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Foreword

At the outset, I wish with deep sense of gratitude to congratulate the editors and the au-
thors for bringing out this volume on nonconventional solvents, which continue to attract
a great deal of attention owing to their unique solvent properties, and more importantly
due to much warranted and unavoidable global focus on discovering, developing and
practicing sustainable synthetic methodologies for molecular synthesis and chemical
processing industries. Today, it has become imperative to move fast toward eco-friendly
synthetic methodologies, and desirably so the recent years have witnessed feverish en-
deavors toward design and development of solvent alternatives for applications in or-
ganic synthesis. In this perspective, this volume on Non-conventional Solvents: Ionic
Liquids, Deep Eutectic Solvents, Crown Ethers, Fluorinated Solvents, Glycols and Glycerol
(edited by Chhanda Mukhopadhyay and Bubun Banerjee) is a welcome addition.

Organized in nine chapters, the narrative of the book is built on sustainable
chemistry, with a lot of acumen and with global perspectives based on the contribu-
tions made by different researchers. I believe that this book will prove to be a valu-
able resource for researchers in chemical sciences, both in academia and in industry,
and in particular to those working toward discovering and developing new and im-
proved eco-friendly methodologies for organic synthesis.

Chapter 1, “Synthesis of Bio-active Heterocycles Using Ionic Liquids,” presents the
use of ionic liquids (ILs) as reaction medium as well as catalyst for the efficient forma-
tion of C–N, C–O and C–S bonds. It also provides several examples of the synthesis of
various heterocyclic molecules of biological importance using room temperature ILs
avoiding toxic organic solvents, catalysts and ligands.

Chapter 2, “Synthesis of Oxygen and Sulfur Heterocycles Mediated by Ionic Liquids,”
presents an account of the utility and role of ILs as catalysts, medium and solvent in
synthesizing various heterocyclic molecules containing sulfur and oxygen atoms. Also
are presented in the chapter a brief history, importance, select methods of preparation
and properties of ILs.
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Chapter 3, “Supported Ionic Liquids for Advanced Catalytic Applications,” is an
account of some of the most recent and progressive developments concerning sup-
ported ILs, from their elemental characteristics to their utilization in the synthesis of
industrially significant organic compounds via catalytic pathways.

Chapter 4, “Recent Updates on Chiral Ionic Liquid-Mediated Asymmetric Organic
Synthesis,” specifically deals with the chiral ILs and gives a nice account of their role
in asymmetric reactions such as reductions, Michael addition, Aldol condensation,
Diels–Alder reaction, etc.

Chapter 5, “Deep Eutectic Solvent-Mediated Organic Transformations,” articulates
the superior and significant catalytic activity of eco-friendly and inexpensive deep eu-
tectic solvents toward several organic transformations, reported particularly in the
last ten years.

Chapter 6, “Role of Crown Ethers as Mediator in Various Chemical Reactions,” is
devoted to a discussion of different roles the crown ethers play in effecting a wide
range of chemical reactions and processes.

Chapter 7, “Fluorinated Alcohol-Assisted Preparation of Functional and Biologically
Active Compounds,” discusses examples of various organic transformations performed
in fluorinated alcohols, which promote the reactions due to their high ionizing power,
low nucleophilicity and strong hydrogen-bonding ability, and are considered promising
alternatives to conventional organic solvents.

Chapter 8, “PEG-Assisted Organic Transformation,” specifically discusses the mer-
its of using different types of polyethylene glycols as reaction medium and also as cat-
alyst and additive in organic reactions and synthesis.

Finally, Chapter 9, “Glycerol-Mediated Organic Transformations,” explores the
uses of glycerol as an eco-friendly recyclable medium for developing environment-
friendly synthetic procedures for the synthesis of various organic compounds.

Overall, presented in a reader-friendly manner, the book is an authoritative high-
quality treatise of an important subject. A comprehensive and to-the-point account of
various chemical aspects of select nonconventional solvents is described in the book.
The technical material is presented with a reasonable degree of depth and breadth.
Desirably, the book focuses both on the necessary basic concepts and on the applica-
tion aspects together with numerous examples of the synthesis of organic molecules.
The materials presented in the chapters will be very useful to readers for grasping
facts clearly and understanding the issues of applications in the proper perspective.
This book will also lift the academic spirit, standard and enthuse of the readers, par-
ticularly the young students toward learning and practicing more of the sustainable
chemistry. The availability of this book will greatly facilitate easy learning, and I hope
the book will reach the hands of all concerned stakeholders.

The editors and the authors of this volume deserve the heartfelt thanks of the
community of researchers in chemical and allied sciences for making available well-
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discerned and discussed materials on a subject of much contemporary interest. I con-
vey my best wishes to the editors, the authors and all the readers.

Prof. Anil Kumar Singh,
Formerly Professor and Head, Department of Chemistry,

Indian Institute of Technology Bombay,
Powai, Mumbai – 400 076, India
Email: retinal@chem.iitb.ac.in
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A brief professional profile of Prof. Anil Kumar Singh

A former Professor in the Department of Chemistry, Indian Institute of Technology Bom-
bay (IIT-B), Prof. Anil Kumar Singh embodies a great wealth of expertise and experience
in chemical and allied sciences education and research, policy formulation and adminis-
tration. During a career spanning over four decades, Prof. Singh has worked in several
senior key capacities at IIT-B and participated in drawing up and developing academic
policies and programs of education and research, as well as expansion of collaborations
both in India and abroad. He has also been associated in multiple capacities with other
national and international educational institutions, R&D organizations, government
bodies, prestigious science academies and societies, and policy-making entities to drive
organizational excellence. He has held the position of Director, CSIR-Regional Research
Laboratory, Jorhat, India, and Vice-Chancellor of two major universities, the Bundelk-
hand University (Jhansi, India) and the University of Allahabad (a central university in
Prayagraj, India). Recently, Prof. Singh has also shouldered the responsibility as Inde-
pendent Director of the Rashtriya Chemicals and Fertilizers Ltd., Mumbai (a public sec-
tor undertaking of the Ministry of Chemicals and Fertilizers, Government of India).

Prof. Singh’s research interests are multidisciplinary, broadly spanning the areas
of organic and bioorganic chemistry, photochemistry and photobiology, with a focus
on developing molecular understanding of the photocontrol of structure and func-
tions of photoreceptor proteins involved in vision and biological energy transduc-
tions; excited state chemistry of linear polyenes; and transformative biomolecular
and light-mediated sustainable chemical approaches toward design and development
of novel molecules and speciality chemicals including fluorescent probes, new-age
agrochemicals, retinoids-based anticancer compounds, radioprotectants, design and
development of nanoparticles of low-molecular-weight organic molecules for op-
toelectronic and medical applications, and smart photoswitches and phototriggers for
biomolecular caging and other chemical and biological applications.

Prof. Singh is widely traveled and delivered a large number of talks in presti-
gious gatherings of academicians and scientists in conferences, and in teaching and
research centers of higher learning in India and abroad. His endeavors and contri-
butions have been duly recognized by the academic and research organizations,
government and corporate bodies, prestigious science academies, and professional
societies with awards and honors.
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Sabir Ahammed and Brindaban C. Ranu✶

Chapter 1
Synthesis of bio-active heterocycles using
ionic liquids

1.1 Introduction

The ionic liquids are compounds that are composed of ions generally, an organic het-
erocyclic cation and an inorganic anion and are liquids at room temperature. The
room temperature ionic liquids (RTIL) have received much interest as benign alterna-
tives to volatile and toxic organic solvents because of their nonvolatility, noninflamm-
ability, controlled miscibility, thermal stability and reusability [1–3]. An attractive
feature of ionic liquids is flexibility of their tuning of effectiveness and specificity by
changing the counter ion of ionic liquids. A particular counter ion often enhances the
efficiency of an ionic liquid toward catalysis of certain organic reactions. Recently,
various modified ionic liquids are employed for the synthesis of a broad spectrum of
organic molecules due to their distinctive chemical and physical properties [4–6]. The
task-specific RTIL (TSIL) has emerged as powerful alternatives to organic solvents for
their mild and environmentally benign nature [7–9]. Imidazolium ionic liquids are
widely used in various reactions and are of considerable interest because of their effi-
ciency as catalyst and green reaction media [10–13].

Heterocycles are of much importance in pharmaceutical industries because of
their biological activities [14]. Many heterocyclic compounds have been used as drugs
for the treatment of cancer [15], Perkinson’s disease [16], malaria [17], etc. They also
have antimicrobial [18], anti-inflammatory [19] and antioxidant [20] properties. There-
fore, the demand of various bioactive heterocyclic compounds is continuously in-
creasing. The large-scale synthesis of potent heterocyclic drugs by industries is of
prime importance. However, large-scale synthesis often produces a large amount of

✶Corresponding author: Brindaban C. Ranu, School of Chemical Sciences, Indian Association for the
Cultivation of Science, Jadavpur, Kolkata 700032, West Bengal, India, e-mail: bcranu@gmail.com
Sabir Ahammed, Department of Chemistry, Bankura Sammilani College, Kenduadihi, Bankura 722102,
West Bengal, India
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thanks Sandipan Ghosal, Bankura Sammilani College for his help and acknowledges WBDSTBT, West Ben-
gal, India (Project No. 1933 (Sanc.)/ST/P/S&T/15G-9/2019) for financial support.
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harmful waste. In this context, the benign ionic liquids play important role as green
reaction media and catalyst for the synthesis of heterocyclic compounds as they pro-
duce less waste being recyclable.

This chapter provides an overview of the synthesis of selected heterocyclic mole-
cules of biological interest using RTIL avoiding toxic organic solvents, catalysts and
ligands by greener approaches.

1.2 Synthesis of bioactive heterocycles

1.2.1 Synthesis of dihydropyrimidinone and perhydropyrimidine
derivative

The dihydropyrimidinones are of much interest due to their therapeutic and pharma-
cological properties and act as important building blocks in chemical synthesis [21]. It
was observed that several biologically active marine alkaloids contain perhydropyri-
midine and dihydropyrimidine units [22]. Thus, the dihydropyrimidinone and perhy-
dropyrimidine derivatives are of much utility and are usually obtained by one-pot
Biginelli condensation reaction.

Deng and coworkers [23] reported a mild solvent-free Biginelli condensation under
room temperature and neutral condition involving the ionic liquid, n-butyl-3 methyli-
midazolium tetrafluoroborate (BMImBF4) or hexafluorophosphorate (BMImPF6) as a
catalyst to produce dihydropyrimidines in high yields (Figure 1.1). When quarternary
ammonium salts were employed as catalyst, the yield was low. So, it was evident that
cation and anion part of an ionic liquid played an important role as catalyst in Biginelli
reaction. The best yield of dihydropyrimidines was obtained by the reaction of benzal-
dehyde, acetylacetone and urea using ionic liquid BMImBF4.

Zuliang and coworkers [24] also reported an environmentally benign method for Bi-
ginelli reaction using an SO3H-functionalized, Bronsted-acidic, TSIL (3-tri-n-butylammonio
propanesulfonate IL) as a catalyst (Figure 1.2). The best result was achieved by using
benzaldehyde, ethyl acetoacetate and urea (1:1:1 mole ratio) as substrates. The ionic liquid
was recyclable and reused six times without significant loss of the catalytic activity. Sev-
eral substituted benzaldehydes and β-keto esters were subjected to this reaction. It was
found that both β-ketoester and β-diketone participated in the reaction providing uni-
form yield. Thiourea can also be used in the place of urea to provide the corresponding
thiodihdropyrimidines.

Aromatic aldehydes containing electron donating and electron withdrawing groups
provided good-to-moderate yield of DHPM with high purity. A variety of functional
groups such as ester, ether, nitro, hydroxyl and halide were tolerated under the reac-
tion conditions. The ionic liquid donates hydrogen ion which assists the dehydration
process and enolizes the 1,3-dicarbonyl compound to form the enolate intermediate.
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Laali and coworkers reported Biginelli reaction of aldehydes for the synthesis of
dihydropyrimidinones and thiones using Bronsted acidic ionic liquid [bmim(SO3H)[OTf]
or Zn(NTf)2 which is recyclable (Figure 1.3) [25]. The [BMIm(SO3H)(OTf)] provided high
yield under mild conditions and short reaction time. Various aromatic aldehydes and
both urea and thio urea were used to produce the corresponding products. It was ob-
served that electron-withdrawing group at para position provided relatively low yield
of the product. It was found that the Lewis acid served as pre-catalyst leading to in situ
formation of the actual catalytic species.

Yadav et al. [26] have investigated Biginelli reaction with oxathiolan-5-one/oxazole
-5-one as active methylene building block with aromatic aldehyde and urea or thio urea
(Figure 1.4). Here, chiral ionic liquid L-proliniumsulfate (Pro2SO4) plays an important
role by catalyzing the reaction and reducing the reaction time to provide an efficient
one-pot synthesis of enantio- and diastereoselective poly-functionalized perhydropyri-
midine products. During the reaction, acetophenones are used to activate mercaptoace-
tic acid as active methylene building block which was mechanically removed during
the reaction without hampering the progress of the process.

It was suggested that intramolecular nucleophilic attack of nitrogen atom of urea/
thiourea moiety at the carbonyl carbon (C-5) of oxathiolane-5-one or oxazol-5-one nu-
clei leads to the final product (Figure 1.5).

Figure 1.1: Reaction of aryl aldehyde with urea and ester or dicarbonyl compound.
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1.2.2 Synthesis of substituted furan derivative

Substituted furan derivatives are considered as important scaffolds in medicinal
chemistry due to their antiulcer and antibacterial properties [27]. Our group [28] re-
ported that an ionic liquid promoted Feist–Benary reaction to produce dihydrofuran
derivatives involving several cyclic and acyclic β-diketones and β-keto carboxylic
ester (Figure 1.6). During the condensation reaction, basic ionic liquid, 1-butyl-3-
methylimidazolium hydroxide [bmim]OH acts as an effective catalyst to produce the
substituted hydroxy dihydro furan derivative with high diastereoselectivity.

In another experiment, it was observed that a neutral ionic liquid [pmim]Br cata-
lyzed the condensation reaction to produce the corresponding furan derivative as a
final product. High yield of the product was obtained with higher stereoselectivity
using substituted α-bromo carbonyl compound.

Figure 1.2: Reaction of aryl aldehyde (benzaldehyde) with acetoacetate and urea (thiourea).
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1.2.3 Synthesis of pyridine derivative

Pyridine and its derivatives are common structural motifs in many natural products
and drugs [29]. Therefore, a considerable attention has been given to the development
of the synthesis of derivatives containing pyridine nucleus. Our group [30] reported a
one-pot three-component condensation of aromatic aldehyde, malononitrile and al-
kane thiols for the synthesis of highly substituted pyridine derivatives by using
[bmIm]OH ionic liquid in ethanol under room temperature (Figure 1.7). In this reac-
tion different types of diversely substituted aryl aldehyde condensed with malononi-
trile and thiophenols to produce the corresponding products in moderate-to-high
yields. During the optimization process, it was observed that without using ionic liq-
uid the reaction does not proceed at all.

1.2.4 Synthesis of indole derivative

Indole and its derivatives are of much interest due to their diverse biological activi-
ties. Sumatriptan and Ondansetron are the indole-based potent drugs which are

Figure 1.3: Reaction of aryl aldehyde with acetoacetate and urea (thio urea).
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used for the treatment of migraine and nausea and vomiting caused by cancer che-
motherapy and radiotherapy [31]. Jenkins et al. [32] demonstrated a Fischer indole
synthesis using ionic liquid, choline chloride, 2 ZnCl2 to produce 2,3-disubstituted in-
doles (Figure 1.8). One of the important features of the reaction is that the products
readily sublime from the ionic liquid. So, there is no need to purify the product by
chromatography or other techniques. The reaction of phenyl hydrazine and ketones
provided indoles with a yield ranging from 48% to 88%. Another important aspect of
the reaction is the regioselectivity. When an unsymmetrical dialkyl ketone is used,

Figure 1.4: Reaction of urea, thiourea moiety with aromatic aldehyde and oxathiolan-5-one and oxazol-5-
one nuclei.

Figure 1.5: Plausible mechanism for the formation of 5-mercaptoperhydropyridines.
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regiospecific formation of a single product was observed via the intermediacy of a
more substituted enamine.

1.2.5 Synthesis of quinoline derivative

The quinoline nucleus is an important moiety of many natural and synthetic mole-
cules with significant biological activity [33]. Heydari et al. [34] developed an SO3H
functionalized ionic liquid as a water-tolerant acidic catalyst for the one-pot synthesis
of quinoline derivatives (Figure 1.9). In this protocol of Friedlander quinoline synthe-
sis, 2-aminobenzophenone was subjected to reaction with ethyl acetoacetate in the

Figure 1.6: Synthesis of hydroxydihydrofurans and substituted furans catalyzed by the ionic liquid.
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Figure 1.7: Synthesis of substituted pyridines catalyzed by [bmIm]OH.

Figure 1.8: Reaction of hydrazine with ketone formation of substituted indole.
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presence of SO3H-functionalized TSIL (SO3H-functionalized TSIL) as catalyst in water
under room temperature to provide the product in good yield. Interestingly, water
has important and decisive role as no product was formed in the absence of water.
Hence it is suggested that water has the determining effect on the activity of TSILs.
TSIL is a green catalyst which is reusable for at least five cycles in this condensation
reaction without loss of the catalytic efficiency. This protocol of Friedlander synthesis
is simpler compared to other methods and has broad substrate scope using various
1,3-di ketones and 2-aminoaryl ketones to give the corresponding quinolines with
good yield avoiding toxic catalyst and solvents.

Perumal and coworkers [35] also reported bmimCl:ZnCl2 ionic liquid catalyzed Friedländer
condensation to synthesize quinoline derivatives (Figure 1.10). The ionic liquid bmimCl:
ZnCl2 acts as solvent as well as catalyst due to its high polarity and Lewis acidic character.
Various o-amino substituted aromatic ketones were reacted with 1,3-dicarbonyl com-
pounds in bmimCl:ZnCl2 at room temperature to produce the corresponding quinoline de-
rivatives. The product was formed via the formation of N-(O-acyl-phenyl)-β-enaminones.
The reaction avoids hazardous condition and toxic organic solvents.

Figure 1.9: Reaction of 2-aminobenzophenone with ethyl acetoacetate or cyclic diketone.
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Kumar and Rao [36] reported the synthesis of substituted quinolines by a three-
component reaction of aldehydes, alkynes and amines catalyzed by Yb(OTf)3 under
microwave irradiation in [BMIM]BF4 as reaction medium (Figure 1.11). The combined
effect of Lewis acidic ionic liquid [BMIM]BF4 and microwave irradiation influences
the reaction rate with greater selectivity. The catalyst used in these procedures was
recycled for four cycles.

The reaction proceeds through four-step domino sequence (Figure 1.12). The first
step involves the formation of ionine which undergoes nucleophilic attack by phenyl
acetylene to give the propargyl amine derivative which participates in an intramolec-
ular cyclization and aromatization to give the corresponding quinoline.

1.2.6 Synthesis of pyrazole and imidazole derivative

The derivatives of pyrazole and imidazole molecules are pharmaceutically important
because these molecules exhibit a broad spectrum of biological activities and are used
as antimicrobial, analgesics, anticancer and antitubercular agent [37, 38]. So, there has
been a considerable interest to develop simple and environmentally benign methods
for the synthesis of functionalized pyrazole and imadazole molecules. Parmar et al. re-
ported a three-component domino intermolecular Knoevenagel hetero-Diels–Alder re-
action to afford the bioactive indonyl and quinolyl pyrano[2,3-c] pyrazoles by the

Figure 1.10: Reaction of o-amino aromatic ketone with 1,3-dicarbonyl compound.
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reaction of heteroaryl aldehyde, pyrazolone and enol ether using triethyl ammonium
acetate (TEAA) ionic liquid under microwave irradiation (Figure 1.13) [39].

Figure 1.11: Reaction of aromatic aldehydes with phenyl acetylenes and aniline to produce quinoline.

Figure 1.12: Proposed mechanism for the synthesis of quinolines by three-component reaction.
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Various pyrazolone derivatives reacted with a variety of heteroaldehydes and di-
enophiles, ethyl vinyl ether, dihydrofuran, etc. to provide the corresponding products
in good yields. TEAA ionic liquid has dual role as reaction medium as well as catalyst
and it was reused further. It was observed that minor amount of Michael adduct was
formed besides the major Knoevenagel adduct in this reaction.

Figure 1.13: Synthesis of quinolyl pyrano[2,3-c]pyrazoles.
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Laali’s group reported the Van Leusen imidazole-Suzuki and oxazole-Suzuki reac-
tion using [bmim]X [where X = ¯PF6 and ¯BF4] as solvent and [PAIM][NTf2] as a basic
catalyst (Figure 1.14) [40]. The reaction proceeded smoothly to provide the products in
high yield under mild reaction conditions. The reaction used readily available starting
materials and thus enhanced the utility of the method. The ionic liquid was recycled
for several runs.

Hasaninejad et al. [41] developed the synthesis of 1,2,4,5-tetra-substituted imidazoles
using ionic liquid [BMIM]Br under microwave irradiation or simply by heating condi-
tion (Figure 1.15). This one-pot four-component condensation reaction proceeds in
[BMIM]Br (a neutral reaction medium) without using any additional catalyst. Aro-
matic aldehydes, aliphatic and aromatic amines were condensed with benzil and am-
monium acetate under conventional heating or microwave irradiation to give the
product. Electronic effect plays a vital role in the reaction. Aromatic aldehydes having
electron withdrawing groups reacted with faster rate while aromatic aldehydes con-
taining electron donating group reacted with the slower one. The methodology is also
successful for heteroaromatic aldehydes to furnish tetra-substituted imidazoles in ex-
cellent yield without any side product.

Figure 1.14: Van Leusen imidazole Suzuki reaction to produce different substituted product.
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1.2.7 Synthesis of quinoxaline derivative

Quinoxalines are important class of molecules having effectiveness in the treatment
of various bacterial infections [42]. Meshram et al. [43] described the synthesis of qui-
noxaline-2-carboxylate derivative by using [bmim]BF4 as reaction media (Figure 1.16).
The catalyst free reaction of α-halo-β-keto ester and 1,2-diamines opened a wide scope
for the synthesis of a variety of quinoxaline derivatives which are of much impor-
tance as biologically active compound.

The electronic effect of substituted 1,2-diamines plays an important role in the re-
action. The electron donating groups increase the rate of the reaction while electron
withdrawing groups decrease the rate; however, only one product was formed in all
cases.

Figure 1.15: Reaction of aromatic aldehyde with aromatic or aliphatic amine and benzil.
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1.2.8 Synthesis of thiochromone derivative

Thiochromone derivatives are usually known as privileged scaffolds in pharmaceuti-
cal industry due to their promising biological activities [44]. Wang et al. [45] demon-
strated the synthesis of thiochromene derivatives (aromatic and nonaromatic) using
ionic liquid [BMIM]BF4 and [BMIM]Br (Figure 1.17). It was observed that by changing
the counter ion of the ionic liquid, the IL shows an enhanced activity toward kinetics
of the reaction to give good yields of the product.

BF4¯ gives the best result in terms of yield (98%) compared to the counter ion
PF6¯ and HSO4¯ while Br¯ gives better (83%) yield than that of Cl¯, OH¯, etc. So the
counter ion of ionic liquid has determining role in this reaction too. The reaction tem-
perature also has profound effect. The higher temperature leads to elimination reaction
and it was found that 50 °C is the optimum to have the product, 9-amino-7-phenyl-6H-
benzo[c]thiochromene-8,10-dicarbonitrile derivative in good yield.

Figure 1.16: Reaction of α-halo, β-keto ester with 1,2-phenylene diamine using [Bmim]BF4 IL.
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1.2.9 Synthesis of phthalazine derivative

Nitrogen heterocycles containing phthalazine moiety are of much interest showing diverse
activities such as anticonvulsant, cardiotonic and vasorelaxant [46]. Shekouhy and Hasani-
nejad [47] demonstrated a catalyst-free one-pot four-component synthesis of 2H-indazole
[2,1-b]phthalazine-triones by using neutral ionic liquid 1-butyl-3-methylimidazolium bro-
mide ([Bmim]Br) under ultrasonic irradiation (Figure 1.18). The reaction of dimedone,
benzaldehyde, hydrazinium hydroxide and phthalic anhydride under ultrasonic irradia-
tion led to the formation of the corresponding products. Notably, the efficiency of ultra-
sonic irradiation is due to cavitation phenomena [48].

Figure 1.17: Reaction of aromatic aldehyde with malononitrile and 2-(2,3-dihydro thiochromen-4-ylidene)
malononitrile.
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1.2.10 Synthesis of benzodiazepine derivative

Benzodiazepines are known for their wide range of biological activities and thera-
peutic functions. Most commonly, benzodiazepine derivatives are used as antimi-
crobial and anthelmintic agents [49]. Kim and coworkers demonstrated a synthesis
of 1,5-benzodiazepine derivative using ecofriendly, less-expensive and recyclable
di-cationic ionic liquid ([tetra EG(mim)2(OAc)2]) as catalyst under solvent-free con-
dition (Figure 1.19) [50]. It was observed that 5 wt % of tetraethylene glycol-bis
(3-methylimidazolium)diacetate ([tetra EG(mim)2(OAc)2]) acts best for the synthesis
of benzodiazepine derivative and the reaction proceeds without any cocatalyst and
solvent. The ionic liquid is recycled over six times without losing catalytic activity.

Figure 1.18: Reaction of dimedone, benzaldehyde, hydrazinium hydroxide with phthalic anhydride.
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1.2.11 Synthesis of benzoxazole, benzthiazole and benzimidazole
derivative

Benzoxazoles, benzthiazoles and benzimidazoles are of much importance in organic
synthesis as well as in pharmaceutical industries showing diverse biological activities
[51, 52]. Kalkhambkar and Laali reported a ligand-free, high yielding method for the
synthesis of 2-aryl and 2-heteroaryl benzoxazoles and benzthiazoles from readily
available Schiff’s base using imidazolium ionic liquid in combination with Pd(OAc)2
without any additives (Figure 1.20) [53].

In this reaction, Pd coupled with imine nitrogen of Schiff bases followed by cycliza-
tion and elimination to provide 2-aryl and 2-heteroaryl benzoxazoles and benzothia-
zoles. No oxidant, ligand, additive or hazardous solvent was used in this protocol. The
product obtained by this procedure was isolated easily and the ionic liquid is also recy-
clable being reused three times.

Our group also demonstrated a unique one-pot procedure for the synthesis of 2-
substituted benzimidazole derivative by the reaction of an aryl aldehyde with o-
phenylenediamine in the presence of [pmIm]BF4 ionic liquid at room temperature
without any organic solvent (Figure 1.21) [54].

Figure 1.19: Synthesis of 1,5-benzodiazepine derivative.
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Figure 1.20: Pd-catalyzed synthesis of 2-aryl and 2-heteroaryl benzoxazoles and benzothiazole derivatives.

Figure 1.21: Synthesis of substituted benzimidazoles.
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It was observed that aromatic aldehyde with electron withdrawing group per-
forms better in terms of product yield compared to those having electron donating
group. Sterically hindered as well as heterocyclic aldehydes underwent smooth reac-
tion under the optimized condition. Ionic liquid was recycled up to two cycles without
any loss of yield whereas in the next two cycles slight loss of efficiency was observed.

1.3 Conclusions

In this article we have discussed the application of ionic liquids for the synthesis of
various heterocyclic molecules of biological importance. Under this discussion it was
demonstrated that the carbon–nitrogen, carbon–oxygen and carbon–sulfur bond for-
mations have been efficiently achieved by the catalysis of ionic liquids avoiding any
toxic organic solvent. Ionic liquids act here as reaction medium as well as catalysts.
Ionic liquids are relatively benign, inexpensive and recyclable. The reactions are usu-
ally performed at room temperature under ligand-free conditions. Thus, these proce-
dures involving ionic liquids provide alternative green routes for the access of a
variety of bioactive heterocycles. We believe that this review will attract the attention
of a wide section of chemists in the academia as well as pharmaceutical industries.
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Chapter 2
Synthesis of oxygen and sulfur heterocycles
mediated by ionic liquids

2.1 Introduction

Generally liquids contain neutral molecules, whereas ionic liquids (ILs) are made of
ions or charged species and are in liquid state. Interestingly these ILs have different
names like ionic fluids or deep eutectic solvents or liquid electrolytes or liquid salts or
ionic melts or ionic glasses or fused salts. These ILs have become prominent because
of their very, very low vapor pressure and can substitute organic solvent to be used
in organic chemical reactions. ILs have a role to play in carbon capturing, batteries,
waste recycling, solar and thermal energy, nuclear fuel processing, catalysis and may
be many more.

2.2 History of ionic liquids

Compounds made of ions that are in the liquid state are called as ionic liquids (ILs).
Ramsay was one of the first researchers to make ILs [1] by mixing acids with picoline
and use them for scientific purpose. Ethylamine-nitric acid [Et-NH3][NO3] mixture has
12 °C melting point and it was another ionic liquid reported during 1914 [2]. Fused
metal salts (ILs) were prepared by Sugden and Wilkins [3] for parachor studies during
1929. Hurley and Weier [4] reported making alkyl-pyridinium salts mixed with inor-
ganic salts (in 1951) on the usage of molten salts for the purpose of electro-metallation.
They noticed that 1-ethylpyridinium bromide-aluminum chloride ([C2py]Br-AlCl3) pre-
pared in 2:1 M ratio was found to be liquid (IL) at room temperature. The same was
observed by Zhang and Etzold [5] that a 1:1 ratio and 2:1 ratio of 1-ethylpyridinium
bromide-aluminum chloride prepared were having melting point of 45 and 88 °C. Re-
action of triethylamine with Cu(I) and (II) salts produced [6] liquid instead of expected
solid as reported by Yoke et al. [6], and this triggered a lot of enthusiasm for others to
get into the research [7–10]. Then a review article published by Hussey [11, 12] in 1983
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provided a trigger for the research area of ILs. Also, these ILs entered into different
domains like catalysis [13], electrochemistry [14], analytical studies, sensors [15, 16]
and analytical biochemistry [17].

2.3 Importance of ionic liquids

Ionic salts having melting point below 100 °C can be called as ILs [18]. These ILs have
very low vapor pressure (do not vaporize), high boiling point, low volatility, good ther-
mal stability and nonflammable [18, 19] compared to organic solvents and therefore can
act as a substitute for organic solvents in conducting chemical transformations and poly-
merizations [18–20]. ILs can be recovered and reused after conducting chemical reac-
tions and are considered as green solvents. Interestingly, the properties of these ILs can
be varied by changing the cation and anion counter parts for the purpose of possible
various applications. ILs can be used for dissolving polymers like cellulose [21], silk fiber
[22] and starch [23] and this solubilization of polymers can create composite polymers
[24], plasticizers [25] and also gels [26]. ILs have found possible application in space pro-
pulsion, space lubrication and space telescopes [27]. Ionic liquid can trigger or initiate a
crystallization process, acting as medium or solvent [28], particularly a metal-organic
framework was crystallized. Heterocycles were synthesized in a fabricated flow micro
reactor using IL as immobilized catalyst over a surface of silicon nano-wires (SiNWs),
with CO2 and amines as starting materials [29], indicating utilization of CO2 leading to
fine chemicals. Oleyl-amine-based IL was prepared and used for converting H2S into sul-
fur nano particles in a simple fashion; further the same system was utilized to make
metal-sulfide nano particles in preparative [30] level and making the entire chemistry
as green and also a viable chemical process. ILs can be adopted for liquid electronics
purposes [31], where the IL will be a freestanding system within a crystalline IL. The
developed system does not require any mechanical support or external encapsulation.
These are known as flexible, self-healing and reconfigurable electronics. IL and polymer
composites taken and distributed/placed over formaldehyde-melamine resin and these
irregularly placed IL-P composites [32] can adsorb particulate matter of size ~1.2–10 nM.
Further these fabrications can be applied to voltage to improve the efficiency of the par-
ticulate matter or polluted air to be filtered off and to be predicted to be useful for ultra-
filtration purposes. Conversion of CO2 into value-added chemicals is a much-wanted
chemistry and this helps us to reduce the CO2 in the environment. ILs act as buffer and
basic catalyst to convert CO2 to formic acid [33], with high efficiency. ILs absorb water
when treated with sea water and leaving behind salts. The salts left out by the ILs can
be recovered and the water absorbed by the ILs can be recovered [34] at lower tempera-
ture, thus effecting “desalination” of sea water. ILs provide a great opportunity to study
and understand the mechanism involved in liquid–liquid transitions (LLT) and further
provide the structure–property relationships involved in this LLT [35] phenomenon.
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2.4 Synthesis (preparation) and properties of ILs

Many researchers were thinking that ILs are rare and may not be possible to make
them, particularly room temperature ionic liquids. But now there are several room tem-
perature ionic liquids that have been synthesized and characterized. The following part
is the description on the preparation and properties of some of the ionic liquids. ILs are
generally made of organic salts, a mixture of organic cation and organic anion or or-
ganic cation and inorganic anion. Many times, cation part of the IL originates from an
amine and the anion may be inorganic or organic.

Generally, ILs are synthesized by quaternization of amines with alkyl-halide
(Figure 2.1). Reacting N-alkyl-imidazole or pyridine with alkyl or tetraphenylborate
or benzyl or allyl halides in a suitable solvent [36–39] provides ILs. The anion is pre-
pared from quaternary amines and cation can be exchanged with other anions to
make newer analogs.

The chemical reaction between 1-methylimidazole and dimethyl-carbonate produces
zwitterion [40–42] to give 1,3-dimethylimidazolium carboxylate (Figure 2.2). Reaction
sequence involves alkylation resulting in cation and followed by carboxylation of this
cation leading to 1,3-dimethylimidazolium carboxylate. This interesting zwitterionic
intermediate was converted into various ionic liquids (Figure 2.2) by decarboxylation
and also differing in their anion part [43] by reacting with various acids. Anion-
exchange method – metathesis – can be applied [44, 45] to make ILs (Figure 2.3). Six
alkylammonium salts were synthesized [46] among several and were found to be liq-
uid at room temperature. These were prepared by mixing amine with acid for an ap-
propriate time, then water was removed by distillation, and the impurities were
removed by extracting with suitable nondissolvable solvent with IL.

The purpose of making these ILs occurred during testing them for chromatography
mobile phase and also for liquid–liquid extraction. Tetra-alkyl-borides were prepared

Figure 2.1: Preparation of ILs by amine–alkyl-halide coupling.
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[47, 48] from alkyl lithium or alkyl sodium compounds reacting with trialkyl-boron
compounds (Figure 2.4). These tetra-alkyl-borides were allowed to react with tetra-alkyl
ammonium bromides [48] to give corresponding alkylammonium ILs (Figure 2.4).

Thiazolium-based several ILs (Figure 2.5) were synthesized by Hillesheim et al.
[49] for the purpose of gas separations. Suitable thiazole moiety was taken and re-
acted with n-butyl bromide (or other bromide) to get corresponding ammonium bro-
mide. Resulting solid ammonium bromide is treated with activated carbon, and after
removal of carbon, it is then mixed with lithium bis(trifluoromethyl-sulfonamide) to
form required ILs (Figure 2.5).

Phosphate-based ILs (Figure 2.6) were reported by Kuhlman et al. [50]. It is a mix-
ture of one equivalent of phosphorous compound to one equivalent amine under con-
trolled conditions and followed by stirring at given temperature to provide fantastic
yields of the corresponding imidazolium phosphates (Figure 2.6). The lipophilic imida-
zolium-phosphate ILs are more interesting that they improve solubility of organic
compounds and thereby improving the efficiency of the catalyst.

Phosphonium-based ILs (Figure 2.7) were synthesized by Bradaric et al. [51]. Nu-
cleophilic addition of tertiary phosphine to alkyl halides gives entry to phosphonium-

Figure 2.2: Preparation of ILs using zwitterion and acids.

Figure 2.3: Preparation of ILs using anion exchange method.
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based ILs. The halide ion remaining in the above-mentioned ILs preparation is a prob-
lem that it interferes in the catalytic reaction and therefore authors have designed a
different pathway to avoid residual halogen contaminations (Figure 2.7). Tertiary
phosphine was added to the corresponding alkyl ester in a 1:1 ratio, stirred and heated
to appropriate temperature to get the phosphonium-based ILs. Alkyl group of alkyl
ester used in these reactions has a role to play in the yields of these reactions.

Chiral ILs are becoming more and more important because of their role in catalysis
to generate chiral residues and also in chiral separations although its use is still at the
beginning stage. These chiral ILs can be constructed using available chiral molecules –
chiral pool or adopting asymmetric synthesis. Some of the chiral ILs synthesized are
given below in Figure 2.8. N-methylation of ephedrine provides entry for ephedrinium
(alkaloid)-based chiral IL and this was prepared for a purpose of using it as a gas chro-
matography (GC) stationary phase [52] and indeed authors have reported the chiral sep-
arations. Carbohydrates are known for natural chiral pool compounds and one can use
them for making chiral ILs [57]. D-Glucose was transformed into D-glutaric acid, pro-
tected the remaining hydroxy groups, reacted with 4,5-dimethyl-1,2-diaminobenzene to
make corresponding benzimidazole and then alkylated to make chiral IL with variation

Figure 2.4: Preparation of alkylammonium ILs using metathesis procedure.
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in anion [53]. These chiral ILs were synthesized to use them for stationary phases in GC,
liquid chromatography (LC), electrophoresis for enantio-separation [54] and also using
them as chiral catalysts for making chiral compounds [55–57].

2.5 Typical procedure to make imidazolium-based
ILs

Dimethyl-carbonate and N-methylimidazole were taken in a 1.5:1 (–v/v) ratio and
heated in a sealed tube for 24 h [41]. The solid separated out was filtered to get 85%
yield of zwitterion, 1,3-dimethylimidazolium carboxylate (Figure 2.2). The authors
claim that the procedure can be scaled up to ~35 g level.

1,3-Dimethylimidazolium carboxylate of 10 mmol was taken in 20 mL of 50% etha-
nol-water medium and added slowly 10 mmol of corresponding acid [43]. The complete

Figure 2.5: Synthesis of various thiazolium-based ILs.
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Figure 2.6: Synthesis of various phosphate-based ILs.

Figure 2.7: Synthesis of various phosphonium-based ILs.

Chapter 2 Synthesis of oxygen and sulfur heterocycles mediated by ionic liquids 31



solution was stirred in a closed flask for 24 h at room temperature (Figure 2.2). The
solvent was removed using rotary evaporator and the solid obtained was checked for
the presence of starting material using NMR spectroscopy. Several acids are employed
to make corresponding ILs (Figure 2.2) yielding in the range of 95–99%.

N-Methylimidazole (1.0 equivalent) was taken and to this added slowly (to control
the reaction temperature) over a period the 1.0 equivalent of trimethyl/triethyl/tribu-
tyl phosphate. Then the reaction mixture was stirred at proper temperature [54] and
time to get the corresponding imidazolium-phosphate ILs. The unreacted starting ma-
terial can be easily removed by washing properly with suitable solvent to get almost
99% yield of ILs.

Properties of ILs like nonvolatility is making it as green alternative solvent, good
thermal and chemical stability, a good range of solubility for several organic substan-
ces, low nucleophilicity, very less flammability, viscosity, UV–visible absorption, con-
ductivity, density, surface tension, liquid range, heat capacities, dipole moment and
polarity/polarizability are some of them, where many researchers have contributed to
understand these properties of ILs. These are the few properties that have become
important to understand to conduct a chemical reaction and use ILs as efficiently as
possible. There are several things to be addressed to understand the properties of
these ILs to be exploited for conducting chemical reactions in a desired way. Some
studies reported that by increasing the chain length of alkyl group [58, 59] the melting
point decreases, improves hydrophobicity and also brings changes in solubility to-
ward substrates. Introduction of fluorine atom [60, 61] in the ILs structure brings
lesser hydrogen bonding capabilities, thereby making ILs as less moisture absorbing
species. Based on their properties and functions, ILs are designated with names [62]
such as (i) high-energetic ILs; (ii) task-specific ILs; (iii) supported ILs; (iv) chiral ILs;
(iv) polymeric ILs; (v) acidic ILs; (vi) basic ILs; (vii) surface ionic active ILs;
(viii) switchable polarity ILs; (ix) bio ILs; (x) neutral ILs; (xi) metallic ILs.

Figure 2.8: Chiral ILs based on alkaloid and carbohydrate chiral pool.
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2.6 Organic transformations leading to sulfur
heterocycles –mediated by ILs

2.6.1 Synthesis of thiophene derivatives

Gewald synthesis of tetra and tri-substituted 2-aminothiophene derivatives reported
by Rao et al. [63] using basic IL and also by others [64, 65]. The authors reported several
2-aminothiophene derivatives (3, 8, 10, 11) by adopting tricomponent chemistry with
basic IL [bmIm] and also stepwise chemistry. Three component reactions involved car-
bonyl compound 1, reactive methylene compound 2 and sulfur and were mixed in the
presence of basic IL [bmIm] and heated to get tetrasubstituted 2-aminothiophene deriv-
atives (3) in good yields (Figure 2.9). The stepwise chemistry is to make first olefin com-
pound 7 using trimethyl-orthoacetate (4), malanonitrile (5) and alcohol (6) (Figure 2.9)
and then treating the olefin formed with sulfur and basic IL [bmIm] to get trisubstituted
2-aminothiophene derivatives (8) in good yields (Figure 2.9). Chemistry conducted with-
out IL (Figure 2.9) involving tri-ethyl-orthoacetate (4) and malononitrile (5) produced
corresponding olefin (9); further the olefin was reacted with sulfur and KOH leading to
2-amino-3-cyano-4-hydroxythiophene (10) and its equilibrated keto-product 11, indicat-
ing the role of IL in the selectivity of reaction. Another report indicates that Gewald
synthesis of 2-aminothiophenes was achieved using task-specific IL [2-hydemim][BF4]

Figure 2.9: IL-mediated tricomponent and stepwise chemistry for making thiophene derivatives.
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and assisted by microwave irradiation. The authors claim that this method [66] is sim-
ple, efficient, high yielding and does not require chromatographic purification.

2.6.2 Synthesis of tetrazoloquinolinyl-based thiazolidinones

Tetrazoloquinolinyl-based thiazolidinones (15a-l) were synthesized by Deshmukh et al. [67]
for evaluating their biological activities. It is a three-component one-pot reaction involving
tetrqazoloquinolinyl aldehyde (12), thioloacetic acid (13) and substituted aniline (14) along
with dicationic IL (Figure 2.10) leading to tetrazoloquinolinyl-thiazolidinone derivatives
(15a-l). Aniline (14) reacts with aldehyde group of tetrazoloquinolinyl (12) to form Schiff
base, which undergoes the addition of thioloacetic acid (13), followed by cyclization to pro-
vide thiazolidinone derivatives (15a-l). This entire bond forming promotion activity is tak-
ing place in the presence of dicationic IL, without any solvent. The substitution on aniline
residue introduces 12 compounds with yields of 81–92% range (Figure 2.10). Tetrqazoloqui-
nolinyl aldehyde (12) was prepared as per Figure 2.11. 2-Chloroquinolin-3-aldehyde (16) re-
acts with azide to produce tetrazolo compound (18), which was reduced using borohydride
to get corresponding alcohol (19). Alcohol (19) was mesitylated to form 21 and further mesi-
tylated compound was converted, upon treatment with K2CO3 and 4-hydroxybenzaldehyde
into tetrqazoloquinolinyl aldehyde (12). Thus synthesized thiazolidinone derivatives (15a-l)
were taken for bioactivity studies.

2.6.3 Synthesis of substituted thiophene derivatives

Substituted thiophene compounds (24, 26 and 28) were synthesized by Yadav et al.
[68] using l,4-diketones (23, 25 and 27), Lawsons reagent and IL (Figure 2.12). Dike-
tones react with Lawsons reagent and then undergoes cyclization followed by aroma-
tization leading to thiophene derivatives (24, 26, and 28) in good yields (Figure 2.12).
The demonstrated chemistry informs that a decent method is given to make trisubsti-
tuted thiophenes in an elegant way.

Figure 2.10: Dicationic IL-mediated tricomponent one-pot synthesis of tetrazoloquinolinyl-based
thiazolidinones.
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Figure 2.12: Synthesis of substituted thiophene compounds 24, 26 and 28.

Figure 2.11: Procedure for the preparation of tetrazoloquinolinyl aldehyde derivative 12.
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2.6.4 Synthesis of benzothiazepines

IL–[BMIM][BF4] prepared earlier was found to be thermally deteriorating or charring
upon microwave-induced reaction [69]. Then Arya and Prabhakar [69], from the same
group, prepared zeolite-encapsulated IL–[BMIM][BF4]-ZSM-5 and used for making
spiro[pyrazolo[3,4-e]benzothiazepines] in an IL protected manner. Known amount of
IL-[BIMIM][BF4] was taken in aluminosilicate gel (4.5 Na2O:Al2O3:60SiO2:2568H2O) and
was crystallized at 150 °C. Thus obtained solid powder was washed with water, dried
and analyzed for confined IL-ZSM-5 zeolite [70]. The confined IL [BIMIM][BF4]-ZSM-5
was utilized as catalyst for making spiro[pyrazolo[3,4-e]benzothiazepines] (34, 35 and
36) (Figure 2.13). The reaction parameters were tuned by conducting several experi-
ments to arrive at a very good procedure. The chemistry is a tricomponent reaction
involving ketone (isatins (29), cyclohexanone (30), indanone (31), pyrazalone (32) and
4-substituted-2-mercaptoaniline and catalyzed by zeolite-confined catalyst [BIMIM]
[BF4]-ZSM-5 in the presence of water as medium (Figure 2.13). The authors claim it as
green chemistry because of excellent yields and use of water as solvent. Ketone (29 or
30 or 31) reacts with active methylene part of pyrazalone to form a double bond, and
then amino group of 2-mercaptoaniline forms a Schiff base and this intermediate
undergoes cyclization to provide spiro[pyrazolo[3,4-e]benzothiazepines] (34, 35, 36).
The IL-confined catalyst [BIMIM][BF4]-ZSM-5 is found to be recovered and recycled
several times.

Figure 2.13: Synthesis of spiro[pyrazolo[3,4-e]benzothiazepines] (34, 35, 36).
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2.6.5 Synthesis of substituted benzothiazoles

Chandramouli and coworkers [71] reported a very nice way of synthesizing substituted
benzothiazoles starting from 4-substituted-2-mercaptoaniline and substituted benzoic
acid in the presence of IL [bimim][BF4] and upon heating without any solvent. Isolation
and purification procedures are simple with good yields of products (Figure 2.14).

2.6.6 Synthesis of thiapyranopyrazoles

Knovenagal condensation, followed by hetero Diels–Alder cyclization, was arranged by
Narsidas et al. [72] as catalyzed by IL–[Hmim]HSO4 leading to cis-fused rings (Figure 2.16).
Thioketones (41) and allyl-phenolethers carrying aldehyde group (44, 45) are the starting
materials (Figure 2.15). Starting material thioketone 41 was prepared from the correspond-
ing N-phenyl-5-methylpyrazalone (40), upon treating it with Lawson’s reagent (Figure 2.15).

2-Allyloxybenzaldehydes (44) and 2-allyloxynaphthaldehydes (45) were prepared
from the salicyaldehyde (42) and 2-hydroxynaphthaldehyde (43), upon treatment with
suitable allyl compound in the presence of base K2CO3 (Figure 2.15). Various allyl
groups, alkenyl-ester groups and propargyl group are used to make a variety of alde-
hyde-allyl compounds (44, 45).

The reaction between aldehyde-allyl compounds (44, 45) and pyrazalone thione (41)
in the presence of IL–[Hmim]HSO4 and heating produces tetracyclic, pentacyclic and hex-
acyclic compounds (47–62) with excellent diastereoselectivity (Figure 2.16) and yields in
the range of 43–84%. Active methylene part of pyrazalonethione compound (41) under-
goes Knovenegal condensation to form a double bond, whose arrangement is quickly ori-
ented into the form of endo-E-syn state (Figure 2.16), and this state undergoes cyclization
to give entry to tetracyclic, pentacyclic and hexacyclic compounds. The cis-fused rings
are perfectly explained based on the endo-E-syn transition state (Figure 2.16). The stereo-
chemistry of the products established using H-nmr, 2D-NMR, NOESY, DQY-COSY and crys-
tal structure analysis. The exo-E-anti transition state leading to trans fusion is ruled out
because of high energetic considerations. The O-cinnamylatedsalicylaldehyde product
upon Knovenegal condensation and hetero Diels–Alder cyclization gave both cis and
trans ring-fused products indicating the possible two transition states.

Figure 2.14: Synthesis of substituted benzothiazoles 39.
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2.6.7 Synthesis of benzothiazine-2-ones

Vibha Tandon and coworkers [73] reported an interesting way of making 1,4-benzothiazine-
2-one (65) using various starting materials (Figure 2.17), ethylbromoacetate and KF-alumina-
IL-[bmim]BF4 complex. Product isolation, purification, recovery of catalyst and reuse of cat-
alyst are some of the advantages of the methodology. Catalyst is a multicomponent complex
of [KF-alumina-[bmim]BF4].

2.6.8 Synthesis of thiazoles

α-Tosyloxy ketones (73) reacted with thiobenzamide (74) in the presence of IL–[bmim]PF6
to make trisubstituted thiazoles (75) (Figure 2.18) as reported by Hou et al. [74]. Variation
in the groups attached with α-Tosyloxy ketones (73) produced 10 examples with good
yields (Figure 2.18). Isolation and purification of reaction products are very simple and
recovery and recycle of the IL catalyst was achieved. Iminothiol form of thiobenzamide
substitutes tosyl group by forming C–S bond, and then imino group of thiobenzamide re-
acts with carbonyl group to form thiazole moiety.

Figure 2.15: Synthesis of thioketones and allyl-ethers 41, 44 and 45.
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Figure 2.16: Synthesis of various thiapyranopyrazole derivatives 47–62.
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2.6.9 Synthesis of thiazolidinones

A three-component one-pot reaction catalyzed by IL–Pyridinium-Tosylate and re-
ported by Yadav [75] and also Lingampalle et al. [76] leading to thiazolidinones 78
(Figure 2.19). Ketone (76), amine (77) and thioacetic acid (13) are mixed with IL at
room temperature for ~2 h to synthesize thiazolidinones (78) in very good yields. Ke-
tone reacts with amine to form Schiffs base and then reacts with thioacetic acid to
produce thiazolidinones (78) (Figure 2.19).

Figure 2.17: Synthesis of 1,4-benzothiazine 65 from various substrates 66–72.

Figure 2.18: Synthesis of trisubstituted thiazoles 75.
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2.6.10 Synthesis of thiazoles and bis-thiazoles

Noei and Khosropour [77] described the synthesis of thiozoles (81) (Figure 2.20) in excellent
yields, in the absence of solvent, using IL [bmim]BF4 and ultrasound. 4-Substituted thioben-
zamide (79) and 4-substituted α-bromoacetophenone (80) were taken in [bmim]BF4 IL and
irradiated with ultrasound for a few minutes to get 2,5-substituted thiazoles (81) (Fig-
ure 2.20). Interestingly, bis-thiobenzamide (82) was prepared and used as a starting material
to make aryl-substituted bis-thiazole (83) compound obtained (Figure 2.20). The reaction is
facile, and isolation and purification of products are simple; furthermore the IL can be re-
covered and reused. Similar studies are also reported by Izumisawa and Togo [78].

Figure 2.19: Tricomponent one-pot synthesis of substituted thiazolidinones 78.

Figure 2.20: Synthesis of substituted thiazoles 81 and bis-thiazole 83.
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2.6.11 Synthesis of benzthiazoles

Srinivasan and coworkers [79] developed a method to make benzthiazoles (85) involv-
ing ILs (Figure 2.21). 2-Mercaptoaniline (37) and substituted benzoylchloride (84) were
mixed with ILs [bbim]BF4 and [Hbim]BF4 separately at room temperature to observe
formation of benzthiazoles (85) in very good yields (Figure 2.21). Catalyst IL can be
easily recovered and reused and the isolation and purification of products are found
to be very simple.

2.6.12 Synthesis of thiazine-4-ones and thiapyran compounds

Yadav et al. [80] reported a three-component one-pot reaction, catalyzed by IL, lead-
ing to 1,3-thiazine-4-one cyclic structures (89 and 91) (Figure 2.22). Chemistry involves,
as predicted, Knoevenegal condensation (92) and Michael addition (93) and followed
by cyclization provides the 1,3-thiazine-4-ones (89 and 91) (Figure 2.22) compounds.
Diastero-selectivity with very high trans arrangement is introduced during Michael
addition (Figure 2.22). Tricomponent reaction involves 4-substituted benzaldehyde
(87), 2-Me-2-phenyl-1,3-oxathiolan-5-one (86), and N-substituted thiourea (88) and
were mixed with the catalyst IL [Bmim]Br in the presence of acetonitrile as solvent at
room temperature to obtain thiazine-cyclized product (89). Same reaction was con-
ducted by replacing 86 with 2-phenyl-1,3-oxazol-5-one (90) to get thiazine-cyclized
product (91). Variation in substitution in the starting materials introduced 16 exam-
ples with very good yields and also diasteroselectivity. The Knoevenegal condensation
product and Michael addition products were isolated to prove the sequential forma-
tion mechanism. The Michael addition product was further subjected to cyclization to
get thiazine-one compounds (89 and 91). 4H-Thiapyran residues (96, 98 and 100) are
synthesized [81] as a three-component one-pot reaction catalyzed by IL [bmim]BF4
(Figure 2.23). Starting materials aldehyde (94, 97, 99), malanonitrile (5) and cyano-
thioacetamide (95) were mixed with IL [bmim]BF4 and heated to 80 °C to generate the
4H-thiapyran residues. Aldehyde undergoes condensation with malononitrile to form
a double bond, then addition of cyano-thioacetamide to double bond and followed by

Figure 2.21: Synthesis of substituted benzthiazoles 85.
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cyclization generates 4H-thiapyran compounds (96, 98 and 100) (Figure 2.23). Interest-
ingly, the methodology is applied to pyrimidine nucleoside to synthesize pyrimidine
nucleoside-thiapyran hybrids (98 and 100) (Figure 2.23). Various substituted aldehydes
employed provides entry to 10 examples of 96 (Figure 2.23) and also some generality
of the methodology. The catalyst IL-[bmim]BF4 can be easily recovered and recycled
to conduct the chemistry.

Figure 2.22: Synthesis and mechanism of formation of substituted 1,3-thiazine-4-ones 89 and 91.

Chapter 2 Synthesis of oxygen and sulfur heterocycles mediated by ionic liquids 43



2.7 Organic transformations leading to oxygen
heterocycles –mediated by ILs

2.7.1 Synthesis of epoxides

The formation of epoxide is accelerated with high efficiency by using ILs as catalyst
[82] to epoxygenate the chromones to 102, isoflavones to 104 and chalcones to 106
(Figure 2.24). Bernini et al. [82] produced epoxides using chromones (101), isoflavones
(103) and chalcones (105) with IL [bmim]BF4, H2O2 and NaOH in high yields (Figure 2.24).
Reaction conditions adopted are conducive like at 0 °C and time of ~120 min. The iso-
lation and purification of products and recovery and recycling of IL catalyst are very
simple and convenient; further it is a clean and green reaction for not producing

Figure 2.23: Synthesis of 4H-thiopyran and pyrimidine nucleoside-thiopyran hybrid 96, 98 and 100.
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unwanted waste materials. Excellent yields of epoxide rule out the possibility of for-
mation of epoxide ring-opened product.

Song and Roh [83] prepared a catalyst immobilized on the IL for asymmetric ep-
oxidations and also successfully demonstrated that the prepared immobilized chiral
catalyst can be recovered and reused. The Jacobsons chiral catalyst (107) (Figure 2.25)
was immobilized over IL [bimim]PF6, which is a stable IL toward air and moisture.
Chiral catalyst immobilized hybrid IL, mixed with olefin substrate (108), NaOCl, DCM
solvent, pH maintained at 11.3, was stirred at 0 °C for 2 h to get good yields and enan-
tiomeric excess (Figure 2.26). Chiral catalyst worked very well to obtain the range of
84–96% for the substrates selected (Figure 2.26). The generality of the asymmetric ep-
oxidation of olefin is further substantiated in isolating different epoxide products

Figure 2.24: Conversion of chromones, isoflavones and chalcones into the corresponding epoxides 102,
104 and 106.
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(109, 110, 111, 112, 113) arising from the corresponding olefin substrates and the data
is shown in Figure 2.26. The reactions are carried out at 5 g laboratory bench level.

2.7.2 Synthesis of dihydrofuran derivatives

Manganese III-mediated organic transformations can be conducted in IL medium as
solvent and also as a cosolvent. Bar et al. [84] demonstrated that [bmim]BF4 mixed
with Mn(OAc)3 acted as catalyst in the conversion of 1,3-diketones, β-ketoesters and
hydroxyquinoline reacting with olefin to form dihydrofuran derivatives (116, 119, 122,
124 and 125) (Figure 2.27). 1,3-Cycloheanedione (114) and α-methylstyrene (115) in
DCM along with [[bmim]BF4-Mn(OAc)3] conducted as a model reaction to generate the
bicyclic dihydrofuran (116) (Figure 2.27). The β-ketoesters (117) can be served as sub-
strates in reacting with olefin (118) catalyzed by the [[bmim]BF4-Mn(OAc)3] to yield
trisubstituted dihydrofuran derivatives (119) (Figure 2.27). In another instance N-Me-4-
hydroxy-2-quinolone (120) reacted with olefin styrene (121) in the presence of catalyst

Figure 2.25: Jacobsons chiral catalyst (107) used for immobilization with IL [bmim]PF6.

Figure 2.26: Asymmetric epoxidation using chiral catalyst immobilized with [bmim]PF6.
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gave a tricyclic compound having furan residue (122) (Figure 2.27). The 2,4-dihydroxy
quinolone (123) compound exhibited further interesting results that it reacted with olefin
115 to give two types of quinoline-fused dihydrofurans (124, 125) (Figure 2.27). The man-
ganese-III metal becomes manganese-II during the reaction and this Mn-II can be isolated
and reconverted back to Mn-III and also can be recycled as catalyst.

2.7.3 Synthesis of tetra-substituted furans

Yadav et al. [85] demonstrated a three-component one-pot reaction to synthesize
tetra-substituted furans (128) in very good yield (Figure 2.28) using air and moisture
stable IL [bmim]BF4. Aldehyde (94), dimethylacetylenedicarboxylate (126) and cyclo-
hexylisocyanide (127) were mixed together in the presence of IL [bmim]BF4 at room

Figure 2.27: Synthesis of dihydrofuran derivatives catalyzed by [Mn(OAc)3-[bmim]BF4].
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temperature (Figure 2.28) to provide various tetra-substituted furans (128) in very
good yields. The enhanced activity, or increase in the rate of reaction, of formation of
furan products is catalyzed by [bmim]BF4 IL; in this three-component reaction com-
pared to the absence of IL is explained due to the formation of polar intermediates as
promoted by the IL [bmim]BF4. The authors claim that simple reaction conditions,
simple isolation and purification of reaction products, recovery and reuse of IL and
absence of solvent in the chemistry stand as a Green method. Cyclohexylisocycanide
(127) reacts with dimethylacetylene dicarboxylate (126) to form a C–C bond, leading to
a polar or zwitterionic intermediate, which reacts with aldehyde (94) in [3 + 2] cycliza-
tion fashion to form tetra-substituted furan derivatives (128).

2.7.4 Synthesis of butenolides

Importance of butenolides in organic chemistry is well known and its framework is
found to be available in vitamin C, annonaceous acetogenins, digitoxin and other carde-
nolides. These butenolides (130)were synthesized by Villemin et al. [86] involving IL catal-
ysis (Figure 2.29). α-Hydroxy ketones (129), ethylcyanoacetate (2), K2CO3 as a base and IL
[bmim]BF4 as catalyst were taken together at 20 °C for ~12 h to get trisubstituted buteno-
lides (130) in very good yields (Figure 2.29). Initially, Knovenegal condensation leads C═C
bond formation and followed by lactonization provide butenolide framework. The cata-
lyst IL [bmim]BF4 was recovered and recycled to conduct the chemistry over four times.

2.7.5 Synthesis of hydroxymethyl-furfural

Conversion of fructose (131) to hydroxymethyl furfural (132) was affected by the use
of [HMIM]Cl, as reported by Moreau et al. [87] (Figure 2.30). The IL–[HMIM]Cl acts as
catalyst as well as solvent. The product hydroxymethyl furfural (132) can be extracted
in a simple way of ether extraction method. Other IL catalysts employed were found
to be not that effective and there was some decomposition of the starting material or

Figure 2.28: Three-component one-pot synthesis of tetra-substituted furan derivatives catalyzed by
[bmim]BF4.
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product during the reaction. The authors determined kinetics for the fructose (131) to
hydroxymethyl furfural (132) conversion reaction catalyzed by IL–[HMIM]Cl. The ab-
sence of decomposition in this conversion is interpreted that the less free energy of
activation associated in this fructose (131) to HMF (132) (Figure 2.30). Further the au-
thors report the conversion of sucrose (133), a disaccharide of fructose-glucose, to
HMF (132) and glucose recovered in almost in a quantitative way (Figure 2.30).

2.7.6 Synthesis of interrupted Feist–Benary products
and dihydrofurans

Basic IL [bmim]OH catalyzed, interrupted Feist–Benary products, dihydrofuran deriva-
tives were synthesized by Ranu et al. [88, 89] and others. 1,3-Diones (134) and 3-bromo-α-
ketoethylester (135) were mixed with basic IL [bmim]OH at room temperature to obtain

Figure 2.30: Synthesis of hydroxymethyl furfural (HMF) from fructose and sucrose.

Figure 2.29: Synthesis of trisubstituted butenolides.
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dihydrofuran derivatives, the interrupted Feist–Benary products (136) (Figure 2.31).
Structural variation in starting compounds produced 13 examples of 136 in very good
yields (Figure 2.31). X-ray crystal structure for the compound 137 (Figure 2.32) is solved to
know the relative alignments of groups within the dihydrofuran moiety. Stereochemical
analysis was carried out on some compounds only (Figure 2.32). Diastereoselectivity ob-
served in the formation of interrupted Feist–Benary products is given in Figure 2.32.
Two compounds showed good diastereoselectivity of 88:12 in 137:138 and 93:07 in
139:140 (Figure 2.32). The other dihydrofuran derivatives (141, 142, 143) exhibited excel-
lent diasteroselectivity (Figure 2.32). Conversion of interrupted Feist–Benary products,
upon dehydration, to tri and tetra-substituted furans (Figure 2.33) was observed using
another IL [HMIM]Br. The dehydration process conducted using [HMIM]Br for eight ex-
amples (145–152), with good yields (Figure 2.33). The method developed to make dihy-
drofurans and furans involves two different ionic liquids, with its task defined, as one
[bmim]OH for condensation and cyclization and another [HMIM]Br for dehydration
process. The IL-catalyzed reactions reported in the present studies are very fast not in-
volving longer reaction times, ambient temperature conditions and involvement of in-
terrupted Feist–Benary diasteroselective products.

2.7.7 Synthesis of 2,5-dihydrofurans

Aksin and Krause [90] used hydroxy allenes as substrates and gold-doped ionic liquid
as catalyst to make 2,5-dihydrofurans (Figure 2.34). Allyl-hydroxy allenes (153), 1 mol%
AuBr3-doped [bmim]PF6 were mixed at room temperature for short times (Figure 2.34)
to undergo cyclo-isomerization to form 2,5-dihydrofurans (154) in good yields and
with axis to center chirality transfer. [bmim]PF6 is air-stable, relatively hydrophobic
and less viscous, which makes it a better choice of IL catalyst among the various cata-
lysts tried. The AuBr3-doped [BMIM]PF6 catalyst was recovered and recycled for five
times, without much change in its efficiency.

Figure 2.31: Synthesis of dihydrofuran derivatives 136 using IL [bmim]OH.
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Figure 2.33: Synthesis of fused furan derivatives 145–152 using IL [pmim]Br acting as catalyst for
dehydration.

Figure 2.32: Synthesis of dihydrofuran derivatives 137–143 using IL-[bmim]OH and their
diastereoselectivity.
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2.7.8 Synthesis of dihydrobenzofurans

Claisen migration, protonation and followed by cyclization leading to dihydrobenzo-
furan synthesis reported by Zulfiqar and Kitazume [91]. Allyl phenylether (155) heated
to 200 °C in the presence of IL–[Sc(OTf)3-[EtDBU]OTf] leading to dihydrobenzofuran
(156) (Figure 2.35). Task-specific IL is prepared by doping with Sc(OTf)3 of 5 mol% with
IL–[EdDBU]OTf. High temperature 200 °C affects Claisen migration in allyl phenyl-
ether (155), giving 2-allyl phenol formed, then complexation with doped Lewis acid,
protonation of double bond and followed by cyclization provides the formation of dihy-
drobenzofuran (156) (Figure 2.35). This is a consecutive sequential reaction catalyzed by
“Sc”-doped ionic liquid. Recovery, stability and recyclability of the “Sc”-doped IL catalyst
is notable.

Figure 2.35: Synthesis of 2,3-dihydrobenzofuran 156 using Sc(OTf)3-doped [EtDBU]OTf.

Figure 2.34: Synthesis of 2,5-dihydrofuran derivatives 154 using gold-doped [BMIM]MeSO3.

52 Vaidya Jayathirtha Rao



2.7.9 Synthesis of benzofurans

Ionic liquid-mediated Heck reaction [92] was successfully conducted to make variety of
benzofurans (Figure 2.36). Substituted phenol O-allyethers (157), n-butylamine, ammo-
nium formate, and PdCl2 (5 mol%) were mixed in IL-[bmim]BF4 at 60 °C for 24 h to ob-
tain various substituted benzofuran derivatives (159–167) (Figure 2.36). The benzofurans
synthesized indicate the tolerance of different substituents toward efficiency of product
formation. The IL catalyst with PdCl2 can be recovered and reused many times.

2.7.10 Synthesis of 4H-pyranderivatives

Various substituted, fused, polyfunctional 4H-pyrans (170, 172 and 174) synthesized by
Gong et al. [93], and also by others [94, 95], using IL as catalyst and or medium and in
a multicomponent single-pot chemistry (Figures 2.37–2.39). Arylaldehyde (168), mala-
nonitrile (5) and 1,3-dihydroxybenzene (169) were mixed with IL–[bmim]OH in water
medium and heated to get polyfunctional/substituted benzo-4H-pyrans (170) in very
good yields (Figure 2.37). To increase the complexity and versatility of the tricompo-
nent reaction, the authors replaced resorcinol (169) with 4-hydroxy coumarin (171),

Figure 2.36: Synthesis of benzofurans 159–167 using Heck reaction and IL [BMIM]BF4.
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and other components arylaldehyde (168) and malanonitrile (5) were the same to con-
duct the chemistry with basic IL-[bmim]OH in water medium to obtain (Figure 2.38)
various angularly fused tricyclic compounds (172) (4H pyran derivatives). Variation in
the aryl aldehyde structure provided 12 examples in very good yields (Figure 2.38).
The authors replaced the aromatic ring present in one of the starting materials (169
or 171) with alicyclic system – dimedone (173) – and conducted the multicomponent
reaction using basic IL and water as medium (Figure 2.39). Aryl aldehyde (168), mala-
nonitrile (5) and 5,5-dimethylcyclohexane-1,3-dione (dimedone) (173) with basic IL-
[bmim]OH in water to make multisubstituted alicyclic ring fused 4H-pyran com-
pounds (174) (Figure 2.39). Change in the aldehyde structure provided 12 examples in
very good yields. All these multicomponent reactions conducted (Figures 2.37–2.39) in
the presence of basic IL involve first active methylene group condensation with alde-
hyde component and then the other bond formation takes place. The chemistry re-
ported by the authors has several merits, that it is a multicomponent chemistry,
catalyst is recoverable, recyclable, water as solvent, reaction conditions; product
yields and ease of isolation of products make it a green chemistry.

Tricomponent reaction carried out to make angularly fused tetracyclic 4H-pyran de-
rivatives using IL medium is reported by Chen et al. [96]. Figure 2.40 illustrates the
chemistry, where aldehyde (175), 4-hydroxycoumarin (171) and dimedone (173) were
mixed with IL-[DMDBSI]2HSO4 in water medium at reflux gave entry to angularly
fused tetracyclic 4H-pyran derivatives (176) (Figure 2.40). Structural variations pres-
ent in aldehyde provided generality of the method and influence on product yields,

Figure 2.38: Synthesis of 4H-pyrano-coumarins 172 using IL [bmim]OH and water.

Figure 2.37: Synthesis of 4H-benzopyrans 170 using IL [bmim]OH and water.
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presenting 26 examples (Figure 2.40). The catalyst IL-[DMDBSI]2HSO4 was synthesized
by the authors and also evaluated its recovery and recyclability to a great extent. The
authors claim that the chemistry demonstrated is in the green category.

DABCO-based IL was used by Li et al. [97] to conduct tricomponent reaction to make
benzo-4H-pyrans linked with indole moiety (179) (Figure 2.41). Hydroxybenzaldehyde
(177), malanonitrile (5), indole moiety (178), and ethanol solvent with IL-[DABCO-H]
HSO4 were mixed to heat for generating benzo-4H-pyrans linked with indole moiety
(179). Various hydroxy aldehydes employed gave 12 examples of (179), with yields
78–93% range (Figure 2.41). The indole moiety was substituted in the reaction sequence
with 1,2-diazalone having active methylene (180) (Figure 2.42) to make corresponding
1,2-diazolone-linked benzo-4H-pyrans (181). Chemistry first involves Knovenegal con-
densation, then Michael cyclization and followed by C–C linking with indole or 1,2-
diazalone moiety.

Figure 2.40: Synthesis of fused tetracyclic-4H-pyrano-coumarins 176 using IL [DMDBSI]2HSO4 and water.

Figure 2.39: Synthesis of cylcohexanone fused 4H-pyrans 174 using [bmim]OH and water.

Chapter 2 Synthesis of oxygen and sulfur heterocycles mediated by ionic liquids 55



2.7.11 Synthesis of cyclic carbonates

IL–[BIMM]PhSO3 was doped with CuCl with a purpose to use it for making α-methylene
cyclic carbonates (183) [98] from propargyl alcohols (Figure 2.43). Propargyl alcohol
(182), CuCl-doped IL–[BMIm]PhSO3 was mixed and held at 10 atm of carbon dioxide
pressure at 120 °C to make α-methylene cyclic carbonates (183) (Figure 2.43). Cuprous
ion bound with IL interacts with triple bond of propargyl moiety to form a complex
which facilitates CO2 addition under pressure and temperature conditions. Four sub-
strates are employed to show the generality of the chemistry of formation of α-methylene
cyclic carbonates (183) (Figure 2.43) in high yields. The [CuCl] [BMIm]PhSO3 catalyst is
conveniently recovered and reused for more than three times. Isolation of products
formed is possible through direct distillation too. Hydrolysis of these α-methylene cyclic
carbonates (183) provides entry to α-hydroxy ketones, and the resulting stereochemistry
of these keto-alcohols will be more interesting to follow further.

InCl3-doped IL–[BMIm]Cl catalyst was synthesized to effect carbon dioxide fixa-
tion onto epoxides to synthesize cyclic carbonates (185) [99]. Microwave irradiation of
InCl3 mixed with IL produced metal-doped [InCl3-BMIm]Cl, which was utilized for con-
ducting carbon dioxide fixation to epoxide leading to cyclic carbonates (185) (Fig-
ure 2.44). Metal-doped IL [InCl3-BMIm]Cl, epoxide and carbon dioxide were mixed

Figure 2.42: Synthesis of indole-substituted benzo-4H-pyrans linked with 1,2-diazole moiety 180 using IL
[DABCO-H]HSO4 and ethanol.

Figure 2.41: Synthesis of indole-substituted benzo-4H-pyrans linked with indole moiety 179 using IL
[DABCO-H]HSO4 and ethanol.
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under 100 psi pressure and held at 120 °C to effect fixation of carbon dioxide onto the
epoxide to form cyclic carbonates (185) (Figure 2.44). Other doped catalysts prepared
and used for catalysis are found to be inferior to the [InCl3-BMIm]Cl catalyst. Reaction
parameters like effect of temperature, mole ratios, pressure and reaction time were
studied to fine-tune the conditions to obtain high yields. Indium metal of the catalyst
interacts with oxygen of the epoxide leading to the opening of epoxide and then chlo-
rination takes place, then CO2 enters into the reaction to make C–O bond and followed
by nucleophilic substitution of chloride provides cyclic carbonate (185). The mecha-
nism was monitored by “C-13” labeling experiments using NMR spectroscopy [99]. Cat-
alyst prepared is stable to higher temperatures, air and moisture, performs very well
and easily recoverable and recyclable. The cyclic carbonate products upon hydrolysis
produce vicinal diol and carbon dioxide, where the vicinal diols stereochemistry has
high relevance.

2.8 Limitations in using ILs

ILs are being increasingly used as substitutes for the common organic solvents used
in conducting chemistry and this is because of their (ILs) property of very less volatile
in nature. ILs also have other applications like in solar cells, fuel cells, electrode posi-
tion, supercapacitors and more. But there are some suitability issues or limitations
in using these ILs in organic synthesis as reaction solvent or medium or catalyst:

Figure 2.44: Synthesis of cyclic carbonates 185 from epoxides using IL [InCl3–BMIm]Cl.

Figure 2.43: Synthesis of α-methylene cyclic carbonates 183 from propargyl compounds using IL
[CuCl][BMIm]PhSO3.
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(i) toxicity of these ILs must be verified; (ii) cost, preparation and affordability of
these ILs to be considered; (iii) stability of these ILs toward temperature, air and mois-
ture; (iv) biodegradability; (v) recovery and reusability of ILs without any compromise;
(vi) catalyzing further consecutive reactions leading different chemistry; (vii) solubility
of these ILs in common organic extractable solvents with leaching effect; (viii) utility of
ILs for large-scale industrial purposes; (ix) the interaction of IL with solute to effect a
chemical transformation is poorly understood. Some of the points are listed and there
may be more too. Nevertheless, these points definitely make a researcher to think,
advance and come up with more innovations or discoveries to make these ILs more
suitable to replace present-day use of volatile solvents.

2.9 Conclusions

This chapter is on the utility and role of ionic liquids as catalysts, medium and solvent
in making various “Sulfur” and “Oxygen” atom-containing heterocycles. The accumu-
lated and reported information in this chapter is not exhaustive, but selective to bring
the important approach to readers. The chapter starts with brief introduction to history
and importance of ILs. Quite a few methods of synthesis or preparation of ILs and their
properties are discussed to a level. Imidazole, pyridine, boron, thiazole, phosphonium
and chiral ILs synthesis are highlighted. Typical procedures for making couple of ILs
are provided. Importance of properties like air stability, thermal stability, solubility,
low nucleophilicity, less flammability and other important properties of ILs is brought
to the notice of the reader. Several figures dedicated for the display of the synthesis of
“S”-containing and “O”-containing heterocycles. Construction of thiophene and substi-
tuted thiophenes, thiazole compounds, thiazalones, sulfur-containing seven-membered
rings, thiazine derivatives and thiapyran moieties involving ILs as medium, solvent and
as catalyst are described. Synthesis of “Oxygen”-containing heterocycles are described in
several figures like epoxide (three-membered ring-containing oxygen), 2,4-dihydrofurans,
2,3-dihydrofurans, fused dihydrofurans, multisubstituted furans, fused furans, buteno-
lides, 4H-pyrans, monofused-4H-pyrans, bifused-4H-pyrans, 4-substituted 4H-pyrans,
α-methylene cyclic carbonates and cyclic carbonates. Few examples given in figures
are highlighted with stereochemistry part. The chemistry described clearly indicates
that a wide range of “Sulfur” and “Oxygen” heterocycles can be easily synthesized by
employing ILs, which are acting as solvent or medium and/or catalyst and informing
that the more of GREEN chemistry to be adopted. The limitations in using ILs highlight
that there are certain research domains to be attended to unravel the facts to make
the ILs more efficient and more logical.
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Chapter 3
Supported ionic liquids for advanced catalytic
applications

3.1 Introduction

Since the last few decades, there has been an expanding interest in the domain of ionic
liquids (ILs) [1–4]. They are defined as ionic compounds having a melting temperature
below 100 °C. They contain asymmetric and flexible ions of variable shapes and sizes
which are involved with different kinds of interactions (Figure 3.1). They have attracted
a diversified range of researchers due to their targeted properties and widespread ad-
vantages [5, 6]. One of the prime features of ILs includes diversity: in anion–cation com-
binations, modes of preparation, of properties and of usage. They have negligible vapor
pressure and nonflammable nature which distinguishes them from conventionally used
volatile organic solvents. They generally have high thermal stability, broad range of con-
ductivities, and multifunctional sites. Their tunable and versatile nature has allowed
them to be used in a plethora of assorted applications such as fuel cells, sensors, lubri-
cants, plasticizers, thermal fluids and many others. In organic synthesis and analysis,
they are widely being used as solvents and extractants due to their ability to dissolve the
active species within; however, being partially miscible with the reactant and with the
corresponding product it allows their separation simply via decantation without any in-
fluence over the catalyst. Also, in the field of catalysis they have been used as catalysts
or as supporting phase for attaching other catalytic species [7–10].

However, some of the ILs have poor thermal stability and are prone to decompo-
sition. They give highly viscous melts which give rise to transport complications such
as diffusion, stirring and mixing barriers in catalytic processes and also, they are not
easily biodegradable which produces major obstacles during industrial chemical dis-
posal [11]. Besides, requirement of large amounts of IL, which many a times are costly,
raises key concerns toward economic viability of processes. These practical disadvan-
tages have given birth to the concept of supported ionic liquids (SILs) where the con-
cerned ILs are bound onto a suitable support material. It merges the properties of ILs
with advantages of heterogeneous catalytic support materials. This process eradicates
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most of the above-mentioned shortcomings besides offering additional benefits in-
cluding but not limited to enhanced selectivity, accelerated reaction kinetics, simpli-
fied work-up procedures and improved recyclability [12–15]. This chapter highlights
some of the most recent and progressive developments concerning supported ILs
from their elemental characteristics to their utilization in the synthesis of industrially
significant organic compounds via catalytic pathways.

3.2 Supported ionic liquids catalysis

Different methodologies have been developed in the past for supporting ILs (Figure 3.2):
(i) impregnation approach where a preformed IL is fixed on a suitable support by the
means of physisorption forming a thin layer over the support [16]; (ii) encapsulation
approach where IL is trapped inside the pores of a solid support [17]; (iii) covalent im-
mobilization where IL is attached with the support via strong covalent bonds [18].
Third being the most popular and widely used because of the lowest leaching potential
even under vigorous reaction conditions.

Ammonium PyridiniumQuinolinium Imidazolium

Pyrrolidinium GuanidiniumPhosphonium

Cations and Anions of Ionic Liquids

Figure 3.1: Some of the various possible cations and anions of ILs.

66 Radhika Gupta et al.



3.2.1 Supported ionic liquids as support for other catalysts

Catalysis through metal nanoparticles has garnered immense attention in the domain of
organic synthesis. Metals in their nano dimensions exhibit astonishing properties due to
their large surface area-to-volume ratio and higher activity-selectivity when compared
with their bulk counterparts. However, their application is often hampered due to uncon-
trollable agglomeration tendency which converts nanoparticles into their bulk phase
over time. SILs have been widely explored for the stabilization of metal NPs electrostati-
cally or by forming coordination bonds with the active metal. In the work described by
Luska et al. [19], ruthenium NPs were attached over a silica-supported acid-functionalized
imidazolium ionic liquid which was utilized as a stabilizing medium for the nanopar-
ticles. Silica is one of the widely explored inorganic supporting phase for metal NPs im-
mobilization and addition of an extra-stabilizing agent, which is anchored to its surface,
results in improved catalytic performance of the nanoparticles. For the preparation, [1-(4-
sulfobutyl)-3-(3-triethoxysilylpropyl)imidazolium]NTf2, an acid functionalized IL was con-
densed with dehydroxylated SiO2. Further, [Ru(2-methylallyl)2(cod)] was added till it
transformed the white color of SIL phase to bright yellow illustrating the adsorption of
ruthenium precursor. This powder was thereafter subjected to reduction under H2 atmo-
sphere which converted the powder into black confirming the formation of ruthenium
nanoparticles (Figure 3.3). The as-synthesized material was then used as a bifunctional
catalyst for the selective deoxygenation of 4-(2-tetrahydrofuryl)-2-butanol and of 4-(5-

Figure 3.2: Different methodologies for the immobilization of IL.
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(hydroxymethyl)-2-tetrahydrofuryl)-2-butanol to give various valuable products such as
ethers and alcohols. Numerous control experiments were conducted to study the utility
of the bifunctionality: under Ru free-acid catalyst, the substrate decomposed into humins;
under Ru-acid free catalyst, no reaction was observed. However, it was only Ru-acid cata-
lytic composition, the desired products were obtained which confirmed the synergistic
role of the two functionalities. High catalytic activities, selectivities as well as catalyst re-
cyclability offer tremendous opportunities in the evolution of continuous flow processes
for the selective deoxygenation of biomass-derived substrates.

Another work described the decoration of palladium nanoparticles over hybrid organo-
silica-immobilized IL [20]. The support was synthesized using a sol–gel approach and fur-
ther the nanoparticles were deposited using a simple and efficient sputtering-deposition
technique (top-down method). This allows uniform deposition of nanoparticles onto the
solid support which would ultimately result in efficient and improved catalytic perfor-
mance. SILs with different anions, hydrophilic (sgB1 and sgB2) and hydrophobic (sgB3
and sgB4), were synthesized (Figure 3.4a). The catalytic ability of above-mentioned mate-
rials was evaluated in the selective hydrogenation of 1,3-cyclohexadiene and was found
in the order TOFPd/sgB3 > TOFPd/sgB4 > TOFPd/sg0 > TOFPd/sgB2 > TOFPd/sgB1; SILs with hydro-
phobic anions demonstrated higher activities than the catalyst bearing no IL than with
SILs having hydrophilic anions. Also, the catalyst showed high selectivity toward the for-
mation of cyclohexene with very low amounts of benzene. It was observed that the na-
ture of IL did not influence the size distribution of nanoparticles. However, the author
found that the hydrophilicity and hydrophobicity of ILs impacted the pore size diameter
of the supported phase; a higher palladium concentration was found in small pore diam-
eters obtained with hydrophobic ILs and lower palladium concentration was found in
larger pore diameters obtained with hydrophilic ILs. This justified the variation in cata-
lytic performance obtained with different kinds of active anions.

Very recently, Shaikh et al. [21] designed a nano hybrid-bimetallic heterogeneous
catalytic system by supporting mixed Au-Pd nanoparticles using imidazolium chloride
IL on silica derived from rice husk ash, a natural waste, according to the procedure
depicted in Figure 3.5. The combination of the mixed metallic system was chosen as per

Figure 3.3: Synthesis of ruthenium nanoparticles immobilized silica supported acid-functionalized
imidazolium ionic liquid (reproduced with permissions from ref. [19]).
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the synergistic advantages it offers. According to the earlier reports as well, enhanced
catalytic activities of the Au-Pd nanohybrid were observed which was attributed to serial
electronic transference among Au and Pd. Taking into account these benefits, the authors
checked the catalytic performance in Suzuki reaction, a significant C–C bond forming re-
action. After optimizing the reaction parameters, various kinds of halobenzenes were re-
acted with phenylboronic acid to give the corresponding coupling products with excellent
yields. Also, the catalyst was separated by centrifugation and reused successfully for five
catalytic cycles without losing much catalytic activity. The same group also developed Ag-
Pd nanoparticles supported silica this time derived from sugarcane bagasse ash through
immobilized 1-[3-(dimethylamino) propyl] -3-(3-trimethoxysilylpropyl)-1,4-diazabicyclo
[2.2.2] octan1-ium hydroxide]ionic liquid [22]. The material was synthesized as per in
Figure 3.6. Here, Ag NPs were applied to stabilize highly active Pd nanoparticles over
immobilized basic IL on silica support. The catalytic performance was again checked
in Suzuki coupling reaction and products were obtained with good yields including
its successive repeatability till seven runs.

Amongst other supports, dendritic fibrous nanosilica has particularly received tre-
mendous attention due to its fascinating properties including biocompatibility and non-
toxicity. Unlike SBA-15 and MCM-41, it is easily achievable from all sides due to its
filamentous morphology which enhances accessibility and loading of active catalytic spe-
cies. On controlling the dendritic nanosilica fiber density, pore size and pore volume can
also be modified. Additionally, it offers easy adsorption and diffusion of the catalytic spe-
cies and other reactants inside the fibrous spheres with minimal constraints. Taking into
accounts these benefits which dendritic fibrous nanosilica offers and the diversity which
ruthenium provides in catalyzing organic reactions, Li and coworkers [23] anchored ru-
thenium nanoparticles on IL-modified dendritic fibrous nanosilica nanoparticles. The
schematic procedure for its synthesis is shown in Figure 3.7 wherein first the dendritic
fibrous nanosilica nanoparticles were surface functionalized with 3-chloropropyl groups
which were further suspended in a preformed IL phase and finally metalation was car-
ried out to form the final catalyst. Figure 3.8 depicts the TEM images of respective stages
during the formation of the catalyst. Also, no morphological changes were observed even
after surface modification with either IL or Ru nanoparticles. The catalyzed was then

Figure 3.4: (a) Synthesis of support materials and (b) TEM image of Pd/sgB4 (reproduced with
permissions from ref. [20]).
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utilized in the single-pot hydroformylation of alkenes using H2 and CO2. Hydroformyla-
tion using CO2 also imparts additional greener and sustainable benefits such as nontoxic-
ity, easy availability, low cost and waste utilization. The yield of corresponding products
was excellent and reusability of catalyst was for 10 cycles.

Figure 3.5: Schematic illustration for the formation of nano hybrid-bimetallic heterogeneous catalyst by
supporting mixed Au-Pd nanoparticles using imidazolium chloride IL on silica derived from rice husk ash.

Figure 3.6: Synthesis of Ag-Pd nanoparticles supported silica derived from sugarcane bagasse ash
through immobilized IL.

70 Radhika Gupta et al.



Lately, Sadjadi and Koohestani [24] fabricated halloysite nanoclay supported epoxy
functionalized imidazolium IL as a support for the stabilization of palladium nanopar-
ticles (Figure 3.9). Halloysite has a tubular morphology with large lumen space. The resul-
tant catalyst was utilized for the hydrogenation of nitro derivatives in aqueous medium
under 1 bar H2 pressure. The catalyst selectivity was evaluated in the presence of car-
bonyl compounds as well and high selectivity was obtained for hydrogenation of nitro
compounds. The recycled catalyst was used for five consecutive runs without losing cata-
lytic activity. Figure 3.10 depicts the TEM image of the catalyst wherein fine Pd NPs with
average particle size of 3.5 ± 0.5 nm are homogeneously dispersed.

Another group designed and developed PEG-modified phosphine oxide functional-
ized styrene-based polymer @ IL on which ruthenium nanoparticles were impregnated
(Figure 3.11) [25]. Here, IL was used for the stabilization of ruthenium nanoparticles
through electrostatic interactions. However, to reinforce stabilization against aggregation
of nanoparticles, to supplement electrostatic stabilization and to increase their long-term
stability, phosphine oxide as heteroatom donors were incorporated into the IL. The func-
tionalization might also help in improving the activity and selectivity approach of the

Figure 3.7: Schematic procedure for the synthesis of IL-modified dendritic fibrous nanosilica
nanoparticles anchored ruthenium nanoparticles.

Figure 3.8: TEM images of successive formation of catalyst: (a) dendritic fibrous nanosilica, (b) IL-functionalized
nanosilica and (c) ruthenium nanoparticles supported IL functionalized nanosilica (reproduced with permissions
from ref. [23]).
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nanoparticle. Further, obtained material was used to selectively reduce the carbonyl
group of aryl and heteroaryl ketones, aldehydes and biomass-derived carbonyl com-
pounds to the corresponding aromatic alcohol using water as a reaction medium. PEG-
unit present in the catalyst helped for better dispersibility of the catalyst in water and
assisted aqueous phase hydrogenation. The catalyst was reused for 10 runs which offers
its large-scale utility in continuous flow reactor platform. It is also foreseen that

Figure 3.10: TEM image of Pd-supported halloysite nanoclay (reproduced with permission from ref. [24]).

Figure 3.9: Synthesis of halloysite nanoclay-supported epoxy-functionalized imidazolium IL as a support
for the stabilization of palladium nanoparticles.
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heteroatom functionalized polymer immobilized IL could act as a versatile support by
facilitating the modification of surface electronic structure and steric environment and
a control over nanoparticle size and morphology which would enable the development
of new catalyst technology.

Nowadays, magnetic nano supports are particularly being used in heterogeneous cataly-
sis due to facile magnetic recovery using external magnet field thereby minimizing time
and energy usage required during separation of catalysts through other conventional
approaches such as filtration or centrifugation [26, 27]. Recently, Rajabzadeh et al. [28]
amalgamated the properties of Fe3O4 magnetic nanoparticles with hydrotalcite materi-
als. This consists of alternating cationic (having Al3+, Fe3+, Fe2+, Mg2+, etc.), water and an-
ionic An−· zH2O layers with many attractive properties. This magnetic hydrotalcite was
further utilized as a solid support for anchoring tricationic IL-immobilized CuI. Fig-
ure 3.12 illustrates the stepwise formation of the above catalyst. TEM image in Figure 3.13
also illustrates the plate-like morphology with ~50 nm size. Further the catalyst was uti-
lized in Ullmann-type C–N coupling reaction and a variety of substituted aryl halides
were reacted well with N(H)-heterocycles. The chemical transformation performed
showed good functional group tolerance under mild reaction. The catalyst was utilized
for six consecutive runs without affecting much loss of catalytic activity.

3.2.2 Supported ionic liquids as catalysts

Till now we have explained the utility of immobilized ILs as support for metal salts or
metal nanoparticles. In the present section application of supported ILs as catalysts is
being discussed. When the cationic and anionic moieties of ILs are tethered with enti-
ties such as hydrogen bond donors/acceptors, Lewis acids/bases or other functional-
ized groups, they can behave as catalysts. Even metal ions can be incorporated in the
structure of ILs leading to metal-containing ILs. These can be utilized for conducting

Figure 3.11: Synthesis of modified phosphine oxide functionalized styrene-based polymer immobilized
ionic liquid supported ruthenium nanoparticles.
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metal-catalyzed organic transformations giving combined benefits of metals and ILs
[29]. The following are some of the recent works reported in the field of supported
metal-free and metal-containing ILs as catalytic entities for industrially significant or-
ganic reactions.

Recently, Sadjadi et al. [30] developed a metal-free biocompatible catalyst. In this
work, a dendritic moiety was developed through repeated reactions of 2,4,6-trichloro
-1,3,5-triazine and ethylenediamine on chitosan. Further, functional groups at the ter-
minal position of dendron were modified with 1-methylimidazolium chloride (Fig-
ure 3.14). Chitosan is a natural biopolymer having excellent mechanical, chemical and

Figure 3.12: Schematic illustration for the synthesis of magnetic hydrotalcite supported tricationic IL
immobilized CuI.
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chelating properties. Its high chemical reactivity is attributed to the presence of surface
hydroxyl and amino groups. Developed catalyst was confirmed with various characteri-
zation techniques such as SEM, EDS, TGA, FTIR, XRD and other mapping techniques.
The resultant catalyst was used for the synthesis of xanthene derivatives and for Knoe-
venagel condensation in aqueous media under mild reaction conditions. The reported
results showed high catalytic activity of the catalyst even superior to IL-free counterpart
and bare chitosan. This observation was ascribed to the instinct catalytic activity of IL.
Moreover, authors also performed the test using control catalyst and results further
confirmed that presence of the dendritic moiety could enhance the IL loading on the
backbone of the catalyst which automatically leads to enhanced catalytic activity.

Another group discussed single-step synthesis method of bis(indolyl)methane de-
rivatives by condensation of indole with various kinds of benzaldehydes employing
[DSIM][AlCl3]x-@CS chitosan-supported ionic liquid (CSIL) as catalyst in ethanolic me-
dium (Figure 3.15) [31]. These are imperative class of nitrogen heterocyclic compounds
having biologically activity and pharmaceutical value. The authors reported that attach-
ment of IL over chitosan is an effective way for chemical transformations under opti-
mized condition. The supporting effects of cationic and anionic parts of the IL lead to
improved catalytic activity. Imidazolium cation made the catalyst acidic, AlCl4 provided
Lewis acidic sites to bind with hydroxyl and amine groups and chitosan made the cata-
lyst heterogeneous. The authors claimed that they have simple catalyst synthesis, smaller
reaction time, easy work-up procedure, and high chemoselectivity in the described work.

Lately, carbon nanotubes have developed as outstanding catalytic support owing to
some fascinating properties such as easy tailorable shapes, chemical resistance, high
thermal and mechanical stability and controllable surface chemistry. In view of this,
Lina Han and coworkers [32] synthesized multiwalled CNT supported with imidazo-
lium-based IL (CNT-ILs) and used them as easily recoverable catalyst for cycloaddition
reaction of epoxides and CO2 to form cyclic carbonates. For this work, various imidazo-
lium ILs with different alkyl chain lengths and counter halogenic anions were synthe-
sized and imported on oxidized MWCNTs (Figure 3.16). All of these were investigated

Figure 3.13: TEM images of (a) magnetic hydrotalcite supported tricationic IL and (b) magnetic
hydrotalcite supported tricationic IL immobilized CuI (reproduced with permissions from ref. [28]) .
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during the optimization of product yield and showed moderate conversions but excel-
lent selectivities. However, amongst all the halides, it was CNT-HMImI which gave maxi-
mum value of turnover number possibly due to its highest nucleophilicity. Further, it
was studied that on growing the alkyl chain length from one to four carbons in the at-
tached ILs, carbonate conversion was improved. The authors predicted that on growing
the size of alkyl chain makes the halide ions away from the imidazolium cation, which
causes electrostatic attraction to gradually decrease between the anion and cation and
their availability is accordingly increased. When compared with the other supports such
as IL-grafted commercial silica, silicate MCM-41, polymer beads and even pristine CNT
and oxidized CNT either the catalytic activity was low or even negligible (in case of pris-
tine CNT and oxidized CNT). Hence, it was concluded that it was the joint effects of the
immobilized IL and intrinsic properties of oxidized CNT support which maximized the
epoxide yield. Some of those properties were well-defined nanostructure of the catalyst
which enabled good dispersion and thereby promoted diffusion of reactants, surface hy-
droxyl and epoxide groups over the catalyst which acted as co-catalyst and marvelous
conductivity which facilitated transfer of electrons during catalytic reaction. Apart from
these advantages the catalyst was recyclable for over five runs.

Figure 3.14: Synthesis of dendrimer-decorated chitosan-supported IL.
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As described earlier, silica gel is another widely explored supports. Wu and cow-
orkers [33] investigated silica gel-supported (3-sulfobutyl-1-(3-propyltriethoxysilane) imi-
dazolium hydrogen sulfate dual acidic IL as catalyst (Figure 3.17). The characterization

Figure 3.15: Synthesis of chitosan-supported IL.

Figure 3.16: (a) Synthesis of CNT supported IL and (b) TEM image of CNT-HMImBr heterogeneous catalyst
(reproduced with permissions from ref. [32]).
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of reported catalyst was performed using all important characterization techni-
ques. The catalytic efficacy for immobilized IL and the free IL (1-butylsulfonate-3-
methylimidazolium bisulfate, [MIM-BS][HSO4

–]) was checked for the synthesis of
polyoxymethylene dimethyl ethers (DMM) from methylal and trioxane. The authors re-
ported that covalently bonded ionic liquids have performed excellent in contrast to
[MIM-BS][HSO4

–]. The effective catalyst amount was optimized in the work. The authors
also mentioned that IL acid content was a major factor responsible for the good cata-
lytic activity.x

In continuation of utilizing silica as a support material, Zhang et al. [34] developed a
series of Brønsted acidic ILs immobilized on hollow organosilica nanospheres as a sup-
port. Hollow organosilica nanospheres possess many usable properties such as excellent
porosity and controlled interior and shell sizes. These properties led to high active sites
distribution and thereby capable of exhibiting enhanced catalytic activity. Figure 3.18 de-
picts the schematic illustration for the synthesis of the above-said catalyst. Initially, tolu-
ene swollen Pluronic F127 micelle was reacted with 1,2-bis(trimethoxysilyl)ethane and 3-
chloropropyltriethoxysilane, using a series of hydrolysis and condensation reactions,
which was subsequently functionalized with IL precursors to impart IL over hollow
nanospheres. The hollow structure is driven by F127 which acted as a structure-directing
agent and toluene which acted as micelle-expanding agent. This immobilized IL catalyst
was then used in fructose to 5-hydroxymethylfurfural and 5-ethoxymethylfurfural con-
version using microwave irradiation. On one side the catalyst provided a nanoreactor
space for conducting organic reaction, strong Brønsted acidity and surface hydrophobic-
ity which increased the accessibility of acidic sites while on the other hand microwave
coupling drastically reduced the high temperature and pressure requirement, provided

Figure 3.17: Synthesis of silica gel supported dual acidic ionic liquid (3-sulfobutyl-1-(3-
propyltriethoxysilane) imidazolium hydrogen sulfate.
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uniform temperature distribution and also diminished large time duration. The coopera-
tive effect of both the above-mentioned factors resulted in improved catalytic activity
and selectivity at a fast reaction rate. Also, connections between the IL site and support-
ing framework helped by preventing leaching acid as well as ensuring good reusability
of the catalyst.

To study the effect of support morphology on the distribution of immobilized IL, lately
Yao and group members supported [1-(trimethoxysilyl)propyl-3-methylimidazolium]
ionic liquid on three mesoporous silica materials (MCM-41, MSN and BMMs) having var-
iable morphologies but similarly arranged mesopores with similar pore size [35]. The
comparable studies were done by investigating the product yield obtained in the cyclo-
addition reaction of CO2 with epoxides. Zn(II) functionality was also incorporated into
the catalyst because of its role in promoting CO2 fixation. All of the three silica supports
were functionalized with Zn(II) followed by the addition of IL. SEM and TEM results
presented a bulky morphology of MCM-41/Zn-IL, a well-dispersed nanosphere morphol-
ogy of MSN/Zn-IL and an aggregated dispersion of spherical-shaped BMM/Zn-IL. When
talked about distribution of ILs because of the long pore channel and bulkymorphology
of MCM-41, grafting of Zn and IL mainly occurred on the outer surface and pore en-
trance, leading to blockage of pores. In case of MSN, grafting occurred inside the channels.
In BMM, the aggregated particles and large accumulated pores led to both internal and
external grafting (Figure 3.19). As a result of the above findings, MCM-41/Zn-IL showed
minimum conversion percentage and the remaining two showed similar performances.

Figure 3.18: Schematic synthesis of Brønsted acidic IL functionalized hollow organosilica nanospheres
using toluene swollen Pluronic F127 micelle (reproduced with permissions from ref. [34]).

Chapter 3 Supported ionic liquids for advanced catalytic applications 79



Hence, it was concluded that the morphology of support, on which immobilization of IL
is being carried, out plays a vital role in promoting catalytic activity. Using these results,
utilization of active sites in nanopores can be improved significantly.

Out of the recently emerged supports, metal organic frameworks (MOFs) stand out
amongst the rest because of their rich metal sites, tunable pore structure, flexible func-
tionalities and large surface area. In recent years, apart from other useful applications,
they are also being used as carriers to incorporate ILs. Chen et al. [36] modified MIL-101
(Cr) with an –SO3H functionalized IL for biodiesel production. To integrate the IL with
MOF unit, authors used phosphotungstic acid (HPW) as a bridge (Figure 3.20). HPW was
first infused inside the cages of MIL-101 (Cr) and then the –SO3H functionalized IL was
introduced into the cavities through anion exchange. Reactants diffusion and easy access
to active sites were some of the major contributions of the hybrid composite toward high
conversion percentage. Besides, synergistic effect of Brønsted acid functionalities present
in IL, Lewis acidic MIL-101 (Cr) and polyoxometalate anions were the key entities which
accelerated the reaction between oleic acid and methanol (biodiesel synthesis). The cata-
lyst also imparted reusability for five successive runs.

Figure 3.20: Use of MIL-101 (Cr) supported acid functionalized IL for biodiesel production
(reproduced with permissions from ref. [36]).

Figure 3.19: Distribution of supported IL on various mesoporous silica materials (reproduced with
permissions from ref. [35]).
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Lately, covalent organic frameworks (COF) have evolved as a novel class of porous
organic materials with widely utility in catalysis, gas storage, adsorption, sensing and
various different useful applications [37, 38]. These are composed of H, B, C, N and O
lighter elements, which are connected by robust covalent bonds including condensation
of 2D and 3D organic building precursors and have hydrogen bonding and π–π stacking
interactions. They have low densities, long-range ordered crystalline structure, and bet-
ter chemical stability. Besides, large specific surface area, high porosity and controllable
pore-size help in easy and speedy diffusion of reactants/products in/out from the skele-
ton. Considering the above benefits of COF in heterogeneous catalysis [39] and their im-
mense capability toward CO2 uptake, Du et al. supported poly(IL) on COF for the
epoxides synthesis using cycloaddition of CO2 [40]. Figure 3.21 shows the preparation of
such hybrid material. It initially involves a hard template methodology wherein the
COF precursors, 1,3,5-triformylphloroglucinol (Tp) and benzidine (BD) were condensed
using p-toluenesulfonic acid (acted as catalyst) and polystyrene spheres (used as hard
template). Further via free radical polymerization, reaction of the above porous support
and linear vinyl IL yielded PIL-HPCOF hybrid. Figure 3.22 clearly depicts the porous
morphology of PIL-HPCOF-320-10-100, wherein 320 indicates average diameter of PSs, 10
indicates mass fraction of PSs and 100 denotes mass of ILs monomer added. The hybrid
catalyst displayed excellent catalytic performance with high yields of cyclic carbonates
and broad substrate scope. The catalyst also offered high catalytic reusability without
significant loss of catalytic activity.

The advantages of using magnetic supports have already been discussed in the
previous section. Considering the rising number of publications in this area and in
progression of our work on the design and synthesis of silica-based organic–inorganic
hybrid nanocatalysts for various chemical transformations, we have also compiled
the utility of using magnetically supported ILs for the execution of organic synthesis
in a recent review article [41]. Table 3.1 depicts a few of such works and the kind of
reaction for which they have been used for.
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Figure 3.21: Schematic illustration for the synthesis of PI-HPCOF hybrids (reproduced with permissions from ref. [40]).
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Table 3.1: Some examples of recently developed silica-coated magnetic nanoparticles supported ILs as
catalysts for various organic transformations.

Catalyst Reaction performed Characteristic features Ref.

N-aryl oxazolidin--ones
synthesis using coupling of
anilines and ethylene
carbonate

Excellent conversion and
selectivity percentage,
under metal-, solvent-,
ligand-free conditions,
nontoxic reactants, water
as only byproduct, less
reaction time, low amount
of catalyst, large substrate
scope and reused for eight
runs

[]

Bioactive ,-di(indolyl)
indolin--ones synthesis via
pseudo three-component
reaction

Better yields, ecofriendly
and simple conditions,
water as solvent, wide
substrate scope, low
catalyst amount and
reused for eight runs

[]

Tandem cyclization and
oxidative synthesis of -
phenylquinazolin-(H)-
ones viao-aminobenzamide
and benzaldehydes
reaction

Ecofriendly solvent, gentle
reaction conditions,
reduced reaction times,
broad substrate scope with
excellent yields and
without any additional
purification, reused for six
runs

[]

Figure 3.22: (a) SEM and (b) TEM image of PIL-HPCOF-320-10-100 (reproduced with permissions
from ref. [40]).
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3.3 Conclusions

The chapter thoroughly discussed the role of immobilized ionic liquids as support for
different catalysts and as catalysts themselves. The chapter fully justified that ILs are
not only finest and ecofriendly solvents but they can be excellent materials for cata-
lytic applications as well. These are versatile, can be manipulated easily by scientists
to use in different ways of catalysis and have capability to support other entities.
However, when they are combined with other heterogeneous supports, their proper-
ties are further enhanced; most importantly their recoverability and recyclability be-
come easy and efficient. The chapter tried to exemplify most of the recent supports
that are being utilized for the immobilization of ILs such as different kinds of silica,
chitosan, carbon nanotubes, polymers, MOFs, COF and even magnetic nanoparticles.
Each support provides its own benefits and special characteristics to the immobilized
IL which ultimately helped in enhancing the catalytic performance. In the near fu-
ture, it is anticipated that supported ILs will emerge as excellent and potent tool for
effective, efficient and ecofriendly synthetic conventions.
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Chapter 4
Recent updates on chiral ionic
liquid–mediated asymmetric organic
synthesis

4.1 Introduction

Ionic liquids (ILs), often called as liquid salts or ionic melts, consist of a cluster of com-
pounds having anions and cations and are liquid at room temperature (melting point
< 100 °C). The physical properties of ILs can be tuned by changing the nature of ionic
moieties present in a particular IL; this led to the synthesis of tailored ILs. ILs exhibit
a wide range of applications including electrolytes (batteries), biotechnology, LCD, an-
alytical chemistry and also in liquid–liquid extractions. Moreover, ILs are replacing
conventional organic solvents in organic reactions due to their nonvolatile nature. So
the research related to synthesis and application of ILs gained considerable accelera-
tion in the past two decades as evident from plethora of reports published over the
period [1–5]. Among the various classes of ILs, chiral ionic liquids (CILs) are those
which have some sort of chirality in their structure and can be used to induce asym-
metry. CILs can be prepared chiral pool or by using asymmetric synthesis methodolo-
gies, the synthetic procedures have already been reviewed and we will not discuss the
synthesis of CILs in this chapter. CILs are employed as catalysts and solvents to carry
out asymmetric reactions and can also be used as chiral discriminators [6, 7]. More-
over, CILs can also be used as stationary phase or chiral additives in separation tech-
niques of chiral compounds such as liquid chromatography, gas chromatography and
capillary electrophoresis [8–10]. CILs can also be utilized in some other important
fields like optical differentiation of racemic mixtures, chiral shifting reagents using
NMR spectroscopy, fluorescence spectroscopy, etc. [11]. We have reviewed in this
chapter the role of CILs in some important asymmetric reactions such as reductions,
Michael addition reaction, aldol condensation reaction and Diels–Alder reaction. The
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most fascinating thing about the CIL catalysts is their recyclability without any dra-
matic change in catalytic efficiency or selectivity [12–14].

4.2 Applications in asymmetric synthesis
and catalysis

4.2.1 Asymmetric reduction reactions

Asymmetric reduction reactions of C═O, C═N and C═C containing compounds are im-
portant for the preparation of organic compounds having frequent industrial applica-
tions specially in chemicals, pharmaceutics, fragrance and agrochemical industries
[15, 16]. Metal (Ru, Rh, Ir) and organocatalysts as well as biocatalysts have been found
to be efficient to deliver the high enantiomeric excess in these reactions [17, 18]. In
case of metals, the chiral phosphine ligands such as BINAP are commonly used for
asymmetric induction [19]. Besides phosphine ligands, some N–N and P–N ligands
have also been reported in the literature [20].

Hajipour et al. [21] reported the use of nicotinium CILs for the asymmetric reduc-
tion of acetophenone derivatives using sodium borohydride as reducing agent. CIL
(–)-N,N-dibutylnicotinium bromide was used to deliver chirality and a variety of ace-
tophenone substrates (1a–1p) were reduced to secondary alcohols (2a–ap) affording
moderate enantiomeric excess (ee = 24–65%) (Figure 4.1).

Just like the CIL (3a) they have also tested (–)-nicotine hydrogen tartrate salt (3b) in
the reaction but the ee obtained was satisfactory (ee = 7–43%, Figure 4.1). The lower ee
value obtained in this case may be because of the less solubility of the reactants in
this salt which led to reduced interactions between chiral catalyst and reactants.

Singh and Chopra [22] reported the application of the benzimidazolium-based
CILs derived from (–)-menthol (or borneol) in sodium borohydride reduction of some
aromatic ketones (Figure 4.2). The CIL was recycled and reused for three cycles with-
out noticeable change in activity or enantioselectivity. The ee% of the synthesized
compounds was determined by using HPLC analysis (ee 6–92%). The authors proposed

Figure 4.1: Asymmetric reduction of prochiral ketones using nicotinium-based CILs.
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a transition state showing ionic interactions between the substrates and CIL to deliver
chiarlity (Figure 4.3).

This ionic intermediate can exist as the 10 mol% concentration of the CIL is suffi-
cient to form ion pairs. The same group has synthesized a series of S-substituted-2-
mercaptobenzthiazolium-based CILs for their application in asymmetric reduction of
prochiral ketones. Using these CILs the ee was found to be higher than the previous
case (up to 99% ee was obtained) [23].

Schulz et al. [24] reported another example of chirality transfer via ion pairing in
imidazolium CILs containing cation and enantiomerically pure anion. The asymmetric
reduction the cation produced enantiomers of this prochiral cation in 80% enantio-
meric excess (ee) (Figure 4.4). As both the ions were chiral in this case, the enantioselec-
tivity of the cation was determined by anion exchange with bis(trifluoromethylsulfonyl)
imidate. The introduction of the achiral anion, the CIL was reacted with R-Mosher’s
acid chloride which leads to the formation of a diastereomeric complex with each other
and in this way the enantiomeric excess (ee) was determined. Further, authors ex-
plained that the enantioselectivity decreases as the concentration of the substrate

Figure 4.2: (3a) Nictonium-bromide-based CIL (3b) the CIL precursor.

Figure 4.3: The proposed mechanism for the reduction reaction using menthol-based CILs.
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decreases in ethanol which leads to solvated ions. As a result, the formation of ion pairs
in the solution diminishes and enantioselectivity decreases.

This group [25] further extended this work to synthesize more CILs having prochi-
ral cations and bearing camphor sulfonate anion and the keto group of the cation in
6a–6c was reduced to alcoholic group with high enantioselectivity (Figure 4.5). In this
case the enantioselectivity of the products obtained was a function of the substrate
concentration as already discussed in the previous report. Further, it was also ob-
served that the ee decreases when water is used as solvent instead of ethanol as water
weakens the ion pairing effect by dissociating the ions because of its polarity.

Similarly, CILs based on ephedrine and having prochiral carboxylate anions (8a–8b)
(Figure 4.6) were also reduced by the same group [26].

Figure 4.5: Transfer of chirality in imidazolium CILs through ion pairing.

Figure 4.6: Chirality transfer in ephedrine-based CILs.

Figure 4.4: Chirality transfer in imidazolium CILs via ion pairing.
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Vasiloiu et al. [27] reported amino alcohol-based CILs which can coordinate with
Ru catalyst to deliver the enantioselectivity in reduction reaction of acetophenone 10
to give corresponding alcohol 11 (Figure 4.7).

They compared the efficacy of the CILs and the neutral ephedrine-based ligand and
observed that ee was higher in case of CILs (ee 68–75%) [28]. They expected a transi-
tion state 12 which is very similar to the conventional Ru (II) TS 13 (Figure 4.8).

Uchimoto et al. [29] prepared chiral ionic ligands which is similar to the chiral catalyst
used in the hydrogenation reaction (Figure 4.9). The catalyst can be re-extracted from
the reaction mixture and reused for five times. The results reflect that ionic ligand
exhibit better activity than the conventional catalyst (Figure 4.10).

Kaur and Chopra [30] employed (S,R)-noscapine-based CILs as organocatalyst in the
reduction of acetophenone and its derivatives (18a–18f) using NaBH4 (Figure 4.11). High-
est ee was obtained in case of PF6– than with BF4– and minimum with I–.

Kaur and Chopra [31] also reported D-galactose-based CIL as a catalyst to prepare
chiral secondary alcohols (21a–21g) from aromatic chiral ketones (20a–20g) in the
presence of NaBH4 shown in Figure 4.12.

Ferlin et al. [32] used tetra-butylammonium-based CILs having chiral anion derived
from proline in asymmetric reduction of C═C double bonds. As depicted in Figure 4.13
the reduction of trimethyl cyclohexenol 22 was carried out with moderate ee. Among the

Figure 4.8: (a) Conventional Ru (II) TS; (b) TS in case of amino alcohol CILs.

Figure 4.7: Asymmetric reduction of ketones derivatives using CIL ligand.
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Figure 4.11: Reduction of acetophenone derivatives using noscapine-based CILs.

Figure 4.9: Conventional Ru complexes (14) and (15) ammonum-based chiral ionic ligand salts.

Figure 4.10: Enantioselective reduction of prochiral ketones using chiral ligands.

Figure 4.12: Carbohydrate-based CILs for asymmetric reduction of acetophenone derivatives.
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various solvents, the maximum ee was obtained in isopropyl alcohol and no ee was ob-
tained in case of water. This methodology was also used for the reduction of natural
products and their analogs.

Schmitkamp et al. [33] employed amino acid-based ILs and achiral tropos ligands to
carry out the asymmetric reduction reactions. In this protocol, the CILs were the only
species to produce chirality. Enantioselective reduction of methyl-2-acetamidoacrylate
and dimethyl itaconate (24a–24b) was carried out to obtain high yields and good stereo-
selectvity (Figure 4.14). The authors also found that the CIL derived more effective cata-
lyst from proline as compared to the CIL derived from valine.

Also, the same group established that the CILs can induce chirality in the presence of
chiral as well as rac-BINAP ligands. Amino acid-based CIL [MePro][NTf2] was used
along with the enantio pure as well as rac-BINAP ligand for the reduction of dimethyl
itaconate and methyl N-acetamido acrylate, and it was observed that R-BINAP gave R-
stereoisomer; S-BINAP gave S-stereoisomer and rac-BINAP also gave S-product. So,
even in the presence of rac-BINAP formation of product was solely through S-BINAP
rhodium complex [34].

Figure 4.14: Enantioselective reduction of double bond using proline-based CILs.

Figure 4.13: Reduction of double bond using tetrabutylammonium-based CILs with prolinate ion.
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4.2.2 Michael addition reaction

Michael addition is widely used for C–C bond formation between different numerous
compounds. Numerous organocatalysts have been designed for their application in
this reaction; CILs also gained considerable attention in this direction. Wang et al. [35]
employed imidazolium based salts for the enantioselective Michael addition of diethyl
malonate to 1,3-diphenyl-prop-2-en-1-one in toluene (Figure 4.15). Although Michael
adducts were obtained in remarkable yields but ee was very low (10–25%). Ou et al.
[36] and Suzuki et al. [37] also tried another kind of imidazolium-based salt as an orga-
nocatalyst in the above reaction but ee was disappointing again (up to 15% ee).

Jayachandra et al. [38, 39] tested some carbohydrate-based CILs in the Michael addition
reaction between chalcones and diethylmalonate but ends up with low-to-moderate
enantioselectivity only. Sun et al. [40] tested the catalytic potential of pyrrolidine-based
CIL in the asymmetric Michael addition of cyclohexanone to trans-nitrostyrenein DMSO
in the presence of chiral catalyst (Figure 4.16). This catalytic system shows good stereo-
selectivity and was recovered from the reaction mixture and reused but the catalytic
efficacy decreases in successive cycles. Luo et al. [41] reported alkyl chain carried imida-
zolium-based surfactant-type ILs having pyrrolidine moiety to catalyze asymmetric Mi-
chael addition reaction of substrates cyclohexanone to nitrostyrenes. This catalytic
system was found to deliver high ee in aqueous medium. Li et al. [42] used silica sup-
ported pyrrolidine-based CIL as organo-catalyst the same reaction and obtained high
enantioselectivity by loading 10 mol% catalyst. Moreover, due to heterogeneous nature
of this catalyst, it was reused for five times without any marked failure in its perfor-
mance. Nobuoka et al. [43] in 2014 described the application of proline pyrrolidine-based
recyclable CIL derived from (S)-for asymmetric Michael addition reaction and obtained
excellent enantioselectivities (up to 95% ee) and diastereoselectivities (syn/anti 96/4). Sim-
ilarly, Liu et al. [44] used functionalized chiral ionic liquids (FCIL) organocatalyst derived
from L-proline in asymmetric Michael reaction of cyclohexanone with alkyl as well as
aryl nitroolefins. The conversion and ee were excellent in this case and catalyst was
reused for six times without any loss in its activity and selectivity.

Li et al. [45] used polymer-based CIL immobilized with pyrrolidine organocatalyst
in enanioselective Michael addition under neat condition. Asymmetric Michael addition

Figure 4.15: Michael addition reaction of diethyl malonate with 1,3-diphenyl-prop-2-en-1-one.

94 Avtar Singh et al.



of variety of aldehyde/ketone substrates to the nitrostryenes has been studied to ana-
lyze its catalytic activity (Figure 4.17). The catalyst was recycled for eight times.

Xu et al. [46] used DABCO-pyrrolidine CIL in asymmetric Michael addition reac-
tion of numerous carbonyl compounds to nitroolefins. Almost quantitative yields and
excellent stereocontrol (up to 97% ee; up to 99/1 dr) has been observed. Further, the
catalyst system was reused for six times without any loss in its catalytic efficacy.

Luo et al. [47] used FCIL-containing imidazolium or benzimidazolium in enantioselec-
tive desymmetrizations of some prochiral ketones via Michael addition reaction using
TFA or salicylic acid as additives (Figure 4.18).

Ni et al. [48] demonstrated the use of pyrrolidine-derived chiral imidazolium ionic
liquids in asymmetric Michael addition of aldehydes and nitrostyrenes (Figure 4.19).

The derived catalyst was reused twice and was found to deliver high ee but lower
yields. Same group has used pyrrolidine-based FCILs for the asymmetric Michael ad-
dition reaction involving various aldehydes and nitrostyrenes derivatives to get the

Figure 4.18: Desymmetrization of prochiral ketones via Michael addition reaction in CIL.

Figure 4.16: Michael addition of cyclohexanone to nitrostyrene using CIL.

Figure 4.17: Asymmetric Michael addition of carbonyl compounds to nitroolefins using CILs.
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addition product in good enantioselectivities (up to 85% ee), and high diastereoselec-
tivities (syn/anti ratio up to 97:3).

As shown in Figure 4.20, the reaction proceeds via enanmine intermediate and
the CIL catalyst activates the nitrostyrene derivatives through H-bonding [49].

Kucherenko et al. [50] used (1S,2S)-1,2-diphenylethane-1,2-diamine derivative mod-
ified with an N-(4-carboxybutyl)imidazolium cation and PF6– anion CIL as an organo-
catalyst for the asymmetric 1,4-conjugate addition of 4-hydroxy-2H-chromen-2-one to
1-substituted buten-3-ones or cyclohexen-3-one to afford corresponding Michael ad-
ducts in excellent yields and high enantioselectivities (up to 90% ee). This catalyst was
reused five times without any loss in its catalytic activity (Figure 4.21).

Figure 4.20: H-bonding activation by imidazole ionic liquids bearing an N-(pyrrolidine-2ylmethyl)
sulfonamide moiety.

Figure 4.21: Asymmetric 1,4-conjugate addition of 4-hydroxy-2H-chromen-2-one to 1-substituted buten-3-
ones or cyclohexen-3-one.

Figure 4.19: Michael addition of aldehydes to nitrostyrenes using imidazolium-based CILs.
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4.2.3 Asymmetric aldol reaction

Asymmetric aldol reaction is most fundamental reaction to construct C–C bond in an
enantioselective manner. The enantiopure β-hydroxyketones thus produced can be
used as building blocks in the synthesis of natural products and other important com-
pounds [51, 52]. Miao et al. [53] in 2006 reported the ionic liquids supported (2S,4R)-4-
hydroxyproline as an organo-catalyst for asymmetric aldol reactions of a number of
aldehydes and ketones (Figure 4.22).

From low-to-high enanto-selectivity was observed and catalyst was reused to analyze
the efficiency of the catalyst. Zhou et al. [54] synthesized an imidazolium-based CIL
having camphor sulfonic acid anion. This CIL was used as an additive to improve the
optical yield of L-proline-based CIL in asymmetric aldol reactions of cyclohexanone
with 4-nitrobenzaldehyde (Figure 4.23). Almost quantitative yields and good enantio-
selectivity (94% ee) was obtained by using 5 eq. of CIL.

Zhang et al. [55] also reported the proline-based CIL to boost the stereoselectivity
in asymmetric aldol reactions catalyzed by L-proline. In this procedure, CIL additive
(10 mol%) was used to enhance the yield and ee of the reaction. Similarly, Zhang et al.
[56] also performed the asymmetric aldol reaction between substituted benzaldehydes
and cyclohexanone using FCIL (doubly chiral or bis-functional) but in this case only
moderate enantioselectivities have been obtained.

Gonzalez et al. [57] used amino acid-based CILs as an additive or reaction medium in
(S)-proline-mediated asymmetric aldol reaction (Figure 4.24). The CIL was able to de-
liver moderate enantioselectivity and has been reused for four times without any loss
in its catalytic potential.

Figure 4.23: Asymmetric aldol condensation using FCIL.

Figure 4.22: Asymmetric aldol reaction using CIL.
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Vasiloiu et al. [58] showed the potential of basic CILs extracted from (S)-proline to
achieve acid-free enamine-organo-catalysis for enantioselective C–C bond construction.
The aldol reaction between acetone derivatives and 4-nitrobenzaldehyde has been car-
ried out using this catalyst (Figure 4.25). Very good yields and high ee (up to 80%) have
been obtained and catalyst was recovered though its catalytic activity was affected.

Kui and Guillen [59] reported the synthesis and organocatalytic activity of ionic liquid
supported amino catalyst by the peptide coupling of proline on a ring-dialkylated histi-
dine salt used as ionic support. The dipeptide catalyst was used in the enantioselective
cross aldol reaction of some substituted benzaldehyde derivatives with acetone, in or-
ganic solvent as well as in ionic liquids, the yield and ee was found to be significantly
higher in ionic liquids as compared to the organic solvents (Figure 4.26).

Figure 4.25: Enantioselective aldol reaction using (S)-proline-based CILs.

Figure 4.26: Aldol reaction mediated by ionic liquid-supported amino-catalyst.

Figure 4.24: Asymmetric aldol reaction catalyzed by amino acid-based CILs.
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Porcar et al. [60] explained the use of chiral imidazolium L-prolinate salts, having
a complex network of spatial supramolecular interactions, have been tested as an effi-
cient organo-catalyst for direct asymmetric aldol reactions at ambient temperature.
The aldol products were obtained in high yield and enantioselectivities. The effect of
the presence of chirality in both the cation and the anion on chirality transfer from
the organo-catalyst to the aldol products has been thoroughly studied.

Zalewska et al. [61] recently reported that the CILs derived from amino acids
(L-cysteine derivatives) have been synthesized and reported in the asymmetric aldol
condensation of various aldehyde substrates with ketones. The best results were ob-
tained for CILs composed of S-methyl-L-cysteine cation and bis(trifluoromethane)sulfoni-
mide anion in the reaction of 2- or 4-nitrobenzaldehyde with acetone or cyclohexanone,
giving the aldol product in good yields and very high ee values (up to 96%) (Figure 4.27).

4.2.4 Other important reactions

Garre et al. [62] reported a new imidazolium-based bistereogenic salts as a solvent in
asymmetric Baylis–Hillman reaction of aldehydes and acrylates and obtained in high
yields although the optical yields were not that good (Figure 4.28).

Figure 4.27: Aldol reaction catalyzed by CILs prepared from cysteine derivatives.

Figure 4.28: Asymmetric Baylis–Hillman reaction catalyzed by imidazolium-based CILs.
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Rupini et al. [63] employed the recyclable ammonium-based CIL as a reducing
agent as well as reaction medium in reductive amination of ketones to get the amines
in high yields (Figure 4.29).

Yadav et al. [64] carried out stereoselective synthesis of polyfunctionalized perhydro-
pyrimidines via Biginelli protocol using amino acid-based CILs (Figure 4.30). A wide
variety of perhydropyrimidines were obtained with high yields (up to 93%) and enan-
tioselectivities (95% ee).

Ahmadkhani et al. [65] in 2019 defined the synthesis of new CIL by the neutralization
reaction between (1S)-(+)-camphor-10-sulfonic acid and N,N-dimethyl-n-octylamine. This
ionic liquid was used as efficient organo-catalyst in the multicomponent reaction be-
tween isatin derivatives, pyrimidine-4,6-diol and malononitrile/ethyl cyanoacetate to
synthesize some spiro[indoline-3,5ʹ-pyrano[2,3-d]pyrimidine] derivatives in a highly
enantioselective manner (Figure 4.31).

Figure 4.29: Asymmetric reductive amination using quaternary ammonium-based CIL.

Figure 4.30: Enantioselective Biginelli reaction catalyzed by CILs.

Figure 4.31: (1S)-(+)-camphor-10-sulfonic acid-based CIL catalyzed multicomponent reaction.
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Zhang et al. [66] used the amino acid-derived CIL along with Co complex to carry
out asymmetric reaction of epoxides and CO2 (cycloaddition) (Figure 4.32). Moderate
yields and high stereoselectivities were obtained with this catalytic system. Moreover,
the catalyst system was reused for three times with almost same efficiency. Recently,
this group also reported the imidazolium-based bifunctional CILs as co-catalyst in
asymmetric cycloaddition of CO2 to epoxides [67].

Van Buu et al. [68] report the use of isosorbide-based CILs bearing imidazolium moi-
ety in the asymmetric aza Diels–Alder reaction of diene with imines (Figure 4.33).

Zheng et al. [69] reported the use of 2-pyrrolidinecarboxylic acid-based CILs as an organo-
catalyst in asymmetric aza Diels–Alder reaction of wide variety of α,β-unsaturated ke-
tones (Figure 4.34). This catalyst delivered very high yields (up to 93%) as well as
excellent enantioselectivities (>99% ee) and diastereoselectivities (endo/exo > 99/1) and
can be reused for six times.

Figure 4.32: Asymmetric cycloaddition reaction using imidazolium-based bifunctional CILs.

Figure 4.33: Asymmetric Diels–Alder reaction using carbohydrate-based CILs.

Figure 4.34: Pyrrolidine-based CILs catalyzed asymmetric aza Diels–Alder reaction.
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4.3 Conclusions

The literature discussed in the above sections highlights the potential of CILs in asym-
metric synthesis and catalysis. Because of their low vapor pressure, excellent thermal
stability and solvent potential, CILs gained much attention from the researchers as evi-
dent from the literature published in the past decade. The utilization of CILs as a reac-
tion solvent and/or catalyst in asymmetric synthesis started a revolution in organic
synthesis. In the near future, there is a massive scope of the design and synthesis of
new CILs starting from different precursors, investigation of their structural features
and evaluation of their physicochemical properties to make their use in asymmetric or-
ganic synthesis. Moreover, due to easy availability and cost effectiveness of natural chi-
ral reactants like amino acids, terpenes and alkaloids to synthesize more CILs and said
species can be considered as the future solvents in organic reactions.

Abbreviations

ILs ionic liquids
CILs chiral ionic liquids
FCILs functionalized chiral ionic liquids
ee enantiomeric excess
dr diastereomeric ratio
BINAP 2,2ʹ-bis(diphenylphosphino)-1,1ʹ-binaphthyl
TFA trifluoroacetic acid
DABCO 1,4-diazabicyclo[2.2.2]octane
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Chapter 5
Deep eutectic solvent-mediated organic
transformations

5.1 Introduction

Deep eutectic solvents (DES), solutions of Lewis or Bronsted acids and bases forming
a eutectic mixture, are nonflammable, cost-effective highly tunable with low vapor
pressures and toxicities. These have emerged as safe, alternate, eco-friendly, efficient,
recyclable and simple solvents. Their properties can be fine-tuned by appropriately
changing the components [1–3]. As they resemble ionic liquids in many of their char-
acteristics and properties, they are considered as ionic liquid analogues, even though
both differ in their chemical properties. In general, DES can be easily prepared by
simply mixing of the components and heating moderately. These exhibit a wide vari-
ety of potential applications in a diverse range of catalytic, separation and electro-
chemical processes.

Based on composition, DESs can be classified into four types [3]:
Type 1. Quaternary ammonium salt + metal chloride
Type 2. Quaternary ammonium salt + metal chloride hydrate
Type 3. Quaternary ammonium salt + hydrogen bond donor (HBD)
Type 4. Metal chloride hydrate + HBD

From the sustainable chemistry point of view, DESs [4, 5] have attracted the atten-
tion of researchers across the world during the last decade, finding new applications
in a wide variety of chemical processes [6–10]. The broad range of applications
cover the areas such as alternative solvents and/or catalysts for organic transforma-
tions in general [11–13], biomass processing [14], biodiesel synthesis [15], biotrans-
formations [16, 17], polymerization reactions [18], metal-catalyzed organic reactions
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[19], metal processing applications [20, 21] and separation processes [22–24]. Every
year, many new applications of DESs are reported in the literature [4], after the first
research paper on this topic appeared in 2001 [5], as any number of new DES can be
prepared easily by varying the components of the DES as well as their molar ratios.
In the last couple of decades, considerable research has been done for the develop-
ment of green chemical protocols involving unconventional media and catalysts,
among which DESs played a significant and potential role. DESs were effectively
used in organic reactions, including oxidation reactions, reduction reactions, addi-
tion reactions, replacement reactions, cyclization reactions, condensation reactions
and multicomponent reactions. Many comprehensive reviews appeared on DES and
their applications [25–28]. This chapter showcases the role of eco-friendly and inex-
pensive DES as solvent as well as catalyst in the organic transformations reported
during the last 10 years.

5.2 Recent DES-mediated organic transformations

5.2.1 DES-mediated formation of C–C bond through conjugate
addition

Saavedra et al. [29] described an efficient sustainable process for DES-mediated C–C
bond formation through multicomponent radical conjugate addition of disubstituted
(1) and trisubstituted simple olefins (2) (Figure 5.1a and b). Authors screened several
catalysts like Co(acac)2, Ni(acac)2, Pd(acac)2, FeCl3, CoCl2, NiCl2·6H2O, PdCl2, and Fe
(acac)3 and observed that inexpensive Fe(acac)3 provided encouraging results. An air-
stable, moisture-stable, cost-effective, nontoxic poly(methyl hydrosiloxane)-PMHS was
used as an efficient reducing agent. During optimization, authors examined the effect
of different solvents as well as DESs and observed that choline chloride–ethylene gly-
col (1:2) provided excellent yields. The methodology was also compatible for varied
functional groups.

5.2.2 DES-mediated Negishi cross-coupling reaction

A scalable Pd-catalyzed Negishi cross-coupling process between (hetero)aryl bromides
(5) and organozinc (6) compounds “on water” or in biodegradable choline chloride/
urea eutectic mixture under mild condition was efficiently demonstrated by Dilauro
et al. [30] (Figure 5.2). The eco-friendly methodology was compatible with a broad
range of substrates with varied functional group settings. Eutectic mixture and cata-
lyst as well as water medium were recyclable.
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5.2.3 DES-mediated aza-Michael addition reaction

Gutiérrez-Hernández et al. [31] studied systematically the influence of DES-choline chlo-
ride/PTSA as well as PTSA/H2O on aza-Michael addition of aryl amines (8) to maleimide
(9) affording aminopyrrolidine-2,5-diones (10) under mild conditions (Figure 5.3). During
initial studies, authors examined the effect of reaction conditions like temperature and
reactant ratios. Authors investigated to understand kinetics and thermodynamics of inter-
actions between ChCl/TSOH and the reagents as well as the effect of H2O on supramolecu-
lar network of DES. The reaction of aniline (8) with maleimide (9) as a model reaction
was screened for the effect of different polar or nonpolar solvents such as toluene, THF
and methanol as well as DES like ChCl/urea, ChCl/ZnCl2 and ChCl/tartaric acid.

(a)

(b)

Figure 5.1: Reactions using (a) mono/disubstituted donor olefins and (b) trisubstituted donor olefins.

Figure 5.2: General representation of Pd-catalyzed cross-coupling between (hetero)aryl bromides
and organozinc halides.
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5.2.4 DES-mediated Groebke-Blackburne-Bienayme process

Shaabani and Hooshmand [32] investigated a three-component eco-friendly synthesis
of 3-aminoimidazo-fused heterocycles (11) via Groebke-Blackburne-Bienayme process
involving aldehydes (12), isocyanide (13) and 2-amino heterocycles (14) assisted by re-
cyclable choline chloride–urea and organocatalyst (Figure 5.4a and b). Authors during
screening studies verified the suitability of choline chloride/urea, choline chloride/ma-
lonic acid, choline chloride/citric acid, choline chloride/TSOH, choline chloride/ZnCl2
and choline chloride/SnCl2 systems at different reaction temperatures. It was ob-
served that alkyl isocyanides (13) provided better yields. Aromatic aldehydes (12) hav-
ing both electron-withdrawing and electron-donating groups afforded good yields.
Moreover, following the same procedure, imidazo[1,2-a]pyridine-chromones (15) were
also prepared in encouraging yields.

5.2.5 DES-mediated Friedel–Crafts alkylation reaction

Wang et al. [33] utilized reusable DESs for the Friedel–Crafts alkylation of electron-
rich arenes (17/17a) with aldehydes (12) under mild reaction conditions and reported
that CHCl–[ZnCl2]2 provided the best results (Figure 5.5a and b). During initial studies,
various factors like system temperature, reaction time and amount of DES were inves-
tigated. Different diarylalkanes (18) and triarylmethanes (19) were produced in the
research work in encouraging yields.

5.2.6 DES-mediated synthesis of N,N1-diaryl amidines

Azizi and coauthors [34] described CHCl/SnCl2 promoted environmentally benign practi-
cal method for the preparation of N,N1-diaryl amidines (20) and formamides (21) from
aromatic amines (8b) and HCO2H (22) or HC(OMe)3 (23) at 70 °C (Figure 5.6a and b).

Figure 5.3: Aza-Michael addition in DES.
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Authors examined the efficiency of different DESs like Ch/SnCl2, Ch/gly, Ch/ZnCl2, Ch/urea
and Ch/ZnCl2·SnCl2.

5.2.7 DES-mediated bromination of anthra-9,10-quinones

Phadtare and Shankarling [35] reported the preparation of brominated derivatives of
substituted 1-amino-anthra-9,10-quinone (24) via an eco-friendly method using simple am-
monium DES both as a catalyst and reaction medium at 50–60 °C for 2–3 h (Figure 5.7).
Authors also compared the reaction results obtained with DES as well as organic solvents
and concluded that DES provided best results in shorter reaction times.

5.2.8 DES-mediated synthesis of 2-amino-4H-pyran derivatives

Tavakol and Keshavarzipour [36] developed a novel hybrid magnetic nanoparticles-
MAG/iodopropyl trimethoxy silane (IPS)/DES by immobilizing ChCl–urea on Fe3O4

(a)

(b)

Figure 5.4: (a) 3-Aminoimidazo-fused heterocyclic derivatives using choline chloride–urea
and (b) synthesis of imidazo[1,2-a]pyridine-chromones.
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(MAG) coated with IPS (Figure 5.8). After thoroughly characterizing these particles
with the help of transmission electron microscopy (TEM), scanning electron micros-
copy (SEM), X-ray diffraction (XRD) and Fourier-transform infrared (FT-IR) spectros-
copy, they were applied as reusable catalysts in the synthesis of 2-amino-4H-pyran
derivatives (26) in water medium in high yields via a three-component reaction strat-
egy involving malononitrile (27), aromatic aldehydes (12) and enolizable carbonyl
compounds (28). The catalyst was efficiently recycled for five cycles with just 8% re-
duction in yields.

5.2.9 DES-mediated preparation of CAPE

Fischer et al. [37] reported the synthesis of caffeic acid phenethyl ester (CAPE) (29) via
in situ formation of DES made of choline chloride and caffeic acid, which was used
both as solvent and as reactant (Figure 5.9). Authors examined the efficiency of differ-
ent acidic catalysts like sulfuric acid, p-toluene sulfonic acid, Amberlite IR 120 and
Amberlyst 15.

(a)

(b)

Figure 5.5: Reaction of (a) 1,2,4-trimethoxy benzene with aldehydes and (b) benzaldehyde with
nucleophiles.
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5.2.10 DES-mediated oxidative Ugi reaction

Singh and coauthors [38] unveiled a novel, eco-friendly, operationally simple and
metal-free organocatalytic oxidative Ugi reaction promoted by iodine (Figure 5.10a
and b). Natural DES choline chloride–urea was used as a solvent. Both solvent and
oxidant were recycled up to five cycles. During optimization studies, different oxi-
dants like o-iodoxy-benzoic acid (IBX), phenyliodonium diacetate (PIDA), phenylio-
dine bis(triflouroacetate) (PIFA) and Des-Martin periodinane (DMP) were screened

(a) 

(b)

Figure 5.6: Synthesis of (a) formamides and (b) symmetrical formamidines.
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for their efficiency. Agents such as DMP, PIDA, PIFA and IBX as well as solvents such
as CH2Cl2, CH3CN, toluene, CH2Cl2/HFIP, urea/ChCl, DMO/ChCl, imidazole/ChCl, CA/
ChCl and urea/ChCl were investigated for their suitability and efficacy. It was re-
ported that a combination of IBX in ChCl/urea (1:2) at room temperature for 12 h
with a catalytic amount of carboxylic acid was very effective for the conversion of
benzylamines (30) to imines (31). Based on the findings, authors extended this four-
component Ugi reaction. Several diversely substituted carboxylic acids (32) and pri-
mary amines (30) were employed in the protocol. Both DES and IBX were recycled
for five times.

Figure 5.9: Caffeic acid phenethyl ester.

Figure 5.7: Synthesis of brominated derivatives of 1-amino-anthra-9,10-quinone compounds in choline
chloride/urea.

Figure 5.8: Eco-friendly approach to 2-amino-4H-pyrans assisted by MAG/IPS/DES.
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5.2.11 DES-mediated synthesis of 2,3-dihydroquinazolines

Molnar et al. [39] described an environmentally benign, rapid, selective and catalyst-
free synthesis of 3-substituted-2-thioxo-2,3-dihydroquinazolin-4(1H)-ones (34) from an-
thranilic acid (35) or 5-iodoanthranilic acid (35a) and appropriate isothiocyanates (36)
in choline chloride/urea (Figure 5.11).

(a)

(b)

Figure 5.10: (a) Oxidation of primary amines to imines with IBX and (b) general representation of the Ugi
reaction product.

Figure 5.11: Choline chloride/urea-assisted preparation of 3-substituted-2-thioxo-2,3-dihydroquinazolin-4
(1H)-ones and 6-iodo-2-thioxo derivatives.
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5.2.12 DES-mediated epoxidation

Ranganathan et al. [40] developed an eco-friendly, solvent-free lipase-mediated epoxida-
tion process for monoterpenes like 3-carene (37), limonene (38) and α-pinene (39) using
choline chloride and HBDs (Figure 5.12). The process was standardized by controlling var-
ious parameters such as the type of substrate, peroxide amount, enzyme amount and re-
action temperature as well as DES medium. Even though glycol:choline chloride (GL/Ch)
and sorbitol:chlorine chloride (So/Ch) provided better results to overcome the formation
of ester impurity problem, authors designed cosubstrate incorporation into the DES sys-
tem. Finally, ChCl and urea–H2O2 (ChCl:U:H2O2) system was proved to be ideal. The new
system converted the reactants in 2–3 h. Good and simple recovery of terpene epoxides
was enabled by using water/ethyl acetate. In the first round of screening, valeric acid,
malonic acid, levulinic acid, 4-OH phenylacetic acid, glycerol, ethylene glycol, urea,
D-glucose, D-fructose, D-xylitol, D-sorbitol, L(+)-tartaric acid and L-glutamic acid were ex-
amined as HBDs: 3-carene 87.2 ± 2.4%; limonene 77.0 ± 5.0%; α-pinene 84.6 ±3.7%.

5.2.13 DES-mediated preparation of spiroquinazoline-4(3H)
one derivatives

Maleki et al. [41] reported the synthesis of a sulfonic acid-functionalized titanium dioxide
[42], quasi-superparamagnetic nanocatalyst (Fe3O4@SiO2@TiO2–OSO3H) and after charac-
terizing the catalyst was applied in the preparation of 2,3-dihydroxyquinazolin-4(1H)one
(43) and spiroquinazoline-4(3H)one derivatives (44) obtained by the reaction of isatoic an-
hydride (45) and primary aromatic amine (8c)/ammonium chloride (46) with aromatic
aldehydes (12)/ketones (12b) in the presence of DES–choline chloride–urea (1:2) system at
60 °C (Figure 5.13). Both catalyst and DES were recovered and reused. During initial stud-
ies, authors examined other catalysts as well as solvents for the process. The efficiency of
the newly synthesized catalyst was compared with other reported works.

5.2.14 DES-mediated azidation/click reaction

Kafle and Handy [42] unveiled a versatile and scalable one-pot, eco-friendly copper-
mediated azidation/click reaction of aryl/heteroaryl bromides (5a) in DES affording 1,4-
disubstituted triazoles (48) (Figure 5.14). N-N1-Dimethyl ethylene diamine (DMEDA) was

Figure 5.12: Epoxidation process under ChCl–urea–H2O2.
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used as a ligand. Recyclability of the catalyst, ligand and solvent is the important feature
of this protocol. During the initial studies, the authors screened different ligands such as
proline, phenanthroline and DMEDA. Reaction with a wide range of electron-rich, elec-
tron-deficient, ortho-substituted dibromoarenes (49) and heteroaromatic bromides (5a)

(a)

(b)

Figure 5.14: Preparation of 1,4-disubstituted triazoles.

Figure 5.13: Fe3O4@SiO2@TiO2–OSO3H-assisted synthesis of 2,3-dihydroquinazolin-4(1H)one and
spiroquinazoline-4(3H)one derivatives in choline chloride–urea system.
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was explored. Various functionalized alkynes (50) were examined as reactants, and
ChCl–glycerol was used as DES in this study.

5.2.15 DES-mediated preparation of tetrazole derivatives

Xiong and coauthors [43] developed a practical, efficient and environmentally benign
multigram-scale method for 5-substituted 1H-tetrazoles (52) from arylaldehydes (12), hy-
droxyl amine hydrochloride (53) and sodium azide (54) catalyzed by 20 mol% Cu(OAc)2 in
DES (choline chloride/urea) (Figure 5.15). After initial studies, the applicability of the meth-
odology was extended to a broad range of aryl/alkyl aldehydes (12a). The efficiency of
various catalysts like FeCl3, Zn(OAc)2, ZnCl2, CuCl2·2H2O, Cu2O, Cu(NO3)2·3H2O and Cu
(OAc)2 was evaluated. It was observed that 20 mol% Cu(OAc)2 provided best yields.
Solvents such as EtOH, H2O, CH3CN, DMF, sorbitol–urea–NH4Cl, ChCl–glycerol and
ChCl–urea were evaluated for their suitability and ChCl–urea gave promising results.

5.2.16 DES-mediated palladium-free Sonogashira-type
cross-coupling

Hajipour et al. [44] employed ChCl–CuCl as an effective homogeneous catalytic system
for palladium-free Sonogashira-type cross-coupling reaction of phenyl acetylene (50)
with a broad range of aryl halides (5) (Figure 5.16a and b). During optimization, the
efficiency of different bases like KOH, t-BuOK and K2CO3 and the suitability of various
solvents such as DMF, DMSO and NMP were investigated. The reactions proceeded
with best yields in the presence of 20 mol% ChCl–CuCl and KOH/DMF system at 140 °C
under N2 atmosphere.

Figure 5.15: Practical preparation of 5-substituted 1H-tetrazoles.
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5.2.17 DES-mediated synthesis of tetrahydroisoquinolines

Marset and coauthors [45] prepared a library of tetrahydroisoquinolines (57) from 2-(4-
flourophenyl)-1,2,3,4-tetrahydroisoquinoline (58) and phenyl acetylene (50) by cross-
dehydrogenative coupling promoted by copper oxide impregnated on magnetite in cho-
line chloride–ethylene glycol as DES, employing biorenewable air as the only oxidizing
agent (Figure 5.17a and b). During initial studies, the efficiency of catalyst concentra-
tions and suitability of different DES on the protocol were examined. Ethylene glycol,
ChCl:EG, ChCl:resorcinol, ChCl:urea, AcChCl:urea, ChCl:glycerol and Ph3P+MeBr-:glycerol
were evaluated at different concentrations for the study. To prove the importance of
DES, other organic solvents like MeOH, DMSO, PhMe, H2O, THF, DMF, DCE and 1,4-
dioxane were also evaluated in the comparative study. The activities of various metal
oxides impregnated on magnetite were screened for the methodology. The scope of the
reaction with diversified pro-electrophiles was also taken up for the study. The protocol
was extended to a diverse range of alkynes (50a) as well as pro-nucleophiles.

5.2.18 DES-mediated preparation of benzimidazole-based
scaffolds

Piemontese Luca et al. [46] designed and developed the synthesis of 2-hydroxyphenyl
benzimidazole (61)-based scaffolds including a medicinally important hit compound
PZ-1 (62), based on the framework of acetyl cholinesterase inhibitor Donepezil (Figure
5.18a and b). During the initial investigations on the preparation of 2-hydroxyphenyl

(a)

(b)

Figure 5.16: (a) Reactions of phenyl acetylene with aryl halides and (b) catalyst.
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(a)

(b)

Figure 5.17: Synthesis of tetrahydroisoquinolines (a) assisted by Cuo–Fe3O4 in ChCl–(CH2OH)2, involving
different alkynes (50a) and (b) employing various pronucleophiles.

(a)

(b)

Figure 5.18: Synthesis of (a) 2-OH-phenylbenzimidazole and (b) PZ-1.
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benzimidazole (61), oxidants like Na2S2O5 and urea–H2O were evaluated. Solvents such as
ChCl–urea, ChCl–gly, ChCl–LA and DMA were investigated for achieving best results.
Other parameters like suitable bases, molecular equivalents, reaction temperatures and
reaction times were examined. Preparation of PZ-1 (62) was reported in a one-pot
two-step methodology by the reaction of 2-hydroxyphenyl benzimidazole derivatives
(61) with N-benzylated adduct (63) in the presence of N, N1-dicyclohexylcarbodiimide,
N-hydroxysuccinimide and ChCl–PG (1:3) at 60 °C for 60 h in an overall yield of 30%.

5.2.19 DES-mediated Ullmann coupling

Shaabani and Afshari [47] demonstrated the catalytic efficiency of newly designed and de-
veloped CuNP-carboxamide-f-Go@Fe3O4 nanocomposite by applying for the Ullmann cou-
pling of the N-heterocycles and primary amines (8c) with aryl halides (5) by following the
successful completion of the synthesis of 1-(4-methoxyphenyl) piperidine (66) (Figure 5.19).
The effects of the engineering aspects, reaction temperature, solvents and bases on the
kinetics of the reaction of the protocol were investigated. Authors successfully designed
and prepared carboxamide-functionalized graphene oxide-decorated copper nanoparticles
via a four-component Ugi reaction (Cu Np-carboxamide-f-Go@Fe3O4-nanocomposite).
For the Ullman reaction, several solvents such as DMF, DMSO, H2O, EtOH, ChCl–urea,
ChCl–malonic acid, ChCl–EG, ChCl3–FeCl3, ChCl–citric acid and Ch–glycerol, and
bases like K2CO3, Cs2CO3, NaOH, NH4Cl and Cs2CO3 were screened. The authors re-
ported recyclability of the catalyst as well as DES.

Figure 5.19: Ullman coupling assisted by the new catalyst.
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5.2.20 DES-mediated preparation of N-acyl ureas

Abbasi and coauthors [48] described an efficient preparation of N-aryl ureas (67)
from the reaction of carbodiimides (68) with carboxylic acids (32) by employing mag-
netically separable, reusable copper oxide, supported on magnetic nanoparticles-
CuO@γ-Fe2O3 in ChCl–urea at 60 °C in 6 h (Figure 5.20).

During initial investigations, different parameters like reaction times, tempera-
tures and suitability of several solvents were examined. Among solvents such as
ChCl–urea ChCl–gly, CH2Cl2, n-hexane, toluene, THF, H2O and Gly/K2CO3, ChCl–urea
was observed to provide best results. The catalyst can be used up to five cycles with-
out any significant loss of activity. DES is recovered and reused up to four cycles.

5.2.21 DES-mediated preparation of sulfonamides from
triarylbismuthines

Marset et al. [49] narrated a suitable one-pot one-step multicomponent synthesis of sulfo-
namides (70) from triarylbismuthines (71), sodium metabisulfite (Na2S2O5) (72) and aro-
matic nitro compounds (73) catalyzed by 1 mol% copper chloride (CuCl) in the presence
of AcCh–Cl:acetamide (1:2) at 80 °C in 24 h (Figure 5.21a–c). The protocol was applied to
generate a library of sulfonamides (70) from diverse range of triarylbismuthines (71) and

Figure 5.20: Synthesis of N-acyl ureas.
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aromatic nitro derivatives (73). Solvents such as MeOH, toluene, ChCl–urea, ChCl–acet-
amide, AcChCl–urea and AcChCl–acetamide were screened, and it was observed that
AcChCl–acetamide provided excellent yields. An anti-leprosy compound (75) was report-
edly prepared using the new methodology.

5.2.22 DES-mediated C–S bond formation reactions

Marset et al. [50] discussed the scope and mechanistic studies where recyclable, biode-
gradable and cost-effective DES were used as media for the Pd-catalyzed new C–S
bond formation reactions (78/79), starting from aryl boronic acids (76) and sodium
metabisulfite (72) (Figure 5.22a–c). The catalytic system is reusable up to three runs
without reduction in the yields of the products.

The course of the reaction was observed by employing hydroxyl-functionalized
alkene as a radical scavenger.

(a)

(b)

(c)

Figure 5.21: Scope of (a) diversified nitro compounds in the methodology, (b) triaryl bismuthines and
(c) anti-leprosy compound.
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(a)

(b)

(c)

Figure 5.22: Scope of (a) boronic acids in the C–S bond formation reactions, (b) electrophiles in the C–S
bond formation reactions and (c) aryl sulfides.
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5.2.23 DES-mediated Ullman-type C–O bond formations

Quivelli and coauthors [51] established an efficient and ecofriendly novel protocol in-
volving ligand-free Cu-catalyzed Ullman-type C–O bond formation (aryl allyl ethers)
(83) accomplished by the reaction of various hetero/aryl halides (Cl, Br and I) (5) with
alcohols (84) using choline chloride-based eutectic solvents at 80 °C in the absence of
any ligand system (Figure 5.23). The new methodology was applied to the valorization
of naturally occurring polyols for the synthesis of some bioactive aryloxy propane
diols (85). In this method, catalyst, DES and base are recyclable up to several cycles,
with an E-factor 5.76. While working on initial optimization studies, authors examined
the scope of the catalysts like CuI, CuO, CuCl2 and Pd(OAc)2 as well as bases such as
K2CO3, Cs2CO3 and t-BuOK. Gly, ChCl-gly, Pro-Gly and betaine-gly were tested for their
suitability as a reaction medium.

5.2.24 DES-mediated synthesis of highly substituted pyridine
compounds

Vadagaonkar et al. [52] unveiled an eco-friendly, economical synthesis of a library of
partly and fully substituted pyrimidines (86) via [3 +3] tandem annulation–oxidation
approach from α,β-unsaturated ketones (87) and benzamidine hydrochloride (88) em-
ploying reusable choline hydroxide (ChOH) as both medium and catalyst under mild
reaction conditions and in short reaction times (Figure 5.24). While working on a
model reaction between 1,3-diphenyl-2-en-1-one (89) and benzamidine hydrochloride

Figure 5.23: Synthesis of aryl alkyl ethers via Cu-catalyzed cross-coupling reactions of hetero/aryl halides
with alcohols of ChCl-based eutectic mixtures.
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(88), authors exhaustively examined the effect of different bases, solvents as well as
reaction temperatures. K2CO3/CH3CN, K3PO4/CH3CN, Cs2CO3/CH3CN, NaOH/EtOH, CsOH/
DMF, NaH/THF, KtBuO/THF, DBU/CH3CN, pyridine/THF, piperidine/EtOH, NEt3/CH3CN,
ChCl/urea, ChCl/PTSA, ChOH, H2O, EtOH, CH3CN, THF, DCE, 1,4-dioxane and toluene
were evaluated for suitability and promising results. DES-ChOH was reused up to four
times without significant loss of activity.

5.2.25 DES-mediated synthesis of substituted quinazolinones

Ghosh and Nagarajan [53] developed cost-effective green protocol for a series of substi-
tuted quinazolinones (90/97) and dihydroquinazolinones (91/95/96) via DES L-(+)-tartaric
acid–N-N1-dimethyl urea (DMU) (3:7)] supported by cyclization with a broad range of ali-
phatic/aromatic/heteroaromatic aldehydes/ketones (12/12b) (Figure 5.25a–d). The strategy
was extended to build several biologically important natural products as well as drug mol-
ecules containing quinazolinone (90) frameworks. Citric acid–DMU, D(–)-fructose–DMU,
mannose–DMU–NH4Cl and L(+)-tartaric acid–DMU were screened for their efficiency. L(+)-
Tartaric acid–DMU (3:7) mixture at 90 °C provided excellent results. It was noted that with
variation of time, both dihydroquinazolinone (91) and quinazolinone (90) products were
obtained.

Figure 5.24: Synthesis of pyrimidine derivatives via [3 +3] tandem annulation–oxidation process
promoted by ChOH.

126 Yadavalli Venkata Durga Nageswar, Katla Ramesh and Katla Rakhi



(a)

(b)

(c)

Figure 5.25: Synthesis of (a) 2-substituted quinazolinones, (b) alkaloid molecules, (c) 2,21-disubstituted
quinazolinones and (d) 2,3-disubstituted quinazolinones.
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5.2.26 DES-mediated synthesis of 2,3,4-trisubstituted-1H-pyrroles

Kalmode et al. [54] successfully utilized recyclable choline chloride as a base and reaction
medium for an eco-friendly regioselective synthesis of 2,3,4-trisubstituted-1H-pyrroles
(98), by the reaction of α,β-unsaturated ketones (87a) and methyl-2-isocyanoacetate (99)
via the 1,4-conjugate addition of methyl-2-isocyanoacetate (99) with α,β-unsaturated ke-
tones (87a) followed by the intramolecular cyclization oxidation reaction (Figure 5.26).
During optimization studies, authors screened several bases like Cs2CO3, K2CO3, NaOMe,
KtBuO, NaH, DBU, NEt3, pyridine, 2,6-lutidine, ChCl–PTSA, ChCl–urea and ChOH for their
efficiency. CuI, CuCl, CuBr, CuBr2 and Cu(OAc)2 were examined for their catalytic effica-
cies. CH3CN, DMF, MeOH, THF, DCM and H2O were checked for their suitability as sol-
vents. The authors reused DES up to four runs without significant loss of activity.

(d)

Figure 5.25 (continued)
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5.2.27 DES-mediated oxidation reactions

Gadilohar et al. [55] employed choline peroxydisulfate (ChPS) as an environmentally
benign biodegradable oxidizing task-specific ionic liquid for selective and faster oxi-
dation of alcohols (84) to aldehydes (100)/ketones (101/102) under solvent-free mild re-
action conditions without the reactants being overoxidized to the corresponding acids
(103) (Figure 5.27). Authors compared the efficiencies of ChPS with other peroxydisul-
fates for the model reaction taking benzyl alcohol (104) as the substrate and other
standardized reaction parameters.

Zhang et al. [56] prepared a novel DES-supported TEMPO containing N-N1-dimethyl-41-
(2,2,6,6-tetramethyl-1-oxyl-4-piperidoxyl) butyl)dodecyl ammonium salt ([Quaternium-
Tempo]+Br–) (105) and urea (106). The DES-TEMPO/Fe(NO3)3 was used as an efficient cata-
lytic system for the selective oxidation of a wide range of alcohols (84) to aldehydes (107)/

Figure 5.26: ChOH/CuI-assisted preparation of 2,3,4-trisubstituted 1H-pyrroles.

(a)

(b)

Figure 5.27: ChPS-promoted oxidation of alcohols.
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(a)

(b)

(c)

Figure 5.28: Preparation of (a) [Quaternium-TEMPO]+Br– and (b) DES-supported TEMPO and (c) oxidation of
alcohols by Tempo-supported DES/Fe(NO3)3·9H2O.

130 Yadavalli Venkata Durga Nageswar, Katla Ramesh and Katla Rakhi



ketones (108) under solvent-free mild reaction conditions (Figure 5.28a–c). The authors
reused DES system five times without significant loss of activity.

Wagh et al. [57] successfully employed ChCl–urea as a green solvent and H2O2 as an
oxidant for the oxidation of aldehydes (12a) to carboxylic acids (112) at ambient temper-
atures (Figure 5.29). Initially, the authors examined the efficiency of various solvents like
MeCN, MeOH, EtOAc, pet ether, H2O and toluene, apart from ChCl–urea (DES). Oxone, m-
CPBA, UHP, H2O2 and 70% TBHP were investigated for their ability as oxidants for this
protocol. ChCl–malonic acid, ChCl–glycerol, ChCl–acetamide, ChCl–citric acid and ZnCl2–
urea were evaluated as DES systems. DES system was successfully recycled for about four
cycles without any significant loss. Scale-up studies were also conducted. This operation-
ally simple method is tolerant toward a broad range of aldehydes.

5.2.28 DES-mediated conversion of furfural

Ni et al. [58] reported an efficient conversion of furfural (12c) to valuable chemicals like
maleic acid (113) and fumaric acid (114) using a mixture of oxalic acid and choline chlo-
ride as a DES wherein oxalic acid acted as solvent as well as acidic catalyst (Figure 5.30).
The authors reported 100% conversion of furfural (12c) at 50 °C with hydrogen peroxide
as an oxidizer. The total yield of MA (113) and FA (114) is reported as 95.7%.

Figure 5.29: ChCl–urea/H2O2-promoted oxidation reactions.

Figure 5.30: Conversion of furfural to maleic acid and fumaric acid.
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5.2.29 DES-mediated synthesis of cyclic carbonates

Vagnoni et al. [59] utilized choline-based eutectic mixtures as cost-effective, nontoxic,
bio-based catalysts for the synthesis of cyclic carbonates (115) from CO2 (116) and vari-
ous epoxides (117), under mild conditions at 80 °C in 7–22 h. The catalysts can be re-
cycled and reused up to four runs without any significant loss of activity. Synergistic
activity of the halide in opening the epoxy moiety and stabilization of alkoxide inter-
mediate by HBD are important features of this process, wherein choline chloride and
choline iodide are coupled with different HBDs. Urea, ethylene glycol, glycerol, oxalic
acid, citric acid, malonic acid, tartaric acid, malic acid, fumaric acid, 3-OH-butyric
acid, α-OH isobutyric acid, crotonic acid, benzoic acid, butanoic acid, octanoic acid
and acetic acid were evaluated as HBDs. Most of these are bio-based and nontoxic.
The authors examined the effect of variations of pressures, time and amounts of cata-
lysts on the protocol. The terminal epoxides (117) were easily transformed to cyclic
carbonates (115) with appreciable yields.

5.2.30 DES-mediated preparation of cyanohydrins

Azizi et al. [60] developed a facile and highly efficient preparation of cyanohydrins
(118/120) from aldehydes (12a) and epoxides (117) using TMSCN (119) catalyzed by
magnetically recoverable Fe3O4 nanoparticles in urea–ChCl DES system under mild
reaction conditions (Figure 5.31a–c). Magnetic DES was reused up to three runs.

5.2.31 DES-mediated preparation of pyridine-5-carbonitriles

Zhang et al. [61] designed and developed a novel, recyclable, highly efficient heteroge-
neous magnetically separable graphene oxide-anchored sulfonic acid catalyst and ap-
plied it in an eco-friendly preparation of 3,6-di(pyridin-3-yl)1H-pyrazolo [3,4-b] pyridine-
5-carbonitriles (123) via a one-pot three-component approach employing 1-phenyl-3(pyr-
idine-3yl) propane nitrile (124) and aldehydes (12/12a) as reactants in choline chloride/
glycerol as DES under microwave conditions (Figure 5.32). The catalyst was character-
ized by SEM, TEM, XRD and vibrating sample magnetometer techniques. The catalytic
system was reused successfully for eight cycles.

The catalyst CoFe2O4-Go-SO3H was prepared in a three-step procedure from gra-
phene powder, FeCl3, CoCl2 and chlorosulfonic acid. ChCl/glycerol (1:3) ChCl/itaconic
acid (1:1), ChCl/citric acid (1:2), ChCl/urea (1:2), ChCl/glucose, ChCl/L-(+)-tartaric acid
(2:1), glucose, H2O and EtOH as well as solvent-free conditions were examined for the
smooth conduct of the process.
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(a)

(b)

(c)

Figure 5.31: (a, b) Synthesis of cyanohydrins and (c) magnetic DES-catalyzed regioselective reaction of
epoxides with TMSCN.

Figure 5.32: CoFe2O4-Go-SO3H-assisted approach for the preparation of 3,6-di(pyridine-3yl)-1H-pyrazolo
[3,4-b] pyridine-5-carbonitriles.
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5.2.32 DES-mediated preparation of thiophene derivatives

Choline chloride–glycerol was successfully employed as a non-conventional green sol-
vent by Mancuso et al. [62] for heterocyclodehydration and iodo-cyclization of readily
available 1-mercapto-3yn-2-ols (126) at 50 °C in 8 h in the presence of PdI2/KI or with I2
at RT for 5 h affording thiophenes (127) in ChCl–glycerol (Figure 5.33a and b). The cat-
alytic system was recycled for six runs without appreciable loss of activity.

The authors also carried out the addition reaction of lithium acetylides (129) to 3-
mercapto butan-2-one (130) in different DES mixtures such as ChCl–gly (1:2), ChCl–urea
(1:2), ChCl–D-sorbitol (1:1) and ChCl-D-fructose (1:1).

5.2.33 DES-mediated direct arylation

Punzi et al. [63] demonstrated direct arylation of 5-octyl-thieno[3,4-c]pyrrole-4,6-dione
(131) with a series of functionalized aryl iodides (5b) via C–H bond activation in eco-
friendly medium ChCl–urea (1:2) at 110 °C (Figure 5.34). During optimization, authors
exhaustively investigated the efficiencies of different catalysts, additives, solvents as
well as ligands for the protocol. Small amounts of cyclopentyl methyl ether produced
remarkable enhancement in the yields. The methodology was convenient and practi-
cal with functional group tolerance.

(a)

(b)

Figure 5.33: (a) Preparation of thiophenes in ChCl–glycerol and (b) base-free synthesis of
3-iodothiophenes in ChCl–glycerol.
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5.2.34 DES-mediated preparation of primary amides

Several primary amides (133/135/137–141) were prepared in an environmentally be-
nign approach from aldehydes (12a/87a/87b) and nitriles (134/134a/134b) by Patil et al.
[64], employing choline chloride/ZnCl2 system (Figure 5.35a–g). DES was recycled for
three runs.

5.2.35 DES-mediated isomerization of γ-alkynoic acids

Rodríguez-Álvarez et al. [65] unveiled reusable new air-stable iminophosphorane–Au(I)
complex (142)-assisted isomerization of γ-alkynoic acids (143) using ChCl–urea (1:2) at
room temperatures under aerobic conditions (Figure 5.36a and b). The authors pre-
pared iminophosphorane–Au(I) complex (142) by the treatment of PTA (PTA= 1,3,5-triaza-
7-phosphaadamantane)-based iminophosphorane ligand with [AuCl(SMe)2] in dichloro-
methane at room temperature. The complex obtained was analyzed using elemental
analysis, IR and multinuclear NMR spectroscopy. Initially, the authors screened catalysts
such as Au2O3, [AuCl(PPh3)3] and iminophosphorane–Au(I) complex for the efficiency. Sol-
vents like H2O, glycerol, toluene, ChCl–gly (1:2), ChCl–EG (1:2), ChCl–Lac (1:2) and
ChCl–urea (1:2) were tested for suitability. The catalytic system was recycled up to four
runs. The green protocol displayed broad substrate scope and functional compatibility.

5.2.36 DES-mediated cyclo-isomerization/DA reaction

Vidal et al. [66] conveniently conducted cyclo-isomerization reactions of (Z)-enynols
(145) into furans (146) in ChCl–gly (1:2) at room temperature conditions, employing
newly designed recyclable air-stable bis(iminophosphorane–AuI complex catalyst
(147) (Figure 5.37a–c). Following the intermolecular one-pot atom-economical tandem
process, cyclo-isomerization of (Z)-enynols (145)/Diels–Alder reaction using activated

Figure 5.34: Direct arylation with ChCl–urea.
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(b)

(c)

(d)

(e)

(f)

(g)

Figure 5.35: (a–d) Preparation of amides and (e–g) conversion of nitriles to amides.
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alkynes (50a) or alkenes (50b) in the absence of cocatalysts and 7-oxonorbornenes
was described, affording 1-oxanorbornadienes (148). CH2[P{ =Np(=S)(OPh)2}Ph2]2 was
treated with [AuCl(SMe)2] in CH2Cl2 at room temperature, leading to the formation of
bimetallic complex catalyst [Au2Cl2(μ2-S, S-CH2{P(=Np(=S) (OPh)2) Ph2}2)]. The catalyst
was characterized using elemental analysis, multinuclear NMR spectroscopy and XRD.
The catalytic activity of the new catalyst was assured in the present research work.
ChCl–gly (1:2), ChCl–lac (1:2), ChCl–H2O (1:2), ChCl–urea (1:2), glycerol, H2O and [BMIM]
[BF4] were screened as solvent media for suitability and excellent results. The process
displayed broad substrate scope and functional compatibility. The model reaction in-
volving preparation of 2,3-dimethyl furan (146) was observed to be showing recycla-
bility of the catalyst in about 10 runs.

5.2.37 DES-mediated synthesis of tetrasubstituted imidazoles

Azizi et al. [67] developed a robust simple one-pot four-component synthesis of tetra-
substituted imidazoles(149/153) from aryl/heterocyclyl aldehydes (12/12a), arylamines
(8b), 1,2-diphenyl ethane (150), 1,2-dione (151) and ammonium acetate (152) in the
presence of eutectic mixture stabilized by iron nanoparticles at 60 °C (Figure 5.38a
and b). Urea–choline chloride and catalysts were prepared under ultrasound irradia-
tion and identified by SEM, XRD and FT-IR.

(a)

(b)

Figure 5.36: (a) Iminophosphorane–Au(I) complex and (b) cyclo-isomerization of gamma-alkynoic acid in
ChCl–urea (1:2).
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5.2.38 DES-mediated Biginelli reaction

Azizi et al. [68] conducted the Biginelli reaction affording 3,4-dihydropyridine-2(1H)-one
derivatives (154) from 1,3-dicarbonyl compounds (155), aromatic/aliphatic aldehydes
(12/12a) and urea (156) in a simple, environmentally benign, cost-effective, recyclable
eutectic solvent based on tin(II) chlorides (Figure 5.39). Initially, DES mixtures such as
ChCl/gly (1:3), ChCl/ZnCl2 (1:2), ChCl/urea (1:2), ChCl/ZnCl2/SnCl2 (1:1:1) and Ch/SnCl2 (1:2)
were assessed for efficiency. The protocol offers high yields, simple procedure, short
reaction times, functional group tolerance and also applicable to structurally diverse
substrates. DES is recycled four times without significant loss of activity.

(a)

(b)

(c)

Figure 5.37: (a) Catalyst structure, (b) cyclo-isomerization of several (Z)-enynols in ChCl–gly (1:2) and
(c) one-pot tandem cyclo-isomerization/DA reaction catalyzed by the bis(iminophosphorane)–AuI complex.
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(a)

(b)

Figure 5.38: Synthesis of (a) 1,2,4,5-tetrasubstituted imidazoles in the presence of ChCl–urea and
(b) tetrasubstituted imidazoles.

Figure 5.39: (SnCl2)2/ChCl-promoted green synthesis of dihydropyrimidinones.
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5.3 Conclusions

DESs, as alternate environmentally benign solvent media, have the future potential to
play a significant role in green processes. This chapter highlights the superior and sig-
nificant catalytic activities of various DESs toward several organic transformations,
particularly reported in the last decade. The authors wish that this chapter stimulates
further research and applications of DESs to a diverse range of synthetic applications,
resulting in the discovery of new and improved eco-friendly methodologies. The au-
thors of this chapter sincerely appreciate and acknowledge the research groups of the
publications cited herein. All the figures are redrawn and are representative. The
readers are advised to go through the original research articles for detailed informa-
tion and learning.
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Chapter 6
Role of crown ethers as mediator in various
chemical reactions

6.1 Introduction

The accidental discovery of crown ethers by Pedersen generated a new field of research
for scientists [1–8]. Crown ethers are macrocyclic polyethers ranging from 3 to 20 oxy-
gen atoms and having at least 2 carbon atoms between each pair of oxygen atoms, that
is, containing repeated –CH2CH2O units [9, 10]. Crown ethers are hydrophobic from out-
side, as the oxygen atoms are excellently positioned to connect with an interior cation.
Crown ethers are recognized for their unusual characteristics of forming stable com-
plexes with alkali metals due to the snug fit of cation to the crown cavity and a nearly
planar arrangement of oxygen atoms surrounding the central cation. The name “crown”
alludes to the similarity between the structure of crown ether linked to a cation and a
crown worn by humans. 18-Crown-6 is highly attracted to potassium cation, 15-crown-5
to sodium cation and 12-crown-4 to lithium cation. The strong affinity of 18-crown-6 for
potassium ions contributes to its toxicity [11]. The smallest crown ether that can still
bind cations is 8-crown-4, whereas the largest crown ether experimentally proven is
81-crown-27 (Figure 6.1). Initially, crown ethers were known to play an important
role in phase transfer catalysis, and are favorable because the resulting cations usu-
ally form salts that are soluble in nonpolar solvents [12–20]. Guests from a variety of
backgrounds, increased activity in the identification of molecules, greater restriction
placed on the guests and stimulus-responsive crown ethers that involve molecular ag-
gregate-supramolecular chemistry are latest areas of interest for chemists [21–25]. The
variables regulating the cation recognition, stability and selectivity include macrocyclic
cavity size, shape, substituent impact, conformational flexibility, kind of donor atom
and the solvent utilized. Also, Cram provided the groundwork for host–guest chemistry
by the methodological development of investigations on asymmetric recognition, in-
cluding optical resolution, optically selective transport and asymmetric reaction using a
series of chiral crown ethers containing optically active binaphthyl groups [26–30]. In
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addition, a substantial amount of studies have been devoted to achieving a more rigor-
ous identification of biomimetic chemistry and its practical applications such as the sep-
aration of diastereomers by column chromatography [31–39]. An electron donating
group at para locations in substitution enhances the binding ability of crown ether to
provide stable cation–polyether complexes produced via ion–dipole interaction be-
tween metal cation and the negatively charged oxygen atom of crown ethers. Crown
ether compounds, calix crown derivatives, antibiotic valinomycin and nonactin-based
ionophores have been extensively employed in building potassium ion-selective electro-
des [40–43]. Also, fluorescent probes containing a simple crown ether or an aza-crown
ether structure, fluorescent probes containing an aza-thia crown ether, fluorescent

Figure 6.1: Various crown ethers.
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probes containing a cryptand, fluorescent probes containing two or more binding sites,
and fluorescent probes containing crown ether derivatives and metal complex-assisted
chemosensing of bioactive species are areas of great interest. It was recently studied
that crown compounds could either induce toxicities that are different from those of
conventional antitumor drugs or complement drugs that are currently being used, pro-
viding a valuable adjunct to therapy. Moreover, various uses and the ever-increasing
biological potentials of these fascinating compounds show a special focus on the pos-
sibilities of these compounds’ significance as anticancer agents [44–49]. Therefore,
in addition to their conventional function in the field of chemistry, crown ethers are
presently the subject of research and are employed in a wide variety of applications.
We believe that encouraging further research in this direction should be encouraged,
as crown compounds play a remarkable role as a mediator in a number of useful or-
ganic reactions.

6.2 Crown-ether-mediated chemical reactions

6.2.1 Effect of crown ether on synthetic reactions

In order to reduce the high reaction conditions of Ullmann coupling, Venkatraman
and team examined the effect of 18-crown-6 on Ullmann-type coupling in the presence
of zinc in air and water. The effect of crown ether on Ullman coupling was deter-
mined by carrying coupling of different aromatic iodides and bromides 1 in the pres-
ence of catalytic amount of palladium/carbon to yield coupled product 2 (Figure 6.2).
The reaction resulted in better product yield even at ambient temperature and in the
presence of atmosphere of air which is attributed to the stabilization of arylpalladium
intermediate or the effect of surfactant. However, an increase in steric hindrance di-
minished the product yield. Also, an appreciable amount of volatile halogenated prod-
uct was reported to be formed and lost during the reaction. The proposed mechanism
involves the direct electron transfer between zinc and palladium(II) which is believed
to complete the catalytic pathway. Therefore, 18-crown-6 was reported to exhibit re-
markable effects on Ullmann coupling of various iodides and bromides [50].

Fernandez-Perez et al. [51] revisited catalytic hydrogenation exhibited by Rh com-
plexes, and therefore, developed a class of enantiopure bisphosphine ligands 3 containing
an array of distinct crown ethers which acted as meditator sites through supramolecular
chemistry. The developed class of ligands displayed appreciable catalytic activity even
at low concentration, whereas enantioselectivity remained low. The developed class of
bisphosphine (3) was examined by carrying out enantioselective hydrogenation of di-
methyl itaconate (4) in dichloromethane at room temperature for 24 h under a pressure
of 20 bar of hydrogen gas to yield hydrogenated product 5 (Figure 6.3). As expected,
strong binding interactions were reported between alkali metal salts and crown ether
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molecules, resulting in remarkable activity of bisphosphine ligands even at lower cata-
lytic concentration of 0.5 mol%. However, use of any regulating agents like NaBArF and
CsBArF resulted in mild positive effect toward hydrogenation. Surprisingly, the best cat-
alytic hydrogenation was found to be shown by 3c without the use of any regulating
agent.

Figure 6.2: 18-Crown-6-mediated Ullmann coupling.

Figure 6.3: Hydrogenation mediated by enantiopure bisphosphine ligands.
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Various applications of arynes engrossed Yoshida and team [52] toward the syn-
thesis of arynes using ortho-silylaryl triflates and cesium carbonate in the presence of
18-crown-6. The synthetic approach involved mixing 2-(trimethylsilyl)phenyl triflate
(6, 0.503 mmol) and benzyl azide (7, 2.50 mmol) in tetrahydrofuran at room temperature
using cesium carbonate (1.0 mmol) and 18-crown-6 ether (1.0 mmol). After vigorously stir-
ring the reaction mixture for 24 h, the mixture was extracted using ethyl acetate, brine
solution followed by filtration under reduced pressure to obtain 1-benzyl triazole deriva-
tive as a final product (8) (Figure 6.4). The method proved to be highly efficient for the
reaction between variety of arynes and arynophiles. Interestingly, the aryne formation
was reported to be strongly dependent on alkali metal counter cation of carbonate.

Gregor and coauthors [53] synthesized a series of 11 iridium pincer-crown ether com-
plexes. The prepared iridium pincer-crown ether complexes were employed for carrying
out salt-promoted methanol carbonylation. The synthetic approach for carrying out meth-
anol carbonylation involved taking methanol with methyl iodide (10) (0.5 M) and iridium
pincer catalyst 9 (0.34 mM) having temperature of 150 °C while maintaining pressure of
25 bar CO for 3 h in a six-vessel multireactor to obtain methyl acetate (11) (Figure 6.5).
Later on, tertiary butanol was added into the reaction chamber, which exhibited a dual
role as an internal standard as well as an emulsifying agent. Interestingly, maximum re-
action rates were reported for lithium chloride and hafnium(IV) chloride, whereas La(III)
and Ce(III) showed marked inhibition. Therefore, pincer-crown ether complexes acted as
a great precatalyst by carrying out carbonylation at low temperature and pressure.

Figure 6.4: Synthesis of benzyl triazole derivatives mediated by 18-crown-6.

Figure 6.5: Use of iridium pincer-crown ether complexes for methanol carbonylation.
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Kumbhat et al. [54] designed and fabricated potassium ion containing electrochemi-
cal sensor based on 18-crown-6 ether. The newly developed sensor shows detection
even at 1 μM to 10 mM potassium ions and selectivity over lithium ions, ammonium
ions and in excess sodium ions in the solution. The interactions between potassium
ions and ionophore resulting in complex formation were confirmed through various
studies like conductivity, UV–visible and Fourier-transform infrared spectrometric stud-
ies. The brown cation–crown ether complex was prepared by gently mixing the equi-
molar amount of crown ether derivatives (0.1 M) and metal thiocyanate (0.1 M) in
methanol (100 mL) in nitrogen atmosphere for 5–7 min. Further, self-assembled sensor
surface was prepared by cleaning gold electrode through ultrasonication technique and
leaving it overnight in 11-MUA/ethanol (2 mM) followed by activation with the introduc-
tion of NHS-EDC reagent (equimolar concentration 1:1 v/v), immobilization of ionophore
and finally covering with aminobenzo-18-crown-6 methanol.

Two novel selective deprotection approaches of diphenylmethylsilyl (DPMS) were
described by Akporji and coworkers [55]. The first method involved deprotection
under mild water micellar reaction conditions using catalytic amount of perfluoro-1-
butanesulfonyl fluoride while the second method involved the use of stoichiometric
amount of 18-crown-6 ether in aqueous ethanol. The best deprotection results of
DPMS ether were obtained by carrying out the reaction in the presence of stoichio-
metric amount of crown ether using ethanol and water in the ratio of 2:1 at 45 °C for
4 h (Figure 6.6). Water was reported to be responsible for marked chemoselectivities
in the two methods for selective unmasking. However, the exact mechanism behind
18-crown-6 ether in facilitating high selective unmasking remains to be unknown.
Compellingly, both the methods turned out as beneficial in terms of high recyclability,
safer aqueous reaction medium and economically friendly conditions.

Le Coz et al. [56] carried out the synthesis of a two nitrogen-containing iminoanilidine
and amidine proligands tethered with 15-membered aza-ether crown rings 12 and 13.
Compounds 12 and 13 were reported to completely mediate the intermolecular hydro-
phosphination of styrene 14 with primary and secondary phosphines to give desired
product 15. Also, compounds 12 and 13 were found to have high coordination numbers,
were stabilized by Ba⋯H–Si bonding, follow anti-Markovnikov rule and exhibit chemo-
selectivity (Figure 6.7). The proposed mechanism for intermolecular hydrophosphina-
tion consists of 2,1-insertion leading to the formation of transient barium alkyl complex
followed by rapid protonation of HPPh2 to form the final desired product.

Mediation of asymmetric synthesis by crown ethers pushed Zhang et al. [57] and
Cram and Sogah [58] toward asymmetric supramolecular catalysis. The authors

Figure 6.6: Deprotection of diphenylmethylsilyl ether using 18-crown-6 ether.
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investigated supramolecular asymmetric catalysis on Michael’s addition reactions in
order to prepare two chiral BINOL-based crown ethers 16 and 17. Compounds 16 and 17
were reported to combine with potassium salts as the catalysts and aid in the formation
of enolates that attack on an α,β-unsaturated ketone or ester resulting in the formation
of chiral products with 99% ee (Figure 6.8). The synthesized chiral crown ethers 16 and
17 were proved to form complex with potassium cation which helps in the activation of
β-ketoester.

Kobayashi et al. [59] synthesized three chiral crown ether complexes (18–20) and
rarely used metal ions showing asymmetric supramolecular catalysis. The synthesized
chiral crown ethers (18–20) have different hole sizes along with different metal salts in
order to exhibit supramolecular catalysis. The approach involved treatment of Pb(OTf)2
and 20 with (Z)-silyl enol ether of propiophenone in a solvent mixture of water and
ethanol in the ratio 1:9 (Figure 6.9). Compound 20 was proved to act as an appreciable
chiral catalyst in asymmetric aldol condensation reactions while other prepared chiral
crown ether complexes with other metal ions showed almost no enantioselectivity.
Among different aldehydes used, isovaleraldehyde displayed remarkable results with
high yield (99%) and best enantioselectivity (syn/anti = 94:6).

Maddock’s group [60] explored the effect of crown ether mediation in carrying
out ferration of unreactive aromatic compounds. Aromatic compounds were found to
undergo Na–H exchange, intramolecular transmetallation with Fe, thereby resulting
in stabilization of aryl molecule. Therefore, the effect of sodium/iron partnership aid-
ing in chemical reactions was well proved, whereas neither sodium nor iron amides

Figure 6.7: Crown-ether-mediated intermolecular hydrophosphination of styrene.
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were able to undergo the reaction alone. When pentafluoroaryl compound forms a
complex with Fe, F at C4 position binds to the neighboring sodium resulting in the
formation of polymeric unit (Figure 6.10). Also, Na and Fe bind through two amide N
bridges with Na resulting in an increase of coordination number by undergoing inter-
action antagonistically with methyl group from each HMDS ligand.

Figure 6.8: The Michael addition reactions mediated by chiral BINOL-based crown ethers.

Figure 6.9: Chiral crown-ether-mediated asymmetric aldol reactions.

152 Simranpreet K. Wahan, Gaurav Bhargava and Pooja A. Chawla



6.2.2 Crown ether complexes

The immense therapeutic importance of fullerenol fascinated Haung et al. [61] toward
the synthesis of fullerenol crown ether conjugates. A group of alkynyl-substituted full-
erenol was prepared by epoxy ring opening using Lewis’s acid catalyst and nucleo-
philic substitution of fullerene peroxide. Further, the terminal alkynyl groups were
converted into triazoles through copper-catalyzed cycloaddition reaction followed by
intramolecular oxidative coupling with alkyne resulting in the formation of fullerenol
crown ether derivatives. Interestingly, the terminal alkyne groups present in fullere-
nol conjugates exhibited similar reactivity to organic alkynes as in Hay coupling and
click reactions. Compound 21 was treated with silver perchlorate to undergo SN1 reac-
tion, and this results in the formation of 22. Compound 22 was reduced by using stan-
nous chloride to form 23 followed by treatment with azidomethyl benzene, which led
to the formation of bis-triazole derivative 25. Also, compound 23 underwent the Hay
coupling reaction in the presence of cuprous iodide and tetramethyl ethylenediamine
to form fullerenol crown ether derivative 24 (Figure 6.11).

Considering important therapeutic importance of silver nanoparticles, Berdnikova
et al. [62] established a novel approach for synthesizing silver nanoparticles under mild
reaction conditions using conjugated silver-based crown ether in order to avoid second-
ary side reactions associated with ultraviolet or laser light. The novel approach involved
photochemically induced electron transfer between energetically excited DNA-bounded
molecule 26 which upon irradiation resulted in the oxidation of Ag+ ions to form oxi-
dized DNA base and electrically neutral quinolizinyl radical 27. Ag+ ions complexed with
crown ether resulted in closer juxtaposition to 27, which resulted in the formation of Ag
nanoparticles stabilized by associated nucleic acid (Figure 6.12). It has been suggested
that the creation of Ag nanoparticles is caused by a synergistic interaction between light-
capturing, excited cationic DNA, crown ether coupled with Ag+, and stability caused by
DNA on Ag nanoparticles.

Zhang et al. [63] synthesized a supramolecular polymeric adhesive material by car-
rying water-participant hydrogen bonding of two nonviscous monomers. The approach

Figure 6.10: Crown-ether-mediated ferration of aromatic compounds.
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involved the reaction between trisubstituted 28 and Pt(Et3)2(OTf)2 in dichloromethane
for 10 h in order to yield 1:2 platinum-coordinated product 29 (Figure 6.13). The struc-
ture of product 29 was verified using 1H NMR, 31P NMR, COSY and NOESY and mass
spectrometry. Interestingly, coordination between platinum and pyridine along with
hydrogen bonding between water and crown ether was found to be responsible for

Figure 6.11: Synthesis of fullerenol crown ether complexes.

Figure 6.12: Crown-ether-mediated synthesis of Ag nanoparticles.
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polymerization. The synthesized compound 29 exhibited appreciable strength, revers-
ible adhesion toward hydrophilic centers, high viscosity and low fluidity. Also, water
was reported to be essential for the formation of supramolecular polymer. Therefore,
this research will be quite beneficial in the synthesis of crown-ether-based supramolec-
ular materials exhibiting adhesive properties.

6.2.3 Application of crown ethers in electrochemical reactions

Lithium anodes in spite of their high energy density due to greater capacity and low
potential show poor compatibility with most of the carbonate-based electrolytes. The
addition of nitrate to the electrolyte solution results in enhanced effectiveness of elec-
trolyte solution. However, nitrates show poor solubility in carbonate electrolyte solu-
tion. The use of crown ether appreciably increased the solubility of nitrate in carbonate
solution, and therefore, enhanced its property. The use of rubidium nitrate with 18-
crown-6 ether as reported to aid in the stabilization of lithium metal anodes in carbon-
ate electrolyte by promoting dissolution of nitrate ions helped in the formation of solid
electrolyte interface layer rich in lithium nitrate. The lithium nitrate layer was found to

Figure 6.13: Synthesis of crown-ether-based adhesive system.
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be responsible for uniform lithium metal deposition. Moreover, Rb(18-crown-6)+ com-
plex (Figure 6.14) formed gets adsorbed on the dendrite tips halting in further lithium
decomposition on the tips of dendrites. Interestingly, the uplifted Coulombic efficiency
with the addition of nitrate (97.1%) is compared with the electrolyte in the absence of
any additive (92.2%) in a half-cell. Also, 18-crown-6 ether as additives displays high com-
patibility with nickel-based electrolytes with average Coulombic efficiency value of
99.8% [64].

In order to detect pollutants like hydroquinone (HQ), catechol (CC) and resorcinol (RC)
in the water bodies and other environment samples, Atta et al. [65] fabricated a novel
electrochemical sensor based on fusion of benzo-12-crown-4 and poly-hydroquinone
(PHQ)/carbon. The development of sensor consists of three steps: coating of carbon
nanotubes (CNTs) on graphite/carbon followed by deposition of PHQ layer over the sur-
face of CNTs using a 1.0 mM HQ solution prepared in 0.1 M NaOH under suitable poten-
tial for five cycles under optimized conditions, and lastly depositing benzo-12-crown-4
ether over the prepared surface using the electropolymerization technique using a solu-
tion of 2.0 mM under suitable potential for three cycles. The increasing order of various
carbon nanostructures toward oxidation follows the trend as CNTs > reduced graphite
oxide > graphite oxide > graphite. The developed sensor showed a remarkable electroca-
talytic detection having the detection limits of 0.156, 0.118 and 0.427 nM for HQ, CC and
RC, respectively (Figure 6.15).

Mousavi et al. [66] fabricated two benzopyrylium crown-ether-fused compounds
30 and 31 (Figure 6.16). The synthesized fused crown ether derivatives were coupled
with TiO2 nanoparticles and employed as dye-sensitized solar cells (DSCs) after optimi-
zation using density functional theory, UV–Vis, IR and NMR approaches. Further, the
sensitivity of prepared DSCs as photoanodes was determined experimentally and
through computational approaches which may aid toward the development of solar
cells having desired photovoltaic characteristics. Interestingly, the fabricated solar
cells 30 and 31 exhibited power conversion efficiency with values 1.63% and 2.93%,
respectively, as sensitizers. Also, the developed DSCs acted as an electrolyte in I–/I3–

electrolysis, photoanode as well as platinum nanoparticle-based counter electrode.

Figure 6.14: Formation of Rb(18-crown-6)+ complex on treatment of rubidium nitrate in 18-crown-6 ether.
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6.3 Conclusions

The extraordinary chemistry of crown ethers as mediator in various chemical reac-
tions has been a keen area of interest for many chemists. The remarkable roles played
by crown ethers are as follows: as phase transfer catalysts, as stimulus-responsive
crown ethers that involve molecular aggregate-supramolecular chemistry, in ferra-
tion of unreactive aromatic compounds, as optically selective transport, in the asym-
metric reaction using a series of chiral crown ethers containing optically active
binaphthyl groups, in chiral crown-ether-mediated asymmetric aldol reactions, in the
Michael addition reactions mediated by chiral BINOL-based crown ethers, benzopyry-
lium crown ether fused compounds as DSCs, crown-ether-mediated intermolecular

Figure 6.15: Determination of hydroquinone, catechol and resorcinol using crown-ether-based electrode.

Figure 6.16: Benzopyrylium crown-ether fused compounds as dye-sensitized solar cells.
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hydrophosphination of styrene, carbonylation of methanol mediated by crown ethers,
synthesis of various heterocyclic compounds, hydrogenation mediated by rhodium-
based catalyst, hydrogenation mediated by enantiopure bisphosphine crown-ether-
based ligands and in the synthesis of various therapeutically important nanoparticles.
Therefore, in addition to their conventional functions in the field of chemistry, crown
ethers are presently the subject of research and are employed in a wide variety of
applications.
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Chapter 7
Fluorinated alcohol-assisted preparation
of functional and biologically active
compounds

7.1 Introduction

Over the last two decades, there has been a great interest to find alternative reaction
media under the concepts of green chemistry and cleaner production strategy. The alter-
native reaction media are expected to modify the course of reactions avoiding the appli-
cation of metallic catalysts, chemical additives and harsh conditions. In this connection,
fluorinated compounds have emerged as attractive reaction media with the potential to
replace conventional organic solvents for synthetic applications. The fluorinated com-
pounds show high ionizing power, low nucleophilicity and high hydrogen bonding ability
[1]. Such unique physicochemical properties could dramatically alter the course of any
reaction due to the presence of one or more fluoroalkyl groups as their constituents. The
highly fluorinated solvents are often immiscible with generally used organic solvents
termed as the fluorous phase. Usually, they act as common organic solvents but their flu-
orous nature helps to control the selectivity and reactivity in synthetic applications. The
fluorous compounds produced biphasic systems with organic solvents at room tempera-
ture and become homogeneous mixtures at elevated temperatures. The two phases get
separated when the reaction is cooled down, facilitating the separation of catalyst and
products with minimum workup requirements.

Considering the unique properties of fluorinated solvents, they have been em-
ployed as solvents for various synthetic transformations in different combinations:
a) As pure fluorous solvents
b) As cosolvents with other organic solvents
c) Fluorous solvents as a phase screen
d) As hybrid solvents

✶Corresponding author: Tahir Farooq, Department of Applied Chemistry, Government College
University Faisalabad, Faisalabad, Pakistan, e-mail: tahirfarooqfsd@gmail.com
Arruje Hameed, Razia Noreen, Department of Biochemistry, Government College University
Faisalabad, Faisalabad, Pakistan
Muhammad Sami Ullah Khan Niazi, Anwar Ahmad, Tanzeela Khalid, Department of Applied
Chemistry, Government College University Faisalabad, Faisalabad, Pakistan
Shaheera Batool, Department of Biochemistry, CMH Institute of Medical Sciences Multan, Multan,
Pakistan

https://doi.org/10.1515/9783110788129-007

https://doi.org/10.1515/9783110788129-007


Accordingly, the fields of synthetic organic chemistry have been revolutionized with
the application of fluorinated alcohols as reaction-promoting media. Over the last few
decades, they have been used as reaction-promoting solvents in a number of synthetic
organic transformations, owing to their hydrogen bonding ability and electron with-
drawing properties. In this regard, hexafluoro-2-propinol (HFIP) and trifluoroethanol
(TFE) have shown remarkable reaction-promoting effects being solvents in a variety
of synthetic reactions. They have high hydrogen bonding ability, high ionizing power,
and high polarity (Figure 7.1) [2]. Such unique physicochemical property renders them
to be counted as superior solvents compared to non-fluorinated alcohols. The fluori-
nated alcohols participate in chemical reactions by at least two different ways [3, 4]:
1. Fluorinated alcohols assist the metallic catalysts and other chemical additives for

the promotion of reactions.
2. The fluorinated alcohols directly promote the chemical reactions without the in-

volvement of any catalyst or chemical additives.

In recent years, the synthetic chemicals have utilized fluorinated alcohols for redox-
neutral reactions, metal-free synthesis and reactions under mild conditions. According
to the emerging concepts of cleaner production strategies and green chemistry, reac-
tion-promoting solvents must provide higher yield and minimize the byproduct forma-
tion and workup requirements. Therefore, fluorinated solvents do support the cleaner
production, owing to their unique reaction-promoting properties. Due to the presence
of more fluorine atoms, fluorinated solvents generally have higher densities (1.67–1.96)
than non-fluorous molecules. The hybrid solvents have relatively low density ranging
from 1.27 to 1.66. Due to the low polarizability of carbon fluorine bonds, the fluorinated
solvents show small refractive indexes.

Herein, we highlighted the examples of various organic transformations per-
formed in fluorinated alcohols as follows:
a) Reactions have been promoted due to high ionizing power of the fluorinated solvents.
b) Reactions promoted by the acidic character of the fluorinated solvents.
c) The chemical transformations promoted by the strong hydrogen bonding ability

of the fluorinated solvents.

Figure 7.1: Unique properties of fluorinated
solvents.
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The unique physicochemical properties of fluorinated alcohols could modify the course
of reactions resulting in short-time reactions with great regioslectivity and enantiopure
products [5, 6]. The subsequent section of the chapter illustrates the influence of fluori-
nated solvents in electrophilic reactions, nucleophilic substitutions, cycloadditions and
carbon functionalization reactions (Figure 7.2). The examples also highlight the reac-
tion-promoting role of fluorinated alcohols in metal-catalyzed, metal-free, heterocyclic
synthesis and other important green reactions.

7.2 Fluorinated alcohol-mediated synthetic
transformations

7.2.1 Fluorinated solvent-assisted oxidation reactions

A recent report describes the selective oxidation of secondary alcohols to ketones in the
presence of an activating fluorinated solvent [7]. The aerobic oxidation of secondary alco-
hols proceeds in the presence of HNO3 and FeCl3 as reaction catalysts. Initially, alkyl ni-
trile is produced from alcohol due to the in situ formation of NOCl as active species. The
alkyl nitrile subsequently decomposes to the corresponding ketone (Figure 7.3).

Over the century, there has been an immense interest to develop methodologies
for the selective oxidation of aliphatic C–H bonds. Generally, they are known for their
inert behavior and are least susceptible to oxidation conditions. Therefore, notable
efforts have always been made to tune the properties of the C–H bond to achieve pre-
dictable oxidation products.

Figure 7.2: Fluorinated alcohol-mediated synthetic transformations.
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In 2017, a remarkable method described the polarity reversal of electron-rich
functional groups, enabling the predictable oxidation of remote aliphatic C–H bonds
(Figure 7.4) [8]. The manganese- and iron-catalyzed approach utilized the hydrogen
bonding potential of fluorinated solvents for polarity reversal and chemoselective oxi-
dation of methylenic sites in amines, amides, ethers and alcohols. The selective hy-
droxylation of hydrocarbons was achieved using H2O2 as the oxidant in HFIP.

A recent report describes an environment-friendly preparation of quinones and hy-
droxylated arenes by the straightforward oxidation of electron-rich arenes (Figure 7.5)
[9]. Fluorinated solvents were used for the oxidation of naphthol, phenol, and anisole de-
rivatives under milder reaction conditions. The reaction process avoids the use of metal-
lic catalysts and relies on UHP (adduct of urea and hydrogen peroxide) as the source of
H2O2. The reaction shows high atom economy and provides moderate-to-good yields with
the formation of biodegradable byproduct.

Recently, a variety of aldehydes have been prepared from substituted styrenes
using HFIP as a fluorinated solvent. The molecular oxygen was used as an oxidant and
N-hydroxyphthalimide as a catalyst under normal reaction conditions. The reaction
offers high functional group tolerance and practical convenience with a cheaper cata-
lyst (Figure 7.6) [10].

Figure 7.3: Selective oxidation of secondary alcohols in activating fluorinated solvent.
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7.2.2 Fluorinated solvent-assisted electrophilic reactions

The HFIP mediated a Friedel-Crafts alkylation reaction of arenes and β-nitroalkenes
in a cleaner and more effective way under normal conditions. The hydrogen bonding
capacity of HFIP motivated the formation of the product (Figure 7.7) [11].

Figure 7.4: Selective C–H oxidation directed by solvent hydrogen bonding.

Figure 7.5: Fluorinated solvent-assisted oxidation of electron-rich arenes.
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An earlier report described the alkylation of unprotected indoles using α-haloketones
as electrophilic agents. A variety of oxyallyl cations were generated in situ in the pres-
ence of a base. The enol formation was stabilized by the fluorinated solvent via hydrogen
bond formation (Figure 7.8) [12].

Electron-rich arenes with epoxides were made to undergo intramolecular stereoselec-
tive Friedel-Crafts alkylation. The reaction was supported by the hydrogen bonding
capacity of HFIP (Figure 7.9) [13].

Very recently, a report describes the applications of epoxides and alcohols for the
direct preparation of substituted arenes (Figures 7.10 and 7.11) [14]. Generally, epoxides

Figure 7.6: Fluorinated alcohol promotes oxidation of substituted styrenes.

Figure 7.7: Friedel-Crafts alkylation reaction of arenes in fluorinated alcohol.

Figure 7.8: Alkylation of unprotected indoles using α-haloketones in fluorinated media.
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and alcohols are considered as effective electrophiles because they do not need any
preactivation. They participate in Friedel-Crafts alkylation without the generation of
waste. Stereospecifically, alcohols are produced from aliphatic epoxides and electron-
poor epoxides. Subsequently, they undergo nucleophilic substitution reactions with dif-
ferent arenes in the presence of HFIP. The reported procedure widens the applications
of Friedel-Crafts reactions for the preparation of important scaffolds under meta-free
conditions of cross-coupling reactions.

Figure 7.9: Fluorinated alcohol promotes intramolecular stereoselective Friedel-Crafts alkylation.

Figure 7.10: Regioselective ring-opening arylation of epoxides and dehydroarylation.

Figure 7.11: Dehydroarylation of epoxides and aliphatic amines.
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An intramolecular Friedel-Crafts acylation of aryl–alkyl acid chlorides was pro-
moted by HFIP without the use of any additive. The operationally facile reaction pro-
cedure requires no catalyst, reagent and workup (Figure 7.12) [15].

A variety of aryl ketones were also prepared using intermolecular Friedel-Crafts acyl-
ation under normal conditions in HFIP. The reaction procedure requires no chemical
additives, and product isolation needs no workup (Figure 7.13) [16].

7.2.3 Fluorinated solvent-assisted nucleophilic addition reaction

Over the years, it has been observed that the fluorinated alcohols could successfully
promote a number of organic transformations avoiding the use of any catalysts of
chemical additives. According to one report, the fluorinated alcohols promoted the
preparation of tetrahydroquinones without the addition of any catalyst. The one-pot
domino reaction procedure involves the nucleophilic addition reaction between vinyl
ethers and anilines (Figure 7.14) [17].

On the same pattern, the HFIP promotes its nucleophilic addition to vinyl ethers
in the absence of any chemical additive. The rate and extent of the reaction showed
dependence on the hydrogen bonding capacity of fluorinated alcohol. It helps the for-
mation of an intermediate species with cationic character and causes the liberation of
an anionic conjugated base (Figure 7.15) [18].

Over the last two decades, the photochromic molecules have attracted considerable
attention of the synthetic chemists, owing to their tunable physicochemical properties,
high temporal and spatial resolution. In this connection, the field of molecular ma-
chines has been revolutionized with the incorporation of photoresponsive molecules
into the materials. Structural modification of photochromics helps to control their ther-
mal stability, quantum yields and absorption properties for desired applications [19]. In

Figure 7.12: Chemical-free intramolecular Friedel-Crafts acylation of aryl–alkyl acid chlorides.

Figure 7.13: Preparation of aryl ketones in fluorinated alcohol.
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recent years, a special class of photoresponsive materials called donor-acceptor Sten-
house adducts (DASAs) has shown promising applications as visible-light-responsive pho-
toswitches. They are accessible through an approach which involved nucleophilic ring-
opening reactions of activated furans. However, the known synthetic method represents
limitations of slow process with low yields, owing to the use of less reactive donors or
acceptors. A very recent report described the use of fluorinated alcohol as a promoter of
ring-opening reaction with high yield and reduced reaction time. The methodology pro-
vided access to a variety of DASA-based photoswitches (Figure 7.16) [20].

Highly complex and chemically diverse molecules are efficiently obtained through
multicomponent reaction (MCR) strategy. All the reactants are essentially incorporated
into the MCR products.

Figure 7.15: Nucleophilic addition of fluorinated alcohol to vinyl ethers.

Figure 7.14: Nucleophilic addition reaction of vinyl ethers and anilines in fluorinated media.
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In one of the recently reported MCRs, the HFIP acts as an acidic component in
Passerini-type reaction tolerating a range of aldehydes and isocyanides. Under metal-
free milder conditions, the as-produced imidates were further reduced to β-amino al-
cohols in the one-pot reaction (Figure 7.17) [21].

The single electron transfer processes do heavily rely on free radical species pro-
duced from closed-shell organic molecules. Over the last few years, there has been a
great interest in the application of organic radical cations due to exceptional develop-
ments in electrosynthesis and photoredox reactions. The reactivity of radical cations is
strongly influenced by the solvents as well as anions. However, until recently there has
not been any comprehensive study explaining the influence of anions on the reactivity
of radical cations. In this context, a recent study described the effects of HFIP and
anions on the reactivity of radical cations under hole catalysis. A significant decrease in
whole catalytic efficiency was observed with the addition of salts in radical cation
Diels-Alder reaction. The common anions caused reduction in efficiency in photoredox
catalysis. However, the negative impact of anions on the reaction rate has been counter-
balanced by the fluorinated solvent by reducing their nucleophilic strength. This im-
proved the efficiency of electrolytic reactions under hole catalysis (Figure 7.18) [22].

Figure 7.16: Preparation of donor-acceptor Stenhouse adducts in fluorinated alcohol.
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7.2.4 Fluorinated solvent-assisted nucleophilic substitution
reactions

The TFE acted as a favorable reaction media for intramolecular α-alkylation of alde-
hydes. The reactions proceeded without any additives and enantioselectively pro-
vided highly functionalized primary alcohols. The fluorinated solvent with its ability

Figure 7.17: Fluorinated solvent-mediated preparation of β-amino alcohols.

Figure 7.18: Fluorinated solvent-mediated electrolytic Diels–Alder reaction.
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of strong hydrogen bonding and high ionizing power favors enantioenriched product
formation (Figure 7.19) [23].

Fluorinated alcohols also promoted the direct substitution reactions of allylic al-
cohols with carbanions and silylated and nitrogenated nucleophiles. The application
of arenes as nucleophiles also provided Friedel–Crafts products, and the higher hy-
drogen bonding potential of fluorinated solvents controls the chemoselectivity of the
reaction (Figure 7.20) [5].

Electron-rich nucleophiles could attack epoxides with great ease in the presence
of fluorinated alcohols. The HFIP promotes the ring-opening reactions of epoxides
due to the attack of aromatic amines. Again the hydrogen bonding ability of HFIP
favored the formation of amino alcohols in excellent yield. Another report describes
the use of TFE as a favorable reaction media for ring-opening reactions of epoxides
(Figure 7.21) [24].

The SN2-type reaction method reports the use of pyrroles and indoles as nucleo-
philes for a highly stereoselective and regioselective product formation (Figure 7.22) [25].

The epoxides were used for the alkylation of arenes through SN2 reactions promoted
by HFIP as fluorinated reaction media. The highly ionizing solvent stabilized the polar
transition state and assisted the concerted C–C bond development (Figure 7.23) [13].

Figure 7.19: Enantioselective intramolecular α-alkylation of aldehydes in fluorinated media.
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Figure 7.23: Alkylation of arenes through SN2 reactions promoted by HFIP.

Figure 7.20: Fluorinated alcohol promotes the direct substitution reactions of allylic alcohols.

Figure 7.21: HFIP-promoted ring-opening reactions of epoxides.

Figure 7.22: Highly stereoselective and regioselective epoxide ring opening in fluorinated medium.

Chapter 7 Fluorinated alcohol-assisted synthesis 175



7.2.5 Fluorinated solvent-assisted cycloaddition reactions

In chemical synthesis, functionalized ring formation has been made possible through
atom-economy procedure known as cycloaddition reactions. The use of fluorinated
solvents like HFIP in cycloaddition reaction resisted the production of solubolysis-
based side products improving the yield of major product. Accordingly, the report de-
scribed the application of fluorinated alcohols for the promotion of intramolecular
aza-cycloadditions (Figure 7.24) [26].

7.2.6 Fluorinated solvent-assisted C–H functionalization reaction

Over the last few decades, a lot many efforts have been made to manage C–H activa-
tions for various synthetic transformations. The emergence of fluorinated solvents as
effective reaction media has revolutionized the C–H activation field. They play impor-
tant roles in C–H functionalization with respect to reactivity and selectivity. They me-
diate to control site selectivity and stereoselectivity of the reaction with and without
chemical additives due to their hydrogen bonding capacity [27].

The application of HFIP as a fluorinated solvent promoted C–H functionalization of
α-amino acids. The pyridine-type ligands mediate acid-directed β-C(sp3)–H arylation in
the absence of any directing group. The Pd-catalyzed arylation allowed the preparation
of non-natural amino acids. The scalable procedure has also been applied for the C–H
functionalization of aliphatic acids and carboxylic acid rings (Figure 7.25) [28].

Owing to the inherent electron deficiency of the benzene ring of benzoic acids,
activation of aromatic C−H bonds of benzoic acids is difficult at ambient temperature.
To date, no example of C−H bond arylation of benzoic acids at ambient temperature
is known (Figure 7.26). Finally, a report came up describing the ortho-C–H arylation of

Figure 7.24: Fluorinated alcohol promotes intramolecular aza-cycloadditions.
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benzoic acids at ambient temperature [29]. The application of fluorinated solvent as-
sisted the C–H activation and improved the catalytic efficiency of Pd catalyst.

The 2,2ʹ-functional biaryl serves as an important structural entity in many naturally
occurring and synthetic bioactive compounds. Therefore, there has been a continuous
effort to develop new greener and high-yielding methodologies for their facile synthe-
sis. In recent years, the activation of functionalized C–H bonds and direct dehydrogen-
ative arene coupling has become a forefront approach for the preparation of aforesaid
biaryls. However, this cross-coupling approach still has some major limitations, which
challenge its effective large-scale applications. In 2015, a report described the prepara-
tion of various 2,2ʹ-difunctional biaryl compounds through a weak coordination-assisted
method under Pd-catalyzed dehydrogenative cross-coupling. The carbonyl oxygen with
its weak coordination favors o-C–H bond cleavage under Pd-catalyzed acidic conditions.
The reaction showed high dependence on oxidants and the use of fluorinated solvents
for functional group tolerance and better reactivity (Figure 7.27) [30].

In the area of C–H functionalization and activation, the similarity of electronic
features and strength of C–H bond offers great challenges for regioselective activation
of positionally diverse C–H bonds. Especially for metal-mediated reactions, it is hard
for metals to distinguish between primary and secondary C–H bonds. Therefore, de-
veloping site-specific activation of C–H has really been under great focus over the last
few decades.

Recently, a report described a preferential activation of distal γ-C(sp3)–H bond over
the proximate β-C(sp3)–H using 2-pyridone and pyruvic acid as ligands (Figure 7.28) [31].
According to this new protocol, the introduction of geometrically strained directing group
helped to achieve six-membered cyclopalladation from five-membered cyclopalladation

Figure 7.25: Fluorinated solvent promoted C–H functionalization of α-amino acids.
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tolerating a wide range of functional groups. This highly convenient method allows
the removal and installation of directing groups with selective functionalization of
distal C(sp3)–H leading to the generation of biologically potent compounds.

The emergence of concepts of transient directing groups has given new dimensions
to C–H bond functionalization. The concept involves the installation and subsequent re-
moval of directing group for the C–H functionalization. In 2017, the C–H arylation reac-
tion was promoted by the use of reversible imine formation as a transient directing
group. According to the reported method, the aliphatic aldehydes undergo direct β-C–H
arylation in Pd-catalyzed reactions promoted by HFIP as cosolvents. The transient
imine formation from simple and diamines as directing group promotes the reaction
progress (Figure 7.29) [32].

Figure 7.26: Ortho-C−H arylation of benzoic acids at ambient temperature in HFIP.
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7.2.7 Fluorinated solvent-assisted olefin metathesis

Over the last few decades, olefin metathesis has become a forefront chemical approach
for the preparation of various bioactive and natural compounds. The available Ru-
based catalysts are generally inefficient in olefin metathesis for the total synthesis of
natural products. To avoid such limitations, there has been a great interest in the devel-
opment of new efficient catalysts or reaction-promoting chemical additives. In one such
attempt, aromatic fluorinated hydrocarbons were used as reaction-promoting media
for Ru-catalyzed olefin metathesis reactions (Figure 7.30) [33]. The solvent-promoted re-
actions provided higher yields of biologically active and complex natural compounds.

The sulfur-containing olefins produce challenges in the process of olefin metathe-
sis although they are of high value in various synthetic transformations. The fluori-
nated solvents have also been employed as reaction-promoting media in order to
overcome such reactivity challenges. In this connection, the reactivity of sulfoxides,
sulfones and sulfides was evaluated in aromatic fluorinated hydrocarbons as reaction
media (Figure 7.31) [34].

Figure 7.27: Pd-catalyzed dehydrogenative cross-coupling in fluorinated media.
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As described earlier, the fluorinated solvents have high polarity, high ionizing power
and low nucleophilicity; thus, they are capable of stabilizing the cationic species through
hydrogen bonding. In a recent report, the TFE promoted intramolecular alkyne–aldehyde
metathesis under metal-free conditions. The boron trifluoride–etherate-mediated reaction
provided 3-aroyl-2H-chromenes in high yield (Figure 7.32) [35].

Generally, cyclic alkenes are produced from olefin-carbonyl metathesis. A re-
cent report combined gallium-catalyzed transfer hydrogenation with ring-closing
carbonyl–olefin metathesis (COM) as a tandem approach for the successful prepara-
tion of cycloalkanes (Figure 7.33) [36].

The Brønsted acid-catalyzed COM has extensively been studied for the preparation
of a wide range of functional molecules; however, the methodology remained underex-
plored due to the limitations of poor reaction yield. Recently, the fluorinated alcohols

Figure 7.28: HFIP-assisted selective functionalization of distal C(sp3)–H.
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have been evaluated to assist Brønsted acid-catalyzed COM for high yield. The report
described the COM reaction efficiently catalyzed by para-toluenesulfonic acid in HFIP,
owing to its hydrogen bonding capacity for a stable transition state (Figure 7.34) [37].

Figure 7.29: Direct β-C–H arylation in Pd-catalyzed reactions promoted by HFIP.
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7.2.8 Fluorinated alcohol-assisted multicomponent reactions

Highly substituted α-amino tetrazoles are generally produced by employing well-
established Ugi tetrazole reaction methodology. During the reaction, a primary amine
reacts with an aldehyde or a ketone generating a Schiff base, which subsequently re-
acts with isocyanide. Then nitrilium ion as an intermediate reacts with an azide to
furnish corresponding tetrazoles.

A variety of natural and synthetic pharmacologically potent compounds are rec-
ognized as 2,5-diketopiperazines. They are important structural motifs in a variety of
bioactive compounds and drug molecules. A new approach describes the fluorinated
solvent-assisted synthesis of diketopiperazine tetrazoles. The classical intramolecular
Ugi 4CR and Ugi tetrazole 4CR were combined as TFE-assisted MCR (Figure 7.35) [38].

Figure 7.30: Ru-catalyzed olefin metathesis in fluorinated solvent.
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Although the Ugi reactions are useful for the practical preparation of a variety of
substituted tetrazoles, the use of amines put a limit to its scope. A recent report de-
scribes the use of TMSN3 with hydrazine compounds as alternatives to extend the
scope of MCRs for the preparation of tetrazoles (Figure 7.36) [39].

A large number of biologically potent compounds, drug molecules and functional
materials carry sulfonate esters as central functional moieties. Traditionally, they are
prepared by reacting chlorosulfonic acid with arenes under harsh conditions. The
known methods present a number of limitations, thus challenging the large-scale wide
applications of sulfonate esters. A recent study came up with an alternative approach
for the preparation of alkyl arylsulfonates. The HFIP-mediated methodology describes
the anodic oxidation of electron-rich arenes in an MCR using an alcohol and excess of

Figure 7.31: Olefin metathesis reactions of sulfur-containing alkenes in fluorinated solvent.

Figure 7.32: Intramolecular alkyne–aldehyde metathesis in fluorinated alcohol.
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SO2 (Figure 7.37) [40]. During the course of the reaction, a bifunctional intermediate is
produced with high conductivity and nucleophilicity. The diamond electrodes execute
the oxidation of a variety of electron-rich arenes using differently substituted alcohols
providing good-to-excellent yields of alkyl arylsulfonates.

Figure 7.34: Brønsted acid-catalyzed carbonyl–olefin metathesis in fluorinated media.

Figure 7.33: Gallium-catalyzed tandem carbonyl–olefin metathesis in HFIP.
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Figure 7.36: TFE-assisted MCRs for the preparation of tetrazoles.

Figure 7.35: Fluorinated solvent-assisted synthesis of diketopiperazine tetrazoles.
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7.2.9 Fluorinated alcohol-assisted synthesis of biologically potent
heterocycles

Heterocyclic compounds have a wide range of applications in chemical biology, drug
synthesis, polymer sciences and material sciences. Most of the known methodologies for
the synthesis of heterocycles are low yielding, require harsh conditions and require me-
tallic salts as catalysts. Over the last few decades, there has been a great interest to de-
velop new methodologies with high efficiency and environment-friendly protocols.
Accordingly, there is an upsurge of reports showing the application of fluorinated sol-
vents as efficient and green reaction media for the synthesis of heterocycles.

The benzimidazole derivatives were prepared using HFIP as a reaction media for
ortho-esters and o-phenylenediamines under standard conditions. This operationally
simple procedure and the use of nontoxic HFIP provided a diverse range of desired
products in excellent yield in a shorter time (Figure 7.38) [41].

The 1,2-disubstituted benzimidazoles were also prepared from aldehydes and o-
phenylenediamines. This cyclocondensation reaction was promoted by HFIP and TFE
at room temperature. The fluorinated solvents were found superior over the conven-
tional solvents in their capacity to control the reaction selectivity (Figure 7.39) [42].

Figure 7.37: HFIP-mediated anodic oxidation of electron-rich arenes.
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The hydrazine derivatives, N,N-dimethylformamide dimethyl acetal and β-dicarbonyls,
were reacted in TFE in additive-free conditions to furnish 1,4,5-trisubsituted pyrazoles in
excellent yield. The hydrogen bond donating ability of fluorinated solvents controlled the
regioselectivity of the reaction (Figure 7.40) [43, 44].

Tetrahydroquinolines were prepared in excellent yields by TFE- and HFIP-promoted
imino-Diels–Alder reactions. Under neutral conditions, the alkyl vinyl ethers reacted
with N-aryl aldimines and provided a range of products without the use of Lewis
acids (Figure 7.41) [45].

A catalyst-free three-component-type metathesis reaction provided excellent yields
of 2,3-disubsituted aminoquinolines in HFIP as solvent. In this tandem approach, aro-
matic aldehydes successfully reacted with alkynes and provided aminoquinolines with
complete trans-selectivity (Figure 7.42) [46].

Under mild reaction conditions, the 1,2-dicarbonyl compounds react with 1,2-
diamines in fluorinated alcohols furnishing quinoxalines in good-to-excellent yield.

Figure 7.40: Regioselective preparation of 1,4,5-trisubsituted pyrazoles in fluorous media.

Figure 7.38: Preparation of benzimidazole derivatives using HFIP as a reaction media.

Figure 7.39: Cyclocondensation reaction in fluorinated solvents.
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This was a green and facile reaction procedure requiring no catalyst and aqueous
workup (Figure 7.43) [47].

The fluorinated solvent favors the reaction between ammonium acetate, malononi-
trite, ketones and aldehydes for the preparation of 2-amino-3-cynopyridines in a four-
component one-pot reaction. The highly ionizing TFE as solvent favors the cyclocon-
densation reactions (Figure 7.44) [48].

The fluorinated HFIP solvent promoted intermolecular and intramolecular Friedel–
Crafts alkylation of arenes with epoxides and provided 3-chromanol derivatives regiose-
lectively. The enantiopure substrates provided highly endoselective and enantioselective
product due to the use of fluorinated solvent (Figure 7.45) [13].

Figure 7.43: Preparation of quinoxalines in fluorinated media.

Figure 7.41: One-pot imino-Diels–Alder reactions in fluorinated media.

Figure 7.42: Preparation of disubstituted aminoquinolines in fluorinated solvent.
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The use of TFE favors the annulation of 5, 5-dimethyl 1,3-cyclohexandione, aryl-
glyoxals and β- ketothioamides for the regioselective synthesis of thiophene derivatives.
This efficient and simple one-pot procedure provided products in moderate-to-good
yields in short reaction time (Figure 7.46) [49].

A range of substituted morpholine derivatives were prepared from various carboxylic
acids, isocyanides and cyclic amines using TFE as reaction media. The fluorinated solvent
promoted this Ugi three-component reaction under normal conditions. However, the con-
ventional solvents were failed to favor the product formation (Figure 7.47) [50].

Figure 7.46: Regioselective synthesis of thiophene derivatives in fluorinated alcohol.

Figure 7.44: Preparation of 2-amino-3-cynopyridines in a four-component one-pot reaction.

Figure 7.45: Cyclialkylation in fluorinated alcohol.
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Paal-Knorr pyrrole synthesis was adopted for the preparation of N-substituted
aryl pyrroles using HFIP as the reaction-promoting solvent. This additive-free method-
ology employed poorly soluble 1,4-diketones furnishing an excellent yield of products.
The reported procedure provided an opportunity to prepare highly substituted pyr-
roles in a simple manner (Figure 7.48) [51].

The azo-ene reactions have served as a powerful synthetic tool for the preparation of
valuable allylic amine derivatives with wide applications in biochemical and polymer
sciences. Generally, unsaturated hydrocarbons react with highly reactive 1,2,4-triazoline
-3,5-diones (TADs) and provides products with allylic C–H amination. However, inacti-
vated terminal alkenes provide low yields in TAD-ene reactions due to reactivity issues.

In a very recent report, the use of unconventional organic solvents has been re-
placed with fluorinated solvents to address aforesaid inherent limitations of TAD-ene
reactions (Figure 7.49) [52]. The use of HFIP facilitated the reaction between TAD and
alkene through hydrogen bonding interactions and provided allylic urazoles in an ex-
cellent yield.

Figure 7.48: Preparation of N-substituted aryl pyrroles using HFIP as reaction media.

Figure 7.47: TFE-mediated synthesis of substituted morpholine derivatives.
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7.3 Conclusions

Fluorinated solvents have shown unique physicochemical properties and thus serve
as promising alternatives to conventional organic solvents. The fluorinated alcohols
exhibit high ionizing power, low nucleophilicity and high hydrogen bonding ability.
Owing to these features, they modify the course of reactions, avoiding the application
of metallic catalysts, chemical additives and harsh conditions. They could directly pro-
mote the chemical reactions without the involvement of any catalyst or chemical ad-
ditives. Accordingly, they have established a reaction-promoting role in catalyzed and
uncatalyzed organic transformations. Due to the presence of high fluorine density,
they also control the stereoselectivity of reactions and enantiopure synthesis of bio-
logically active heterocyclic compounds.
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Chapter 8
PEG-assisted organic transformation

8.1 Introduction

Nowadays, most of the organic synthesis is trying to follow the basic principle of “green
chemistry” [1–3]. However, sources of most of the solvents that are used in the organic
reaction are nonrenewable like petroleum, which is not congruous to environment and
create a harmful effect toward our mother earth. So, for the development of eco-benign
and sustainable reaction protocol, switching of volatile organic compounds as solvents
and reaction media is highly essential [4]. In modern organic chemistry, solvents and
reaction media with properties like nonvolatile, high boiling, harmless, inflammable, in-
expensive, eco-benign and recyclable are highly appreciating to make a methodology-
friendly toward mother nature [5, 6]. Taking this point in mind, there is exploration of
unconventional solvents that is advanced for creature as well as environment.

Employment of unconventional [7] reaction medium in organic synthesis is ob-
struction for making nature greener. Further, water is the most common green sol-
vent but main drawback of water is poor solubility of organic compounds in it.
Besides, ethanol is also considered as eco-benign solvent but it has low boiling point
(78 °C). Other popular greener solvent includes ionic liquids and fluorous solvents but
owing to their high price, anonymous toxicity and poor biodegradability make them
quite unsuitable. In the past decades, exploration of ethyl lactate and gluconic acid
aqueous solution is interesting for many organic synthetic protocols.

In this chapter, we anchor on the organic transformation using nonconventional be-
nign solvents, the polyethylene glycols (PEGs). Utilization of bio-based solvent is a con-
temporary paragon of green chemistry [8, 9]. Solvents originated from biomass are
helpful for the recovery of expensive transition metal catalysts [10] and have vast pro-
spective for employing in medicinal chemistry and pharmaceutical industry than
conventional organic solvents [11]. PEG is a polymer of ethylene oxide, liquid or solid de-
pending on its molecular weight. PEG is easily soluble in water, methanol, ethanol and
many solvents. The structure of PEG is commonly expressed as H−(O−CH2−CH2)n−OH.
PEG has diverse array of application in industrial, commercial, biological, chemical, and
medical field. It has an important application in industrial manufacturing of medicine.
So, in this chapter we will briefly discuss about the reaction carried out in different types
of PEG solvent.
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8.2 Organic synthesis in PEG-400

Among variation of PEG, PEG-400 is the most popular and frequently used variant. In
this section we have discussed about the reaction reported in literature with PEG-400.

8.2.1 Metal-assisted organic synthesis in PEG-400

In 2022, Costa et al. [12] demonstrated a stereoselective, base-free Heck coupling reaction
between 1,4-naphthoquinone (1) and 1H-1,2,3-triazole derivatives (2) utilizing Pd(OAc)2 as
a catalyst in the presence of green solvent PEG-400 at 90 °C only for 20 min in good-to-
excellent yields (Figure 8.1). This study shows that 1,4-naphthoquinone is enough for this
reaction without the use of an additional base to produce the naphthoquinone-triazole
conjugates (3). This is the first example of a Heck coupling of these two skeletons without
using a base as an additive. The reaction mechanism discussed in that paper was based
on density functional theory (DFT) CAM−B3LYP calculations. This newly developed meth-
odology opens a new technique to synthesize potential bioactive compounds.

A magnetically recoverable copper catalyst was successfully fabricated through the
immobilization of Cu(NO3)2 on the surface of silica-coated magnetic Fe3O4 nanoparticles
(Fe3O4@SiO2) functionalized with S-benzylisothiourea ligand by Riadi et al. [13] in 2022
(Figure 8.2). The nanocomposite was fully analyzed by FTIR spectroscopy, SEM, EDX,
TGA, XRD, VSM, AAS and ICP-OES techniques. The designed nanocomposite exhibited
its catalytic activity for the preparation of biorelevant quinazoline derivatives (6) by the
reaction of functionalized benzamide (4) and 2-bromobenzylamine (5) using K2CO3 as a
base in green solvent PEG-400 for 12 h in open air. This method has several advantages

Figure 8.2: Fe3O4@SiO2-SMTU-Cu catalyzed synthesis of quinazolines.

Figure 8.1: A base-free palladium-catalyzed Heck coupling.
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such as easy separation of the catalyst by external magnetic field, good to excellent
yields and use of nontoxic metal catalyst.

Pawar et al. [14] reported a microwave-assisted one-pot three-component reaction
for the synthesis of fluorescent active quinozolino[4,3-b]quinazolin-8-ones (9) via C−N
bond formation using aldehyde or alcohol or methyl arene (7), 2-substituted quinazolin-
4(3H)-one (8) and TMSN3 as an nitrogen source using CuI salt in PEG-400 (Figure 8.3).
The main advantages of this protocol are absence of base and ligand, microwave irradi-
ation and environmentally benign solvent PEG-400. DFT and ESI/MS studies were car-
ried out to justify the proposed mechanism.

Nandwana et al. [15] in 2021 developed a ligand-free copper (I) catalyzed one-pot
three-component reaction for the synthesis of imidazo[1,2-c]quinazolines (12) from 2-(2-
bromophenyl)-1H-imidazoles (10), benzyl alcohol or benzylamine (11) and sodium azide
as nitrogen source in green solvent PEG-400 with TEMPO as a radical initiator in mod-
erate-to-good yields with an assortment of functional groups (Figure 8.4). The reaction
mechanism involves copper-catalyzed sequential azidation of 2-(2-bromophenyl)-1H-
imidazoles through SNAr reaction and reductive amination followed by oxidative con-
densation with benzyl alcohols or benzylamines.

A vigorous Co(III)-assisted oxidative annulations of aromatic aldehydes (13) with in-
ternal alkynes (14) for the generation of derivative (15) was described by Tao et al.
[16] (Figure 8.5). The formation of diverse array of isocoumarins (15) derivative was
accomplished by oxidation, C–H functionalization and cascades annulation using
harmless solvent PEG-400. This is the first reported Co(III)/CuO/PEG-400 system with
excellent recyclability for annulation of internal alkynes with aromatic aldehydes em-
bracing C–H functionalization with tremendous selectivity.

Figure 8.3: CuI-catalyzed synthesis of quinazolino[4,3-b]quinazolin-8-ones.

Figure 8.4: Copper-catalyzed synthesis of imidazo[1,2-c]quinazolines.
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Deshmukh et al. [17] developed an external oxidant and additive free protocol for
the synthesis of isoquinolines (17) through annulations of N-Cbz hydrazone (14) with
symmetrical and unsymmetrical substituted internal alkynes (16) through C–H/N–N
activation using ruthenium catalyst under microwave in PEG-400 with lower catalyst
loading than previously reported protocol (Figure 8.6). Furthermore, N-Cbz hydrazone
has been implemented as a rarely explored directing group and higher functional group
tolerance and wide substrate are main superiority of this protocol.

Gaddam et al. [18] reported a ligand-free superficial method for the synthesis of
N-substituted-2-aminobenzothiazoles (20) via a cross-coupling reaction of 2-iodo anilines
(18) with isothiocyanates (19) utilizing nano copper (II) oxide as a recyclable catalyst
and Cs2CO3 as a base in PEG-400, as a bio-degradable, affordable and safe reaction me-
dium (Figure 8.7). The present tandem protocol emphasizes environmental acceptability
to access an ample range of N-substituted-2-aminobenzothiazoles in good amount.

A3-coupling reaction of amine (21), aldehyde (13) and alkyne (22) via C–H activa-
tion with utilizing CuI as catalyst in PEG-400 (Figure 8.8) provide a broad range of
propargylamines (23) with moderate-to-good yield as demonstrated by Zhang et al.
[19]. Additionally, the catalyst system was recovered and reused several times without

Figure 8.5: Cobalt (III) catalyzed oxidative annulation.

Figure 8.6: Ruthenium catalyzed annulation of N-Cbz hydrazones via C–H/N–N bond activation for the
synthesis of isoquinolines.
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evident loss in activity. CuI-PEG-400 is the best couple for this reaction in terms of
yield and feasibility of the reaction.

Liang et al. [20] designed an direct oxidative amidation reaction for one-pot synthesis of
amide derivatives (25) by the reaction of aldehydes (13) with amines (24) using NaOCl/
Bu4NHSO4 as an oxidant system in PEG-400 medium (Figure 8.9). They have demon-
strated a mechanism for this protocol. Initially, the imine intermediates were produced
through condensation of aldehydes and amines and then imine was oxidized to provide
oxaziridine intermediates by the action of oxidant followed by tautomerization of oxa-
ziridine intermediate finish up to the final products.

Kidwai et al. [21] reported a one-pot, three-component Mannich reaction for the
formation of functionalized β-amino carbonyl compounds (28) through the reaction
of functionalized aromatic aldehydes, (13) acetophenone (26) and functionalized aro-
matic amines (27) in the presence of ceric ammonium nitrate as a catalyst and PEG-
400 as a recyclable solvent (Figure 8.10). The structures of all the synthesized products
were recognized on the basis of their IR, 1H NMR and GC/MS mass spectral data.

Figure 8.7: Synthesis of N-substituted-2-aminobenzothiazoles in PEG-400.

Figure 8.8: Copper catalyzed A3-coupling reaction for the synthesis of propargylamines.
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8.2.2 Metal-free organic synthesis in PEG-400

Batalin et al. [22] designed a reaction methodology for the preparation of fluorescent
active-substituted 2-(ortho-hydroxyaryl)cyclopenta[b]pyridines (31) by Krönke-type re-
action through one-pot pseudo five-component reaction of cyclopentanone (30), two
molecules of aromatic aldehyde (13), Kröhnke salt of ortho-hydroxy-substituted aro-
matic ketone (29) and ammonium acetate in PEG-400 in the absence of any class of
additional catalyst (Figure 8.11).

Sujatha et al. [23] in 2020 depicted a reaction methodology for the preparation of
(E)-ethyl2-(2-((E)-2-(1-(4-methyl-2-(phenylamino)thiazol-5yl)ethylidene)hydrazinyl)-
4-oxothiazol-5(4H)-ylidene) acetates (36) through one-pot multi-component reaction
between anilines (27), ammonium thiocyanate (34), 3-chloropentane-2,4-dione (32),
dialkylacetylene dicarboxylate (35) and thiosemicarbazide (33) using PEG-400 as
green and recyclable solvent with high yield (Figure 8.12). This is a domino-type re-
action with several advantages such as meta-free, shorter reaction time, avoidance
of hazardous reaction media and recyclability of solvent.

Patil et al. [24] have designed a schematic protocol for the synthesis of pyrrolo[1,2-
a]quinoxalines (38) by the reaction of benzylamine derivatives (11) and 1-(2-aminoaryl)
pyrrole (37) (Figure 8.13). This methodology entails transformation of benzylamine de-
rivatives into aldehydes derivative through oxidation followed by condensation with 1-
(2-aminoaryl)pyrrole with K2S2O8 as an oxidant in PEG-400. The transition metal as well

Figure 8.10: CAN-catalyzed Mannich reaction in PEG-400.

Figure 8.9: PEG-400-assisted synthesis of amides by oxidative amidation.
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as ligand-free synthesis and broad substrate scope make this methodology environmen-
tally and economically viable. All the synthesized compounds were characterized by
NMR technique and recyclability of solvent was also examined.

Kardooni and Kiasat [25] described a simplistic approach for the preparation of pyrazo-
lopyrano pyrimidines derivative (42) through one-pot multi-component reaction of aro-
matic aldehydes (13), hydrazine hydrate (39), ethyl acetoacetate (40) and barbituric acid
(41) in greener solvent PEG-400 in the absence of supplementary catalyst (Figure 8.14).
Modest reaction conditions, good yields and biodegradable reaction medium make this
innovative route attractive to current methodologies. All these synthesized compounds
were characterized by IR and NMR techniques.

Figure 8.12: PEG-400 promoted one-pot five-component synthesis of (E)-ethyl-2-(2-((E)-2-(1-(4-methyl-2-
(phenylamino)thiazol-5yl)ethylidene)hydrazinyl)-4-oxothiazol-5(4H)-ylidene)acetates.

Figure 8.13: Synthesis of pyrrolo [1,2-a] quinoxalines in PEG-400.

Figure 8.11: PEG-400-mediated synthesis of substituted 2-(o-hydroxyaryl) cyclopenta[b] pyridines.
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One-pot direct iodination and dehydrogenation of dihydrobenzo[a]carbazoles
(43) for conversion into respective iodized product (44) using periodic acid in PEG-400
with high regioselectivity in the absence of ant metal was first designed by Ghom
et al. [26] (Figure 8.15). A plausible mechanism was suggested in this work. The dihy-
drobenzo[a] carbazole was prone to reduce the oxidation state of periodic acid and
converted to iodic acid through the dehydrogenation route.

Kumar et al. [27] developed a synthetic protocol for designing diaryl selenium com-
pounds (46) from phenyl boronic acid (45) as precursor in PEG-400. After going through
literature, it has been found that the use of selenium dioxide as selenium resource for
the synthesis of diaryl selenides was first established in this work. This novel source of
selenium, SeO2, gives an advanced cheaper synthetic route (Figure 8.16).

In 2016, Mohebat et al. [28] described p-toluenesulfonic acid-assisted synthesis of 11H-
benzo[a]benzo[6,7]chromeno[2,3-c]phenazine-11,16(17H)-dione derivatives (49) through
one-pot four-component condensation of o-phenylenediamine, (47) 2-hydroxynaphtha-
lene-1,4-dione (48) and aromatic aldehydes (13) using PEG-400 (Figure 8.17). This protocol
designed biorelavant heterocycles with the formation of C–C, C═C, C–N, C═N and C–O
bonds in a single operation. Furthermore, this methodology produces bioactive molecules

Figure 8.14: PEG-400-mediated synthesis of pyrazolopyranopyrimidines.

Figure 8.15: A metal-free one-pot direct iodination using periodic acid in PEG-400.
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that exhibit interesting pharmacology activities and may act as potential drug candidates
since both phenazine and chromene motifs have enormous range of biological activities.

A novel and robust one-pot multi-component procedure for the synthesis of diverse
array of 2-aminoselenopyridine derivatives (52) from three reactants including benze-
neselenol (51), aldehydes (13) and malononitrile (50) in PEG-400 using ultrasonic radi-
ation was described by Khan et al. [29] (Figure 8.18). In this process, the total four new
bonds were formed. No column chromatography was required for the purification of
the isolated products and the structure of the products was characterized by XRD, IR,
NMR and elemental analysis.

Bi et al. [30] established a reaction methodology for the construction of diverse
array of α-mono-fluorinated acetoacetamides (54) through selective α-electrophilic
mono-fluorination from acetoacetamides (53) under modest reaction condition utiliz-
ing industrialized selectfluor as the F+ resource in PEG-400 (Figure 8.19). This protocol
circumvents any class of base or metal catalyst. The structure of all the synthesized
compounds was signified by NMR and elemental analysis.

Figure 8.17: PTSA-assisted one-pot four-component domino reactions for the synthesis of functionalized
(11H)benzo[a]benzo[6, 7]chromeno[2,3-c]phenazine-11,16(17H)-diones.

Figure 8.16: PEG-400-assisted metal-free synthesis of diaryl selenides.
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8.3 Organic transformation in other PEG variants

In the previous section, we have discussed about the most popular and useful variant
of PEG, that is, PEG-400. But there are many other variants of PEG like PEG-200, PEG-
300, PEG-600, PEG-3400, PEG-6000 and PEG-8000. In this section, we will discuss about
the other variant of PEG.

In 2022, Raya et al. [31] prepared a new and greener zinc catalyst which describes
through immobilization of zinc (II) complex on the surface of magnetic nanoparticles
modified with phenanthroline (MNPs-Phen-Zn(II)). The structure of this nanomaterial
was characterized by FT-IR spectroscopy, SEM, TEM, EDX, XRD, VSM and ICP-OES. The
catalytic activity of this nanomaterial was applied for the synthesis of disubstituted
alkynes (56) via C(sp2)–C(sp) cross-coupling reactions of alkynes (22) with aryl iodides
(55) with K2CO3 as base in recyclable solvent PEG at 120 °C for 12 h (Figure 8.20). It is
the first reported Sonogashira-type cross-coupling reaction in the absence of Pd and
Cu sources and utilization of zinc nanomagnetic catalyst was found.

Again in 2022, Sarraf et al. [32] introduced a reusable zinc catalyst (Fe3O4@SiO2-
imine/thio-Zn(OAc)2) constructed by immobilizing Zn(II) complex on the surface of
magnetic nanoparticles functionalized with imine/thio group. The structure of the
newly designed nanomaterial was analyzed by FT-IR, SEM, TEM, EDX, XRD, VSM, AAS
and ICP-OES. This Fe3O4@SiO2-imine/thio-Zn(OAc)2 nonmaterial is nicely performed
by the catalytic role required for the synthesis of diverse array of nitriles (58) via cy-
anation of aryl iodides (55) in PEG at 120 °C for 12 h (Figure 8.21) using formamide.
This nanocatalyst can be simply recovered from the reaction mixture by an external
magnet and reused seven cycles without considerable loss in catalytic activity.

Figure 8.19: Mono fluorination in PEG-400.

Figure 8.18: PEG-400-mediated synthesis of selenopyridines.
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Moghaddam et al. [33] in 2022 designed an one-pot four-component protocol for
the synthesis of rhodanine-oxindole (62) derivatives by the reaction between primary
amines, (24) ethyl chloroacetate, (60) carbon disulfide (59) and cyano-substituted al-
kenyl oxindoles (61) in polyethenelyne glycol as green solvent at room temperature
using KOH as a base in high yield (Figure 8.22).

Akbarzadeh et al. [34] described another greener protocol for the preparation of
broadly functionalized 2-aminothiophene derivatives (65) through one-pot three-
component reaction of enolizable carbonyl compounds (63), malononitrile or ethyl cy-
anoacetate (64) and elemental sulfur in PEG-600, without any additional basic catalyst
under ultrasonic irradiation with recyclability of the solvent at least five times with-
out considerable loss of its action (Figure 8.23). The intrinsic worth of this protocol is
dearth of any basic catalyst and employment of molecular sulfur as a resource of sul-
fur of thiophene.

A simple microwave-assisted copper catalyzed reaction protocol for N-arylation
of benzimidazole and indole (66) with iodobenzene (55) to produce N-arylated prod-
uct (67) in the presence of cesium carbonate as a base in PEG-3400 with no comple-
mentary ligands at 150 °C was depicted by Colacino et al. [35] (Figure 8.24). N-arylated
product was separated from reaction mixture by simple filtration and catalyst was char-
acterized by TEM analysis and it can be easily collected after evaporation and recovery of
the catalytic system as a precipitate making this protocol environmentally benign.

Figure 8.21: Fe3O4@SiO2-imine/thio-Zn(OAc)2-mediated synthesis of nitriles via cyanation of aryl iodides.

Figure 8.20: MNPs-Phen-zinc (II)-assisted Sonoghasira cross-coupling reaction of aryl iodides with
terminal aromatic alkynes.
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Declerck et al. [36] demonstrated Heck arylation for the synthesis of various substi-
tuted tert-butyl cinnamates (70) using copper salt as a catalyst, potassium carbonate as a
base in greener solvent PEG-3400 under microwave at 150 °C (Figure 8.25). Copper iodide
provides the best outcome in the absence of any phosphine ligand. Time required for this
reaction to occur is shorter than the previously reported reaction methodology. Recovery
of the copper catalyst is facilitated by precipitation and filtration of the solvent.

Winter et al. [37] synthesized densely functionalized 4ʹ-substituted 2, 2ʹ:6ʹ, 2ʹ ter-
pyridines (72) through one-pot pseudo three-component protocol using substituted al-
dehyde (13) and ketone derivative (71) sodium hydroxide, PEG-300 and aqueous
ammonia as solvents (Figure 8.26). Terpyridine structure was recognized by XRD. The
crystallographic data reveal the influence of the 4ʹ-aryl substituent on the molecular
structure and p-stacking behavior of the respective terpyridines.

Figure 8.23: PEG-600-mediated synthesis of 2-aminothiophene derivatives.

Figure 8.22: One-pot four-component synthesis of (Z)-isomer of rhodanine-oxindole derivatives in PEG.

Figure 8.24: Phosphine-free Ullmann arylation in PEG-3400.

206 Bijeta Mitra and Pranab Ghosh



8.4 Conclusions

In conclusion, owing to making our mother earth safe from hazardous material, it is
necessary to discover a perfect solvent as a reaction medium. This chapter will help to
gain knowledge about the goodness of bio-based greener solvent PEG. It performs as an
eco-benign reaction medium and in some cases act as catalyst due to its hydrogen-
bonding capacity and also as additive in organic synthesis with the endeavor to dimin-
ish the environment hazard making the mother earth pollution-free.
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Chapter 9
Glycerol-mediated organic transformation

9.1 Introduction

Glycerol is generated as a by-product in enormous amounts in biodiesel industry.
Hence, a large amount of glycerol is entering the chemical market and is causing a
threat for the existing glycerol plants. Further, the increasing demand of biodiesel
will also put an extra pressure in future on the glycerol market. Therefore, the use of
glycerol in various processes is gaining much attention recently.

Nowadays, focus on the areas of developing an alternate way to synthesize com-
pounds from glycerol as the starting material has gained much attention. Through liter-
ature survey, various examples have been found, where glycerol has been successfully
utilized as the starting material. Though some of the developed methodologies have a
promising approach, large-scale synthesis of compounds starting from glycerol requires
systematic toxicity evaluation, stability and capacity of the synthesized products, which
will ultimately cost a lot of hard work as well as valuable time for the research purpose.
Considering from the industrial perspective, synthesis of compounds from glycerol is
somewhat a not-so-favorable approach. Again, considering the pressure from biodiesel
industries, efforts are essential for the development of innovative methods for the utili-
zation of glycerol [1–3].

Development of green solvents in organic synthesis has been gaining much atten-
tion these days from the environmental point of view. At the same time, production
of glycerol in huge amounts has offered a good opportunity for chemists to use it as a
renewable solvent. Some of the properties of glycerol such as long liquid range, solu-
bility of organic compounds and noninflammability make it an important green sol-
vent in the field of organic synthetic methodologies.

Major emphasis is given in designing eco-friendly processes, where solvents play a
key role from both environmental and economic aspects. The European Union is also tak-
ing measures to regulate the use of solvents in relation to the volatile organic compounds
and hazardous air pollutants. Designing of green solvents is now becoming a crucial fac-
tor in chemical industries. A solvent that fulfills criteria such as renewability, low volatile
organic compound emissions, functional group compatibility and nonflammability fits
well in the requirement. In this context, glycerol comes up as an innovative solvent.
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9.2 Catalyst-free reaction in glycerol

He et al. [4] proved glycerol to be an efficient medium for the promotion of electrophilic
activity of aldehydes. Instead of using the conventional system comprising acid catalyst
and organic solvents, glycerol was used as the medium for the reaction of aldehydes
(1) with indoles (2) and 1,3-cyclohexanedione (3) to form the corresponding bis(indolyl)
methane derivatives (4), 3,4,5,6,7,9-hexahydro-9-aryl-1H-xanthene-1,8(2H)-diones (5) and
1-oxo hexahydroxanthenes (6) in the absence of any catalyst (Figures 9.1 and 9.2). The
yield of the products so obtained was good to excellent. The use of glycerol not only
made the separation of products easier but also showed higher environmental compati-
bility and sustainability. The fact that the quenching steps were avoided results in mini-
mal amount of waste, glycerol being the by-product of biodiesel industry was used in
this methodology added to the environmental sustainability. Though the exact role of
glycerol was not known, they suspected that the strong hydrogen bond formation be-
tween the aldehyde and alcoholic solvents may be the reason behind the effect of glyc-
erol in this reaction.

Figure 9.1: Synthesis of bis(indolyl)methanes and xanthene-1,8(2H)-diones in glycerol.

Figure 9.2: Catalyst-free synthesis of 1-oxo-hexahydroxanthenes in glycerol.
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Thioacetalization of aldehydes or ketones (7) (Figure 9.3) using thiol (9) and 1,2-
ethanedithiol (8) is regarded as an important tool for protection of carbonyl groups.
The thioacetals thus formed were then used as a synthetic route for the synthesis of
various organic compounds. Perin et al. [5] reported a simple strategy of thioacetaliza-
tion for the synthesis of protected carbonyl compounds (10) and (11) using glycerol as
a green and recyclable solvent. Without the use of any catalyst, the reaction took
place smoothly in glycerol, and the corresponding products were reported to be ob-
tained in good yield. Further, they were able to recover and recycle glycerol for fur-
ther thioacetalization reactions.

In the absence of any supplementary catalyst, catalyst-free synthetic protocol for the
synthesis of benzodiazepines (14) and benzimidazoles (15) was published by Radatz et al.
[6] (Figure 9.4). In this glycerol-mediated reaction, condensation of o-phenylenediamine
(12) with libraries of aldehydes (1) and ketones (13) was reported to furnish the corre-
sponding 1,2-disubstituted benzimidazoles and 1H-1,5-benzodiazepines, respectively, in
good yields. Further, glycerol was recovered and reutilized, and no loss of activity was
observed up to four times while carrying out further condensation reactions.

Nandre et al. [7] designed an environment-friendly protocol mediated by glycerol where
the usual [3 + 2] cycloaddition reaction was used for the synthesis of 5-substituted 1H-

Figure 9.3: Glycerol-assisted thioacetalization of carbonyl compounds.

Figure 9.4: Glycerol-catalyzed synthesis of benzimidazoles and benzodiazepines.
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tetrazoles (17) from organic nitriles (18) and sodium azide (Figure 9.5). Where easily
available solvents such as dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), diox-
ane, acetic acid, water and isopropanol did not give the product, glycerol was an excep-
tion and gave good yield of substituted tetrazoles during the reaction. The reaction was
reported to yield the products from not only aryl nitriles and benzyl nitriles but also the
sterically hindered nitriles.

β-Amino carbonyl compounds (20) were designed by Ying et al. [8] by exploring
glycerol for aza-Michael addition of aromatic amines (18) to α,β-unsaturated ketones
(19) in the absence of any additional promoter (Figure 9.6). Here, unsaturated ketone
and amines act as an acceptor and electron donor, respectively. The pure desired mol-
ecule was isolated through column chromatography and analyzed by the spectro-
scopic technique. A broad array of aromatic amines can react smoothly to accomplish
the good yield of target molecule.

Azizi et al. [9] utilized the combined advantages of glycerol for being nontoxic, economical,
easily available and renewable like water and low vapor pressure, high boiling point like
ionic liquids for the synthesis of α-aminophosphonates (23). This catalyst-free multicompo-
nent Kabachnik–Fields reaction was reported to combine amines (18), carbonyl compound
(1) and phosphites (22) for the synthesis of α-aminophosphonates in high purity (Figure 9.7).
The use of glycerol in place of acid as catalysts was reported by them to be more advanta-
geous because it made the workup procedure more simplified, the waste generation was

Figure 9.5: Synthesis of 5-substituted 1H-tetrazole in glycerol.

Figure 9.6: Glycerol-assisted aza-Michael reaction.
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minimized and also allowed the use of reactants that were acid-sensitive. Further, they
added that the protocol led to easy separation of the products, and the use of volatile or-
ganic solvents was also not required for the procedure to take place.

Singh et al. [10] were successful in the synthesis of pyrido[2,3-d]pyrimidines (26).
The biologically active motif was thus prepared by the reaction between malononi-
trile (24), aldehydes (1) and 6-amino-1-methyluracil (25) (Figure 9.8) in the presence of
recyclable environmentally friendly glycerol medium. In addition to the use of non-
hazardous conditions, cheap starting reactants, isolation of pure products without the
need of use of column chromatography, 100% atom economical and high yield of the
products were the highlights of their reaction. The reactions were also tried using
other green solvents like ethanol, PEG-400 and water; however, results were not satis-
factory. NMR spectroscopy was used for the identification of isolated compounds.

Nagasundaram et al. [11] published the synthesis of diverse array of 2-aryl-2,3-
dihydroquinazolin-4(1H)-one (28) (Figure 9.10) and 4,4ʹ-(arylmethylene)bis(3-methyl-
1H-pyrazol-5-ol) (14) (Figure 9.9) in a catalyst-free glycerol-mediated conditions. At first,
hydrazine hydrate (29), aromatic aldehydes (1) and ethyl acetoacetate (30) furnished 4,4ʹ-
(arylmethylene)bis(3-methyl-1H-pyrazol-5-ol) (31) while under the same conditions, aro-
matic aldehyde or ketones (1) and anthranilamide (27) gave 2-aryl-2,3-dihydroquinazolin-
4(1H)-one. They were able to separate pure glycerol after the reaction by evaporating the

Figure 9.7: Catalyst-free glycerol-assisted Kabachnik–Fields reaction.

Figure 9.8: Glycerol-catalyzed synthesis of pyrido[2,3-d]pyrimidines.

Chapter 9 Glycerol-mediated organic transformation 215



aqueous layer under reduced pressure. The recovered glycerol was then reused for next
reaction under similar conditions, and the products were isolated with negligible loss of
the product.

6-Amino-5-cyano-4-aryl-1,4-dihydropyrano[2,3-c]pyrazoles (32) and 2-amino-3-cyano-4-
aryl-7,7-dimethyl-5,6,7,8-tetrahydrobenzo[b]pyrans (33) were prepared by Hamid et al. [12]
via multicomponent reaction of aldehydes (1), 1,3-dicarbonyl compounds (3), hydrazine
hydrate or phenyl hydrazine (32), ethyl acetoacetate (30) and malononitrile (24), explor-
ing the catalytic role of glycerol at room temperature without any supplementary catalyst
(Figure 9.11). With any other solvent, no targeted product was formed even after a long
reaction period. From this, it can be concluded that glycerol performed the required cata-
lytic role smoothly and also as a good reaction medium for designing the compounds.

Figure .: Glycerol-assisted pseudo-five-component
synthesis of ,ʹ-(arylmethylene)bis(-methyl-H-
pyrazol--ol

Figure .: Glycerol-assisted two-component
synthesis of ,-dihydro-(H)-quinazolinones.

Figure 9.11: Glycerol-mediated synthesis of pyrano[2,3-c]pyrazoles and tetrahydro-benzo[b]pyrans.
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A diverse array of nitrile derivative (34) was generated by a robust and facile
one-pot catalyst-free methodology by the reaction of aldehydes (1) by using hydroxyl
amine hydrochlorides only in the presence of glycerol by Ingale et al. [13] (Figure 9.12).
All the desired products were analyzed by IR, NMR and GC-MS. This catalyst-free pro-
tocol was very competent for the conversion of aromatic aldehydes with both elec-
tron-withdrawing and electron-donating groups.

Morshedi and Shaterian [14] demonstrated a greener solvent, glycerol-mediated
one-pot, three-component reaction between aldehydes (1), (phenylsulfonyl)acetoni-
trile (35) and α-naphthol (36) for the synthesis of 4-(aryl)-3-(phenylsulfonyl)-4H-benzo
[h]chromen-2-amine (37) derivatives in the absence of any other additional catalyst
(Figure 9.13). All the desired compounds were analyzed by IR, 1H-NMR, 13C-NMR and
MS. The reaction mechanism involves domino Knoevenagel condensation/Michael ad-
dition and cyclization cascade.

Mitra et al. [15] demonstrated one-pot multiple-component methodology for designing a
vast array of biologically active thioamide (40) derivatives (Figure 9.14) and 4H-thiopyran
(43) (Figure 9.15) in the absence of any supplementary catalyst. Both the products, thioa-
mide and thiopyran, were reported to be synthesized in good yield by using easily
available reactants, aldehydes (1) having benzene substituent, heterocyclic, polynu-
clear hydrocarbon as well as aliphatic moiety. Thioamide was synthesized using one-pot
three-component reaction between amines (39), aldehydes (1) and molecular sulfur (38),
whereas one-pot four-component reaction between malononitrile (24), aldehyde (1),

Figure 9.12: Synthesis of nitriles from aldehydes using glycerol.

Figure 9.13: Synthesis of 4-(aryl)-3-(phenylsulfonyl)-4H-benzo[h]chromen-2-amine derivatives in glycerol.
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carbon disulfide (41) and butylamine (42) furnished the respective thioamides. The syn-
thesized compounds were identified using NMR spectroscopy.

Kordnezhadian et al. [16] depicted catalyst-free and diastereoselective one-pot four-
component protocol by the reaction of aldehyde (1), 1,3-thiazolidinedione (44), amine
(39) and malononitrile (24) to produce diverse array of 2-(N-carbamoylacetamide)-
substituted 2,3-dihydrothiophenes (45) in good yield in glycerol reaction medium in
both conventional heating and microwave (Figure 9.16). The time necessary for this con-
version is shorter than the formerly reported protocol. Besides, the reported reaction
medium, glycerol, was recycled several times without any loss of effectiveness.

Cabrera et al. [17] demonstrated the synthesis of organic disulfides (8) using thiols (9),
where glycerol was chosen as a solvent (Figure 9.17). This glycerol-mediated oxidation
of functionalized thiols was carried out under microwave irradiation where good-to-

Figure 9.14: Glycerol-mediated metal-free synthesis of thioamide.

Figure 9.15: One-pot pseudo-five-component synthesis of 4H-thiopyran in glycerol.

Figure 9.16: Glycerol-catalyzed synthesis of 2-(N-carbamoylacetamide)-substituted 2, 3-
dihydrothiophenes.
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excellent yields of the products were reported by them. Further, they were successful
in recovering the glycerol and were utilized for further oxidation reactions.

Safaei et al. [18] explored inexpensive, easily available, biodegradable solvent
glycerol for the synthesis of 4H-pyran derivatives (33) (Figure 9.18). This one-pot
three-component reaction was performed using aldehydes (1), malononitrile (24) and
dimedone (3) in the absence of any catalyst and the method not only resulted in sub-
stantial improvement in reaction rates and yields but also avoided the use of hazard-
ous solvents. High yield of the products, short reaction time, easy product isolations,
cleaner reaction profile and recycling ability of the reaction medium were important
factors of their protocol as reported by them. When compared with the earlier re-
ported methods which composed of utilization of acid or base catalyst and organic
solvents, the application of glycerol made not only the product separation easier but
also contributed in environmental compatibility and sustainability.

9.3 Metal-catalyzed organic synthesis in glycerol

Gonçalves et al. [19] demonstrated a convenient methodology for the preparation of
vinyl sulfides and vinyl tellurides, where Cu catalyst was used for the coupling of vinyl
bromide with diphenyl disulfide and diphenyl ditellurides (46) (Figure 9.19). They stated
that the advantages of the reaction were the applicability to a wide variety of the sub-
strates, simple process of recovery of the catalyst, reusability of the catalyst for up to
four cycles without the loss of its activity and stereoselectivity for Z-styryl bromide (48)
and E-styryl bromide (47) for the synthesis of Z-isomer (50) and E-isomer (49) of the re-
spective products. Further, the procedure was also described as environmental-friendly,

Figure 9.17: Glycerol-mediated microwave-assisted synthesis of disulfides.

Figure 9.18: Glycerol-promoted catalyst-free synthesis of 4H-pyrans.
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economical with the reaction being performed in the absence of any toxic solvents and
heavy metals.

Glycerol was used as a medium for N-arylation of indole (2) (Figure 9.20) as de-
scribed by Yadav et al. [20]. Using copper as the catalyst and DMSO as an additive, the
cross-coupling of indoles with aryl halides (51) was described by them to give good
yield of N-aryl indole derivatives (52) with a vast array of substrates. They recycled
the catalyst combination and used up to four runs without the loss of its catalytic ac-
tivity. They proposed the methodology to be environment-friendly, highly efficient
and economical in nature.

Bhojane et al. [21] published the Suzuki coupling reaction between phenyl boronic acids
(53) and aryl diazonium salts (54) for the preparation of respective aryl derivatives (55).
This nickel-catalyzed reaction was carried out in the presence of environmentally
friendly solvent glycerol as a medium where varieties of aryl diazonium salts were effi-
ciently converted into the respective diaryl compounds (Figure 9.21) in good yield.

Dubey et al. [22] described an inexpensive, clean and efficient method in which
thiols (56) and aryl halides (51) in the presence of CuI in glycerol combined together
to yield aryl sulfides (57) (Figure 9.22). The presence of environmentally friendly sol-
vent and use of various aryl, heteroaryl and even sterically hindered substrates for

Figure 9.19: Glycerol-assisted synthesis of vinyl sulfides and tellurides.

Figure 9.20: Copper-catalyzed N-arylation of indoles.
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the formation of the desired products in moderate-to-good yields of diversified func-
tionalized thiols are some of the features of the protocol. Further, the catalyst system
was reported to be recycled which gives it an extra edge over previously reported
protocols. They further reported that the methodology was used for the synthesis of
Gemmacin drug precursor and Gemmacin B.

Click reaction involves the synthesis of 1,4-disubstituted 1,2,3-triazoles (60) from al-
kyne (59) and alkyl azide (58) by the use of CuAAC as a catalyst. The transfer of Cu(I)
to thermodynamically stable Cu(II) by aerial oxidation or by disproportionation has
been one of the major issues for this conversion. Hence, in order to stabilize Cu(I) spe-
cies, the reaction is usually carried out under inert atmosphere in the presence of var-
ious additives like alcohols, thiols, amines or aldehydes. Pasupuleti and Bez [23]
(Figure 9.23) reported the use of CuI/L-proline system in glycerol, where unprece-
dented Cu(I)-catalyzed click reaction was carried out in the absence of inert atmo-
sphere. The approach may be helpful in the industrial production of triazole moiety.

Wolfson and Dlugy [24] successfully utilized glycerol as a green solvent in both Heck
coupling and Suzuki cross-coupling reactions (Figure 9.24). As both the inorganic bases
and organic bases were soluble in glycerol, a high yield of the product, namely, styrene
derivatives (62) and biphenyls (63) was reported by the reaction of aryl halide (51) with
alkene (61) and phenyl boronic acid (53), respectively. In addition, extraction of the

Figure 9.21: Nickel-catalyzed Suzuki cross-coupling reactions.

Figure 9.22: Copper-mediated ligand-free C–S cross-coupling reaction in glycerol.
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product with glycerol-immiscible solvents made it an easy process. Further, the catalyst
was recycled without much loss of its activities. They also made a comparison between
the reactions in glycerol and DMF under similar conditions, and they found that the
product recovery was much simpler in case of glycerol than in DMF. Glycerol being an
environmentally friendly further added on the advantages of glycerol over DMF.

Gonçalves et al. [25] described the use of glycerol as a solvent in CuI-catalyzed cross-
coupling reaction between vinyl bromide (47) and diaryl diselenides (64) (Figure 9.25).
During the reaction, (Z)- or (E)-vinyl bromides bearing electron-donating groups or elec-
tron-withdrawing groups gave good-to-excellent yields of vinyl selenides (65). They
added that the glycerol/CuI/Zn during the reaction was easily recovered and was further
used for the reaction to give good yields even after five successive cycles.

Ricordi et al. [26] reported the use of glycerol as an efficient solvent for cross-coupling
reactions of aryl boronic acids (53) and diaryl diselenides (64) for the synthesis of diaryl

Figure 9.23: Synthesis of 1, 4-disubstituted 1,2,3-triazoles.

Figure 9.24: Glycerol-mediated Heck and Suzuki Coupling reaction.

Figure 9.25: Glycerol-promoted cross-coupling reactions of diaryl diselenides with vinyl bromides.
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selenides (66) (Figure 9.26). The reaction was catalyzed by CuI, where DMSO was used
as an additive and was carried out in open air at 110 °C. Diarylboronic acids and diaryl
diselenides containing electron-withdrawing groups or electron-donating groups were
reported to deliver well-to-excellent yields of the products.

Wolfson et al. [27] successfully employed glycerol (67) as a green solvent and as a
hydrogen donor for the catalytic transfer hydrogenation–dehydrogenation reaction
(Figure 9.27). Glycerol was found to donate hydrogen to several organic compounds for
the formation of alcohols (71), alkanes (72) and aniline (69), respectively, from carbonyl
compound (70), alkenes (61) and nitrobenzene (68) under mild conditions. Glycerol allows
not only the easy separation of the products but also the recyclization of catalyst.

Díaz-Álvarez et al. [28] were successful in demonstrating that pharmaceutical and
technical-grade glycerol can act both as a solvent and a hydrogen source in the cata-
lytic reduction of allylic alcohols (73) in the presence of arene–ruthenium(II) com-
plexes (Figure 9.28). The tandem process involved initial redox isomerization of the
allylic alcohols, which on subsequent hydrogen transfer resulted in the formation of
the corresponding saturated alcohols (74). The use of glycerol as a solvent gave added
advantages on catalyst recycling and easy product separations. They declared that the
results reported by them illustrated new examples where glycerol was used as a sol-
vent for synthesis in organic chemistry and stated that it would be an emerging field

Figure 9.26: Glycerol-mediated cross-coupling reactions of diaryl diselenides with aryl boronic acids.

Figure 9.27: Glycerol-mediated hydrogenation–dehydrogenation reactions.
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of research where the main objectives were revalorization of the waste that was gen-
erated in numerous biodiesel industries.

Tavor et al. [29] published a protocol where NaOH promoted hydrogenation of
nitrobenzene (68) for the synthesis of substituted anilines (69), and this was carried
out using Raney nickel as a catalyst, and glycerol (67) was explored as a green solvent
and a source of hydrogen (Figure 9.29). The amount of the base and the reaction tem-
perature had a significant effect on the rate of the reaction. Just as in the case of other
reactions, glycerol helped in allowing easy separation of the product and catalyst re-
cycling. However, fresh NaOH additions were necessary during all the processes of
catalytic recyclization. During the reaction, glycerol itself was transferred to dihy-
droxyacetone by dehydrogenation, which is regarded as a valuable product and has a
huge utilization on sunless tanning product industries.

Azua et al. [30] explored iridium and ruthenium N-heterocyclic carbene (NHC)-based
catalysts for the reduction of numerous organic carbonyl compounds (70) into alcohols
(71) (Figure 9.30). During their synthetic procedure, they found that glycerol (67) served
as a green solvent and also helped in hydrogen donation. Due to the better solubility in
glycerol, Ir(III) complexes with the chelating bis-NHC ligand, and a sulfonate group
served as the most efficient catalyst for the reaction. Glycerol was reported to have
never been used before them for the chemoselective reduction of alkenic double bond
of α,β-unsaturated ketones and suggested that in the presence of appropriate catalyst,
glycerol can be utilized as a potent hydrogen source for the process of reduction of nu-
merous organic substrates.

Azua et al. [31] further used glycerol in the synthesis of novel iridium NHC-based
complexes which was then fully characterized (Figure 9.31). The synthesized com-
plexes were then used as a catalyst under ultrasound, microwave and oil bath condi-
tions and were compared with their previous work for the synthesis of alcohols (76)
from ketones (75). The same solvent glycerol (67) here also acted as a hydrogen donor.
In comparison, the ultrasound technique was found to gain a special position as a

Figure 9.28: Glycerol-assisted reduction of allylic alcohols.

Figure 9.29: Transfer hydrogenations of nitrobenzene in glycerol.
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capable heating procedure for the development of new catalytic system in glycerol.
Using ultrasound of microwave heating, the formation of spherical Ir(0)-containing
nanoparticles in glycerol was demonstrated during their work.

Carmona et al. [32] reported a combination of zinc(II) acetate and glycerol as an efficient
catalyst in the synthesis of 2-pyridyl-2-oxazolines (79) by the reaction of 2-cyanopyridines
(77) and 2-amino alcohols (78) under microwave conditions (Figure 9.32). As compared to
the conventional heating method, their procedure was said to furnish good-to-excellent
yields of the desired products in less reaction time. They were further able to isolate the
glycerol-zinc(II) acetate catalytic system and utilize them up to four times for the same
reaction without significant loss of the yield of the product. Further, glycerol provided a
medium where pure form of the product was obtained by simple filtration done with
short silica pad column.

Aziz et al. [33] successfully obtained 9H-fluoren-9-amine derivatives by using one-
pot combination of anilines and 2′-bromo-biarylhydrazones (80) in glycerol as a sol-
vent and copper as a catalyst (Figure 9.33). The reaction facilitated the formation of a
large number of 9H-fluoren-9-amine derivatives (81) containing various substitution
patterns in a very easy way resulting in a novel versatile synthetic procedure. Fur-
ther, unprecedented generation of C–N and C–C bonds resulting in the same carbonic

Figure 9.31: Glycerol-assisted transfer hydrogenation.

Figure 9.30: Glycerol-mediated transfer hydrogenation processes.

Figure 9.32: Glycerol-zinc(II) acetate-catalyzed synthesis of 2-pyridyl-2-oxazolines.
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center from 2′-bromo-biaryl-N-tosylhydrazones is the highlight of the procedure and
probably represents an example of the evolution of carbenoid moieties into complex
structures with the help of original transformation reactions.

Hamel et al. [34] utilized glycerol micellar conditions for the ring-closing metathe-
sis (RCM) reaction of diethyl diallylmalonate (82) for the synthesis of the cyclic prod-
uct (83) under microwave irradiation conditions (Figure 9.34). On their investigation
on micellization of various cationic surfactants in glycerol, they found out that the
results obtained showed superior micellar catalysis for the RCM reaction as compared
to only glycerol due to the limitation of by-product formations. As compared to the
conventional solution synthesis, the reported method allowed less hazardous chemi-
cal synthesis, safe reaction conditions and the utilization of renewable feedstock.

González-Liste et al. [35] published a protocol where commercially available bis
(allyl)-ruthenium(IV) dimer [{RuCl(μ-Cl)(η3:η3-C10H16)}2] was used as a catalyst for se-
lective rearrangement to obtain large number of primary amides (84) from respective
aldoximes (85) (Figure 9.35). In a mixture of water/glycerol (1:1), good yields of the
products were reported using either conventional heating process or microwave irra-
diation in the absence of assistance from any other cocatalyst. The use of microwave
irradiation was found to be more appropriate in the rearrangement of aliphatic, aro-
matic or heteroaromatic aldoximes while it was observed that thermal heating was
profitable for α,β-unsaturated aldoximes. They were also able to reutilize the catalyst
for up to six times without much reduction in its efficiency.

Figure 9.33: Glycerol-mediated copper-catalyzed synthesis of fluorene derivatives.

Figure 9.34: Glycerol-assisted ring-closing metathesis of diethyl diallylmalonate.
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9.4 Conclusions

In conclusion, glycerol has been widely explored as an eco-friendly recyclable medium in
the synthesis of various organic compounds. Either in the presence or in the absence of a
catalyst, glycerol has served as a promising medium furnishing good-to-excellent yields of
the desired products. Long liquid range, solubility of organic compounds, noninflamm-
ability, and recyclability are some of the features that give glycerol an extra edge when
compared to other solvents in various synthetic methodologies. Glycerol is, therefore, a
solvent showing promising properties for developing environmental-friendly procedures
and is likely to remain as a field of interest among chemists working in organic synthesis.
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