drug Research Institute, Lucknow), Prof. Pradeep
K. Tripathi (CSIR-National Chemical Laboratory, Pune), and Prof. D. Basavaiah
(University of Hyderabad) for their useful suggestions during the writing of this
book. We also thank both Dr. Anand K. Agrahari (UC-Davis and Mr. Mangal Singh
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Yadav (BHU, Varanasi) for their great care to the reference section. The authors are
highly thankful to the “Springer Nature” who implicit the importance of the present
book and considered the publishing with great interest. Last but not least, we express
our special thanks to the entire editorial team associated with Springer Nature, in
particular Ms. Priya Vyas, Associate Editor—Applied Sciences and Engineering, Ms.
Sharmila Mary Panner Selvam, Project Coordinator, and Mr. Madanagopal Deena-
dayalan, Project Manager, who extended their support in publishing this theme with
the high standard of publication maintained in bringing out this book on Green
Chemistry—Introduction, Application, and Scope with Springer Nature.

Varanasi, India Vinod K. Tiwari
Motihari, India Abhijeet Kumar
Guwabhati, India Sanchayita Rajkhowa
Bhagalpur, India Garima Tripathi

Motihari, India Anil Kumar Singh
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Chapter 1 ®
Green Chemistry: Introduction ek
to the Basic Principles

1 Introduction

The chemists have always been passionate about the synthesis of chemicals of diverse
varieties of structurally simple to the complex compounds. These scientific efforts
led to the development of vast varieties of compounds having immense importance
in the areas of medicinal and material sciences. Several drugs, natural products,
polymers, and materials were discovered that made our life very comfortable. In last
few decades, the synthetic approaches toward the development of different varieties
of compounds of medicinal and material interest have taken a paradigm shift. In
contrast to the conventional approaches in chemical synthesis were achieving the best
product yield and construction of diverse range of a target compound was the prime
focus without paying much attention toward the impact of the synthetic methodology
adopted for it, on the safety, health, and environment (SHE), the development of
environmentally benign and green synthetic reaction protocols and technology is
the principal goal in the present scenario. In that direction, the development of the
concept of green chemistry and its twelve basic principles (Fig. 1) formulated by Prof.
Paul T. Anatsas and John C. Warner works as a guiding tool for the synthetic chemist
[1]. These basic twelve principles have been discussed in details in the following
sections.

2 Principles of Green Chemistry

Principle 1: “It is better to prevent waste than to treat or clean up waste after it has
been created.” [2]

It is well known proverb that “prevention is better than cure.” Similar to that,
it is advisable to prevent the generation of different varieties of waste materials
that could be non-hazardous to highly hazardous in nature and gets generated in
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Fig. 1 Different principles of green chemistry

chemical reactions and process either in the form of by-product, reagents, and auxil-
iary components like solvents, etc. It may include waste material which could be
flammable such as paint, coating, organic solvents, and compressed gases like LPG,
acetylene, hydrogen, etc. along with solid chemicals like lithium aluminum hydride,
sodium, etc. or explosive like TNT or corrosive like acids, bases, etc. Some of them
are highly toxic such as pesticides, insecticides, and various heavy metals As, Cr,
Pb, Hg, Cd, etc. containing chemicals. In general, it is advisable to go through the
information available in the material safety data sheet (MSDS) to get idea about
the different properties including physical, chemical, toxicity, etc. of a chemical and
waste material also if it is fully characterized.

Sometime different chemicals which are available in the form useful drugs or
chemicals when gets expired are also considered as waste material. But every type of
waste material imparts economic, social, and environmental impact of varied degree
and these require proper disposal as per the strict guidelines formulated by various
agencies. Importantly, these waste materials would have huge impact on safety and
health of the chemists and workers involved in the complete process. Apart from
that, waste generated would also have impact on environment, ecosystem and it will
ultimately affect the life on the earth.

Cost of the target compound will greatly be affected by the cost involved in treat-
ment of the waste material generated during its formation. Therefore, this principle
emphasizes on the complete prevention of the waste material generation or if it is not
possible then minimize the waste formation by developing and adopting an environ-
mentally benign process. In order to compare the greenness of a method or process
in terms of the generation of waste material, different metrics have been devised. For
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example, Roger. A. Sheldon in 1980 introduced the concept of “E-factor or Envi-
ronmental factor” which is the ratio of mass of waste (Kgs) to mass of product (Kg)
in order to assess the impact of various different manufacturing processes on envi-
ronment [3]. Ideally, the E-factor value should be zero which is practically difficult
to achieve in most of the cases. The value of E-factor varies in different types of
industry of industry (Table 1). As shown in Table 1, fine chemicals and pharmaceu-
tical industry occupies the top slots in the production of waste material primarily due
to the use of organic solvents as well as use of stoichiometric amount of reagents.
Although for the calculation of E-factor, it is important to identify the waste material
which will not necessarily be the by-product, regent only. In fact, the waste could be
defined as everything but the desired product [4]. But generally, solvents in partic-
ular water and some other solvents which are a part of reaction mixture either in the
form of solvent or by-product in a chemical reaction get ignored while calculating
E-factor. Therefore, two boundaries have been suggested to quantify the E-factor.
Simple E-factor (sEF) simply takes the mass of raw material, reagents and products
into account and do not consider any solvent as waste material to calculate E-factor.
On the other hand, in case of complete E-factor (cEF), all the solvents including
water, assuming these have not been recycled gets considered as waste material.
Therefore, the true value of environmental factor lies somewhere between these two
values of sEF and cEF.

Simple E factor (sEF) = ¥ m (raw materials) + X m (reagents)
— m(product) /m(product)

Complete E factor (cEF) = X m (raw materials) + X m (reagents)
4+ X m(solvents) 4+ m(water) — m(product)/m(product)

Therefore, the value of E-factor varies and depends on various other factors such
as the consideration of initial point in the synthetic pathway. In general, E-factor is
calculated taking only those processes into account which are being carried out at the
manufacturing site. But it is important to keep in mind that the synthesis of the target
compound could be started by procuring an intermediate which itself requires multi-
step synthesis. So the value of E-factor would vary according to our consideration of
initial starting point which could be a commodity type and commercially available
raw materials or it could be an intermediate which require synthesis involving various

Table 1 E-factors in the

A SR el s Mg
1 Oil refining 106-10% | <0.1
2 Bulk chemicals 10*-106 | <1-5
3 Fine chemicals 102-10* | 5-50
4 Pharmaceuticals 10-103 25->100
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Scheme 1 Commercial method for the preparation of Sildenafil by Pfizer

steps. For example, the synthesis of sildenafil citrate which is popularly known with
brand name Viagra is manufactured by Pfizer starting using pyrazole derivative (1)
and 2-ethoxybenzoic acid (2) as starting materials to prepare another pyrazole (3)
and piperazine derivatives (4) separately. These two combine together to produce the
target compound sildenafil (5) (Scheme 1) [5].

In this case, the E-factor value reported by Pfizer was 6 kg/kg which was very low
compared to the earlier reported processes. This improved process for the synthesis of
sildenafil citrate developed by Pfizer also received the UK Award for Green Chemical
Technology in 2003. But the synthesis of the starting material pyrazole derivative 1-
methyl-4-nitro-3-propyl-1H-pyrazole-5-carboxylic acid (1) used in Scheme 1, itself
requires five steps starting with commodity like starting material diethyl oxalate and
2-pentanone (Scheme 2). Therefore on taking this fact into consideration, the value
of overall E-factor increases to 13.8 kg/kg. But the value itself does not reflect about
the overall greenness and its environmental impact as the nature of waste material is
also an important parameter to consider while comparing the greenness of different
processes.

For example, environmental impact of 1 kg of NaCl would entirely be different
from the same amount of organic solvent such as DCM, benzene, or heavy metal
(Cr, Hg)-based waste material. Therefore to compare the greenness, another term
“Environmental quotient (EQ)” was introduced by Sheldon. It is the product of E-
factor and an unfriendliness quotient, Q which is an arbitrarily assigned number
[4]. For example, the value of Q could be assigned 1 for NaCl, whereas it could be
100-1000 for salts of toxic heavy metals. Although Q is an arbitrary number and so
its magnitude is debatable. But it does reflect about the environmental impact of a

C3H7
9 Q 0 4 steps ON
OEt + )L — Etow%w—p» | N
EtO C3H7” SCH, N
o O O HOOC \

Scheme 2 Synthesis of pyrazole derivative 1
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chemical method. Various factors such as whether the chemical under consideration
is being disposed or recycled also affect the value of EQ. Waste generation could be
avoided or minimized by employing various innovative approaches, some of which
have been discussed below:

(a) Step or Pot-economic synthesis

This approach involves the synthesis of a compound by clubbing various synthetic
steps in the same pot in case of a multistep synthesis as long as it is possible. It avoids
the use of auxiliaries substances such as solvents, reagents required for performing
the reaction, purification and isolation of intermediates in each individual steps.
Apart from that, one-pot synthesis also saves time and energy which are also very
important factors that contribute to the cost of the compound. Most importantly, this
approach allows the minimization of waste generation which otherwise would have
been generated in each individual steps. For example, the syntheses of sertraline
hydrochloride (6) (Fig. 2) which is an antidepressant and is being marketed under
the brand name “Zoloft” by Pfizer was performed employing green approach which
not only minimized the waste generation but also at the same time reduced the cost,
energy consumption, etc.

The aryl-substituted tetralone (9) is an important intermediate in the preparation
of sertraline. Earlier synthetic route involves the four steps which begins with the
formation of benzophenone derivative (6) using benzoy! chloride, o-dichlorobenzene
as starting materials (Scheme 3).

It further reacts with diethyl succinate to provide another an acid intermediate
(7), which after hydrogenation led to the formation of another intermediate (8).
Finally, this intermediate cyclized in presence of thionyl chloride and furnish the
desired aryl-substituted tetralone (9) (Method A, Scheme 3). Later, Finorga devel-
oped a new process; the synthesis of this tetralone derivative was achieved in one
step involving Friedel-Crafts reaction between a-naphthol and o-dichlorobenzene
(Method b, Scheme 3). This slight modification drastically minimized the waste
generation. The tetralone derivative (9) was further used for the synthesis of sertra-
line (12) involving three different steps (Method A, Scheme 4) that involved the
formation of different intermediates (10—11) which was isolated after completion of
the reaction and further subjected to another step. Overall, it requires isolation at
each step, use of different solvents such as toluene, hexane, THF, and ethanol. In

Fig. 2 structure of NHMe

Sertraline Hydrochloride (6)
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(6)
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A: Multi-step synthesis involving isolation of inetermediate after each step

NHMe NHMe

Step 1 Step 2 Step 3
MeNH,, TiCl, Pd/C, H2 (D)y-mandelic acid _
toluene hexane Ethanol
Cl Cl Cl

(12) Sertraline
cis: Irans |somers 6:1 Mandelate

(isolated as hydrochloride salt)

(Isolated)

Byproducts: TiO,, MeNH,CI (isolated)

Method B: An One-pot and Green Approach towards synthesis of Sertraline

NHMe NHMe

[e]
Step 1 O‘ Step 2 Step 3 O‘
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[ — —_—_—
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Cl

Cl

cl Cl
o (10) 1) (12) Sertraline
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Byproducts: H,O

Scheme 4 Comparison between two different synthetic routes to sertraline

addition to that, generation of TiO2 as waste material is another drawback associ-
ated with this method. Therefore, Pfizer modified the synthetic route and developed
a greener synthetic route for the formation of sertraline where the synthesis of sertra-
line (12) was achieved in one-pot operation using ethanol as single solvent (Method
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B, Scheme 4). Importantly, no intermediate was isolated along with that there was
no generation of waste material like TiO2.

Overall, this improved route established by Pfizer increased the product yield,
energy efficiency, and time. Apart from that, this optimized synthetic routes decreased
waste toxic waste generation either in the form of solvents or by-products. More
importantly one-pot synthesis saved the time and energy and solvents in the isola-
tion and purification of intermediates. Considering the immense importance of this
method, it was awarded US EPA Presidential Green Chemistry Challenge award in
year 2002.

(b) Development of catalytic methods

In order to prevent or minimize the generation of the chemical waste, the reaction
protocol developed using a catalyst has been found to be superior compared to the
conventional approach using stoichiometric amount of reagents. For example, the
oxidation of secondary alcohol 1-phenylethanol could be achieved employing two
different methods (Scheme 5). In conventional approach, the CrOjs is used as an
oxidizing agent in presence of H2SO4 as an acid source. The reaction produces
Cr,(S0Oy4); as a by-product along with water (Method 1, Scheme 5). While in another
approach, oxidation was achieved under catalytic condition using molecular oxygen
(Method 2, Scheme 5). In this case, the only by-product is water and the E-factor value
drastically reduced to 0.1. Importantly, it also avoided the use of Cr-based reagent
which was used in stoichiometric amount and also resulted into large amount of
waste material.

Similarly, small modification in the process could drastically reduce the waste
production. For example, different synthetic routes could be adopted for the prepara-
tion of propylene oxide (Scheme 6). For example, in case of chlorohydrine route, the

Method 1: Oxidation using Cr(VIl)
OH

O
CH CHj
3 3+2CrO3+3H,80, ———» 3 +Cry(80y)3 +6HO
[ Atom Efficiency: 360/860 = 42%; Byproduct: Cry(SO4); and H,O ; E-factor (theoretical): 1.5]

Method 2: Oxidation using O, in presence of catalyst:

OH o)

©/kcH3 + 050, Catalyst CH3 + H,0

[ Atom Efficiency: 120/138 = 87%; Byproduct: H,O; E-factor (theoretical): 0.1]

Scheme 5 Oxidation of acetophenone to benzophenone
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Scheme 6 Preparation of Chlorohydrine Route:
propylene oxide using
different methods HQ Cl
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chlorohydrine produced through the reaction between alkene, chlorine, and water
undergoes epoxide formation in presence of acid. In addition to that in another
method, peroxy acid was used as source of oxygen for the expoxidation of alkene.
Instead of these two steps process and using peroxy acid, epoxidation of alkene was
achieved through the in situ generation of hydrogen peroxide using metal-catalyzed
reaction condition (Scheme 6).

Synthesis of caprolactum which is a precursor for the synthesis of nylon-6 using
Sumitomo process is another striking example where modification in the conventional
process led to the generation of water as the only by-product compared to the conven-
tional approach where ammonium sulfate was being produced in large amount. In
conventional method, the transformation of cyclohexanone to its oxime derivative is
achieved using hydroxylamine sulfate. The oxime further undergoes Beckmann rear-
rangement in presence of H,SOy4 or oleum which is used in stoichiometric amount
(Method 1, Scheme 7). In this process, for the production of each kg of caprolactum,
4.5 kg of (NH4),SO4 gets generated as a by-product. Compared to this conventional
method, only water gets produced as the only by-product using Sumitomo method
with E-factor value significantly reduces to 0.32 (Method 2, Scheme 7).

Similarly, the chemical transformation achieved using biocatalyst is also an attrac-
tive way for the reduction of chemical waste generation. For example, the synthesis
of 6-aminopenicillanic acid (6-APA) (15) using conventional approach requires two
different steps through the formation of an intermediate (14) using chlorinated
reagents, solvents (Scheme 8). At the same time, it also needs to maintain reac-
tion temperature at —40 °C. Compared to this approach, the improved synthetic
route using penicillin acylase (Pen-acylase) as a biocatalyst, the enzymatic cleavage
of penicillin G (13) to 6-APA (15) could be achieved in a single step at 37 °C [6,
7]. So for the production of 1 kg of 6-APA under conventional method, Me;SiCl
(0.6 kg), PCls (1.2 kg), PhNMe; (1.6 kg), NHs (0.2 kg), n-BuOH (8.4 1 Kg), and
CH,Cl, (8.4 1 kg) were required, whereas for enzymatic cleavage, NHj3 (0.09 kg)
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Method 1: Conventional approach for the preparation of caprolactum

o NH
(j + 0’5 (NH3OH),S0, + 1'5 H,S0, + 4 NH; —— C):o +2 (NHg)2S04

[E = 4.5; Atom efficiency: 29%)]
Method 2: Sumitomo Process for caprolactum
o NH, - H,0, NOH Vapor phase NH
(6}
(:/[/ t|tan|um (:/[/ H|gh Si MFI
silicalite (TS-1) Zeolite
[Ammoximation] [Beckmann Rearrangement]

Sumitomo Process for caprolactum

(6] NH
(j + Hy0, +NH; 4’(1)10 + 2H,0

[E = 0.32; Atom efficiency: 75%]

Scheme 7 Comparison between Sumitomo and conventional methods for caprolactum synthesis

H'ﬂ

Penicillin G (13)

Pen-acylase
1. CH3SICl H,0, 37 °C
2. PCls, CH,Cl, / -40°C
PhNMe,
HHd
m \;( 1. n-BuOH, -40 °C 3;(
N—/ 0 B
cl g : oom 2.H,0,0°C 4 Z00H
6-aminopenicillanic acid
(14) (6-APA) (15)

Scheme 8 Deacylation of Penicillin G under chemical and enzymatic method
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was used as the only reagent to maintain the pH, and the conversion was achieved in
single step (Scheme 8). Therefore, this environmentally benign biocatalytic method
allowed the drastic reduction in production of toxic chemicals waste. Several such
transformations are known in the literature and will also be discussed in the separate
chapter.

(c) Development of solvent-free method

Among various types of wastes, solvents are a major contributor due to their
multiple role in a chemical process. Most of the chemical reaction require organic
solvents as a reaction medium due to its role in efficient mass transfer, control of local-
ized temperature, reaction kinetics, and also for the stabilization of certain reaction
intermediates. In addition to that, purification process either through column chro-
matography, crystallization, etc. also requires ample solvents. Therefore, in order to
minimize the waste generation in the form of solvent, various synthetic methods have
been explored under the solvent-free condition. For example, syntheses of diverse
range of medicinally important heterocycles have been reported under solvent-free
reaction condition. For example, the synthesis of functionalized pyrroles could easily
be achieved under solvent-free reaction condition (Scheme 9) [8]. Similarly, the
synthesis of benzofuran (16) could also be achieved through Rap—Stoermer reaction
under solvent-free reaction condition (Scheme 10) [9].

Principle 2: “Synthetic methods should be designed to maximize the incorporation
of all materials used in the process into the final product.” [2]

The minimization of the waste could also be achieved via the efficient use of the
raw materials used in a process. For the synthesis of any compound especially if the
synthesis requires more than one step as generally happens in case of structurally
complex natural products and drugs, different synthetic routes could be designed.
And every route will demand a particular set of reactants, reagents, solvents, cata-
lyst, etc. Apart from these, every synthetic scheme would also require different set
of chemical transformations. Some of which may be common. Depending on the

Scheme 9 Preparation of () NH4OH (aq.) H
2,5-disubstituted pyrrole H3CNCH (10 equiv.) HsC \Q/CHa
under solvent-free condition 5 S /. \

rt,3h
Yield: 75%

(0]

OHC R'
]:)/ + K5PO, (22 equiv)
HO R® MW, 600-850 W, O O
R2 30 s - 3 min. R3

(16)
(R':H, CI, Bretc.; R% H, I, Br; R% H, Me, Br, OMe) (Yield: Up to 98%)

Scheme 10 Solvent free synthesis of benzofuran
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number of synthetic steps, types of reactions and reagents involved, product yield,
amount and types of waste generated would also differ. In general, the primary goal
of a chemist was to achieve the synthesis and improving the desired product yield
and selectivity of the product. But after realizing the environmental impact and dete-
riorating effect of some of the organic solvents, toxic reagents, by-products, etc.
along with the fast depletion in the non-renewable resources especially petroleum,
the approach is slowly moving toward the minimization of waste generation and
maximum incorporation of the raw material into the product. In order to evaluate
and compare the efficiency and greenness of a chemical process, various matrices
have been proposed. Along with E-factor, “atom economy” which sometimes also
referred to as “atom efficiency” was another important tool that was first introduced
by B. M. Trost [10]. This value of % atom economy helps in evaluating the greenness
of a process.

Atom economy could be represented as follows (Fig. 3)

Therefore, with the help of the E-factors value and % atom economy, the greenness
of a process could be compared. Every metrics has some sort of limitation and the
value does not fully reflect the greenness of a process. Unlike E-factor value that takes
all the by-product, reagents, solvents, etc. into account, the value of atom economy
only provides information about the conversion of starting material used into the
product and do not account for the other substances which are not a part of the stoi-
chiometric equation. With the help of atom economy value, the theoretical E-factor
could be calculated. For example, an atom economy of 80% indicates the conversion
of rest of the 20% of the starting material into by-product so the E-factor would be
20/80, i.e., 0.25. But practically, the E-factor value would be much higher than the
theoretical one if reaction involves the use of excess amount of reagents, solvents,
salt formation, etc. Therefore, in order to enhance the atom economy and reducing
E-factor of an overall process, the synthetic routes could be designed in such a way
that would include the synthetic steps having high atom economy. Different types of
reactions which have high value of atom economy, i.e., maximum incorporation of
atoms of starting material into product, have been developed under catalytic protocol
that led to the higher value of atom economy (Fig. 7) which has been discussed below
with few examples (Fig. 4).

(a) Addition Reaction: The atom economy in case of the addition reaction of
alkene and alkyne is 100% as it simply involves the addition of the entire
reagent. For example, in case of the addition reaction of HBr to 2-methylprop-
1-ene, all the atoms of the starting materials get incorporated into the product
2-bromo-2-methylpropane without losing anything in the form of by-product
(Scheme 11).

(b) Pericyclic Reactions: The atom economy in case of pericyclic reaction such
as cyclcoaddition, electrocyclci reaction, and sigmatropic rearrangement is

: ; Molecular weight of desired product
Fig. 3 Calculation of % Atom Economy = 9 P X 100%
atom economy Molecular weights of all reactants




