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Foreword

Rare earth metal salts are often found difficult to handle due to their strong oxophilicity,
which makes them hygroscopic and reactive toward oxygen. However, this problem can
be overcome by using specified lab equipments such as vacuum lines, glove boxes, etc.
The catalytic applications of rare earth metals and salts have been extensively studied in
C–H and C–F bond activation reactions, photocatalysis, lanthanide–halide exchange re-
actions, dinitrogen conversion, and most importantly for the synthesis of biologically
promising carbocyclic and heterocyclic scaffolds. Many new transformations have been
reported using rare earth metal salts as the catalyst. These applications have opened up
the way to several new transformations in organic synthesis using rare earth metals in
various oxidations states either in catalytic or in stoichiometric amounts.

Under this purview, I personally believe that this book entitled Rare Earth Ele-
ments: Occurrence, Catalytic Applications and Environmental Impact, edited by Prof.
Basudeb Basu and Dr. Bubun Banerjee, is going to be a valuable resource for the re-
searchers working in the fascinating fields of rare earth metals. The main aim of this
book is to showcase the versatile applications of rare earth metals in various organic
transformations. Moreover, bio-applicability, industrial applications, and environ-
mental impact of rare earth metal salts have also covered in this book.

The first chapter describes the occurrence, environmental impact, and catalytic
applications of various yttrium complexes for diverse organic transformations. Chap-
ter 2 deals with the uses of half-sandwich organo rare earth metal–alkyl complexes as
catalyst for the formation of various C–C bonds via C–H bond functionalization while
the Chapter 3 demonstrates various rare earth metal-catalyzed one-pot multicompo-
nent reactions. Chapter 4 focuses on the preparation and catalytic applications of
light-weight rare earth metals in combination with N-heterocyclic carbine complexes.
Chapter 5 summarizes the recent applications of lanthanum triflate as catalyst for var-
ious organic transformations. Catalytic role of various actinide complexes for useful
organic transformations is described in Chapter 6. Chapters 7 and 8 provide elabora-
tive literatures related to the catalytic applications of samarium and erbium-based
compounds, respectively, in organic transformations. Chapters 9 and 10 summarize
the catalytic applications of various rare earth metal trfilates, namely, gadolinium,
scandium, and lanthanum triflates. The cerium(IV) ammonium nitrate (CAN)-catalyzed
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synthesis of structurally diverse O and S-heterocycles is described in Chapter 11. Chap-
ter 12 specially deals with the uses of rare earth metal complexes as efficient photocata-
lysts in organic synthesis. Chapter 13 focuses on updates about the various innovative
as well as environmentally benign techniques utilized for bioremediation of rare earth
elements to protect our mother Nature. Chapter 14 provides an up-to-date literature re-
lated to the biomedical applications of various rare earth elements. The final chapter
shows the ways to the recovery of rare earth elements from electronic waste.

Prof. Asit K. Chakraborti, FRSC, LFICS, FASc, FNA
Raja Ramanna Fellow, School of Chemical Sciences,

Indian Association for the Cultivation of Science (IACS),
Kolkata, West Bengal, India
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His research interest in Organic Chemistry involved the development of new syn-
thetic methodologies (transition-metal-based catalysis and organo-catalysis, C–H acti-
vation, etc.) in compliance with the green chemistry principles and deriving novel
concepts (such as understanding the molecular-level role of acceleration of organic
reactions in water and fluorous alcohols, the origin of the organo-catalytic potential
of ionic liquids, etc.); development of green or sustainable chemistry for greener syn-
thetic routes to bioactive natural products, cardiovascular drugs, and other biologi-
cally active molecules; and development of methodologies for solid/solution phase
synthesis of small molecular libraries.

He is also a passionate medicinal chemist having focus on the target-based design
and synthesis of new chemical entities in various therapeutic areas of tropical com-
municable and neglected diseases like tuberculosis, leishmaniasis; non-communicable
diseases like inflammation, rheumatoid arthritis, asthma, and COPD; and diabetes.

Prof. Chakraborti has received several awards and recognition such as University
Gold Medal, Bardhaman Sammilani Gold Medal, ISMAS Eminent Mass-Spectroscopist
Award, Ranbaxy Research Award (Pharmaceutical Sciences), Chemical Research Society
of India Silver and Bronze Medals, Indian Chemical Society’s Professor P. K. Bose Memo-
rial Award 2019, and Dr. Nitya Anand Endowment Lecture 2021 of INSA. He also re-
ceived the Rajnibhai V. Patel PharmInnova Best Research Guide Awards for the most
“innovative Ph.D. thesis” during 2017–2018 and 2016–2017, and the most “innovative MS
thesis” during 2015–2016 and 2014–2015 in “pharmaceutical chemistry”; Certificate of
Appreciation for Ph.D. Thesis Advisor of Eli Lilly and Company Asia Outstanding Thesis
First Prize Awardee in 2013, 2012, and 2009 and Second Prize Award in 2009. He is Fel-
low of the Royal Society of Chemistry, has been elected Life Fellow of the Indian Chemi-
cal Society, Fellow of Indian Academy of Sciences, Bangalore, and Fellow of Indian
National Science Academy, New Delhi.
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Khushboo Sharma, Naveen Sharma and Harshita Sachdeva✶

1 Occurrence, catalytic applications,
and environmental impact of yttrium

1.1 Introduction

Rare earth elements (REEs) have a wide range of industrial applications, namely, in
the production of catalysts and strong permanent magnets, glass additives, petroleum
refining, wind turbines, renewable energy, fluorescent lights, fuel cells, laser technol-
ogy, medical X-rays, MRI scanning, and also have defense-related applications and
many more [1–4]. Fifteen lanthanide metallic elements including atomic numbers 57
to 71 and also scandium and yttrium comprise the Rare Earth Group. Yttrium and the
heavy REEs with atomic numbers 64 to 71 are found together in the nature due to
similar physical and chemical properties. The first rare earth element discovered was
yttrium (Y). It is one of the heavy REE of Group-3 of the periodic table. It is the second
most abundant REE on the Earth’s crust after cerium. The average concentration of
yttrium on the Earth’s crust is 33 ppm. Johan Gadolin discovered yttria, metallic
oxide, as a new earth and its story of discovery started in 1787 when coal like mineral
was found by Carl Arrhenius in a feldspar/quartz mine near Ytterby, Sweden [5]. Yt-
tria was suggested by Ekeberg for the name of this new earth metal. Yttrium metal
was first obtained as a gray powder in 1828 by Friedrich Wohler by heating yttrium
(III) chloride with potassium. Frank Spedding produced high pure metal in 1953 at
Ames laboratory, in Iowa, using ion-exchange techniques. Yttrium is lustrous silvery
soft and ductile metal which exists as trivalent ion and its compounds. The stability is
due to the presence of oxide film formed on its surface. Yttrium hydroxide and hydro-
gen gas are formed when yttrium reacts with water. It formed clear colorless glass on
treatment with borax. Yttrium causes dissolution of oxygen gas at relatively high con-
centrations. It is stable towards air but start to oxidize above 450 °C (840 °F), resulting
in the formation of Y2O3. It reacts with dilute acids except HF with which it will form
a protective layer YF3 which prevents further reaction.

✶Corresponding author: Harshita Sachdeva, Department of Chemistry, University of Rajasthan, Jaipur
302004, Rajasthan, India, e-mail: drhmsachdevaster@gmail.com
Khushboo Sharma, Naveen Sharma, Department of Chemistry, University of Rajasthan, Jaipur 302004,
Rajasthan, India
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1.2 Occurrence

Uranium ores contain yttrium and most of the “rare earth” minerals contain yttrium.
Yttrium is refined commercially from bastnasite and monazite sands containing 0.2%
and 3%, respectively. Commercial production is done by reduction of fluoride with
calcium metal. It has 25 isotopes with 79–103 mass numbers. Naturally occurring yt-
trium has one isotope, Yttrium 89, which is stable. It does not occur as a free element
in the earth’s crust which makes it 28th among most abundant elements. Yttria was
found to be a mixture of oxides from which nine elements, namely yttrium, scandium,
and Lanthanide elements from terbium to lutetium were separated. Heavy rare earth
ores, namely, Gadolinite, laterite clays, euxenite, xentine, contain yttrium. It is found
in a large amount in the igneous rocks of earth crust. The hydrogenetic marine ferro-
manganese (Fe–Mn) crusts are mineral resources which contain number of critical
elements like Ni, Co, Cu, Nb, V, Pt, Te, REEs, and yttrium. Fe–Mn crust deposit reserves
are found in the north-equatorial Pacific Ocean, Atlantic Ocean, Indian Ocean, and
Arctic Ocean [6]. Some Fe–Mn crust deposits were also found nearby Baltic Sea, conti-
nental margin, the South China Sea (SCS), and the California continental margin. The
Pacific and Indian Oceans contain deep-sea sediments which are rich sources of REY
(REY-rich mud). Mud layers which contain greater than 5000 ppm total concentrations
of total Rare Earth Yttrium with ~ 1000 ppm of heavy REEs exist within the exclusive
economic zone of Japan surrounding Marcus Island, northwestern Pacific Ocean [7].
In order to prevent REY resource depletion calamities, many nations, notably India
and the USA, are now paying attention to the rare metals found in coal and coal ash.
Additionally, coal seams typically have significant levels of REY. Eastern USA coal,
Southwestern Chinese coal, and Far Eastern Russian coal all contain significant
amounts of REY. Since 2014, there have been numerous publications in the literature
about the extraction of RRY from coal combustion byproducts [8]. From a geology
point of view, REEs chiefly originated from four sources, namely, carbonatites, clay
deposits, igneous systems, and monazite-xenotime placer. RE mineral xenotime, YPO4,
is the yttrium’s richest source [9]. China contains one-third of the world’s REE depos-
its, and the total REY concentration in the Xinhua phosphorite deposit, Guizhou Prov-
ince, China, is up to 45% than any other REE [10].

1.3 Catalytic applications of yttrium

1.3.1 Yttrium-based Lewis acids/bases as catalysts

Heterogeneous catalytic system based on yttrium halide surface complex have
been used as powerful, simple, efficient, and recyclable Lewis acid catalyst for
the cycloaddition of CO2 to epoxides under atmospheric pressure. The catalyst
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[(≡SiO–)YCl(–OCH(CH3)CH2Cl)] is prepared by applying SOMC (surface organome-
tallic chemistry) by grafting highly dehydroxylated silica on YCl3/TBAB. Additionally,
yttrium complexes have been used as versatile Lewis acid catalyst for reductive
etherification of 5-hydroxymethyl furfural [11]. Further, some mono- and bis-amides
of yttrium containing (N-isopropyl-2-(isopropylamino) troponiminato) group,
namely, [(iPr)2ATI]Y[N(SiMe3)2]2 and [(iPr)2ATI]2Y[N(SiMe3)2], are described as precata-
lysts for the aminoalkynes hydroamination/cyclization reactions [12]. Furthermore,
heterogeneous catalysts based on yttrium act as a Brønsted base and can be recycled
without loss of its catalytic activity and selectivity. These diverse layered yttrium hy-
droxides (Cn−1H2n−1COO−/Y-layered REH, n = 1–10) act as catalysts for the formation
of α,β-unsaturated nitriles in aqueous medium via Knoevenagel condensation of
different kinds of substrates [13]. In yet another investigation, hydroboration of
ketones and aldehydes is carried out by applying yttrium-based complex, namely
[LSi(BH3)(C5Me4)Y(CH2SiMe3)2]2, with L = PhC(NtBu)2 as the catalyst. Y-based catalyst is
found to be highly efficient and chemoselective, and it is prepared by the treatment of
tetramethylcyclopentadiene LSi(BH3)-(C5HMe4) with Y(CH2SiMe3)3(THF) [14].

1.3.2 Yttrium-based nanocomposites as catalysts

Y2O3 nanocomposites have been successfully utilized for their photocatalytic activity in
the degradation of synthetic dye, Rhodamine B. Yttrium nitrate is used as a precursor to
prepare catalyst by hydrothermal method utilizing NaOH as a reducing agent [15]. Yt-
trium-doped CeO2 exhibits high photocatalytic activity for degrading rhodamine B under
the illumination of visible light. Synthesis of the pure cerium dioxide and Y-doped cerium
dioxide nanopowders is carried out by the self-sustained reaction between nitrate and
fuel followed by calcination at 700 °C for 2 h [16]. Further, hybrid hetero-structured nano-
particles, namely, Y-doped ZrO2 functionalized with g-C3N4 (g-YZr), have been investigated
for excellent photocatalytic Cr(VI) reduction activity and also for electrochemical energy
storage applications. The photocatalytic activity may be attributed to their high surface
area [17]. There is a report in the literature regarding a Y-based nanocomposite, namely,
polypyrrole coupled with yttrium molybdate(YMoO4/PPy), which shows high photocata-
lytic activity under light-emitting diode (LED) irradiation for the removal of nitrofuran-
based antibiotic, nitrofurantoin (NFT) from water. YMoO4 was prepared by hydrothermal
method while template-driven growth of PPy nanorods was employed and finally prep-
aration of YMoO4/PPy composite was facilitated by ultrasonication [18]. Moreover, Eu,
Y, and Lu-doped CeO2 nanoparticle’s photocatalytic effect for the reduction of organic
pollutant, para-nitrophenol, under the irradiation of visible light has also been studied.
It is established that the addition of photocatalyst causes enhancement in the reduction
of p-nitrophenol to p-aminophenol. The synthesized nanomaterials have been utilized
successfully as photocatalyst for the photoreduction of p-nitrophenolin the presence of
reducing agent,NaBH4. Further, it is observed that the addition of the photocatalyst
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causes improvement in the reduction ability of NaBH4 and the catalytic activity of
Lu0.05CeO2 is found to be superior as compared to the other RE doped photocatalysts [19].

1.3.3 Yttrium-catalyzed enantioselective transformations

Pellissier [20] published a review article in 2016 citing enantioselective transforma-
tions catalyzed by chiral yttrium catalysts. These reactions include aldol reaction, Mi-
chael addition, epoxidation, Friedal-Crafts reaction, and ring-opening reactions. It is
further reported that yttrium–based benzyl compounds possessing chiral iminophos-
phonamide ligands work under mild reaction conditions and are found to be highly
reactive and selective for the catalytic asymmetric cross-dehydrogenative coupling of
amines with prochiral silanes. By using this catalyst, catalytic kinetic resolution of an
axially chiral silane and further in situ allylation can be achieved in good yields [21].

1.3.4 Yttrium-based MOFs as catalysts

A porous 3D MOF [Y5L6(OH)3(DMF)3] · 5H2O (1) (where L = 3-amino-4-hydroxybenzoate)
consisting of clusters formed by Y(III) and OH-ions joined by ligand is prepared by
solvothermal process. MOF possesses good catalytic activity and also recyclability to-
wards cyanosilylation of carbonyl compounds. Other advantages include solvent-free
conditions and lower catalyst loading as compared with other related reported MOFs
[22]. Furthermore, formation of a new Y-based metal-organic framework (MOF) GR-
MOF-6, namely, {[YL(DMF)2] ·(DMF)}n {H3L = 5-[(4-carboxyphenyl)ethynyl] isophthalic
acid; DMF =N,N-dimethylformamide}, is reported by a solvothermal route. This mate-
rial proves to be an effective catalyst in the cyanosilylation of carbonyl compounds. It
ranks second in the catalytic activity among the reported REM-based MOFs with the
requirement of lowest catalyst loading [23].

1.3.5 Yttrium-based bimetal catalysts

An efficient bimetallic catalytic system, namely, Co–Y for the hydrogenolysis of aryl
ethers originated from lignin-based biomass or aromatic plastics with ether bonds,
has been developed by Wang et al. [24] (Figure 1.1). The bimetallic catalytic system
was synthesized by co-precipitation method, and it shows good performance with a
Co/Y, 12/1 molar ratio under mild reaction conditions even without using any pro-
moter. It was further established that high activity results when Co interacts with Y
species.
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1.3.6 Yttrium-based salts as catalysts

Aliphatic polyesters exhibit important property of biodegradability and recyclability
and constitute significant group of plastics that can be easily synthesized from inex-
haustible sources. The ring-opening copolymerization (ROCOP) of cyclic anhydrides
and epoxides is a favorable route to sustainable polyesters with a broad variety of
physical properties. The catalyst/co-catalyst pair of YCl3THF3.5 and bis(triphenylphos-
phoranylidene)ammonium chloride ([PPN]Cl) is reported as highly active, efficient,
and controlled pair for the ROCOP of a variety of cyclic anhydrides and epoxides
(Figure 1.2). This catalyst/co-catalyst pair exhibits good turn-over frequencies as
compared to past literature reports [25].

It is well established that cobalt-yttrium binary oxide (CYBO) can be applied in con-
trolling organophosphorus pollution and reducing water eutrophication. CYBO pos-
sess a remarkable catalytic activity in activating peroxymonosulfate (PMS) and also
higher capacity of phosphate adsorption. It is demonstrated that phenylphosphonic
acid (PPOA) degraded completely within 30 min, further removing phosphate product
within 60 min. In addition, CYBO possessed outstanding reusability and stability.
Moreover, it does not cause decline in the degradation of PPOA and removal of phos-
phate occurred in five cycles at initial pH 7 [26].

Figure 1.1: Co–Y catalytic system for the hydrogenolysis of aryl ethers.

Figure 1.2: ROCOP of epoxides and cyclic anhydrides.
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1.3.7 Yttrium-based complexes as catalysts

The synthesis of well-defined, highly stable, and tunable phosphate ligated dialkyl yt-
trium complexes (PYR2) is reported which on treatment with the borate reagent exhibit
high selectivity and activity in the cis-1,4-polymerization of isoprene. Moreover, by
using additive AlMe3, switch in the stereoselectivity from cis-1,4-polymerization to trans-
1,4-polymerization is observed [27]. Yttrium-based complexes, namely, amino-alkoxy-bis
(phenolate) yttrium, complexes act as highly active and stereoselective catalyst for the
polymerization of rac-lactide and rac-β-butyrolactone. A very small amount of catalyst
is required for the manufacture of enormous amounts of polymer, and it also leads to
the formation of polymer with functional end groups, which find applications in macro-
molecular engineering [28]. Amido-imino complexes of yttrium act as catalysts for hy-
droamination or cyclization of 2,2-dimethyl-4-pentenylamineintramolecularlyat room
temperature [29]. There is a report in the literature regarding the synthesis of cyclo-
hexyl-bridged complexes, namely, [{(R,R)-Cy(BDIMes)2}YN(SiMe3)2] ((R,R)-3), [{(R,R)-Cy-
(BDIMes)2}LaN(SiMe3)2] ((R,R)-4), and [{(R,R)-Cy(BDIDIPP)2}LaN(SiMe3)2] ((R,R)-5) of yttrium
and lanthanum. The complexes are obtained in enantiomerically pure form and show
good catalytic activity in the asymmetric hydroamination or cyclization of aminoalkenes.
It is observed that the bulkiness of the aryl substituents and ionic radius of the metal
highly influenced the catalytic activity of the complexes. The smaller yttrium metal center
in complex (R,R)-3 led to reduced activity as well as a reversal in enantio-selectivity [30].
In yet another investigation, it is observed that yttrium (amidate) complexes are used as
highly active precatalysts for the mild amidation of aldehydes with amines. Reactions
occur rapidly at room temperature within 5 min resulting up to 98% yield of the product.
Further, reaction takes place without using any additional base, heat, light, or oxidant.
Functionalized amines and/or aldehydes undergo this reaction [31].

1.4 Environmental impact of yttrium

The demand for REE is growing worldwide due to their range of applications from
agriculture to medicine and petroleum industry. Hence, water systems are contami-
nated at a faster rate due to disposal of these elements into water bodies. Their extrac-
tion and use is growing rapidly resulting in REY complexes being released into the
atmosphere including aquatic systems which is a matter of great concern about their
probable effects on aquatic plants and animals.
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1.4.1 Role of yttrium on the tolerance of Potamogeton crispus
to acute nickel toxicity

Nickel is a toxic pollutant which acutely affects the aquatic species of plants and ani-
mals. Aquatic plants are recommended as phyto-remediating agents which remove
heavy metals from water. Though nickel is known for its toxicity on aquatic plants,
the further investigations on increasing nickel tolerance is still required. REEs’ role in
resisting heavy-metal pollution in plants is receiving great interest recently. There is a
report in the literature which indicates that Y in low doses cause positive regulation
of polyamine transformation, inhibition of oxidative stress, stimulation of photosyn-
thesis, and finally cause promotion of the resist ability of curly-leaf pondweed (Pota-
mogeton crispus) to nickel stress. Thus, REEs have application in the regulation of
submerged plant tolerance to aquatic heavy-metal pollution [32].

1.4.2 Effect of yttrium on photosynthetic responses
of young maize plants

In one more study, examination of the effects of diverse concentrations of yttrium on
its distribution and accumulation, response to photosynthesis, concentration of free-
proline and growth of young maize (Zea mays L., hybrid NS-640) plants is described. It
is observed that yttrium (Y) reduced the growth of maize plant and also photosyn-
thetic performance when present in higher concentrations. Further, there is decrease
in the dimensions of stomata while significant increase in the density on abaxial and
adaxial epidermis is observed. Further, reduction is caused in the root length, plant
height, and dry mass and total leaf area. There is decrease in the concentration of
chlorophyll a, chlorophyll b, free-proline, and carotenoids. Moreover, intensities of
photosynthesis and transpiration were also reduced in the presence of yttrium. It is
further observed that yttrium reduces conductance of water vapor to stomata, photo-
synthetic water use efficiency (WUE) and water content. Experimental results indi-
cated that yttrium produced unfavorable effects on the physiological processes and
hence plant growth in higher concentrations [33].

1.4.3 Effects of yttrium on the toxicity of Nymphoides peltata

There is a report regarding the evaluation of effects of yttrium on the subcellular dis-
tribution, bioaccumulation, and its acute toxicity on Nymphoides peltata. The effects
of 1–5 mg/L of yttrium concentrations were evaluated by measuring changes in nutri-
ent contents, photosynthetic pigments, ultrastructure, and non-enzymatic and enzy-
matic antioxidants. It is observed that there is decrease in the accumulation of
yttrium in subcellular fractions in the order of cell wall > organelle > soluble fraction.
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Yttrium is present in higher concentrations in cellulose and pectin as compared to
other biomacromolecules. The content of P and K reduced while increase in the con-
tents of Mg, Ca, Fe, Mn, and Mo is observed. Additionally, it was noticed that for all
concentrations of yttrium in N. peltata, ascorbate and catalase activity reduced con-
siderably. Furthermore, chlorosis and injury to chloroplasts and mitochondria are ob-
served even at the lowest concentration of yttrium. Content of pigment further
decreased with increase in the yttrium concentration. The results showed that exoge-
nous yttrium was present in extremely high concentration in water bodies that might
produce injurious effects on aquatic organisms. N. peltata is proposed as a biomonitor
for the assessment of metal pollution in aquatic ecosystems [34].

1.4.4 Effects of yttrium on bioaccumulation in coastal
species from Maluan Bay, China

There are large numbers of reports on the impact of REEs as environmental pollutant
while there are little reports on their distribution and accumulation in coastal species.
There is a recent report indicating the effect of concentrations of 15 naturally occur-
ring RREs, including yttriumon bioaccumulation patterns of species. It was observed
that bioaccumulation patterns seemed to be element- and species-dependent even in
the same taxa or phylum, while limited possibility is observed for bio-magnification.
Furthermore, there is notably higher concentration of REEs in molluscs as compared
to other species [35].

1.4.5 Bioaccumulation of yttria NPs in Brassicaceae,
Brassica oleracea

Nowadays, there is increasing interest in the use of engineered nanoparticles (ENPs)
due to their wide range of applications. It is a matter of great concern that their expo-
sure to environment may lead to their probable entry into food chains and hence
may cause deleterious health effects. In this context, plants play a major role in the
uptake and transport of these nanoparticles in the food chain. A report on yttria NP
absorption, translocation, and bioaccumulation in edible cabbage (Brassicaceae, Bras-
sica oleracea) can be found in the literature [36]. The yttria ENPs were said to be
taken up by the root but not by the cabbage shoot. On the other hand, both the cab-
bage root and the shoot contained various non-yttria minerals. The buildup of yttria
NPs at primary-lateral-root junctions was discovered to be the principal cause of their
obstruction.
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1.5 Conclusions

Yttrium-based nanocomposites, halide complexes, metal organic frameworks, bimet-
als, and yttrium-based salts/complexes can be used as efficient catalysts for chemical
transformations. Yttrium in low concentrations improves photosynthesis, reduces oxi-
dative stress, and favorably controls polyamine transformation. They also assist Pota-
mogeton crispus, a kind of curly-leaf pondweed, in surviving nickel stress. In the
subcellular fractions of Nymphoides peltata, accumulation of yttrium is seen to de-
crease in the following order: cell wall > organelle > soluble fraction. Yttrium is pres-
ent in higher concentrations in cellulose and pectin in N. peltata as compared to other
biomacromolecules. A decrease in the P and K content and a rise in the Mg, Ca, Fe,
Mn, and Mo content are both seen. For all yttrium concentrations in N. peltata, ascor-
bate and catalase activity also experienced considerable declines. Even at the lowest
yttrium concentrations, N. peltata exhibits morphological signs of senescence, includ-
ing chlorosis and damage to the chloroplasts and mitochondria.
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2 Half-sandwich organo-group-3
metal-catalyzed C–C bond formation
via sp2 C–H bond functionalization

2.1 Introduction

The C–H bonds are ubiquitously present in various organic molecules as well as natu-
ral resources [1]. They have emerged as an increasingly powerful component of C–H
bond activation/functionalization strategy. The strategic evolution of C–H bond activa-
tion has set the stage for step-, atom- and cost-effective pathways for sustainable
growth [2] synchronizing “green” chemistry aspects [3]. Contrary to traditional cross-
coupling reactions, the C–H bond activations do not require pre-functionalization of
both starting materials. Thus, following C–H bond activation/functionalization, the
lengthy synthetic procedures, and additional unwanted by-products, which are typi-
cally associated with classical cross-coupling reactions, can be avoided. In the last few
decades, this transformative tool has offered easy access to fine chemicals and other
common/complex molecular scaffolds relevant to medicinal chemistry, agrochemicals,
materials science, and late-stage derivatization of bioactive entities and natural prod-
ucts [4–8].

The C–H bonds possess low reactivity and high bond dissociation energy and
lack polarity. These attributes make the C–H bonds chemically inert and thermody-
namically stable [9] and render the bond breaking and making process during C–H
bond activation a challenging subject with high activation energy demand (ΔG≠)
[10]. Selective breakage of a particular C–H bond needs to overcome the kinetic en-
ergy demand of the bond [11] and productively takes place by means of internal and
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external factors [12, 13], which involve reframing critical reaction components and
parameters [14–17].

The almost indistinguishable difference in reactivity among analogous multiple
C–H bonds of a substrate results in a mixture of regioisomeric products [18]. Thus,
introducing desired functional groups in a highly siteselective and chemoselective
manner is one of the challenging features of C–H bond activation/functionalization
[19]. To solve this problem, the Lewis basic heteroatom(s) or functional group(s) that
act(s) as directing group(s) (DGs) has/have been explored successfully to determine
the reaction trajectory [20–26]. The control of all aspects of siteselectivity involves the
coordination of DGs to corresponding Lewis acidic metal center paving the metal cen-
ter to the vicinity of the selected C–H bond. This enforces intramolecular C–H bond
activation via cyclometallation leading to carbometalated species [27–29] and the net
result is preferential siteselectivity [30, 31].

In the past couple of years, transition metal-catalyzed reactions have contributed
appreciably to the field of C–H bond functionalization extending from valuable noble
metals to cheap abundant non-noble-type metals [32, 33]. The catalytic transition
metal center governs facile selective breakage of a C–H bond either by donation of
electron (nucleophilic activation) or through removing an electron from concerned
C–H bond (electrophilic activation) via highly ordered transition state (TS) and de-
pending on the substrate structure and type of reaction environment [34]. In princi-
ple, a transition metal is inserted into a less polar C–H bond, resulting in a highly
polarized organometallic M–C σ-bond with an enhanced reactivity [29, 35], and fulfils
the kinetic energy barrier of concerned C–H bond activation. The overall result indi-
cates selective cleavage of the concerned C–H bond.

Since the metal center is directly engaged in the intermediate M–C σ-bond forma-
tion, the character, valence electron types, and oxidation number of concerned metal
atom primarily guide the chosen C–H bond functionalization mode under a particular
reaction condition [36, 37]. In general, the f-block elements exhibit the following charac-
teristics, (i) lack valence electrons in dn-shell, and allow one electron oxidation process
with fn-configuration [38], (ii) restricted oxidation states [39], (iii) f-orbitals exhibit poor
shielding on peripheral electrons from effective nuclear charge [40] which may make
donation of valence electrons relatively difficult. These features of f-block elements dis-
criminate them from the late transition metals in a mode of mechanism of C–H bond
activation. The late transition metals prefer C–H bond activation via oxidative addition
displaying two-electron redox chemistry possessing varied oxidation states [36, 37].
Typically, high electropositive nature of f-block elements induces a high degree of
polarization to M–X bond (X = C, N) along with p-block elements. Thus, the M–X bond
stays in polarized form (δ+M − Xδ–) and follows a σ-bond metathesis route (2σ–2σ process)
[41–43] for selective cleavage of the less polar C–H bond. The σ-bond metathesis pathway
could be lower energy demanding process even if oxidative addition is feasible [44].
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In general, auxiliary ligands hold a remarkable place in promoting homogenous
transition metal-catalyzed C–H bond functionalization chemistry through modulation
of the activation energy demand of underlying mechanistic steps of the process. The
change in structural and reactivity patterns of the respective metal center in a catalytic
cycle is attributed to the σ-donor and π-acceptor type coordination ability of the associ-
ated ligands [45]. These changes in transition metal center are defined with respect to
kinetic reactivity and, thereby, extend the possibility of substrate scope exploration of
the reaction. In contrast to d-block metal chemistry, the f-block metal complexes dem-
onstrate unique reactivity profiles by virtue of their different electronic, structural, and
energetic properties. The high electropositive character and commonly observed + 3 ox-
idation state of rare-earth metal centers make their chemistry considerably ionic, in-
ducing specific reactivity [46, 47]. Here, the electrostatic interaction is balanced by a
stable anionic strong σ-donor and weak π-acceptor ligand, e.g., N- or C-based donor
group, and thereby stabilizes the metal center. For example, anionic aliphatic carbon
and di-alkyl-substituted nitrogen-based ligands (–CH2Ph-ortho-NMe2) have mostly been
used with lanthanide metal complexes. The rare-earth metal centers typically require
sterically bulky ligands to satisfy high coordination numbers (12–26) around large ions
to stabilize the coordination status of the metal center obviating thermal decomposition.
Meanwhile, the absence of β-hydrogen atom in anionic ligand prevents the decomposi-
tion of Ln–alkyl complex by β-hydrogen elimination route. In addition, the cyclopenta-
dienyl monoanions and cyclooctatetraenyl dianions are commonly participated ligands
to stabilize the coordination environment of lanthanide complexes through electrostatic
and steric adjustment [46–49]. Simultaneously, in lanthanide chemistry, steric crowding
may play a critical role in ligand-directed cyclometalative C–H bond activation step
guided by favorable entropy parameter (ΔS) and change in Gibbs free energy (ΔG) at
high temperature [50, 51]. Among carbocylic ligands, such as η5-C5H5 (Cp), and η5-C5Me5
(Cp✶), Cp✶ is widely accepted for its potential to stabilize the coordination sphere of
large rare-earth metal center on account of its bigger size as well as improved solubility
[52]. In a constrained geometrical environment, the bulky ligands display specific reac-
tivity patterns with a rare-earth metal center in a predictable and reliable fashion by
giving access to metal center through a highly ordered channel [53]. In addition to the
profound impact of ligand structure and electronics on stereo-, regio-, and chemoselec-
tive outcomes, other notable accomplishments of ligands include enhanced solubility in
organic solvents, prevention of degradation of the concerned metal complex and exten-
sion of catalyst life span [35]. Thus, the performance of a metal catalyst concerning reac-
tivity, such as turnover number/frequency, substrate capacity, selectivity, and other
reaction parameters (e.g., temperature, pressure, time, and sensitivity to oxygen/mois-
ture), is unambiguously repurposed by the electronic as well as steric properties of the
associated ligands. Therefore, the design and development of an appropriate ligand is
the prima facie objective in performing known metal-catalyzed chemistry to achieve im-
proved catalytic performance and application of new reactions [54, 55].
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The C–H bond activation catalyzed by rare-earth metals has garnered paramount
attention for more than four decades. A pioneering report on rare-earth metal-
catalyzed C–H bond functionalization by Dr. Patricia Watson could be found dated
back to 1980s, which involves sp2 C–H bond activation of benzene and pyridine medi-
ated by Lu–alkyl and Lu–H complexes in intramolecular and intermolecular reac-
tions, and sp3 C–H bond activation of methyl group of SiMe4 functionality [56]. The
end products were organolutetium complexes characterized by new Lu–C bonds as
distinct stoichiometric 1:1 metal-ligand complex. Since the foremost example of C–H
bond activation catalyzed by rare-earth metal, which was reported from Prof. Watson,
the scope of this strategy has been dramatically expanded. In fact, the development of
elegant C–H activation techniques by Prof. William J. Evans, Prof. Peter Junk, Prof.
Alexander Trifonov, Prof. Reiner Anwander, to name a few, shed light on the potential
of f-element-catalyzed C–H bond functionalization strategies [57–63].

In the past few years, detailed investigations have been done on the relatively
underexplored area of f-element-catalyzed construction of C–C bonds via C–H bond ac-
tivation/functionalization approach. The developments and contributions in this field
have been summarized in the forms of reviews, accounts, and perspective [64–68]. In
this chapter, we have briefly outlined the state of art in the arena of half-sandwich or-
gano-group-3 metal-catalyzed sp2 C–H bond activation/functionalization furnishing C–C
bonds. In particular, attention has been paid on functionalization of sp2 C–H bonds of
small molecule scaffolds for their derivatization through C–C bond formation.

2.2 Group-3 metal-catalyzed sp2 C–H bond
functionalization

2.2.1 C–H bond addition to alkenes for alkylation

The conventional Friedel–Crafts (FC) alkylation reaction of electron rich aromatic
compounds, namely anisole, under Lewis acid catalysis provides a route to derivatize
the aromatics with new C–C bonds. However, electronic as well as steric control of
aromatic rings dominate the ratio of regioisomeric products, and in general, the reac-
tions typically suffer from limitations of a mixture of ortho and para regioisomeric
products [69]. The use of late transition metals as Lewis acidic centers [37] controlling
regioselectivity at ortho-position by activating the alkylation agents could not serve
the purpose owing to poor coordination ability of the metals with weak coordinating
[70, 71] ether functionality. In addition, oxygen center is weak σ-donating atom and
fails to target correct ortho C–H bond, which results in the formation of highly
strained four-membered cyclometalated species. In addition to the type of transition
metal, reaction environments, and nature of reactions largely dictate the coordination
capability of DGs [72]. On the contrary, a high degree of para-selectivity has been
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observed during FC acylation reaction of electronically populated aromatics with
Ac2O catalyzed by rare-earth complex, Yb(OTf)3 [73]. In this report, high regioselectiv-
ity has been achieved with Yb3+ center and further enabled excellent recyclability of
the catalyst system, as Yb(OTf)3 is highly stable in water.

Typically, the f-block metal centers possess high oxophilicity [74–76] and high
π-electron affinity for unsaturated C–C bonds [39, 77], encompassing challenging reac-
tion partners, e.g., unactivated olefins [78–80]. Envisioning these understandings, Hou
et al. described ortho-selective C–H bond alkylation of anisole analogues (1) with varied
range of unsaturated unactivated olefins (2), such as aliphatic alkenes and biased ole-
fins, such as styrene analogues (3) (Figure 2.1-i) [81]. The half-sandwich Sc–dialkyl com-
plex Sc-1 plus an equivalent molar quantity of co-catalyst [Ph3C][B(C6F5)4] were used as
catalytic condition and afforded 1:1 addition product 4a (R = H, Ar = Ph) plus minor 1:2
product 5a (R = H, Ar = Ph). Studies with yttrium (Y-1) or gadolinium (Gd-1) derivative of
the dialkyl complex were also compatible producing almost quantitative yields of 4a,
which could be accounted to lower efficacy of Y-1 and Gd-1 toward polymerization or
constant insertion of styrene (3a) [82, 83]. Investigation into the scope of olefins re-
vealed 2 to produce branched alkylation, whereas biased 3 delivered linear derivatives.
High chemoselectivity was observed for C–H bond with Y-1 over sensitive C–halogen
bonds on aromatic system. In case of 2-methoxynaphthalene, C3–H bond rendered
higher reactivity than C1–H site, perhaps due to steric impact of peri-H at C8-position.
Moreover, the steric control allowed C–C bond construction at more accessible ortho-
C–H position of meta-methylanisole. The steric demand generally induces a sluggish
rate of reaction on internal alkenes in carbometallation step relative to terminal al-
kenes [84–93]. Satisfyingly, productive yields were obtained for ortho sp2 C–H bond al-
kylation of nonflexible 2,3-dihydrobenzofuran and anisole with norbornene (2a) as
bulky coupling partner catalyzed by Y-1 and Sc-1. The easiness of σ-bond metathesis
step on relatively acidic sp2 C–H bond [41–43] ensured unique selectivity at sp2 C–H
position over sp3 C–H or benzylic site of 2,3-dihydrobenzofuran. In the case of para-
allyl-4-methoxyanisole, the ortho C–H alkylation has been observed over olefin poly-
merization with Y-1 catalytic system and allyl-/vinyl-trimethylsilane as alkylating
agent retained the -SiMe3 group on final alkylation products during Sc-1 catalysis.
These results highlight the robustness of Sc-1 and Y-1 catalytic systems. The plausible
mechanistic pathway (Figure 2.1-ii) of the transformation involves in situ formation
of a species I (cationic) from neutral precursor M-1 with activator [Ph3C][B(C6F5)4],
followed by coordination of vacant location on I to anisole oxygen center and concur-
rent, ortho-selective sp2 C–H bond activation by σ-bond metathesis operation forming
a four-membered species III. The large size rare-earth metal center, along with the
strong Lewis acidic character or oxophilicity of the rare-earth metal element [74–76]
stabilizing III. Subsequently, steric hindrance at C1-center of aliphatic alkenes leads to
the insertion of other part through 2,1-manner on M–C(aryl) σ-bond generating species
IIIa. However, the insertion of C1-site of styrenes to M–C(aryl) σ-bond through 1,2-
manner is directed by benzallylic coordination and stabilization to generate species
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IIIb. Thus, the different modes of addition of aliphatic alkenes and styrenes account for
branched and linear alkylation products, respectively.

Figure 2.1: (i) A few selected examples of ortho-selective C–H bond alkylation of anisole analogues
catalyzed by half-sandwich Sc-1/Y-1 complex, and (ii) proposed mechanism.
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Emboldened by the efficiency of Y–alkyl complex in catalytic cycle to endorse arene
ortho-sp2 C–H bond activation [81], Hou and Lou described Y-2-catalyzed ortho-sp2 C–H
bond alkylation of N,N-dimethylanilines (6) along 2 (Figure 2.2-i) [94]. An enumerated
study of the substrate scope of both 6 and 2 revealed a high degree of regioselectivity at
ortho-site delivering respective branched mono-alkylation products (7) in synthetically
useful yields. Moreover, no ortho-di-alkylated product was formed, which could be due
to huge steric congestion in TS, composed of mono-alkylated derivative and cationic
Y–alkyl complex. Further extension of substrate scope studies to meta-substituted 6
leads to alkylation at ortho C–H site with less steric hindrance. The quantitative yield
was obtained upon incorporation of bulky 2a at ortho C–H bond of 6, whereas 1,1-
disubstituted alkenes, namely, 2-methylstyrene and internal acyclic olefins, like 2-
octene were incompetent on account of steric bias of olefin moieties. The steric control
on aryl ring also played a vital role in the reactivity. The reaction proceeded well with
N-ethyl-N-methyl aniline, whereas sterically inevitable N,N-dimethyl-ortho-toluidine,
N,N-diethyl aniline, and N-phenylpiperidine remained futile in the standard reaction
environment. However, biased styrene system or conjugated cyclic diene, for example,
1,3-cyclohexadiene furnished oligomer products, can be ascribed to the increased reac-
tivity of Y-2 for polymerization [82, 83]. Highly activated olefin analogues having enone
motifs failed to afford the desired products and led to the prediction of a mechanisti-
cally different pathway rather than conventional FC reactions. The density functional
theory (DFT) computation reflected σ-bond metathesis mechanism (Figure 2.2-ii). The
catalytic process begins through the coordination of nitrogen atom of 6a to Y+ center
[76, 95] of cationic IV, generated in situ from equimolar neutral precursor Y-2 and acti-
vator [Ph3C][B(C6F5)4]. Subsequently, C–H activation by σ-bond metathesis afforded
cyclometalated VII via TS VI. Finally, the addition of less congested β-site of olefin on
VII furnished branched alkylation products, whereby the steric repulsion between
C5Me4SiMe3 ligand and α-substituent could be avoided in TS-VIII.

In search of better, cheap, and ample source of alkyl group for C–H alkylation cata-
lyzed by rare-earth element, the ethylene motif could be an interesting substitute. How-
ever, the unactivated ethylene unit prefers oligomerization to C–H bond alkylation,
particularly with electron-demanding pyridine moiety. The previous literature report on
ortho-selective C–H bond alkylation of pyridine along ethylene moiety catalyzed by neu-
tral Y–metallocene complex raised concerns, such as high temperature (100 °C), pressure
of ethylene (40 bar), and a narrow substrate space (applicable to ethylene only) [96].
Apart from these, incorporating higher olefins remained futile to provide the desired
products with a slow reaction rate and catalytically unachievable. Later Hou and co-
workers seeded the concept of ortho-selective C–H bond addition of pyridine ana-
logues (8) with ethylene (2b) utilizing cationic Sc–alkyl/Y–alkyl complex (Figure 2.3-i)
[97]. The strong coordinating ability of pyridyl nitrogen center to a di-cationic Y-atom
plus the efficacy of Y-atom toward selective activation of the targeted C–H bond [98]
and better activation of olefinic unit by a cationic Sc–alkyl/Y–alkyl complex through
high π-electron affinity [39, 77] have been the driving force. The reaction held ample
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Figure 2.2: (i) A few selected examples of ortho-selective C–H bond alkylation of N,N-dimethyl anilines
catalyzed by half-sandwich Y-2 complex, and (ii) proposed mechanism.
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substrate scope in the presence of Sc-1 plus equimolar activator B(C6F5)3 as catalytic
system and used a variety of pyridine scaffolds and olefins, such as α-alkenes, steri-
cally congested alkenes, styrenes, and conjugated dienes. The reaction was also appli-
cable to bulky 2-tert-butyl pyridine derivative affording ortho-C–H alkylation aided by
catalytic Y-1 and remained totally ineffective with Sc-1 catalyst. Perhaps, the strong co-
ordinating ability of larger Y ion to pyridyl N-atom as well as ease of ortho-C–H depro-
tonation in a subsequent step leading to efficient C–H metalation are responsible
factors. The catalyst Sc-1 favored olefin polymerization as Sc ion is small in size and
was unreachable to ortho-C–H bond of bulky 2-tert-Bu group delaying C–H metalation.
This approach has opened a new avenue to incorporate alkyl group selectively at the tar-
geted pyridyl ortho-C–H bond in case of 2-phenylpyridine moiety, rather than at ortho-
C–H bond of pendant phenyl unit, observed under pyridine directed C–H bond func-
tionalization catalyzed by transition metal [20–26]. This result indicated favorable σ-
bond metathesis by a f-element with a highly reactive acidic ortho-C–H bond in pyri-
dine core [41–43]. The unbiased/unactivated aliphatic α-alkenes, namely, 1-hexene
and 1-octene had a propensity to generate branched alkylated products solely with 2-
ethylpyridine motif, which followed easy insertion of M–C(aryl) σ-bond through
2,1-manner in order to reduce steric hindrance between ligand Cp✶ and substitu-
ents on C1-site of olefins in the corresponding TSs (similar to IIIa/VIII). Further-
more, biased 3 underwent C–H bond alkylation with 2-ethylpyridines only in the
presence of a larger ion Y-1 catalyst to give exclusive linear products, whereas the
same reaction failed with Sc-1 catalyst. This anomalous behavior of 3 suggested an
increased rate of styrene polymerization under Sc-catalyst over Y-catalyst [82, 83].
Linear alkylation products were obtained through M–C(aryl) σ-bond addition to 3
following 1,2-manner manifested by the stabilization via benzallylic mode of Y+

center in the respective TS (resemble to IIIb). Regarding the scope of transformation,
the alkylation of pyridine with 3 and 2 generated branched and linear isomeric prod-
ucts, respectively, employing a Ni-based catalyst system [99]. The sharp contradiction
with respect to regioselectivity highlights that character, population of valence electron,
oxidation status, and ancillary ligands attached to metal ion exhibit a profound effect
on the electronic as well as steric features of a typical organometallic M–C σ-bond and
introduce a well-defined reactivity pattern [36, 37]. The high kinetic isotopic effect (KIE)
value (kH/kD = 4.9) obtained from intermolecular competition between pyridine (8a) and
8a-d5 with 2a has proved C–H bond activation as rate-limiting step (Figure 2.3-ii). Plausi-
ble mechanistic steps comprise in situ generation of species IX through pyridyl nitrogen
atom chelation to Sc+-/Y+-ion [98].

Transition metal-catalyzed asymmetric induction at a prochiral center following a
C–H bond activation/functionalization route with the assistance of chiral auxiliary/
components has attracted much attention in the synthetic organic chemistry commu-
nity [100]. This inspired Hou and co-workers to disclose chiral Sc–alkyl complex, (Sc-2)
catalyzed ortho-C–H bond addition of 8 along 2 through an enantioselective manner
(Figure 2.4) [101]. The chirality was induced by a sterically heavy chiral binaphthyl
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group-attached cyclopentadiene ligand associated with the Sc-2 catalyst, and the
N-chelation of pyridine ring to cationic Sc center guided the desired ortho-C–H
bond activation. The pyridine derivatives gave respective alkylated compounds in
good to excellent yields and high enantioselectivity. In addition, sterically encum-
bered 2-tert-butyl pyridine scaffolds were precisely functionalized at ortho-C–H
bond with a smaller Sc ion (Sc-2), contrary to the previous approach, which de-
manded a larger Y ion [97]. However, this ambiguous behavior remains unclear.
Noticeably, the reaction condition failed to incorporate unsubstituted pyridine or

Figure 2.3: (i) A few selected examples ortho-selective C–H bond alkylation of pyridines catalyzed
by Sc-1/Y-1 complex, and (ii) related study of kinetic isotope effect.
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quinoline moiety, where unproductive strong coordination of pyridyl nitrogen to Sc
atom may be the reason in absence of steric influence at ortho-site. Consequently, it
deactivates the metal center and inhibits easy access to olefin unit. The high degree of
enantioselectivity was primarily determined by factors such as steric crowding of Cp
unit, α-substituent on olefin and ortho-substituent on pyridine ring. All these combining
factors favored TS-XI over TS-X furnishing (R)-isomer as a major product. Perhaps, this
finding represents the foremost report of asymmetric C–H bond activation strategy cata-
lyzed by chiral Sc–alkyl complex.

Over the past decade, great effort has been devoted to the generation of all-carbon qua-
ternary stereocenters in bioactive scaffolds because of the possibility of structural rigidifi-
cation enforcing remarkable biological properties [102–105]. In an attempt, Hou achieved
C–H cycloaddition of C2-center of imidazole (11) to N1-corded-1,1-disubstituted olefins cat-
alyzed by Sc-1 furnishing β-all-carbon quaternary stereocenters in an exo-selective fash-
ion (Figure 2.5-i) [106]. Excellent yields were obtained upon exo-selective Markovnikov-
type addition of a wide range of 11 and 2/3 to deliver fused 5-/6-membered bicyclic imid-
azole ring system (12). This result is diametrically opposed to transition metal-catalyzed
endo-selective cyclization avoiding the generation of a quaternary stereocenter [107].

Figure 2.4: A few selected enantioselective ortho-C–H bond alkylation of pyridine analogues catalyzed by
chiral Sc-2 complex.
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Notably, the chiral Sc-3 catalyst afforded chiral fused 5-/6-membered bicyclic 4,5-diaryl-
substituted-imidazole derivatives (12′) having β-all-carbon quaternary stereocenters in
excellent yields and high enantioselectivity (Figure 2.5-ii). Presumably, bulky arene rings
at C4- and C5-positions on imidazole unit endow steric congestion in the TS, leading to
high degree of enantioselectivity. Excellent enantioselectivity was achieved in the pres-
ence of O-/S-atom in the side chain. The coordinating ability of O-/S-atom did not hamper
enantioselectivity, thereby endorsing better coordination ability between basic nitrogen
atoms of imidazole unit with Sc+ ion [74–76].

The plausible mechanistic cycle (Figure 2.5-iii) starts with the in situ formation of
cationic Sc-complex I and coordination of Sc+ ion to N3-center of 11a (R = H, R1 = nBu,
n = 1), followed by activation of either imidazole C2–H bond or C4–H bond. However,
the species XII is generated over XIIa, which accounts for favored σ-bond metathesis
operation at reactive C2–H bond of imidazole unit which is highly acidic [41–43]. In-
tramolecular addition of a tethered olefinic unit on XII to Sc–C bond under steric and
electronic influence delivers species XIV via XIII. The hydrogen abstraction from 11a
by XIV furnishes 12a with subsequent regeneration of XII to complete the catalytic
cycle. The higher reactivity of imidazole C2–H of 11′ toward σ-bond metathesis is the
prime cause for its selective deprotonative metalation than that at ortho-C–H site of
pendant aryl unit at C4 position.

The regio-/site-selective C–H bond functionalization has brought in new opportunities
to access regiodivergent products by repurposing proper combination of metal/ligand,
steric as well as electronic properties of catalyst, ligands, reagents, and ring strain related
to intermediates [108–115]. The growing interest in this area has led to the development
of C–H bond alkylation of 2-phenylquinolines (13) along 2 and 3 either at C(C8)–H or
ortho-C–H site of 2-phenyl ring under the catalytic influence of Sc–alkyl and Y–alkyl com-
plex following delicate adjustment of metal center and associated ligand steric demand
(Figure 2.6-i) [116]. The combination of Sc-containing catalyst Sc-1 (smaller in size) with a
larger ligand (Cp✶) afforded C(C8)–H alkylated product along 3a in decent yield having
excellent regioselectivity (14a/15a > 20:1). Respective decrease in regioselectivity or yield
was observed with increase or decrease of steric congestion on Cp ligand via substitut-
ing –Me group with respective –SiMe3 group or H atom. On the other hand, a combina-
tion of Y-containing catalyst, Y-3 (larger in size) with comparatively smaller ligand
(C5HMe4) favored ortho-selective C(Ph)–H alkylation along 3a (14a/15a = 1/9). Likewise, to
Sc-analogue the Y-3 system exhibited similar regioselective results with an enhanced or
reduced steric crowding of the associated ligand. Other than the type of f-element metal
center and steric features of attached ligand, the electronic and/or steric status of the ole-
fins were also crucial for regioselectivity. For example, the 2 exhibited high regioselectiv-
ity for ortho-C(Ph)–H alkylation leading to 16 and C8–H alkylation leading to 17 catalyzed
by Sc-1 and Y-3, respectively. In a sharp contrast, 3 demonstrated high regioselectivity for
ortho-C(Ph)–H and C8–H alkylation with Y-3 and Sc-1, respectively. An enumerated study
through DFT calculations highlighted the potential of Sc-1 and Y-3 to catalyze both the
C8–H bond and ortho-C(Ph)–H bond functionalization each (Figure 2.6-ii). Nevertheless,
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Figure 2.5: A few selected examples of cyclization of imidazole analogues to fused bicyclic imidazole
derivatives intramolecularly following, (i) achiral strategy catalyzed by half-sandwich Sc-1 complex, (ii) an
asymmetric approach catalyzed by half-sandwich chiral Sc-3 complex, and (iii) probable mechanistic cycle.
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lower ΔG≠ value of C8–Sc bond construction over C8–Y bond (species XV, ΔG≠ = 22.5 vs
26.4 kcal/mol) and lower ΔG≠ value of ortho-C(Ph)–Y bond over ortho-C(Ph)–Sc bond (spe-
cies XVI, ΔG≠ = 23.8 vs 29.7 kcal/mol), concluded selective C8–H bond and ortho-C(Ph)–H
bond activation by Sc-1 and Y-3 catalysts, respectively. It is proposed that the steric repul-
sion among quinolyl unit and the sterically crowded Cp✶ group of Sc-1 was the detrimen-
tal factor for ortho-C(Ph)–H alkylation. The activation of C8–H catalyzed by Sc-1
proceeded well, devoid of such strong steric demand. Moreover, such steric hindrance
had a marginal effect on Y-3-catalyzed ortho-C(Ph)–H bond activation attributed to rela-
tively large size of Y atom over Sc center and attached smaller ligand C5HMe4 than Cp✶

on Sc-1. The addition of 3a to species XV under catalytic influence of Sc-1 (ΔG≠ = 23.8 kcal/
mol) furnished XVa and addition to species XVI by catalytic influence of Y-3 (ΔG≠ = 25.5
kcal/mol) provided XVIa. The stabilization via benzallylic mode in both species XVa and
XVIa triggered M–C σ-bond addition through 1,2-fashion affording linear alkylated prod-
ucts. Although this transformation gave precise siteselectivity with 3a, poor reactivity lim-
ited the use of unactivated 2 [78–80]. Higher value of ΔG≠ (25.7 kcal/mol) was necessary
for Sc-1-catalyzed incorporation of 2 to XV over the transformation of XV to XVII (ΔG≠ =
24.1 kcal/mol). Consequently, under Sc-1 catalysis, the 2 was added up to XVII following
ortho-C(Ph)–H alkylation resulting in XVc. In parallel, under Y-3 catalysis, lower value of
ΔG≠ (28.7 kcal/mol) for the conversion of XVI to XVII over the insertion of 2 to XVI (ΔG≠ =
31.8 kcal/mol) was calculated. This was extremely proficient to afford C8–H alkylation
product under the catalytic influence of Y-3. The insertion of M–C σ-bond to 2 through 2,1-
fashion catalyzed by Sc-1 and Y-3 complex delivered branched alkylated products circum-
venting the steric repulsion between Cp✶ or C5HMe4 moieties and substituent on C1-site
on 2. Therefore, this protocol offers a prudent way to access structurally diverse quino-
line derivatives and is judiciously governed by an energy barrier for the interconversion
of preliminary C–Hmetalated species.

Immense progress has been made in the arena of stereodivergent catalysis to con-
struct novel organic scaffolds possessing multiple stereocenters from the same reactant
allowing access of all possible stereocenters [117–121]. Early reports on siteselective C–H
bond activation governed by comparative size of group-3 metal ion and bulkiness of at-
tached ligands [116] enabled the chemists investigating a new route to synthesize diaster-
eodivergent 1-aminoindanes catalyzed by half-sandwich Sc-4 or Y-3 complex (Figure 2.7-i)
[122]. The reaction of aromatic aldimines (18) with unactivated 2 and 3 has been accom-
plished via a [3 + 2] annulation pathway. The steric demand of the attached ligands of Sc-
4 or Y-3 played a vital role in the generation of diastereomerically organized products
without any external chiral contribution by means of chiral ligand-metal combination
[101, 106]. Excellent trans-diastereoselective 1-aminoindanes (19a/20a, dr < 1:19) have been
successfully obtained in the presence of bulky ligand C5Me4SiMe3 on Sc-4 during the reac-
tion of 18a with 3a. However, replacing –SiMe3 group with a smaller H atom resulted in
either loss or complete reversal of trans-diastereoselectivity. In the case of Y-3 catalysis,
productive cis-diastereoselectivity (19a/20a, dr > 1:19) and decent yield were observed
with relatively small ligand C5HMe4 and larger Y atom. The increased steric hindrance
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Figure 2.6: (i) A few selected examples of regiodivergent C–H bond alkylation of 2-arylquinolines
catalyzed by half-sandwich Sc-1/Y-3 complex, and (ii) probable crucial species.
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around the ligand by substituting H atom with –Me/–SiMe3 functionality and decrease in
steric hindrance by substituting –Me groups with H atoms resulted in either low yield or
poor diastereoselectivity. This strategy has enlightened a new way to synthesize diverse
1-aminoindanes in trans- and cis-diastereoselective manner catalyzed by respective Sc-4
and Y-3 complex. The presence of tert-Bu group at para-position of 3a had a negligible
effect on trans-diastereoselectivity in the case of Sc-4 catalysis, but it reduced the cis-
diastereoselectivity (dr = 3:1) in the case of Y-3 catalysis. Perhaps, an increased steric hin-
drance in cis-oriented TS under Y-3 catalysis is responsible. The catalytic reactions of 18
with meta-substitution on arene ring allowed siteselectivity at the para-C–H bond due to
steric impact. On the other hand, the 2 formed trans-diastereoselective 1,3-isomers (21)
via [3 + 2] annulation in the presence of catalytic Sc-4. However, in these cases, the trans-
diastereoselectivity was low, which might be attributed to the preferred 2,1-insertion of
less congested C2-site of 2 to Sc–C σ-bond and possibility of flexible rotation of linear
alkane side arms, thereby increasing steric crowding in TS. On the contrary, 2 failed
completely under Y-3 catalysis, which could be attributed to preferable olefin polymeri-
zation over [3 + 2] annulation [65]. Notably, a regioisomeric mixture (C2/C6 = 4:1) was
obtained with meta–SMe group on arene ring of 18 in high cis-diastereoselectivity. Pre-
sumably, the Y+ center interacts with –SMe group in the TS and is liable for the observed
regioisomeric mixture. It is postulated that steric hindrance of bulky C5Me4SiMe3 ligand
around small Sc+ center disfavored this type of interaction in case of Sc-4 catalysis. Steric
tuning in the proposed TS XVIII and XIX could be the cause of observed diastereoselec-
tivity (Figure 2.7-ii). In the content of further investigation, it was found that the steric
repulsion between bulky C5Me4SiMe3 ligand and N-tBu group was the underlining basis
of poor interaction of smaller Sc ion with π-electron cloud of phenyl ring on 3a, which
then restricts proper spatial orientation in species XVIII. The Sc–C σ-bond nucleophili-
cally attacks the C=N unit giving rise to major trans-isomer 20a, minimizing steric crowd-
ing in XVIIIa. The interaction among Y+ center and π-electron cloud of phenyl unit of 3a
is feasible in XIX owing to larger size of Y center and associated smaller ligand, C5HMe4.
The interaction of Y . . . phenyl type plus concerted coordination of N → Y led to an attack
nucleophilically in cis-fashion via Sc–C σ-bond in C=N unit of species XIXa to afford cis-
product, 19a as predominant one. On the other hand, steric demand in TS was affirmed
by the bulky tert-butyl group on N-center of 18, which has been noteworthy for the ob-
served diastereoselectivity.

Luo carried out an elaborate mechanistic study on [3 + 2] annulation of 18 with 3a by
DFT calculations to depict the mechanistic pathway of catalyst guided inversion of stereo-
selectivity and analyze the cause of diastereoselectivity [123]. The stabilization of crucial
TSs or intermediates was predominantly characterized by noncovalent type interactions,
namely, π. . .H–C and π. . .metal interactions, along with steric plus electronic factors to
control the observed diastereoselectivity. The cis-diastereoselective product (19a) was ex-
clusively formed as obvious from the small energy barrier to ensure coherent orbital
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interaction between catalytic Y-3 and 3a because of less steric congestion between
C5HMe4 ligand and 18. However, the change in orbital interaction efficiency of Sc-4
with 3a has been observed during π. . .H–C interaction among NtBu unit and π-electron
density of benzene nucleus because of steric repulsion of heavy ligand, C5Me4SiMe3 at-
tached to small Sc+ ion and aldimine motif. Henceforth, these interactions paved the
way to generate trans-diastereoselective molecules (20). Thus, this approach keeps
promise to revolutionize organic synthesis enabling stereospecific and stereoconver-
gent annulation governed by standardized metal/ligand combination of catalyst system.

Figure 2.7: (i) A few selected examples of diastereodivergent access of 1-aminoindanes via [3 + 2]
annulation catalyzed by half-sandwich Sc-4/Y-3 complex, and (ii) proposed crucial species for observed
diastereoselectivity.
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2.2.2 C–H bond addition to alkynes for olefination

Apart from typical activation of olefinic moieties and stereochemical induction, the cat-
ionic Sc–alkyl complex can successfully activate an alkyne unit through π-interaction.
Recently, Luo and Huo explored ortho-selective mono-C–H olefination of heteroaro-
matics corded metallocene framework (22) along alkynes (23) following an asymmetric
approach by employing Sc-5 as chiral catalyst (Figure 2.8-i) [124]. A library of new pla-
nar-chiral metallocene embedded with quinoline/pyridine moiety (24) was synthesized.
A wide range of 22 and 23 was probed with the varied electronic effects, which resulted
in satisfactory yield and excellent enantioselectivity.

A remarkable effect was observed with respect to 23, in which the C–C bond con-
struction specifically happened at C(alkyl)–end other than C(arene)–end of unsymmetri-
cal 23, owing to the dominant effect of steric hindrance over electronic factor. The
incorporation of sterically hindered diphenylacetylene unit and benzo[g]quinoline mo-
tifs (fused system), 2,4-dimethylpyridine and ortho-methylpyridine moieties attached to
metallocene as DG delivered low yields. Gratifyingly, a ruthenocene substrate was found
applicable for the same transformation; although a slight reduction in enantioselectivity
has been observed. The catalytic condition remained futile toward ortho-di-olefination,
presumably, due to steric hindrance caused by the primary mono-alkenylated analogue.
Among the possible dual C–H bond activation positions at the quinoline C8-site and
ortho-position of Cp ring on metallocene motif, regioselective alkenylation was wit-
nessed with metallocene moiety only.

The DFT studies (Figure 2.8-ii) suggested that activation of both C(C8)–H bond of
quinoline (species XXI) as well as ortho-C–H bond of Cp (species (R)-XXII) have close
values of ΔG≠ 25.4 and 25.2 kcal/mol, respectively. However, (R)-XXII was selectively
converted to (S)-24k by insertion of Sc–C(Cp) σ-bond to 23k possessing ΔG≠ value of
21.1 kcal/mol. On the other hand, the species XXI failed to generate C8-alkenylated
product due to the requirement of larger ΔG≠ = 25.8 kcal/mol for the Sc–C(C8) σ-bond
insertion to 23k. Therefore, the XXI undergoes easy interconversion to (R)-XXII owing
to less value of ΔG≠ = 20.1 kcal/mol. Direct conversion of species XX to enantiomeric
species (S)-XXII by (Cp)C–H activation failed because of larger value of ΔG≠ = 29.7 kcal/
mol. Further insertion of Sc–C(Cp) σ-bond to 23k failed on account of higher value of
ΔG≠ = 27.4 kcal/mol and thereby ruled out the generation of (R)-24k, albeit (R)-XXII
can easily arrange to (S)-XXII with ΔG≠ = 19.6 kcal/mol.

The structurally rigid spiro-hydroquinoline scaffold containing a quaternary car-
bon stereocenter with a free N–H group constitutes a ubiquitous class of pharmacologi-
cally, biologically active molecules and important natural products [125–127]. The
presence of an unprotected N–H group in the quaternary carbon stereocenter of spiro-
hydroquinolines is of paramount importance on account of its drug-like physicochemi-
cal properties and high binding affinity with proteins [128, 129]. An easy and simple
route to access chiral spiro-hydroquinolines is catalytic asymmetric dearomative annu-
lation of substituted quinolines. Traditional synthetic procedures for the asymmetric
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construction of N–H free spiro-hydroquinoline frameworks suffered from drawbacks
owing to the difficulty in asymmetric addition to ipso-carbon center of the quinoline
moiety [130–132]. Thus, inspired by the above-mentioned need, Hou and co-workers em-
ployed catalytic half-sandwich Sc-4 in dearomative [3 + 2] spiro-annulation via C–H

Figure 2.8: (i) A few selected examples of olefination of ferrocenes and ruthenocene with alkynes
catalyzed by chiral Sc-5 complex, and (ii) proposed crucial species for regio-/enantio-selectivity.
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bond activation of 13 with 23 for facile synthesis of spiro-dihydroquinoline derivatives
(25) (Figure 2.9-i) [133]. This strategy represents an ingenious way following a cascade
sequence of C–H bond olefination and intramolecular cyclization to afford a library of
25 in synthetically acceptable yields with high regioselectivity. The protocol gave
straightforward access to spiro-dihydroquinoline product (25a) exclusively bearing a free
N–H group, which upon further functionalization with benzyl bromide (26) in the pres-
ence of n-BuLi afforded N-benzylation derivative (25a-Bz). This transformation, in partic-
ular, provided direct evidence of the formation of 25a following a dearomative [3 + 2]
spiro-annulation mechanism rather than an expected C–H bond alkenylation end prod-
uct only. The result is in sharp contrast to an early report on rhodium-catalyzed reactions
of pyridines or quinolines with 23 where aromaticity of the N-heterocycle is retained and
furnished isoquinolinium salts as end products [134]. Concerning the substrate scope of
13 for this transformation, para-substituted Ph, –F, –Cl, –I, –OPh, –SMe at the ortho-
phenyl ring of 13 were all tolerated. A methyl group was compatible on the ortho-phenyl
ring regardless of its position. Furthermore, methyl, phenyl, styrenyl, halide, and trime-
thylsilyl substituents at different positions of the ortho-phenyl ring also showed excellent
reactivity. The reaction permitted 13 with substituent at the C3 or C4 position of pyridine
moieties such as 4–Me, 4–Cl, 3–Me, and 3–Br, as well. Remarkably, vinyl halide moieties
and benzo-fused quinoline derivatives were also tolerated the standard reaction condi-
tions to afford desired products with free N–H group. The assessment of substrate scope
with 23 revealed good functional group tolerance of alkynes bearing both aromatic and
aliphatic substituents. Moreover, excellent regioselectivity has been obtained with 23 pos-
sessing both aromatic and aliphatic substituents. In these cases, the carbon atom bearing
an aryl substituent preferably added up to C=N unit in 13 due to steric factor, whereas
the carbon center bearing an aliphatic substituent preferably formed C–C bond via ini-
tial C–H bond activation. Apart from these substitution effects, the reaction also worked
well with 23 at the carbon center bearing a silyl substituent which could be attributed
to the electronic effect. In addition, phosphine and thiophene groups were also comfort-
ably incorporated, conversely to late transition metal catalysis. Interestingly, in case of
a conjugated eneyne system, excellent regioselectivity occurred at the C≡C unit, and
the C=C was unreactive. Presumably, the high degree of unsaturation of C≡C unit indu-
ces better π-electron affinity to Sc ion. Thus, it is evident that the substrate space was
quite broad through the variation of both 13 and 23. The survival of sensitive functional
moieties, such as halo, thio, silyl, reflects the robustness of the present catalytic system.
The practical applicability of the protocol has been highlighted through a “gram scale”
synthesis of 25a.

Following the success of achiral dearomative spiro-annulation of 13 with 23, the inves-
tigators developed a protocol for the enantioselective construction of spiro-hydroquinolines
(25′) utilizing chiral Sc-5 catalyst under the same reaction condition (Figure 2.9-ii). A wide
range of 13 and 23 have proved to be useful substrates for this chiral transformation and
afforded decent yields of 25′ along with high enantioselectivity. The absolute configuration
of 25′ has been established as “S” unambiguously through single crystal XRD analysis.
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2.2.3 C–H bond addition to allenes for olefination

Allenes have entered the circle of valuable coupling partners offering the same features as
other π-electron rich entities, for example, alkyne/olefin, and displayed a high affection of
π-bond to M–C nucleophiles in metal-catalyzed C–H bond olefinations [135]. The presence

Figure 2.9: A few selected examples of cascade sequence of alkenylation and intramolecular cyclization
catalyzed by half-sandwich Sc-4 complex to afford spiro-dihydroquinoline in (i) racemic form,
and (ii) enantiomerically enriched form.
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of dual-orthogonal cumulative π-bonds in allenes reflected correlative reactivity to alkyne
and alkene motifs, as evident from M–allyl or M–alkenyl intermediates [136]. As compared
to alkene and alkyne the marginal reactivity difference in vicinal C=C bonds in the case of
allene unit raises the regio- and stereo-selectivity concerns. The strong Lewis acidic nature
[76] and high π-electron affinity [39, 77] of cationic group-3 metal catalysts can be exploited
to surmount the difficulties associated with allene system. Emboldened by this concept,
Hou reported ortho-selective C–H bond alkenylation of 8 along allenes (27) using Sc-4 cata-
lyst (5 mol%) along with equimolar [Ph3C][B(C6F5)4] as co-catalyst (Figure 2.10-i) [137]. In
the case of unsymmetrical 27 branched olefinated products were delivered with excellent
regio- and stereo-selectivity. The reaction outcome can be attributed to the incorporation
of pyridyl moiety at middle C-center and H-atom attached to sterically less crowded ter-
minal C-center of 27. This result revealed a better regioselective outcome of Sc-4 catalyst
over Zr-catalyst, in which the latter furnished 1:1 regioisomeric mixture of allyl- and
vinyl-azazirconacycle ultimately [138]. This strategy enabled construction of a library of
vinyl pyridines (28) in decent yields with a diversified scope of 8 and 27 in E-selective
manner. Importantly, regardless of the size of substituents, the electron-donating or
withdrawing groups at ortho-position of 8 were found essential. Perhaps the coordina-
tion capacity of adjacent N-atom is regulated through the electronic influence of ortho-
substituents. On the other hand, the presence of large substituents at ortho-position of 8,
e.g., phenyl ring or attached to allene unit, namely, menthylallene and phenylallene, re-
duced the catalytic efficiency of Sc-4, but the reaction rate enhanced more conveniently
with Sc-6 catalyst associated with smaller Cp ligand. The fundamental feature has been
observed that the present catalytic system selectively activated pyridyl ortho-C–H bond
solely, contrary to ortho-C–H bond activation of corded phenyl unit of 2-phenylpyridine
moiety aided through pyridine unit as DG [20–26]. The σ-bond metathesis mechanism at
more acidic and reactive ortho-C–H bond of pyridine motif [41–43], together with the
positive impact of Cp ligand, probably is the reason of observed regioselectivity in case
of 2-phenylpyridine moiety.

The mechanistic investigations highlighted C–H activation as the rate-determining step
and have been evident from the high KIE value (kH/kD = 5.6) during intermolecular competi-
tion reaction of 2-methylpyridine (8b) and 8b-d4 with cyclohexylallene (27a) (Figure 2.10-ii).
The primary focal point of the mechanism has been proposed as σ-bond metathesis path with
a pyridyl C–H bond, which is more acidic and reactive, aided by Cp ligand (Figure 2.10-iii).
The mechanism initiates with the pyridyl (8c) nitrogen atom coordination to Sc–Cp
complex (cationic), followed by ortho-C–H bond activation resulting in species XXIII.
Subsequently, the 27a attaches to XXIII via π-coordination to sterically less crowded
terminal C=C bond forming species XXIV, whereupon the bulky cyclohexyl group
should be positioned in distant from the pyridyne ring to minimize the steric demand.
The Sc–C σ-bond incorporation to C=C (species XXV) and subsequent σ-bond metathesis
operation of XXV with 8c delivers 28j via species XXVI and regenerates XXIII closing the
catalytic cycle. The primary criteria for regio- and stereo-selectivity involve preference of
coordination of allene system to cationic XXIII and migratory insertion to XXV. A second
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Figure 2.10: (i) A few selected examples of olefination of pyridine analogues with allenes catalyzed
by Sc-4/Sc-6 complex, and (ii) and (iii) mechanistic investigations relevant to plausible catalytic cycle.
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deprotonation from ortho-C–H site of another 8c has been reasoned as the detected deute-
rium atom inclusion at vinylic methyl terminals of 28i and 28i-d4. This, in turn, has proven
the transfer of proton from pyridyl ortho-C–H bond to allene methylenic site.

2.3 Conclusions

The catalytic C–H activation/functionalization presents a valuable synthetic route for
the selective installation of functional groups to construct a vast class of compounds
ranging from biologically relevant small molecular scaffolds to divergent polymeric
frameworks. Therefore, the concept of C–H functionalization via C–H activation has
extended the versatility of synthetic chemistry by rendering attractive features, such
as atom-, step-, and economic feasibility as well as sustainability. Among the prevalent
metal-catalyzed C–H bond activation/functionalization strategy, catalytic influence of
half-sandwich organo rare-earth metal–alkyl complexes has become one of the effi-
cient tactics in synthetic, medicinal, and materials chemistry.

The half-sandwich group-3 metal–dialkyl complexes with attached one mono-
anionic ligand, e.g., Cp/Cp✶, enabled directed/(non)-directed C–H bond activation to
several other organic transformations. This strategy also displayed precise site-/regio-
selectivity and a high degree of enantioselectivity as well as diasteroselectivity, adding
elegance to the catalytic system. Insights into mechanistic studies concluded exclusion
of one alkyl unit from neutral dialkyl precursors with an equimolar [Ph3C][B(C6F5)4]
as activator accompanied by σ-bond metathesis path or 1,2-type addition leading to
C–H bond activation. Reframing respective ancillary ligands and/or nature of metal
center along with ligand steric demand regulating the congested environment exhib-
ited a profound influence on the catalytic property as well as selectivity. The potential
efficacy of the mechanistic pathway is also dependent on the Lewis acidity, strong
electropositivity, the affinity of π-electron cloud and heteroatom, and stability in +3
oxidation number of the rare-earth metal center. DFT studies have been widely em-
ployed to depict the origin of site-/regio-selectivity, enantio-/diastereo-selectivity of
C–H functionalization strategies.

Given the existing knowledge on the unique bonding features and reactivity pat-
tern of rare-earth metal catalysis and huge potential to be explored in the near future,
it is anticipated that these catalytic systems will allow transformations on a versatile
and synthetically useful scale with beneficial physical, mechanical, and optical prop-
erties. Taken together, the broad opportunity and applications of these transforma-
tions suggest that C–H activation could deliver novel architectural frameworks which
are of widespread utility to the synthetic community.
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3 Rare earth metal-catalyzed
multicomponent reactions

3.1 Introduction

Multicomponent reactions (MCRs) are one-pot synthetic processes that involve at least
three commercially available or easily accessible substrates that combine together to
produce a single product through cascade reactions [1]. MCRs are advantageous and
popular because of their atom-economy and step-efficiency, which reduce waste gen-
eration. In particular, their ease of use and their adaptability to experimental techni-
ques reveal their entries to a broad array of synthetic compounds over the multiple
combination opportunities of coupling reagents. The Strecker reaction was the first
ever reported example of such an MCR reaction in which α-aminonitriles were syn-
thesized from aldehydes. Following Strecker’s synthesis, the chemical community rap-
idly progressed to further carbonyl-based MCRs. The well-known aldehyde-based
MCR is the Mannich reaction, which yields an iminium intermediate, which is ob-
tained from formaldehyde and amines, either primary or secondary, which reacts
with carbonyl compound to afford β-aminocarbonyls [2]; and the Biginelli reaction
converts an aldehyde, a β-ketoester, and urea into dihydropyrimidones [3]. Simulta-
neously, isocyanide-based MCRs are also developed. The first isocyanide-based MCRs
report, Passerini reaction [4], was published in 1921 and rapidly attained prominence
in the pharmaceutical sector. The Ugi condensation [5], another foremost isocyanide-
based MCR that consists of an aldehyde, an amine, a carboxylic acid, and an isocya-
nide, allows for the hasty assembly of libraries of α-aminoacyl amide derivatives,
making it useful for drug development.

Nowadays, the overall demand for practical and effective synthetic methods pro-
pels new research and encourages the creative rethinking of well-established ideas.
The desire for sustainable energy and atom-efficient reactions are driving an increase
in the demand for Lewis acid-catalyzed multicomponent reaction methods, which
open up new avenues in synthetic organic chemistry. Rare earth metal-induced MCRs
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are one of the Lewis acid catalysts that are currently developing, although significant
advancements are anticipated in this area shortly.

3.2 Various organic synthesis using rare earth
metals as catalysts

3.2.1 Synthesis of substituted pyrroles derivatives

Pyrrole is an important constituent of porphyrin, chlorophyll, and bile pigment. It is
also a main scaffold of amino acids such as proline and hydroxyproline. In addition to
these prevalent compounds, pyrrole structural fragments are particularly found in
natural products of marine origin. The most prominent and well-known method for
the preparation of pyrrole is Paal-Knorr synthesis [6, 7]. Depending on the importance
of pyrrole moiety, several scientific communities have showcased various synthetic
protocols [8, 9] for the preparation of pyrrole scaffold.

Shiraishi and co-workers [10] developed an efficient and mild MCR protocol for
the synthesis of multi-substituted pyrrole compounds (4) (Figure 3.1). The protocol in-
volves the reaction of rare earth metal SmI2 or SmCl3-catalyzed coupling of amines
(1), aldehydes (2), and nitroalkane (3).

This MCR sequence involves the reaction of amine (1) and aldehyde (2) to form imine
(A), which undergoes aldol condensation with aldehyde (2) in the presence of samarium
catalyst to give α, β-unsaturated imine (B). The obtained α, β-unsaturated imine (B) re-
acts with nitroalkane (3) under heating, following the Michael addition adduct (C), pro-
ton abstraction adduct (D), cyclization, and isomerization (E), giving multi-substituted
pyrrole derivatives (4) (Figure 3.2). The present protocol is suitable for aldimines, but is
a limitation for ketimines obtained from the condensation of ketones and amines.

Encouraged by the synthesis of samarium (III)-catalyzed pyrroles, the same group
developed a diversified protocol for the regioselective construction of pyrroles (7) by
the reaction of nitroalkenes (6) and imines (8) under samarium catalysis (Figure 3.3)
[11]. In this protocol, a wide range of nitro alkenes (6) (obtained from amines (1) and

Figure 3.1: Synthesis of samarium catalyzed pyrroles through MCR.
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an aldehyde or ketones (5)) (Figure 3.4) and imines (8) were combined to generate
substituted pyrroles (7) as well as fused pyrrole derivatives in moderate to good
yields. The yield of the pyrrole derivative was affected by the substituent alkyl group
attached to the nitrogen atom of imines. As the bulkiness of the alkyl group increases,
yield of the corresponding pyrrole derivative decreases.

3.2.2 Synthesis of functionalized dihydropyrimidine derivatives
via Biginelli condensation

Dihydropyrimidines (DHPMs) are a class of nitrogen-containing complexes heterocy-
clic scaffolds that are present in several marine alkaloids (such as crambine and bat-
zelladine) [12]. In addition, it has been found that they are effective HIV gp-120CD4
inhibitors [13]. Besides, a number of multi-functionalized dihydropyrimidines also re-
veal antitumor [14], antibacterial [15], antiviral [16], and anti-inflammatory properties
[17] in addition to having exceptional pharmacological effectiveness. Despite many

Figure 3.2: Reaction mechanism of samarium (III)-catalyzed pyrroles synthesis through MCR.

Figure 3.3: Synthesis of pyrroles via samarium-catalyzed MCRs.
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approaches that have materialized [18–26], still it requires mild protocols for the con-
struction of dihydropyrimidine derivatives.

Ma and co-workers [27] reported an highly efficient Yb(OTf)3-mediated multicom-
ponent reaction of aldehydes (9), urea (10), and β-ketoesters (11), via the Biginelli reac-
tion for the preparation of dihydropyrimidines (12) under a solvent-free environment
at 100 °C (Figure 3.5). Replacing β-ketoesters with 1,3-diketones, the reaction proceeds
smoothly, furnishing dihydropyrimidines.

Figure 3.4: Reaction mechanism of samarium (III)-catalyzed pyrroles synthesis through MCR.

Figure 3.5: Synthesis of dihydropyrimidines via Yb(OTf)3-catalyzed MCRs.
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A representative procedure for the synthesis of pyrimidinones (15) was provided
by Narasaiah et al. [28] via multicomponent reaction of urea (10), β-ketoesters(13), and
aldehydes (14) under samarium catalysis (Figure 3.6). The present protocol involves the
elimination of tedious work-up process for the purification of products. Purification of
products encompasses the removal of the solvent under reduced pressure. The result-
ing residue was mixed with crushed ice for a while, filtered, dried, and purified by re-
crystallization from methanol.

Complex optically active dihydropyrimidines (17) have been generated utilizing a
highly enantioselective multicomponent reactions using Biginelli condensation, and
employing a recyclable asymmetric Yb(OTf)3 catalyst with a new hexadentate chiral
ligand (L) (Figure 3.7) [29]. The reaction produces high yields of dihydropyrimidines
with decent enantioselectivity (Figure 3.7–I). A suggested transition state model assigned
the product’s absolute configuration. The acylimine intermediate produced in situ might
coordinate with the Yb atom. The pyridyl group shielded the coordinated acylimine’s
si-face, allowing the enol ester to attack as nucleophile from the re-face.

Figure 3.6: Synthesis of dihydropyrimidines via Sm(OTf)3-catalyzed MCRs.

Figure 3.7: Asymmetric synthesis of dihydropyrimidines via Yb(OTf)3-catalyzed MCRs.
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3.2.3 Synthesis of nitrogen containing compounds
via Ugi reaction

Ugi reaction constitutes 4-component coupling (4CC) of amines, aldehydes, carboxylic
acid, and isonitriles for the construction of libraries of nitrogen-containing compounds
[30]. Keung and co-workers [31] have demonstrated scadium triflate-catalyzed variable
Ugi three component coupling reaction for the synthesis of α-aminoamidine derivatives
(Figure 3.8). This new method revealed a novel route for the preparation of imidopyra-
zine (24) (Figure 3.9) and hydantoin imide (27) (Figure 3.10).

Okandeji et al. [32] reported a high yielding multicomponent Ugi reaction using
sub-stoichiometric amounts of ytterbium and scandium triflate catalysts for the pro-
duction of α-acylamino carboxamide (30 and 31) (Figure 3.11). The activation of the
imine intermediate of this multicomponent reaction is principally responsible for the

Figure 3.7-I: Transition state model showing Re-face
attack of enol.

Figure 3.8: Sc(OTf)3-mediated variable MCRs for constructing α-aminoamidine.

Figure 3.9: Sc(OTf)3-mediated variable MCRs for assembling imidopyrazine.
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improvement in product yield. The possibility of realizing catalytic asymmetric Ugi
4CC reactions is encouraged by the apparent mechanism of catalysis, the striking var-
iations in yield between the catalyzed and uncatalyzed reactions, and the accessibility
of chiral Sc(III) complexes.

3.2.4 Synthesis of oxazolidinones

In 2016, Xu et al. [33] reported a three component coupling of propylene oxide (PO) (32),
carbon dioxide (33), and substituted anilines (34) for the synthesis of oxazolidinones
(35) under rare earth metal catalyst stabilized by amine-bridged tri-(phenolato) ligands
(L1-L6) (Figure 3.12). In this reaction, a series of rare earth metal catalyst stabilized by
amine-bridged tri-(phenolato) ligands complexes were prepared and studied for their
catalytic efficiency (Figure 3.13). Complexes with electron-withdrawing group attached
to the aromatic ring increase the acidity of the rare earth metal, which in turn enhances
the activity of substrates, leading to quantitative yields of oxazolidinones (35). Excess
ratio of PO (32)-to-aniline (34) was essential for the significant increase in the yield of
the product. Ortho-substituted, irrespective of electron-donation or withdrawing ani-
lines, and aliphatic amines were unsuitable for this conversion.

Figure 3.10: Sc(OTf)3-mediatedhydantoin imide preparation via MCRs.

Figure 3.11: Sc(OTf)3-catalyzed Ugi4CC for the synthesis of α-acylamino carboxamide.
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Pioneering work on 3 CC reactions for the synthesis of oxazolidinones provided
the first report of 3-aryloxazolidinone (35) synthesis from easily available three com-
ponent coupling of epoxide (32), aniline (34), and dialkyl carbonate (37) (ratio 2:1:2),
under solvent-free rare earth metal amide catalysis (Figure 3.14) [34]. In addition, the
reaction produces MeOH as the byproduct. The reaction is limited to monosubstituted
epoxides, whereas in the reaction with vicinal disubstituted epoxides, the reaction is
sluggish or does not takes place. Catalytic efficiency of metal amides decreases with
decrease in ionic radii of rare earth metal ions.

Cerric ammonium nitrate (CAN)-mediated synthesis of Betti bases (40) [35] from com-
mercially available substrates viz. aryl and alkylamines (34), substituted benzaldehydes
(38), and 2-naphthol (39), (1:1.2:1) was reported by Mekheimer et al. [36] (Figure 3.15).

Figure 3.12: Nd-complex-catalyzed 3CC for the synthesis of oxazalidinones.

Figure 3.13: Synthesis of rare earth metal catalyst stabilized by amine-bridged tri-(phenolato) ligand
complexes.

Figure 3.14: Synthesis of oxazolidinones, catalyzed by rare earth metal amide.
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The reaction works well in ambient conditions with moderate-to-good yields in metha-
nol. When the methanol was replaced by water, the reaction furnishes Schiff base, in-
stead of betti base.

3.2.5 Synthesis of 3-aminoimidazoles

Rapid and efficient microwave-assisted 3 component coupling (3 CC) Ugi reaction of
amidine (41), isocyanides (19), and aldehydes (14) for the synthesis of libraries of
3-aminoimidazoles (42), catalyzed by scandium triflate in methanol was described by
Ireland and co-workers [37] (Figure 3.16). A variety of combinations of amidine (41), al-
dehydes (14), and isocyanides (19) undergo coupling to give a wide range of aminoimi-
dazoles (42). The reaction was completed in a very short span of 10 min.

Hulme et al. [38] proposed a related 3 component coupling reaction for the synthesis
of 3-aminoimidazopyridines (45) under microwave irradiation, catalyzed by scandium
triflate using simply accessible reactants – 2-aminopyridine (43), trimethylsilylcyanide
(44), (TMSCN, anisonitrile equivalent), and aldehyde (14) in methanol (Figure 3.17).

Figure 3.15: CAN-mediated synthesis of Betti base.

Figure 3.16: Microwave-assisted Sc(OTf)3-catalyzed 3 CC Ugi reaction for the formation of
3-aminoimidazoles.

Figure 3.17: Sc(OTf)3-catalyzed formation of 3-aminoimidazopyridines under microwave conditions.
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3.2.6 Synthesis of quinoline derivatives via Pavarov reaction

In 2011, Vicente-García et al. [39] reported an effective Sc(OTf)3-mediated domino Pa-
varov reaction [40] for the synthesis of diverse heterocycle tetrahydro-quinoline de-
rivatives (47) by employing oxa-, thia-, and imidazolones as a novel class of electron-
rich olefin partner (46) (dienophile) interaction with anilines (34) and aldehydes (14)
(Figure 3.18). The use of a new class of olefin (dienophile) opens up a new direction
for the construction of structural diversity of tetrahydroquinoline derivatives. The ob-
tained MCR adducts were conveniently oxidized to yield the corresponding quino-
lones (48).

Dhanapal et al. [41] reported scandium(III) triflate-catalyzed Povarov reaction between
para-substituted anilines (34), vinyl pyrrolidone (49), and phenanthrene-9-carbaldehyde
(50) for the synthesis of quinolines (51) as fluorescence probes for bacteria detection
(Figure 3.19). The reaction was conducted at room temperature using Sc(OTf)3 in aceto-
nitrile to produce cis-2-(phenanthren-10-yl)-4-(2-oxopyrrolin-1-yl)tetrahydroquinoline in-
termediates that could then be further oxidized with DDQ in refluxing methylbenzene
(toluene) to produce the corresponding quinoline derivatives (51).

Figure 3.18: Sc(OTf)3-catalyzed multicomponent Pavarov reaction toward the construction of quinolone
derivatives.

Figure 3.19: Pavarov multicomponent assembly of quinolone catalyzed by Sc(OTf)3.
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3.3 Conclusions

In conclusion, we have showcased the synthetic utility of rare earth metal complexes
toward the synthesis of carbon and nitrogen heterocyclic compounds. Albeit, rare
earth metal complexes are expensive compared to standard transition metal com-
plexes, they are frequently employed in sub-sub-stoichiometric amounts. It is signifi-
cant to note that the rare earth metal complexes are active in aqueous environment,
eliminating the need for laborious drying process of the reaction conditions. Despite
great contributions made in multicomponent reaction by using rare earth metal com-
plexes, there is still room for further development and applications of water-tolerant
rare earth complexes in sustainable MCR methodologies. It is also important to en-
courage the research community to develop advanced methods for the recovery and
recycling of rare earth metal complexes. Additionally, investigation on the sequential
MCRs with rare earth complexes would permit chemists to construct heterocyclic scaf-
folds with great complexity and biological profiles.
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4 Synthesis and catalytic activity of light rare
earth N-heterocyclic carbene (NHC)
complexes

4.1 Introduction

N-Heterocyclic carbenes (NHCs) are auxiliary ligands with long half-lives and widely
used in catalytic processes. Nucleophilic compounds are NHCs with a high electron
density. Thus, they are more likely to turn as σ-donors and interact with a wide vari-
ety of metals and non-metals. When compared to phosphine ligands, NHCs have a
very limited range of electron-donating ability. In the 1960s, Wanzlick et al. [1, 2] re-
ported on the reactivity and stability of NHCs, as well as their use as ligands in metal
complexes. Arduengo and coworkers [3] were the first to report the highly stable
and sterically hindered crystalline carbene (1) 1,3-di-1-adamantyl-imidazol-2-ylidene
(Figure 4.1). NHCs are more effective and efficient ligands in catalysis due to the reso-
nance effect [4–6]. Because of its strong electron-donating ability and accepting ability
and ease of modification with steric and electronic effects, the NHC ligand system has
received a lot of attention in the catalytic process [7–10]. They have recently been used
in the synthesis of biomass-derived ionic liquids from various sugars, and these sugar
base ionic liquids have been investigated in organic synthesis and other societal appli-
cations [11–16].

Lanthanide elements, scandium, and yttrium make up rare earth elements (REEs),
which are frequently found in the same ores and deposits and have similar physical
properties. Light REEs include cerium (Ce), lanthanum (La), neodymium (Nd), praseo-
dymium (Pr), promethium (Pm), and samarium (Sm), whereas heavy REEs include dys-
prosium (Dy), europium (Eu), erbium (Er), gadolinium (Gd), holmium (Ho), lutetium
(Lu), terbium (Tb), thulium (Tm), scandium (Sc), ytterbium (Yb), and yttrium (Y).

Transition metal ligated NHC complexes play an important role in polymeriza-
tion, olefin metathesis, cross coupling, and hydro functionalization reactions, and as
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nucleophilic reagents for organic transformations in organometallic chemistry [17–21].
In recent decades, transition metal-NHC complexes have emerged as a powerful tool in
organic transformation and catalysis [22]. NHC complexes with electropositive lantha-
nide metals have recently gained attention due to their excellent stabilizing properties,
which can support unusually high oxidation states. Because of their strong attachment
to the metal center, donor-functionalized polydentate NHC ligands in particular demon-
strated increased stability. REEs with NHC complexes can expect chemical bond activa-
tion and ring-opening polymerization (ROP) due to their oxidation state, larger ionic
radii of lanthanide metals with NHC ligands’ stability.

Ln complexes are thought to have distinct advantages over transition metal cata-
lysts in the coordination polymerization of conjugated dienes, styrene, and ROP of cy-
clic esters. Ln-NHCs are still underutilized in this field, though. Monodentate NHC
ligands with Ln complexes were first developed by Schumann et al. [23]. Additionally,
Arduengo et al. [24] reported Sm(II) complexes containing NHC ligands (Figure 4.2). The
preparation of Ln complexes bearing LREEs with various mono- and bidentate NHC
ligands is covered in this chapter due to the significance of NHC ligands with Ln met-
als. Additionally, the catalytic activity of ROP is examined, as well as the addition of
carbodiimide and silane to amines, activation of CO2 and heteroallenes, dihydrogen
activation, and hydrophosphination reactions.

Figure 4.1: Highly stable N-heterocyclic carbene and resonance effect.

Figure 4.2: First reported Ln-NHC complexes.
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4.2 Catalytic polymerization using LREE-NHC
complexes

Cui and coworkers [25] investigated the cis-1, 4-polymerization of isoprene with com-
plexes of lanthanide di bromides, which was mediated by the CCC-pincer 2,6-xylenyl
bisphenol (carbene). By reacting LnCl2 with (PBNHC-Br)3.2 HBr [(2, 6-(2, 4, 6-Me3C6H2-
NCHCHNCCH2)2-1-Br-C6H3)3.2HBr] in a THF solvent system at room temperature, the
complexes were generated. Using three equivalents of n-BuLi, the mixture was vigor-
ously stirred, producing moderate to good yields of complexes (Figure 4.3). Lantha-
num complexes with organoborates and AlR3 activate the isoprene precursor during
the polymerization process. Highly selective cis-1,4-polyisoprene products were pro-
duced over a wide temperature range (20–80 °C), and the molecular structure of Ln/
NHC complexes also enhances selectivity (Figure 4.4).

Figure 4.3: Synthesis of rare-earth metal dibromide NHC complexes using CCC-pincer bis-(NHC) ligand.

Figure 4.4: Catalytic pathway of polymerization.
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It was found that Nd complexes with NHC ligation can act as conjugated dienes’
pre-catalysts for polymerization. Using analogues of Nd–NHC complexes, Wu and
coworkers [26] carried out highly selective cis-1,4-polymerization of butadiene and
isoprene. The synthesis of Nd–NHC complexes 16–18 took place at 25 °C using NdCl3.
xTHF and NHC ligands (Figure 4.5). The authors look into the tri-isobutylaluminum
(TIBA) catalyzed coordination polymerization of Nd-16 complexes and their binary
catalytic system. With yields of up to 99% and 98%, respectively, high-molecular-
weight polybutadienes (Mw = 250,780 kg/mol) and polyisoprene (Mw = 210,530 kg/mol)
were formed from conjugated dienes. The molar ratios of the binary system, the age-
ing procedure, and the temperature all have an impact on the molecular weight and
molecular weight dispersion of the polymerized products.

Ni et al. [27] investigated the ROP of L-lactide using lanthanide compounds with bis(phe-
nolate)NHC and imidazolinium-bridged bis(phenolate) ligands. Ln complexes were syn-
thesized via metathesis and characterized using single crystal X-ray and spectroscopic
techniques. In situ, the ligand was synthesized by reacting KN(SiMe3)2 (6 equiv) with
NHC ligand (2 equiv). Lanthanide precursors react with the ligands generated to form
bis(phenolate) NHC Lanthanide complexes. The catalytic activity of complexes was in-
vestigated. Bis(phenolate) NHC complexes are excellent initiators, whereas imidazoli-
nium-bridged bis(phenolate) complexes had no catalytic activity. Lanthanide metal
elements as well as radii work together to improve polymerization activity. The L-
lactide ROP was thought to have a coordination-insertion mechanism, and the NHC moi-
ety was believed to be the polymerization catalyst (Figure 4.6).

The same group is investigating the catalytic activity of pyrimidinium bridging bis
(phenolate)NHC with rare earth complexes for the polymerization of n-hexyl isocyanate.
In situ, complexes were synthesized, by combining the ligand (L = 1,3-bis[O-4,6-di-tBu-
C6H2-2-CH2][C(NCH2CH2CH2N)] with KN(SiMe3)2 and Ln[N(SiMe3)2](Ln = Nd, Y, Sm)
(Figure 4.7). All of the complexes are characterized using single-crystal X-ray and NMR.
However, these complexes were NMR inactive for the Nd complex due to its paramagnetic
nature. As per polymerization studies, NHC ligands with rare earth complexes based on
pyrimidinium and imidazolinium have higher catalytic activity than non-NHC rare earth
complexes. Polymerization activity is enhanced by the metal radius, solvent system, re-
action conditions, and ligand frame works. Polyisocyanates are high-molecular-weight

Figure 4.5: Synthesis of Nd–NHC complexes.

62 Sabbasani Rajasekhara Reddy and Paranimuthu Panjacharam



polymers (up to 106) with a narrow molecular weight distribution (Mw/Mn = 1.7–2.3). NMR
analysis clearly shows that the complex’s NHC moiety plays a crucial role in initiation of
polymerization (Figure 4.8) [28].

Figure 4.6: Synthesis of Ln-bis(phenolate)NHC complexes.

Figure 4.7: Synthesis of Ln-NHC complexes.
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High molar mass cyclic polylactide (cPLA) was synthesized by Arnold et al. [29]
using a homogeneous, highly active Ce(III)-NHC catalyst with low loading. Both satu-
rated and unsaturated NHC ligands have good activity in complexes of Ce(III), with
saturated NHC being the most active. The cyclic polylactide (PLA) is constructed using
exceptional activity, superb control, and selectivity due to the Lewis acidic and basic
nature of the Ce(III) ion and NHC ligand combination. This results in PLA with a high
molar mass. The production of cyclic lactide and cyclic polyesters from rac-lactide,
caprolactone, or butyrolactone has been outstanding. The lactide initially coordinates
with Ce in the systematic pathway, lowering the barrier to nucleophilic attack and
allowing the labile NHC moiety to open the ring. The propagation then produces a
zwitterionic intermediate in which the anionic chain end is stabilized by coordination
to Ce. Finally, the intramolecular trans-esterification step produced cyclic polymers
with a high molar mass (Figure 4.9).

Cui and Li et al. [30] have synthesized and characterized divalent lanthanide bis
(amido) complexes [Ln- Sm, Eu, Yb] and their skeleton was confirmed by X-ray diffrac-
tion method. Comparatively all other NHC adducts of Ln(II) complexes, the ROP of rac-
LA achieved effectively using three coordinated Samarium complex. The highly active
Sm(II) complex synthesized by the treatment of NHC ligand with (THF)2Sm[N-(SiMe3)2]2.
The larger radius of the Sm metal ion in low coordinated complex effectively interacts
the lactide, and the ROP was initiated by the catalyst via coordination-insertion path-
way. The Lewis acidic behavior of Sm ion activates the electrophilic center of the mono-
mer. Subsequently, nucleophilic attacks take place at amido group on the activated
monomer delivered ROP product (Figure 4.10).

Figure 4.8: The mechanistic pathway of the initiation of Ln-NHC complexes.
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Figure 4.9: Synthesis and catalytic pathway of Ce-NHC complexes for cyclic PLA formation.

Figure 4.10: Synthesis of NHC-Ln(II) bis(amido) complexes and their catalytic ROP of rac-LA.
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4.3 Addition of amines to carbodiimide using
LREE-NHC complexes

Shen et al. [31] reported lanthanide amide complexes with enol functionalized NHC
ligands. Enol-functionalized NHC-ligated rare earth complexes are developed at room
temperature by combining a 1:4:1 molar ratio of rare earth halide (Ln = Y, Nd, Sm, and
Yb) with enol functionalized imidazolium salt and NaN(TMS)2. The molecular struc-
ture of the synthesized complexes was determined using X-ray diffraction analysis.
The majority of the five coordinated metal complexes with monomeric form adopt
distorted trigonal bipyramid geometry. The Yb complex exhibits excellent activity
when amines are added to carbodiimides with synthesized complexes (Figure 4.11).
Wang et al. [32] synthesized rare earth metal complexes with CNC-Pincer diarylamido
bis(NHC). At room temperature, the reaction of H3LCl3 and [(Me3Si)2 N]3RE(-Cl)Li
(THF)3 with two equivalents of nBuLi in THF yields moderate yields of CNC-Pincer li-
gated rare earth amido complexes (RE = Y, Eu and Sm). The catalytic activity of synthe-
sized complexes, carbodiimides formed by the addition of terminal alkyne C-H bonds,
was first reported. Metal ions also improve the catalytic activity of highly active rare
earth metal complexes (RE = Er(35), Y(36), Sm(37), Eu(38)) (Figure 4.12).

Figure 4.11: Synthesis of enol functionalized NHC-Ln amide complexes.
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4.4 Silane-amine addition using LREE-NHC complexes

Sadow et al. [33] successfully synthesized the divalent dialkyl ligated Sm and Yb com-
plexes. The homoleptic Sm complexes achieved by the treatment of samarium (II) io-
dine with KC(SiHMe2)3(2 equiv) in THF solvent system over 12 hr at rt. Under this
condition diamagnetic Yb complexes were formed. The paramagnetic center of Sm(II)
confirmed by the NMR and IR spectroscopic analysis at the same time the Sm(II) with B
(C6F5)3(1 or 2 equiv) provided the zwitterionic hydridoborate compounds. The changes
observed in the IR, 11B and 19 F NMR spectra evidence the paramagnetic behavior of Sm
II complexes. The cross-dehydrocoupling reactions of organo silane and amines are ex-
amined by the distinct structure of three coordinated Sm and Yb dialkyl complexes. The
complexes are prepared by the reaction of 39 and 40 precursors with NHC ligands (1,3-
di-tert-butylimidazol-2-ylidene(ImtBu) produced monoadducts of Yb and Sm (4a and 4b)
complexes by the displacement of THF ligands. In the samarium complexes, both alkyl
ligands contain 3c–2e Sm←H−Si structures versus alkyl ligands of ytterbium compounds
that contain diagnostic and secondary interactions (Figure 4.13).

4.5 Carbon dioxide and heteroallene activation
using LREE-NHC complexes

Arnold et al. [34] described the well-known bidentate ortho-aryloxide-NHC ligand with
lanthanum complexes. The reactions of ortho-aryloxide NHC pro-ligand with KN(SiMe3)2

Figure 4.12: Synthesis of diarylamido-linked bis(NHC) rare earth metal amides.
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and LnCl3(THF)n (Ln = Ce, Sm, Eu) resulted in the formation of complexes. Cerium com-
plexes react quantitatively with carbon dioxide to produce Ce(LR.CO2)3 complexes. CO
insertion occurs solely through three cerium carbene bonds. The CO2-insertion products
are formed at room temperature, but only the mesityl substituted Ce(LMes)3 complex is
reversible due to the steric environment. Ce(LMes.CO2)3 is an active catalyst in the trans-
formation of propylene oxide to propylene carbonate. A study of Ce(LR)3’s ability to in-
sert a CO2 isoelectronic species of heteroallenes revealed that selectivity is affected by
solvent and ligand size. Finally, the authors reported that this catalysis requires the com-
bination of Lewis base–acid type of NHC-CO and Ce-epoxide activation (Figure 4.14).

4.6 Dihydrogen activation using LREE-NHC complexes

Using homoleptic rare earth aryl hydroxides with NHCs, Xu et al. [35] investigated coop-
erative hydrogen activation and catalytic hydrogenation. Under the 1 bar of H2, the
Lewis pairs of RE/NHC are converted to aminals via reductive hydrogenation. Further,
they also investigated the catalytic hydrogenation with a frustrated Lewis pair of La/NHC

Figure 4.13: Synthesis of rare earth bis(alkyl) compounds.

68 Sabbasani Rajasekhara Reddy and Paranimuthu Panjacharam



the products of 1, 2 addition and deprotonation from carbon monoxide and phenyl acety-
lene (Figure 4.15).

4.7 Hydrophosphination using LREE-NHC complexes

Trifonov et al. [36] reported metal bis(amido) analogues of complexes ligated by NHC
ligands [M = Ca, Yb, Sm]. Complexes were thus synthesized by reacting [(Me3Si)2 N]2 M
(NHC)2 with NHC ligands (2 equiv) at room temperature. Stable bis(amido) complexes
with NHCs, as well as complexes of 4,5 M, were discovered to be active catalysts for

Figure 4.14: Synthesis of Ce-NHC complexes and their catalytic activity.

4 Synthesis and catalytic activity of LREE-NHC complexes 69



the intermolecular hydrophosphination of PH3 with styrene, 2-vinyl pyridine, and
phenyl acetylene. Styrene addition to PH3 in various ratios produced selectively regio
and chemo products of primary, secondary, and tertiary phosphines with high yields.
At the same time, the catalytic activity of the pre catalyst is excellent due to metal ion
Lewis base coordination. The hydrophosphination of 2-vinyl pyridine and phenyl acet-
ylene with PH3 catalyzed by metal complexes yields tris(2-(pyridin-2-yl)ethyl)phos-
phine and tertiary tris-(Z-styryl)phosphine (Figure 4.16).

Trifonov and coworkers [37] are the pioneers for synthesis of expanded ring
N-heterocyclic carbene with Ln(II) amido complexes. Authors reported the synthetic way
of Sm and Yb complexes and the catalytic activity of olefin hydrophosphination. The reac-
tion of six-membered NHC ligand with Ln[N(SiMe3)2]2 (Ln = Sm, Yb) in toluene at rt deliv-
ered the Ln(II) bis-amido complexes. Hydrophosphination of alkenes, especially styrene

Figure 4.15: Reactions of La-NHC FLP with various substituents.

Figure 4.16: Synthesis of metal bis(amido) complexes ligated by NHC ligands.
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with PhPH2 and Ph2PH, produced high regioselective anti-Markovniko addition
products and chemo selective secondary and tertiary phosphines quantitatively.
Under mild condition, Sm(II) complex act as pre-catalyst and leads to the intermolec-
ular hydrophosphination products of 1-alkene, cyclohexene, and norbornene in an
excellent manner (Figure 4.17).

Trifonov et al. [38] synthesized several NHC-stabilized amido compounds and dem-
onstrated the NHCs’ catalytic activity as a function of σ-donor capacity. The author in-
vestigated the hydrophosphination of PhPH2 and PH3 with alkenes in low catalyst
loading under mild reaction conditions. In addition to PH3 and styrene, complexes
with electron-donating NHCs are the most efficient pre catalysts (Figure 4.18). When
compared to other Ln(II) and Ca(II) complexes, excellent activity was achieved using
three coordinated complexes (NHC)2Sm[N(SiMe3)2] [NHC-1,3-diisopropyl-2H-imidazol-2-
ylidene] (52Sm). Chemoselectively, anti-Markovnikov addition products with 98%
conversion from PhPH2 to cis-stilbene and norborene were obtained. The rate equa-
tion for hydrophosphination described by the kinetic study of the (52Sm) complex is
rate = k[styrene]1[52 Sm]1 (Figure 4.19).

4.8 Conclusions

In conclusion, we discussed current developments in the synthesis of N-heterocyclic
carbene fused light rare earth metal complexes as well as the effectiveness of these
complexes as catalysts. Transition metal complexes with the NHC ligand system have
many well-documented applications in catalysis. LREE-based NHC complexes are less
studied in catalytic applications than transition metal complexes with NHC ligand

Figure 4.17: Synthesis of Ln(II) amido-NHC complexes and their activity of hydrophosphination.
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Figure 4.18: Synthesis of various NHC-stabilized amido compounds.

Figure 4.19: The proposed mechanism of hydrophosphination.
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systems. Thus, N-heterocyclic carbene ligated light rare earth metal complexes have
gained significant importance in the field of catalysis with various organic transforma-
tions in recent years. The metal ion–NHC ligand combination exhibits Lewis acid–base
behavior, which promotes a number of functional group transitions. The activity of
complexes is improved by the more electropositive character of the metal, lanthanide
contraction, ionic radii, metal oxidation states, and highly substituted NHC ligand sys-
tem. In particular, Ce(III)-NHC complexes effectively produce cyclic lactides and cyclic
polyesters from rac-lactide, caprolactone, or butyrolactones; additionally various LRRE-
NHC complexes produce various functionalized polymers using ROP technique. Further,
catalytic activity of LREE NHC complexes was widely explored for the dihydrogen acti-
vation, addition reactions between the carbodiimide with amine, silane with amine, ac-
tivation of CO2, and hydrophosphination reactions. Except for praseodymium (Pr) and
promethium (Pm), the synthesis and catalytic activity of LREE with various NHC ligands
have been judiciously investigated. There is therefore room for these underutilized met-
als with NHC-based ligands in contemporary organic synthesis and environmentally
friendly catalysis.
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5 Lanthanum triflate–assisted organic
transformations: a decade update

5.1 Introduction

The last two decades have witnessed faster growth in the application of rare earth
metal triflouromethane sulfonates (triflates) [RE(OTf)3] for a wide range of organic
transformations. Lanthanides, scandium, and yttrium are in combination called rare
earth elements. Due to the unique properties exhibited by lanthanide triflates (Ln(OTf)3),
these have attracted widespread attention among researchers across the world. Ln(OTf)3
(Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) have proved to be promising,
powerful, mild, and selective Lewis acid catalysts and have been employed in a number
of synthetic reactions. Moreover, these Lewis acid catalysts often displayed high chemo-
and regio-selectivity in many difficult protocols. Lanthanide triflates are cost-effective,
less toxic, recyclable, and water-tolerant. Stability and oxophilicity are the salient features
of these eco-friendly catalysts. Compared to conventional Lewis acids such as AlCl3, BF3,
and SnCl4, which are decomposed or deactivated in the presence of water, lanthanide
triflates have been employed safely even in aqueous medium for a variety of organic
reactions with a significant functional group tolerance. These new type of triflate cata-
lysts can be easily prepared from the corresponding metal oxides or chlorides by heat-
ing in aqueous trifluoromethanesulfonic acid solutions.

In 1987, Forsberg and co-researchers employed lanthanide(III) ions as efficient
catalysts in the reaction between nitriles and amines [1]. Pioneering research work of
Kobayashi’s research group [2–4] on lanthanide triflates as potential Lewis acid catalysts
is significant, and has attracted widespread attention. Many research groups are foster-
ing their applications in a number of chemical processes in aqueous as well as other
protic media. Lanthanide triflates have been used as Lewis acid catalysts successfully in
several reactions like allylation [5–8], Friedel Crafts [9–11], Diels Alder [12–14], Michael
[15], and Mukaiyama aldol reactions [16, 17]. Furthermore, these have been efficiently
used as catalysts even for biomass conversions [18–20]. Hitherto, many reviews have
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been published on the catalytic applications of lanthanide triflates [21–25]. This review
on lanthanum triflate–assisted organic reactions showcases the important research
works reported during the last ten years.

5.2 Lanthanum triflate–assisted organic
transformations

5.2.1 Mukaiyama aldol reaction

Meshram and co-authors [26] communicated an efficient diastereoselective Mukaiyama
aldol reaction of 2-(trimethylsilyloxy) furan (2) with various (N-alkyl)isatins (1) pro-
moted by 5 mol% lanthanumtriflate providing 3-hydroxy-(5-oxo-2,5-dihydro-furan-2yl)-
indolin-2-ones (3/3a) in encouraging yields (Figure 5.1).

5.2.2 Synthesis of pyrrolo[3,2f]- and pyrrolo[2,3h]quinoline
derivatives

Nagarajan and Ramesh [27] prepared a wide range of pyrrolo[3,2 f]- and pyrrolo[2,3h]quin-
oline (4) derivatives in high yields from substituted 5-aminoindoles (5), benzaldehydes (6)
and phenylacetylenes (7) by an efficient simple one-pot process through an unexpected
mechanistic pathway (Figure 5.2a–c). Lanthanum triflate was employed as a catalyst. Dur-
ing optimization PdCl2, Pd(OAC)2, CuI, AgOTf, Ag2CO3, InCl3, In(OTf)3, Cu(OTf)2, TEMPO,
AIBN, and La(OTf)3 were screened as catalysts to check for their efficiencies. Solvents like
EtOH, CH2Cl2, THF, DMF, DMSO, and toluene as well as solvent-free conditions were exam-
ined. Scope of the reaction was extended to include various aromatic aldehydes (6), phenyl
acetylenes (7), and 5-aminoindoles (5). Ionic liquid [Bmim][BF4] provided the best results.

Figure 5.1: La(OTf)3-assisted vinylogous Mukaiyama aldol reactions.
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(a)

(b)

(c)

Figure 5.2: (a) Reactions with various aldehydes in the presence of [Bmim][BF4]. (b) Reactions with
different phenyl acetylenes in the presence of [Bmim][BF4]. (c) Reactions with various amino indoles in the
presence of [Bmim][BF4].
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5.2.3 Synthesis of cis-1,4-benzoxazines and
1,2,3,4-tetrahydroquinoxaline derivatives

Liu and co-researchers [28] established a novel, concise, and economical Domino syn-
thetic process for benzo-1,4-heterocycle derivatives from 2-furyl carbinols and o-amino
phenols via a Piancatelli/C–N-coupling/Michael addition protocol, having a broad sub-
strate scope, assisted by La(OTf)3 (Figure 5.3a and b). In the initial investigation the au-
thors examined the catalytic efficiencies of a number of Lewis acids and Bronsted acids
such as Sc(OTf)3, Yb(OTf)3, La(OTf)3, TsOH, pentaflourobenzoic acid, Cu(OTf)3, FeCl3, TiCl4,
La(Pfb)3, Yb(Pfb)3, and Sc(Pfb)3. Among all, the rare earth salts, FeCl3, TsOH, exhibited
good activity, but the rare earth pentafluorobenzoates proved to be less effective. It was
observed that 5 mol% La(OTf)3 in CH3CN at 80 °C was ideal for the methodology. A large
library of biologically relevant 1,4-benzoxazine (10) and 1,2,3,4-tetrahydroquinoxaline
(11) compounds were prepared utilizing the process.

5.2.4 Synthesis of tetrahydroquinazolinones

Jardosh and Patel [29] established a one-pot synthesis of tetrahydroquinazolinone (14)
derivatives by the cyclo-condensation of cyclic β-diketones (15), N-allylquinolones
(16), and thiourea/N-phenylthiourea (17/17a) catalyzed by lanthanum triflate at room
temperature in the presence of ethanol (Figure 5.4). These compounds were screened
for antimicrobial activity.

(a)

(b)

Figure 5.3: (a) Domino synthesis of cis-1,4-benzoxazine derivatives. (b) Domino synthesis of
1,2,3,4-tetrahydroquinoxaline derivatives.

80 Yadavalli Venkata Durga Nageswar, Katla Ramesh and Katla Rakhi



5.2.5 Synthesis of β-phosphonomalonates

Sobhani and Pakdin-Parizi [30] developed easily separable, new magnetically recyclable
heterogeneous Lewis acid-lanthanum(III)triflate supported on nanomagnetic γ-Fe2O3

and characterized using XRD, FT-IR, ICP, TGA, VSM, and HRTEM. This was successfully
applied for an eco-friendly one-pot synthesis of β-phosphonomalonates (18), from ali-
phatic/aromatic/heterocyclic aldehydes (6), malononitrile (19), and triethyl phosphite
(20) under solvent-free conditions at room temperature. The protocol proceeds via tan-
dem Knoevenagel-phospha-Michael reaction (Figure 5.5). The authors prepared Schiff
base supported γ-Fe2O3@SiO2 from γ-Fe2Co3 MNPS, which were synthesized by the
chemical co-precipitation technique. γ-Fe2O3 MNPS was reacted with tetraethyl orthosi-
licate (21) to provide γ-Fe2O3@SiO2. It was further functionalized on the surface with 3-
aminopropyltriethoxysilane (22) followed by the condensation with salicylaldehyde
(6a) resulting in γ-Fe2O3@SiO2-L which was allowed to react with La(OTf)3 to obtain[γ-
Fe2O3@SiO2La(OTf)3]-the final newly developed catalyst. During optimization studies
various catalysts like γ-Fe2O3, La(OTf)3, γ-Fe2O3@SiO2-La(OTf)2, and aminopropylated γ-
Fe2O3@SiO2 were examined for their efficacies. Solvents such as H2O, EtOH, CHCl3, tolu-
ene, and solvent-free conditions were investigated for best results. The authors have
used alkyl, aryl, and heteroarylaldehydes (6) in the protocol with success. Significant
loss of catalytic activity was not observed even after five runs. The catalyst was easily
isolated with the assistance of an external magnet.

Figure 5.4: Preparation of tetrahydroquinazolinones.
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5.2.6 Sommelet reaction

Xu and Su [31] disclosed an improved Sommelet reaction from benzyl halides (23) and
hexamethylenetetramine (HMT) (24) yielding aryl aldehydes (25) employing La(OTf)3
as catalyst in aqueous medium with sodium dodecyl sulfate (SDS) as solubilizer
(Figure 5.6a–c). During optimization studies the authors examined the efficiencies of
different catalysts like Zn(OTf)2, Mg(OTf)2, Cu(OTf)2, Bi(OTf)3, Yb(OTf)3, Y(OTf)3, and La
(OTf)3. Several surfactants such as PEG-400, CTAB, CAB-35, Triton-X-100, and SDS were
investigated for their suitability protocol. The authors observed that HMT (0.5 mol),
La(OTf)3 (0.03 mmol), and SDS (2 wt%) in water medium at 100 °C are ideal conditions
for 1 mmol of benzylhalide (23) derivative. The methodology was extended to a wide
range of benzyl halides (23). It was noted that the compounds with electron-donating
groups provided better yields than those with electron-withdrawing groups. Various
biphenyl-4-carboxaldehydes (26) were also made from the corresponding diphenyl-4-
methyl bromides (27) following this protocol.

5.2.7 Aldol reaction

Sasaki and co-authors [32] described the preparation of α,α-difluoro-β-OH-ketones (29)
by the aldol reaction between carbonyl compounds (30) and difluoroenol-o-Boc (tertiary
butyloxy carbonyl)esters (31) catalyzed by La(OTf)3 (Figure 5.7–c). In the initial studies,
Cu(OTf)2, TiCl4, Sn(OTf)2, and La(OTf)3 were examined for their efficiencies as catalysts.
DCM and DCE were tested for their suitability as solvents for the reaction. The scope of
the methodology was extended to include different difluoroenol-o-Boc esters (31) and
several aliphatic/aromatic/heterocyclic aldehydes/ketones (6) in the reactions.

Figure 5.5: γ-Fe2O3@SiO2-La(OTf)2-assisted preparation of β-phosphonomalonates.
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5.2.8 Petasisborono-Mannich reaction

Reddy et al. [33] unveiled a new one-pot three-component Petasisborono-Mannich re-
action producing a broad range of tertiary amine (36) derivatives from two different
salicylaldehydes (6), 2-formyl pyridine (37), arylboronic acids (38), and substituted
morpholines/piperidines (39/39a) catalyzed by reusable La(OTf)3 under microwave ir-
radiation conditions(Figure 5.8). The protocol was also checked under normal conven-
tional method by conducting the reaction at 60 °C for 10–26 min in oil both. Several
catalysts such as CuI, AgF, InF3, FeCl3, SiO2, Pd(PPh3)4, PdCl2, Pd(OAc)2, Y(OAc)3.H2O, Yb(OAc)2,
Yb(OTf)3,AgOTf, Sc(OTf)3, and La(OTf)3 were assessed for their efficiencies, for a model
reaction between 3-formyl-4-OH benzoate (40), morpholine (39), and 2-chlorophenyl

(a)

(b)

(c)

Figure 5.6: (a) Sommelet reaction of benzyl halides assisted by La(OTf)3/SDS. (b) Sommelet reaction
assisted by La(OTf)3/SDS. (c) Sommelet reaction promoted by La(OTf)3/SDS.
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benzoic acid (41). 1,4-Dioxane, EtOH, THF, toluene, MeOH, DCM, and CCl4 were tested for a
suitable solvent medium for the protocol. La(OTf)3 was checked for the recyclability and
observed that there is no significant loss of activity up to five consecutive cycles.

5.2.9 Synthesis of spiro[-indolo-3,10'-indeno[(1,2-b) quinolin]-
2,4,11'-triones

Kumari and co-authors [34] developed an eco-friendly one-pot three-component meth-
odology for the preparation of spiro[indolo-3,10-indeno[1,2-b]quinolin]-2,4,11ʹ-triones
(43) from isatins (1), enaminones (44), and 1,3-indanediones (45) in PEG-400 assisted
by recyclable La(OTf)3 catalyst in both conventional conditions and ultrasonic irradia-
tion conditions (Figure 5.9). Reaction involves unusual ring opening of isatin (1) moi-
ety followed by the recyclization.

(a)

(b)

(c)

Figure 5.7: (a) Synthesis of α,α-difluoro-β-OH-ketones mediated by La(OTf)3. (b) Preparation of
difluoroenol O-Boc ester. (c) Synthesis of α,α-difluoro-β-OH-ketones.
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During optimization EtOH, MeOH, ethylene glycol, CH3CN, PEG-400, and PEG-600
were tested for a facilitating medium. CAN, FeCl3, and La(OTf)3 were examined for
their catalytic activity toward the protocol. The recyclability of La(OTf)3, PEG-400 sys-
tem was observed to be ideal and is reusable up to six runs.

Figure 5.8: La(OTf)3-catalyzed petasisborono-Mannich reaction.

Figure 5.9: Synthesis of spiro[-indolo-3,10ʹ-indeno[(1,2-b) quinolin]-2,4,11ʹ-triones.
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5.2.10 Construction of C-hydroxy diketopiperazine scaffolds

Wang et al. [35] discussed in their research paper a convenient and efficient construc-
tion of C-hydroxydiketopiperazine (46) scaffolds, under microwave conditions, cata-
lyzed by reusable La(OTf)3 (Figure 5.10). Several Lewis acids such as MgBr2, Et2O, MgCl2,
CaCl2, as well as lanthanide triflates like La(OTf)3, Ce(OTf)3, Pr(OTf)3, Nd(OTf)3, Sm(OTf)3,
Eu(OTf)3, Gd(OTf)3, Tb(OTf)3, Dy(OTf)3, Ho(OTf)3, Er(OTf)3, Tm(OTf)3, Yb(OTf)3, and Lu
(OTf)3 were screened for their efficiencies. Among these La(OTf)3 drastically reduced
the reaction time. Authors concluded that diketone (47) scaffold binds to La(OTf)3 under
Z-configuration, followed by the nucleophilic attack of amide (48) under the TEA activa-
tion, affording the title products.

5.2.11 Synthesis of 5-substituted-1 H-tetrazoles

Meshram and co-researchers [36] prepared 5-substituted-1 H-tetrazoles (49) by a facile
and straight forward approach via (3 + 2) cycloaddition between aromatic/heterocyclic ni-
triles (50) and sodium azide (51) (Figure 5.11). Heterogeneous recyclable silica-supported
lanthanum triflate [La(OTf)3-SiO2] was employed as a catalyst. In the initial studies, sev-
eral silica supported Lewis acids like BiCl3.SiO2, SbCl3.SiO2, and Ln(OTf)3.SiO2 were exam-
ined, and it was observed that Ln(OTf)3.SiO2 in DMF-MeOH (4:1) at 100 °C was the most
favorable reaction condition for the protocol producing title compounds in high yields.
The catalyst retained the activity up to four cycles.

Figure 5.10: C-hydroxydiketopiperazine scaffolds.
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5.2.12 Synthesis of quaternary α-triflouromethyl-3-oxo-ester
derivatives

Granados et al. [37] reported an efficient and highly enantioselective approach for the
synthesis of quaternary α-triflouromethyl-3-oxo-ester (52) derivatives employing
La(OTf)3 and chiral Py-box-type-C2-symmetrical ligands (Figure 5.12a–c). 5-(Triflouro-
methyl) dibenzothio-pheniumtetraflouroborate (53) (Umemoto’s reagent) and 1-triflouro
methyl-1,2-benziodoxol-3(1H)-one(54) (Togni’s reagent) were screened for their effi-
ciencies. Togni’s reagent afforded higher yields. Indanyl-Py-box ligand improved the
reaction performance. The authors proposed the formation of reactive cationic iodo-
nium species (55). The versatility of the process is its applicability to a broad range
of cyclic β-ketoesters (56). It was observed that the size of the ester group strongly
influenced the enantio control.

5.2.13 Nitration of alkyl aromatics

Ketike et al. [38] reported nitration of alkyl aromatics (61) promoted by lanthanum tri-
flate anchored SBA-15 as an efficient eco-friendly recyclable catalyst under solvent-free
conditions at 90 °C (Figure 5.13). The authors prepared diamine functionalized micropo-
rous silica (SBA-ED) by treating microporous silica (SBA-15) with N-[3-(trimethoxysilyl)
propyl]-ethylene diamine (TPED) and then anchored it with La(OTf)3 to obtain the cata-
lyst SBA-ED-LT. It was characterized by XRD, FTIR, and TGA. Utilizing N2-sorption data
textural and structural parameters of the functionalized SBA-15 samples like SB-15, SBA-
ED, SBA-EHD-LT were examined for their efficiencies. Reaction parameters like aro-
matic compound to HNO3 ratio, amount of catalyst, reaction temperatures, and reaction
times were optimized. No significant loss of activity was observed till five runs.

Figure 5.11: La(OTf)3.SiO2-promoted preparation of 5-substituted-1H-tetrazoles.

5 Lanthanum triflate–assisted organic transformations: a decade update 87



(a)

(b)

(c)

Figure 5.12: (a) Formation of quaternary α-triflouromethyl-3-oxo-ester derivatives. (b) Structures of
L1, L2, L3,53,54. (c) Iodonium species intermediate.
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5.2.14 Preparation of malonamides

Jennings and co-researchers [39] designed and developed a three-component reaction
providing indolyl malonamides (63), with interesting photo physical properties from
coumarin-3-carboxylates (64), indole derivatives (65) and primary amines (66) catalyzed
by La(OTf)3 at room temperature (Figure 5.14a and b). Initially, the authors examined
the scope of indole additions (65) to coumarin-3-carboxylates (64), while screening differ-
ent catalysts for their efficiencies. During the course of study catalysts like ScCl3, Y(OTf)3,
TiCl4, La(OTf)3, and Sc(OTf)3 were analyzed. It was observed that 10 mol% Sc(OTf)3 in
toluene at 50 °C yielded trans-indolylchromanone derivatives (67). After developing the
general methodology for about nine addition products in the range of 82–98%, the au-
thors studied the applicability of the process to indolylmalonamides (63).

During optimization, different solvents and catalysts were examined and 10 mol%
of La(OTf)3 in CH2Cl2 at room temperature provided the malonamides (63) in encour-
aging yields.

5.2.15 Synthesis of tetrasubstituted pyrroles

Tan et al. [40] unveiled microwave-assisted preparation of tetra substituted pyrroles
(70) by the condensation/alkyne-aza-cyclization/isomerization (71) sequence, catalyzed
by La(OTf)3 (Figure 5.15). During initial studies the authors examined the efficiencies
of various catalysts such as Ni(OTf)3, Yb(OTf)3, Sc(OTf)3, Cu(OTf)2, CuBr, and La(OTf)3
and also investigated the role of different additives like PPh3, TMEDA, DPPP, and
DPPE. The authors utilized several propargylated-ketoesters (72) and a wide range of
aliphatic amines (66) as reactants in the (4 + 1) annulation approach. During the
course of development of the process, solvents such as toluene, dioxane, PhCF3 and
DMF were tested for suitability. The authors demonstrated the utility of these end
products in the construction of fully functionalized pyrroles through simple chemical
transformations.

Figure 5.13: Nitration assisted by SBA-ED-LT.
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5.2.16 Preparation of 1,4-butanediol diacetates

Zhu et al. [41] conducted successfully a novel multistep tandem one-pot process for 1,4-
butanediol diacetates (73) by the conversion of furan carboxylic acid (74) to BDA pro-
moted by Pd/C and La(OTf)3 catalytic system (Figure 5.16). The authors claim that the
method provides a promising way for broadening the application of common biomass
substrates. In the initial studies the effect of many lanthanide triflates on the protocol
was investigated and observed that highest BDA (73) was obtained with La(OTf)3. The

(a)

(b)

Figure 5.14: (a) Indole addition to coumarine-3-carboxylates. (b) Preparation of malonamides.
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temperature has a major role in this continuous multi-step transformation of FCA to
BDA (74/73). A series of experiments were conducted to fix hydrogen pressure. Effect of
reaction times as well as effective substrate concentrations to gain maximum yield was
also studied. The role of various reaction intermediates as substrates was examined.

5.2.17 Synthesis of 2,5-diformylfurans

Nguyen et al. [42] reported a one-step, direct, and facile preparation of 2,5-diformylfuran
(75) from glucose (76) and fructose (77) using a combination of sulfur (78), La(OTf)3, and
dimethylsulfoxide system, by a dehydration/oxidation process(Figure 5.17). In the initial
studies, the efficacies of various catalysts like H2SO4, H3PO4, HO(OTf)3, Bi(OTf)3, and La
(OTf)3 were verified. DMF, DMSO, dioxane, and nitrobenzene were tested as solvents for
their suitability for carrying out the process.

Figure 5.15: Preparation of α-aryl tetrasubstituted pyrroles.

Figure 5.16: Preparation of 1,4-butanediol diacetates.
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5.2.18 Synthesis of pyrazole-tethered imidazo[1,2-a]azine
derivatives

Sharma and co-authors [43] described a one-pot multi-component diversity-oriented syn-
thesis of pyrazole tethered imidazo[1,2-a]azine (79) derivatives, involving 2-amino azines
(66a), isonitriles (80), and pyrazol carbaldehydes (81) as reactants, catalyzed by La(OTf)3
(Figure 5.18a and b). As claimed, the protocol has the advantages such as low catalyst
loadings, shorter reaction times, atom economy, functional group tolerance, scalability,
and multiple bond formations in single step. Initially, the efficiencies of different cata-
lysts like I2, Sc(OTf)3, Cu(OTf)2, and La(OTf)3 were assessed. Toluene, methanol, water,
DMF, DMSO, and ethanol were tested for suitability as solvents. The protocol was ex-
tended to the preparation of pyrazol-C-5-tethered imidazo[1,2-a] pyridines (79) and
4-iodopyrazole-C-3-tethered imidazo[1,2-a]pyridine derivatives (82). Scalability of
the approach was established employing 2-amino pyridine (66b), tert. butyl isocya-
nide (80a), and pyrazole-3-carbaldehyde (81) derivatives as reactants.

5.2.19 Direct amidation reaction

Morimoto et al. [44] reported La(OTf)3 as an efficient simple component catalyst for
the preparation of variety of amides (85) from amines (42) and esters(86) under mild
reaction conditions (Figure 5.19a and b). The reaction between benzyl amine (42)and
ethyl-3-phenylpropionate (87) was selected as a model reaction for initial studies. La
(OTf)3 was chosen as a catalyst of choice among other acidic catalysts, as it afforded
98% yield of the title compound after 24 h of reaction time at 50 °C. The process was
extended to include aliphatic, α, β-unsaturated and aromatic/heterocyclic esters (86/
86a) as well as primary/secondary amines (66). As a part of research study the authors
conducted experiments on the catalyst controlled amidation of esters and applied the
methodology for the synthesis of some important compounds. The suitability of the
catalytic system was established in the selective amidation of some esters and amines
in the presence of similar functionalities with excellent yields.

Figure 5.17: Preparation of 2,5-diformyl furan assisted by La(OTf)3/S.
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5.2.20 Asymmetric cyclopropanation

Zhang and co-authors [45] designed and developed asymmetric cyclopropanation of 2-
cyano-3-aryl acrylates (89) employing 2-bromomalonates (90) catalyzed by La(OTf)3
and chiral N, N1-dioxide system (Figure 5.20a–c). Initially, several metal triflates like
Mg(OTf)2, Sc(OTf)3, Ni(OTf)2, and La(OTf)3 were assessed for their efficiencies for the
present protocol and noted that La(OTf)3 provided better results than others. Among
the ligands chiral N, N1-dioxide L2-RaEt2 (91) with small steric hindrance contributed for
enhanced enantioselectivities up to 89% ee. Several organic and inorganic bases such as
K2CO3, K3O4.6H2O, NEt3, and ipr2NEt were screened and ipr2NEt provided the best results.
Reactions employing diverse range of 2-cyano acrylates (92) were conducted. It was re-
ported that enantioselectivity decreased with increase in substituent size. Highly func-
tionalized chiral cyclopropanes (89) were prepared in yields (up to 93%) with good ee
values (up to 91% ee) and excellent d.r. (>95:5 dr). The present catalytic system was ap-
plied to the three-component tandem halogenation/asymmetric MIRC reaction of ethyl-2-
cyano-3-phenyl acrylate (92), diethylmalonate (90) and NBS (93).

(a)

(b)

Figure 5.18: (a) Preparation of pyrazole-C-3-tethered imidazo[1,2-a] pyridine derivatives. (b) Pyrazole-C-3-
substituted imidazo [1,2-a] pyrazine and imidazo [2,1-b] thiazole derivatives.
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5.2.21 Synthesis of poly-substituted dihydropyran derivatives

Zhang et al. [46] developed and studied extremely novel Rh(I)/La(III) co-catalytic
three-component strategy for the convergent synthesis of poly-substituted dihydro-
pyran derivatives (95), obtained by the reaction of vinyl cyclopropanes (96), diazo es-
ters (97), and diphenylsulfoxide (98). Vinyl cyclopropanes (96) undergo isomerization
resulting in conjugated dienes followed by their [4 + 2] cycloaddition with vicinal

(a)

(b)

Figure 5.19: (a) Direct amidation promoted by La(OTf)3. (b) Direct amidation of ethyl-2-pyridine
carboxylate.
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tricarbonyl compounds (99) (Figure 5.21a–c). In the process diphenyl sulfoxide (98) trans-
fers oxygen atom to diazo esters (97) forming tricarbonyl compounds (100). Different
Lewis acids like AgOTf, Cu(OTf)2, Sc(OTf)3, Yb(OTf)3, TMSOTf, and La(OTf)3 were screened
for their efficiencies in the initial optimization studies. La(OTf)3 was reported to have
given the best results. The authors obtained the isomerization products in these reactions
where in olefin unit migrates to the adjacent carbon. Substrates with electron-donating
groups produced more such isomers.

The versatility of this scalable process was demonstrated with differently substi-
tuted vinyl cyclopropanes (96) and diazo esters (97).

(a)

(b)

(c)

Figure 5.20: (a) Synthesis of highly functionalized chiral cyclopropanes. (b) Tandem halogenation/
asymmetric MIRC reaction. (c) L2-RaEt2.
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5.2.22 Preparation of nonsymmetric urea derivatives

Bui and Kim [47] prepared nonsymmetric urea derivatives (102/104/105) successfully
from N-benzyloxy carbonyl, N-allyloxy carbonyl and N-2,2,2-trichloroethoxy carbonyl-
protected amines (103) assisted by La(OTf)3 (Figure 5.22a–c). During optimization stud-
ies the authors conducted experiments to validate the efficacies of various catalysts
such as LaCl3, La(OAc)3, La(OTf)3, Sm(OTf)3, Nd(OTf)3, Sc(OTf)3, Zn(OTf)2, Mg(OTf)2, and
Al(OTf)3. Several solvents were examined for their suitability and PhCF3 gave best re-
sults. The broader applicability of this novel process was demonstrated by preparing
a large library of the title compounds from diversely substituted N-Cbz/N-Troc/N-
Alloc protected amines as well as aliphatic/aromatic/alicyclic/heterocyclic amines
(42/66). Scale up studies was also conducted by the authors.

(a)

(c)

(b)

Figure 5.21: (a) Reactions with different vinyl cyclopropanes. (b) Reaction of vinyl cyclopropanes with
substituents at other locations. (c) Reactions with varied diazoesters.
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5.2.23 Synthesis of chromenopyrazolones

Hariprasad et al. [48] explored a facile method to obtain chromenopyrazolones(106)
by the reaction of salicylaldehyde phenylhydrazones(107) with β-ketoesters(108) and
activated alkynes (109) assisted by La(OTf)3 at 30 °C under solvent-free conditions
(Figure 5.23a–d). The scope of the process was investigated using several salicylalde-
hyde phenylhydrazones (107) and ethyl-3-oxobutanoate (110). During optimization
process AcOH, P-TsOH, AlCl3, FeCl3, InCl3, SnCl2, H2SO4, Cu(OAc)2, ZrOCl2.8H2O, Sc(OTf)3,
Bi(OTf)3 and La(OTf)3 were examined as catalysts. Toluene, DCM, EtOH, and CH3CN
were tested as solvents. Conventional heating at 130 °C in the absence of any solvent

(a)

(c)

(b)

Figure 5.22: (a) La(OTf)3 promoted preparation of nonsymmetrical urea derivatives from butyl amines.
(b) La(OTf)3-assisted preparation of non-symmetrical urea derivatives from N-Cbz amines and different
amines. (c) Reaction of N-allocor N-Troc-protected amines.
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(b)

(a)

(c)

(d)

Figure 5.23: (a) Preparation of chromenopyrazolones. (b) Reaction with β-ketoesters: preparation of
chromenopyrazolones. (c) Cyclization and reductive dechlorination with ethyl-4-chloro-3-oxobutanoate.
(d) Synthesis of chromenopyrazolone-3-carboxylates.
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provided better results. The scope of the method was expanded to include various
substituted salicylaldehyde phenyl hydrazones (107). The research work was also ex-
tended to synthesize chromenopyrazolones (111) from β-ketoesters (108), activated al-
kynes (109) and salicylaldehyde phenylhydrazones (107). Phenyl, triflouro, trichloro
oxobutanoates (112) and diethyl malonate (113) did not yield the product.

5.3 Conclusions

This review highlights the superior catalytic activity of La(OTf)3 toward various organic
transformations, particularly reported in the last ten years. The authors wish that the
present review stimulates further research and application of La(OTf)3 to a diverse
range of synthetic applications, resulting in the discovery of new and improved meth-
odologies. The authors of this review sincerely appreciate and acknowledge the re-
search groups of the publications cited herein. All the figures are redrawn and are
representative. The scholars are advised to go through the original research articles for
detailed information and learning.
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6 Current advances in the application
of actinide complexes for useful organic
transformations

6.1 Introduction

The role of actinide complexes in organometallic catalysis has not been explored much
until the last couple of decades due to difficulty in handling actinides, most of which
are unstable and radioactive in nature. Only the first four actinides, namely, actinium,
thorium, protactinium and uranium, are found in nature. Neptunium and plutonium
are found in uranium minerals in very minute quantities. Rest are all man-made. More-
over, since all the actinide members are radioactive in nature, it is really hazardous
and difficult to involve actinides in catalyzing organic reactions. However, with the de-
velopment of newer technologies in radioactive chemistry, it has now become relatively
easier to handle actinides especially the earlier ones. Thus, researchers all over the
world have started exploring the unique properties of actinides which include high
ionic radii, availability of 5 f valence orbitals, and existence of range of coordination
numbers, all of which make them quite suitable as competent catalytic agents.

A few reviews covering the synthesis and unique reactivities of actinide complexes
are available in literature [1–34]. In this chapter, we aim to highlight a few types of or-
ganic reactions that are suitably catalyzed by actinide complexes. This chapter will thus
have 12 subheadings, namely, hydroamination of terminal alkynes, hydrosilylation of ter-
minal alkynes, dehydrocoupling reaction of amines with silanes, hydrothiolation of ter-
minal alkynes, Tischenko reaction, coupling reaction of terminal alkynes and isonitriles,
addition of alcohols to carbodiimides, oligomerization of alkynes, hydroxyalkylation/cy-
clization of alkynyl alcohols, ring-opening polymerization of cyclic esters, ring-opening
polymerization of epoxides and catalytic insertion of protic nucleophiles to heterocumu-
lenes. We would highlight the scope of actinide catalysis in each of the above reactions
with the hope of inspiring future research in actinide catalysis so that the world may see
greater use and application of actinides.
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6.2 Hydroamination of terminal alkynes

Hydroamination, as the name suggests, involves addition of N–H bond to alkene or
alkyne. This is a fundamental reaction in organic synthesis. However, there are not
many references of actinide complexes catalyzing this reaction.

Eisen and his group [35] developed a methodology where cyclopentadienyl com-
plexes of actinides catalyze hydroamination of terminal alkynes (1) with aliphatic
amines (2) leading to the formation of imines (3, 4) (Figures 6.1 and 6.2). The reaction
generated trace amounts of alkyne oligomerization products as by-products. Uranium
and thorium cyclopentadienyl complexes successfully catalyze the hydroamination
reaction. The regioselectivity of the methodology could be controlled by the choice of
alkyne and actinide metal catalyst.

C CHR1 + R2NH2 C N

R1H2C

H R2

Cp*
2UMe2

THF or C6H6

80oC, 24h

R1= TMS, nBu, tBu, Ph
R2= Me, Et

Yield = 50-95%

1 2
3

Figure 6.1: Uranium-catalyzed hydroamination of terminal alkynes with aliphatic amines.
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Figure 6.2: Thorium-catalyzed hydroamination of terminal alkynes with aliphatic amines.
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Uranium complexes resulted in the formation of terminal imines (3). With uranium
catalysis, in case of trimethyl silyl-substituted acetylene, the product imine underwent 1,3
shift of the silyl group leading to the formation of enamine. Thorium-catalyzed hydroami-
nation resulted in two types of imines namely terminal imine (3) and nonterminal imine
(4). With trimethyl-substituted acetylene, the product is terminal imine while with butyl-
or phenyl-substituted acetylene, the product is the unexpected non terminal imine.

6.3 Hydrosilylation of terminal alkynes

Addition of Si–H bond to terminal alkyne plays a very important role in organosilicon
chemistry. After hydroamination reaction, Eisen and his group [36] employed organo-
actinide complexes for successful hydrosilylation of terminal alkynes. The regiospeci-
ficity and chemoselectivity of the methodology could be controlled by factors such as
the type of alkyne used, type of metal and catalyst used, substituent on the silane skel-
eton, ratio between silane and alkyne, solvent and reaction temperature.

When the reaction was carried out at room temperature, trans-vinylsilane (7)
was obtained as the major product with silylalkyne (8) and alkene (9) as minor prod-
ucts (Figure 6.3). As reaction temperature was increased, cis-vinylsilane and double-
hydrosilylated alkene were obtained as products.

6.4 Dehydrocoupling reaction of amines with silanes

Eisen and his group [37] synthesized aminosilanes (12, 13, 14) by dehydrogenative cou-
pling of silanes (10) and amines (11) catalyzed by [(Et2N)3 U][BPh4] (Figure 6.4). The
method provided a successful alternative for the synthesis of aminosilanes thereby
eliminating the formation of toxic ammonium halides that are generated during am-
monolysis, which by far had been the conventional method of synthesis of silazanes.

It was observed that for a particular silane reacting with a primary amine RNH2,
the reactivity depended on the steric hindrance of the R group. The order of reactivity
was found to be primary > secondary > tertiary with respect to the R group of the

Figure 6.3: Uranium/thorium-catalyzed hydrosilylation of terminal alkynes.
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primary amine. As compared to primary amines and silanes, secondary silanes and
secondary amines were less reactive towards this kind of dehydrogenative coupling
leading to the formation of aminosilanes.

6.5 Hydrothiolation of terminal alkynes

Hydrothiolation of alkene/alkyne is an important reaction in organic synthesis as it
helps to install sulfur as a heteroatom in the carbon skeleton. In 2009, Marks et al. [38]
reported a highly efficient method of hydrothiolation of terminal alkynes (15) with thi-
ols (16) mediated by organoactinides producing a range of vinyl sulfides (17) (Figure 6.5).
This reaction was previously found to be catalyzed by a few late transition metals. How-
ever, aliphatic thiols were sluggish towards the reaction and the previously reported
protocols failed to achieve hydrothiolation of alkynes with aliphatic thiols. Marks and
his group successfully involved aliphatic thiols to produce the corresponding hydrothio-
lated product with alkynes thus making the methodology versatile.

Although several U(IV) and Th(IV) complexes were found to mediate hydrothiolation,
the authors studied and reported the activity of Me2SiCp′′2Th[CH2TMS]2 complex in details.
Several aliphatic, aromatic and benzylic thiols participated in the reaction. However,

Figure 6.4: Uranium-catalyzed dehydrocoupling reaction of silanes and amines.

C CHR1 + R'SH
Me2SiCp"

2Th(CH2TMS)2

Toluene/Benzene
90-110 oC, 1-27 h

R = nBu, Ph, cyclohexenyl, cyclohexyl
R' = Me-(CH2)4-, cyclohexyl, Ph, 4-(tolyl)-CH2

15 16 R SR'17

CH2

Figure 6.5: Thorium-catalyzed hydrothiolation of terminal alkynes.
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primary aliphaticthiols were found to be more reactive than their secondary counter-
parts due to steric reason. On the alkyne front, aromatic, aliphatic as well as alicyclic al-
kynes produced the desired hydrothiolation product.

6.6 Tischenko reaction

The Tischenko reaction is a green atom efficient method for the synthesis of esters by
coupling of aldehydes. In 2018, Eisen and co-researchers [39] synthesized and charac-
terized a series of benzimdazolin-2-iminato actinide(IV) complexes with actinium
metal as uranium and thorium. These complexes were used for the catalysis of homo-
and cross-coupling of aldehydes (18, 20) leading to the formation of esters (19, 21, 22,
23, 24) via Tischenko reaction (Figure 6.6).

Substrates containing electron-withdrawing groups gave better results as compared
to those with electron-donating groups. In case of cross-coupling of two aldehydes, a
mixture of the homo-coupled and cross-coupled products (21, 22, 23, 24) was obtained

rt, 36 h

R = C6H5, 4-CN-C6H4, 4-NO2-C6H4, 3-NO2-C6H4,
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2-naphthyl, 2-furyl, 2-pyridyl, 2-thienyl, iPr, cyclohexyl
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Figure 6.6: Uranium-/thorium-catalyzed homocoupling of aldehydes.
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Figure 6.7: Uranium/thorium-catalyzed cross-coupling of aldehydes.
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(Figure 6.7). The thorium catalysts were also employed for coupling between aldehydes
and alcohols and cross-coupling between aldehydes and trifluoromethylketones.

6.7 Coupling reaction of terminal alkynes
and isonitriles

Insertion of isonitriles into metal-acetylide bonds of transition metals is known to
happen under stoichiometric conditions [40–42]. However, actinides have not been
commonly involved in such reactions.

In 2004, Eisen and his group [43] reported a method where terminal alkynes (25) un-
derwent coupling reaction with tert-butylisonitrile (26) under the catalysis of [(Et2N)3 U]
[BPh4] and Cp✶2AnMe2 where the actinides involved were thorium and uranium
(Figure 6.8). The reaction occurred via 1,1 insertion of the terminal carbon atom of
isonitrile into a metal-imine or metal-acetylide bond. The product distribution was
dependent on the nature of catalyst and alkyne/isonitrile ratio (Figure 6.9).
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Figure 6.8: Uranium/thorium-catalyzed coupling reaction of terminal alkynes and isonitriles.
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6.8 Addition of alcohols to carbodiimides

Amido actinide complexes were successfully used for the catalysis of alcohol (28) addi-
tion to carbodiimides (29) (Figure 6.10) by Eisen and his group [44]. The reaction yielded
isoureas (30) with excellent yields and high stereoselectivities. Isoureas have potent ap-
plication in synthesis of drugs and other biologically active molecules. This methodol-
ogy has resulted in an alternative method for synthesis of isourea derivatives. In
addition to this the method also provides a novel utility of actinides in catalysis. Based
on computational studies and relevant experimental kinetic and thermodynamic data,
the authors proposed a plausible mechanism for the reaction.

6.9 Oligomerization of alkynes

Earlier, mainly organolanthanides and transition metals were employed for alkyne
polymerization. However, in 1995, Eisen and his group [45] used Cp✶2AcMe2 (Ac = U,
Th) as an effective catalyst for oligomerization of terminal alkynes (Figure 6.11).

entry catalyst R catalyst/tBuNC/
R-C≡CH

time (%) (%) (%)

 A Ph ::  

 A iPr ::  

 A TMS ::  

 A TMS ::   

  

 B Ph ::   

 B iPr ::   

 B iPr ::   

 B iPr ::  

 B iPr ::  

  

  

  

 C tBu ::  

 C tBu ::  

 C TMS ::  

 C TMS ::  

A = [(Et2N)3U][BPh4] ; B = Cp✶2UMe2; C = Cp✶2ThMe2

Figure 6.9: Product distribution for uranium/thorium-catalyzed coupling reaction
of terminal alkynes and isonitriles.
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Cp✶2AcMe2 reacted with an excess of tert-butylacetylene (31) in a regioselective
fashion to yield the head-to-tail dimer 2,4-di-tert-butyl-l-buten-3-yne (32) as the main
product. The head-to-head dimer (E)-1,4-di-tert-butyl-l-buten-3-yne (33) was formed in
trace amount. However, with trimethyl-silyl-acetylene, mainly catalytic trimerization
(35) occurs along with small amounts of head-to-tail dimer 2,4-bis(trimethylsilyl)-1-
buten-3-yne (36).

The authors gave a plausible mechanism for the oligomerization of alkynes (Figure
6.12). The first step involves alkyne C–H bond activation leading to the formation of organo-
actinide bisacetylide complex (38) along with methane. This is followed by the insertion of
the alkyne (in a head to tail fashion) into the alkyne C–H bond, thus resulting in the forma-
tion of alkenylactinidecomplex (39). This complex then participates in two kinds of reac-
tions; one is σ bond metathesis with an alkyne to produce the dimer (40), and the other is
insertion of alkyne (tail to head fashion) into (39), thus yielding complex bis(dienyny1) orga-
noactinide complex (41). This bis(dienyny1) organoactinide complex then participates in σ
bond metathesis with another alkyne yielding the dienyne (42) and regenerating the bisace-
tylide complex (38).

Figure 6.10: Uranium/thorium-mediated addition of alcohols to carbodiimides.

Figure 6.11: Uranium/thorium-catalyzed oligomerization of alkynes.
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6.10 Hydroxyalkylation/cyclization of alkynyl
alcohols

Hydroxyalkylation is a method of addition of an O–H bond across a carbon-carbon
double or triple bond. In 2013, Marks and his group [46] reported a highly selective
methodology for the hydroxyalkylation/cyclization of alkynyl alcohols (43) catalyzed
by organothorium complexes (Figure 6.13). Three different thorium catalysts were stud-
ied for the reaction, out of which (CGC)Th(NMe2)2 (where CGC =Me2Si(η5-Me4C5)(tBuN))
showed the best catalytic activity. Several primary and secondary alcohols as well as
terminal and internal alkynes were compatible with the reaction. However, primary
alcohols and terminal alkynes gave better results as compared to secondary alcohols
and internal alkynes thus showing that steric effect has a dominant role in the reaction.

The reaction when monitored via 1H-NMR spectroscopy showed the rate law to be
zero order with respect to substrate and first order with respect to catalyst. Based on
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Figure 6.12: Plausible mechanism of uranium/thorium-catalyzed oligomerization of alkynes.
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reactivity patterns, activation data, and kinetic study, the authors proposed a mecha-
nism involving insertion of alkyne into Th–O bond followed by fast Th–C protonolysis
resulting in the formation of product and regeneration of the starting Th–OR species.

6.11 Ring-opening polymerization of cyclic esters

Polymers of cyclic esters like ε-caprolactone and L-lactide, being biodegradable in nature,
have high importance as sustainable polymers in industries. It was commonly believed
that presence of oxygen containing substrates would decrease the catalytic activity of ac-
tinides as early actinides are known to be oxophilic in nature. However, Eisen and his
coworkers [47] successfully employed actinide complexes (45, 46, 47) (Figure 6.14) for the
ring-opening polymerization of ε-caprolactone and L-lactide (Figure 6.15).

Out of the three complexes employed as catalysts, thorium complex (47) was
found to exhibit highest catalytic activity. This might be attributed to the lower oxo-
philic nature of thorium as compared to uranium. Temperature had a dominant role
in the conversion rate and catalytic activity. It was observed that as temperature was
increased, reactions proceeded in less time with higher conversion.

OH
OH

H

= alkyl or aryl group

CGC-Th catalyst (5 mol%)
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43 44

Figure 6.13: Thorium-catalyzed hydroxyalkylation/cyclization of alkynyl alcohols.
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Figure 6.14: Actinide complexes employed as catalysts for ring-opening polymerization of ε-caprolactone.
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6.12 Ring-opening polymerization of epoxides

Walshe and his group [48] used uranium complexes (Figure 6.16) as precatalysts
for the ring-opening polymerization of propylene oxide and cyclohexene oxide.
The polymerization reactions occur at room temperature with only 1 mol% of the
catalyst.

Based on spectroscopic and kinetic and thermodynamic evidences, the authors
suggested a bimetallic mechanism for the polymerization reaction where the epoxide
coordinated to a uranium center is attacked by aryloxide or halide attached to an-
other uranium center [49].

O

O

n
+

O

O

O

O
O

H

O

n

U/Th complex (45 or 46 or 47)

Toluene or THF

25-110 oC

Figure 6.15: Actinide complexes catalyzed ring-opening polymerization of ε-caprolactone.
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6.13 Catalytic insertion of protic nucleophiles
to heterocumulenes

In 2015, Eisen and his group [50] prepared actinide pre-catalysts (51, 52, 53) (Fig-
ure 6.17) and used them in the catalytic insertion of C–H/N–H/P–H/S–H bonds to heter-
ocumulenes (Figure 6.18). High reaction rates and good functional group tolerances
were observed in the case of insertion into carbodiimides. However, insertion into
phenylisothiocyanateand phenylisocyanate exhibited less reactivity.

A variety of protic nucleophilic substrates like amines, phosphines, thiols, and
even alkynes successfully participated in the reaction thus bringing out the versatility
of the methodology. Based on deuterium labeling studies for the reaction of N,N’-
diisopropylcarbodiimide and PhND2, the authors proposed a mechanism involving
protolytic cleavage of guanidinate as the rate determining step.
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Figure 6.17: Actinide complexes employed for catalytic insertion of protic nucleophiles into
heterocumulenes.
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6.14 Conclusions

In spite of the hazards related to the handling of actinides, research on actinides, espe-
cially uranium and thorium, is steadily progressing. The potential of these actinides in
organometallic chemistry is gradually being exploited, and this in turn will lead to
more research on other actinide members as well, thus exploring their full strength as
organometallic agents. In this chapter, we tried to assemble a few areas where actinides
have been successfully employed as catalysts in organic synthesis. We sincerely hope
that this chapter will prove to be useful in the future growth of research on actinides.
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7 Role of samarium in organic synthesis

7.1 Introduction

Organic synthesis is a particular branch of chemical synthesis which has led to a mag-
nificent host of benefits for society involving useful products ranging from pharmaceut-
icals and agricultural chemicals to diagnostics and high-technology materials [1]. The
organic synthetic community has shown interest in the applications of lanthanide deriv-
atives in catalysis because of their potent Lewis acid characters along with their non-
toxicity [2]. Several organic transformations, including aza-Henry reaction, Mukaiyama
aldol, [4 + 2] cycloaddition, Reformatsky reaction, stereoselective β-elimination, Michael
reaction, multicomponent reaction, Michael-iminoaldol tandem reaction, Tishchenko re-
action, and more, were carried out by Kagan’s reagent, samarium diiodide (SmI2) effi-
ciently [3, 4]. Henri Kagan invented samarium(II) iodide (SmI2) as a potent single-
electron reducing agent in 1977 which has found increasing uses in organic synthesis
[5]. SmI2 also catalyzes the ring opening of epoxides successfully at room temperature
and it can be applied in the total synthesis of bioactive natural products [6–14]. Vari-
ous chemical transformations include the utilization of expensive and stoichiometric
amounts of reagents that suffer from poor regioselectivity [15, 16]. Moreover, these
chemical syntheses need more reaction times. So, the development of novel and effi-
cient methodologies for organic synthesis is still demanding. In this context, samarium
diiodide and metallic samarium exhibit widespread applications as powerful reducing
agents [2–5]. Currently, metallic samarium has attracted attention as a reducing agent
as it is cheap, stable in the air, and can be employed directly as a reductant instead of
samarium diiodide [16, 17]. The present article focuses on the applications of samar-
ium diiodide and metallic samarium in organic synthesis.
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7.2 Applications of samarium diiodide and metallic
samarium in organic synthesis

This section deals with the applications of samarium diiodide and metallic samarium
in chemical synthesis since the primary goal of this article is to represent the brilliant
applications of lanthanide derivatives for syntheses of valuable organic compounds.
In 2002, B. K. Banik published a graceful and stylish review regarding samarium
metal in chemical synthesis [17]. So, this chapter aims to cover the uses of samarium
diiodide mainly and metallic samarium also in organic transformations from 2002 to
2021.

7.2.1 Multicomponent reaction

Multicomponent reactions are convergent transformations that generate a single product
from three or more starting materials through a one-pot fashion, where it preserves all
or most of the atoms of the reactants and it furnishes high yields, and atom/step economy
[18]. Organic compounds comprising diarylmethanol skeletons have broad applications in
the areas of medicine and materials [19]; they can also be used as intermediates in the
synthesis of several anti-inflammatory and anticancer drugs [20]. Diphenhydramine
(DPH) containing diarylmethanol scaffold is employed to treat a variety of allergic dis-
eases [20, 21] and a benzhydrol diacetate derivative displays moderate HL-60 cell-growth-
inhibitory activity with a half-maximal inhibitory concentration (IC50) value of 3.5 µM
[22]. Recently, Liu et al. [23] reported the synthesis of promising organic compounds in-
cluding diarylmethanol skeletons under the Sm–CuI catalyst system through the three-
component C–H functionalization reaction from commercially available halobenzenes 1,
esters 2, and N,N-dimethylformamide 3 in 2021 (Figure 7.1). This novel one-pot strategy
took place under mild conditions to furnish desired products 4 in moderate to good yields
(43–83%, bromobenzene as a substrate) which demonstrates an encouraging perspective
for the exploitation of samarium metal in organic reactions.

7.2.2 Reductions

The reduction reaction plays central importance in organic chemistry along with bio-
chemistry [24]. Hence, this section deals with the reduction reaction in chemical
synthesis.

120 Asish Kumar Dey and Sasadhar Majhi



7.2.2.1 Allylic benzoate reduction

O’Neil et al. [25] carried out SmI2-assisted allylic benzoate reductions to offer a novel
route to access asymmetric carbon atoms in 2020. It has been investigated that stereo-
specificity in these transformations is solely dependent on the nature of the alkene
substituents; the reaction is stereospecific for substrates bearing alkyl-substituted al-
kenes (trans-5 to 6, cis-5 to 7) whereas the transformation becomes nonstereospecific
for the insertion of a phenyl substituent (trans-8 or cis-8 to 9) (Figure 7.2). The results
indicated that the stereochemistry of the main product from these transformations is
compatible with a mechanism including the construction of a chelated organosama-
rium intermediate, thereafter the intramolecular protonation from water molecule
that is likely tied to the Sm3+ (10 to 10a to 11) [26]. The strong rationale is introduced
based on the stabilization of a suggested organosamarium intermediate by the phenyl
ring [27].

7.2.2.2 Bis-benzoyl ester reduction

W. O’Neil and coworkers [28] accomplished the total synthesis of the biologically relevant
biphenolic phytochemical honokiol (18) involving the samarium-promoted bis-benzoyl
ester reduction in 2016. Neolignan honokiol (18) exhibits powerful antioxidative, antiangio-
genic, anticancer, and anti-inflammatory activities [29]. 5-Bromo-2-methoxybenzaldehyde

Figure 7.1: Three-component reaction for the synthesis of diarylmethanol skeletons in the Sm–CuI
system.
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(12) produced boronate ester (13); the biphenyl core (15) was constructed by the reaction
of 3-bromo-4-methoxybenzaldehyde (14) with boronate ester (13) through a Suzuki cou-
pling in excellent yield on the multi-gram scale (Figure 7.3). The dialdehyde (15) was
treated with vinylmagnesium bromide to furnish the intermediate diol (16); the diol (16)
underwent acylation with benzoyl chloride followed by treatment with SmI2/MeOH deliv-
ered dimethylhonokiol (17) in 98% yield as a vital step. The natural bioactive honokiol (18)
was obtained from dimethylhonokiol (17) in the presence of the tris(pentafluorophenyl)bo-
rane/Et3SiH system in 42% overall yield from readily available aldehydes (14) and (12) [28].

7.2.2.3 Reduction of phenacyl azide

In heterocyclic chemistry, the synthesis of pyrroles plays an important role as various
pyrroles are subunits of secondary metabolites, pharmaceutical agents along with pol-
ymers [30]. Zhang et al. [31] provided an efficient protocol for the synthesis of 2,4-
diarylpyrroles 20 from easily accessible starting materials phenacyl azides 19 using
Kagan’s reagent, samarium(II) iodide under mild and neutral conditions with good

Figure 7.2: Regio- along with diastereoselective allylic benzoate reductions by SmI2(H2O)n through
organosamarium intermediate.
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yields for the first time (Figure 7.4). It has been investigated that samarium(II) iodide
can effectively stimulate the reduction of starting materials 19 at room temperature
as a green methodology.

Figure 7.3: Total synthesis of natural bioactive honokiol utilizing the samarium-promoted bis-benzoyl
ester reduction.

Figure 7.4: Reduction of phenacyl azides promoted by samarium(II) iodide.
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7.2.3 Reformatsky reaction

The β-hydroxy-γ-alkenyl-ketones (esters or acids, amides) are of great interest due to
their applications as synthetic intermediates and they are also subunits of secondary
metabolites such as eremofortin F [32], mohangic acids [33], largazole [34] and more.
Laschat and coworkers [35] executed an asymmetric SmI2-assisted Reformatsky reac-
tion involving terpene-derived enals as rarely electrophilic substrates in 2019. This
methodology provided stereochemically well-developed 3-hydroxy-4-alkenyl- along
with 3-hydroxy-2-methyl-4-alkenyl imides from 3-(2-haloacyl)-2-oxazolidinones. 3-(2-
Haloacyl)-2-oxazolidinones 21a, b and 24 were treated with enals geranial (E)-22 and
neral (Z)-22 to furnish the desired imides (23, 25) in the presence of the SmI2 in THF
for 1 h (Figure 7.5). The results indicated that geranial (E)-22 delivered the diastereom-
ers (3′R,4′E)-23a and (3′S,4′E)-23a in 73 and 6% yield (dr 92:8) whereas (3′R,4′Z)-23a and
(3′S,4′Z)-23a were obtained from neral (Z)-22 yielded in 71 and 7% yield (dr 91:9). It is
interesting to note that the configuration of the enal C = C double bond does not influ-
ence both yields and diastereoselectivities.

7.2.4 Stereoselective β-elimination

Halovinyl carbohydrate derivatives act as valuable synthetic intermediates; they are
employed as intermediates in the synthesis of natural products [36], nucleosides [37],
and C-glycosides [38]. Rodríguez-Solla and coworkers [39] developed a novel methodol-
ogy for the synthesis of carbohydrate-derived (Z)-vinyl halides and silanes in 2018. Ga-
lactose-derived aldehyde (26) was treated with lithium diisopropylamide (LDA) in THF
at −78 °C to produce derivatives (27a-d) in good yield (64–86%) with moderate selectiv-
ity. Initially, organolithium reagents furnished the diiodomethylcarbinol intermediate
(27a) in good yield (28–86%), but these reagents are not stable even at low temperatures
(Figure 7.6). However, base LDA provided the best results for the synthesis of the corre-
sponding addition products (27a–d) in terms of yield and selectivity (Table 7.1) [39].
Next, compounds 27 were converted in the corresponding acetates 28 in the presence
of the acetic anhydride (Ac2O) in pyridine and 4-dimethylaminopyridine (DMAP) in ex-
cellent yields (93–98%). Finally, halocarbinol acetates 28 (as a mixture of D-/L-glycero
stereoisomers) delivered the targeted (Z)-vinyl halides (29a-c) and the vinylsilane 29d
using 2.5 equiv. of SmI2 in THF under reflux through β-elimination reaction as a key
step (Table 7.2). This transformation took place in a stereoselective manner but not in a
stereospecific fashion as the diastereoisomeric ratio arises from compounds 28 to 29.

A plausible mechanism was also provided for the synthesis of (Z)-vinyl halides
(29a-c) and the vinylsilane 29d. Halocarbinol acetates 28 reacted with the first equiva-
lent of samarium diiodide to furnish a radical intermediate 30 (Figure 7.7). Next, the
radical specie 30 was transformed into the anionic intermediate 31 by the second
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equivalent of samarium diiodide. The anionic intermediate 31 was effective to generate
(Z)-vinyl compound 29 through 1,2-elimination [39]. A six-membered ring 31 was ob-
tained by the chelation of Sm(III) center with the oxygen atom of the acetyl group. The

Figure 7.5: SmI2-promoted Reformatsky reaction of 3-(haloacetyl)oxazolidinones
and 3-(2-bromopropanoyl)oxazolidinone with terpene-derived enals.
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(Z)-selectivity in this transformation was interpreted by the chelation-control model;
chair-like structure I–II was accepted in which the X1 and R occupy an axial and equa-
torial position, respectively.

Figure 7.6: Synthesis of (Z)-vinyl halides and the vinylsilane.

Table 7.1: Preparation of halomethyl carbinols 27a-d.

Entry X X Intermediate () D-/L-glycero Yield (%)

 I I a / 

 Cl I b / 

 Br Br c / 

 SiMe Cl d / 

Figure 7.7: A plausible mechanism for the synthesis of (Z)-vinyl halides and the vinylsilane.
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7.2.5 Aza-Henry reaction

The aza-Henry reaction, also known as nitro-Mannich reaction, includes the nucleo-
philic addition of nitroalkanes to imines to furnish C–X or C–C bonds in better yield
and stereocontrol of the method usually; it is considered as one of the most efficient
synthetic tools for the syntheses of intermediates for valuable pharmaceutical targets
as well as of chiral auxiliaries for asymmetric catalysis [40]. Rodríguez-Solla et al. [41]
developed a new protocol for the preparation of nitroamines 34 by the aza-Henry re-
action of bromonitromethane 33 with different imines 32 in the presence of the SmI2
under very mild conditions (Table 7.3 and Figure 7.8). When these transformations
were carried out on sugar-based imines 35 with bromonitromethane 33, the corre-
sponding nitroamines 36 were derived in high yields with moderate to good stereose-
lectivities promoted by SmI2 in THF (Table 7.4 and Figure 7.9). Synthetic prospects of
nitroamines were also obtained by their reduction in the presence of SmI2/H2O at
room temperature using pyrrolidine in THF (Figure 7.10) with a 77–89% yield.

7.2.6 Intramolecular reductive cyclization

Synthetic chemists are attracted to constructing spiro core through the novel and effi-
cient strategies due to the biological importance of this scaffold in nature [42]. Currently,
cyclization reactions including the use of SmI2 as a powerful one-electron reducing
agent have been proved to be important tools for the synthesis of molecules of natural

Figure 7.8: Synthesis of 2-amino-1-nitroalkanes.

Table 7.2: Synthesis of targeted (Z)-vinyl halides 29a-c and silane 29d.

Entry X X Desired product () Z/E Yield (%)

 I I a / 

 Cl I b / 

 Br Br c / 

 SiMe Cl d / 
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origin [43]. Hence, Hsu et al. [44] demonstrated a methodology for synthesizing spiranes
that focuses on the intramolecular cyclization transformations of enone-aldehydes onto
various spirocyclic γ-hydroxyketones under mild conditions in the presence of the SmI2
as a key step. Initially, enone–aldehydes 38–41 were obtained from 3-alkoxyenones as

Figure 7.9: Synthesis of carbohydrate-obtained aminonitroalkanes.

Figure 7.10: Synthesis of 1,2-diaminoalkanes.

Table 7.3: Preparation of 2-amino-1-nitroalkanes.

Entry  R Pg  SmI (%)

 a n-CH Ts a 

 b s-Bu Ts b 

 c PhCHCH Ts c 

 d c-CH Ts d 

 e Ph Ts e 

  f n-CH PMP  f 

  g i-Pr PMP  g 

  h s-Bu PMP  h 

 i CH PMP i 

  j Ph PMP  j 

 k p-CNCH PMP k 

  l p-MeOCH BOC  l 

 m Ph BOC m 

  n p-CNCH BOC  n 
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spirane precursors. Next, the targeted spirocyclic γ-hydroxyketones 42–45 were synthe-
sized from enone–aldehydes 38–41 as inseparable diastereoisomers in moderate to good
yields utilizing 2 equiv. of SmI2 in MeOH and THF at 0 °C for 10–30 min instead of 4
equiv. of it as the ketone was converted to alcohol due to an excess of the reducing agent
(Figure 7.11). Finally, compounds 46–49 were also prepared from γ-hydroxyketones 42–45
in the presence of the pyridinium chlorochromate (PCC) in DCM at room temperature
through an oxidation reaction.

7.2.7 Intramolecular alkene-ketyl radical cyclization

Yang et al. [45] achieved a stereoselective total synthesis of secondary metabolite pseu-
dolaric acid A (54) involving a samarium diiodide-promoted intramolecular alkene-ketyl
radical cyclization as a central step from readily available starting material allyl bro-
mide (50). The total synthesis was initiated through an alkylation reaction of a ketoester
(51) with allyl bromide (50) to afford an intermediate (52) over three steps. The interme-
diate (52) underwent an intramolecular alkene-ketyl radical cyclization to furnish a cy-
clic product (53) in the presence of the SmI2 as vital steps with a 78% yield (Figure 7.12).
The cross-coupling provided the target intermediate with an excellent yield on a gram
scale, creating three novel stereocenters with 91:9 diastereoselectivity [46, 47]. Finally,
cyclic product (53) delivered natural product pseudolaric acid A (54) efficiently; the total
synthesis was completed in 16 steps from starting material ultimately.

Table 7.4: Preparation of carbohydrate-obtained aminonitroalkanes.

Entry  R  dr Yield (%)

 a a / 

 b b ./ 

 c c / 

 d d / 
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7.2.8 Substitution reaction

Jia et al. [48] described a simple and straightforward protocol for the construction of
amide bonds in the presence of the samarium metal under mild and neutral reaction
conditions. Acyl chlorides 55 were treated with amines 56 to provide the targeted amides
57 utilizing samarium metal instead of tertiary amines in high yield (82–99%) as a pro-
moter; the application of tertiary amines make a significant problem in the synthesis of

Figure 7.11: Synthesis of spirocyclic γ-hydroxyketones 42–45 through intramolecular reductive cyclization.

Figure 7.12: A stereoselective total synthesis of pseudolaric acid A applying an intramolecular
alkene-ketyl radical cyclization by samarium diiodide.
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peptides (Figure 7.13) [49]. Table 7.5 summarized the results and the reactivity of acyl
chlorides under the present situations was also investigated; these chlorides reacted with
aliphatic primary along with secondary amines and aromatic amines to deliver the de-
sired amides smoothly. It has been observed that aromatic acyl chlorides carrying both
electron-donating and electron-withdrawing groups produced amides in excellent yields.
It has been also examined that aliphatic acyl chlorides also afforded higher yields of the
targeted amides compared to aromatic acyl chlorides.

7.2.9 Stereoselective synthesis of cis-β-alkoxy-γ-alkyl-γ-lactones

Lactones specially γ-lactones make them attractive lead structures for the improvement
of novel drugs owing to their various biological activities such as antitumor, anti-
inflammatory, antiviral, antibiotic, and more [50]. Padrón et al. [51] demonstrated a
SmI2-assisted methodology for the preparation of cis-β-alkoxy-γ-alkyl-γ-lactones from
linear precursors. At first, appropriate alcohol (58) was treated with an equimolar
amount of methyl propyolate (59) in the presence of half an equivalent of tri-n-butyl
phosphine in THF to afford the β-alkoxyacrylate (60) in good yields (69–72%). Next, the

Figure 7.13: The synthesis of several amides using samarium metal as a promoter.

Table 7.5: The synthesis of several amides using samarium metal as a promoter at
room temperature.

Entry Time (h) Acyl chloride () Amine () Yield (%)

  PhCHCOCl PhNH 

  tBuCOCl PhNH 

  tBuCOCl tBuNH 

  PhCH = CHCOCl c-Hexylamine 

  p-ClCHCOCl PhNH 

  p-ClCHCOCl p-MeOCHNH 

  PhCOCl c-Hexylamine 

  PhCOCl PhNH 

  p-MeCHCOCl c-Hexylamine 

  tBuCOCl Morpholine 

  PhCOCl Morpholine 
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corresponding γ-lactone (62) was obtained by the reaction of the β-alkoxyacrylate (60)
with n-octanal (61) using SmI2 as a promoter (Figure 7.14). It is interesting to note that
the stereochemistry of the substituents on the ring is cis instead of trans. It has been
also observed that synthesized cis-β-alkoxy-γ-alkyl-γ-lactones display antiproliferative
activities in vitro [51].

7.2.10 Regioselective ring opening of epoxides

2-Amino alcohols, versatile intermediates, are used for the synthesis of many biologically
potent natural products, unnatural amino acids, and β-blockers [52]. The regioselective
ring opening was accomplished by Yadav and coworkers [53] in which ring opening of
various oxiranes 63 with different amines 64 occurred regioselectively in the presence
of the catalyst samarium triflate (10 mol%) to afford β-amino alcohols 65 and 66 in excel-
lent yields at below room temperature (Figure 7.15). For example, styrene oxide was
treated with isopropyl amine to provide β-amino alcohol as a single isomer through
ring-opening reactions, progressing from the terminal attack of the nucleophile. How-
ever, sterically hindered alicyclic amine namely N-phenyl piperazine was treated with
styrene oxide to afford a mixture of regioisomers in a ratio of 3:2 through the attack of
the nucleophile at benzylic and at the terminal position. β-Blockers, namely atenolol (71)
through Willgerodt reaction, propranolol (66a), and β-adrenoceptor agonist RO363 (78),
via the same methodology were also performed by the same investigators (Figures 7.16
and 7.17) [53, 54]. The drug atenolol (71) is employed for the remedy of hypertension and
angina pectoris [53].

Figure 7.14: Preparation of cis-β-alkoxy-γ-alkyl-γ-lactones through a SmI2-assisted methodology.
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7.2.11 Tishchenko reaction

The Tishchenko reaction is an efficient tool for the synthesis of various secondary me-
tabolites including macrolides, polyketides, as well as coalescing agents in the paint in-
dustry [55, 56]. Pohmakotr and coworkers [57] executed the aldol-Tishchenko reaction
for the stereoselective synthesis of anti-1,3-diol monoesters from the samarium dieno-
late with different aldehydes for the first time (Figure 7.18). The phenylsulfonyl acti-
vated cyclopropyl ketone (79) underwent a regioselective reductive cleavage in the
presence of the samarium(II) iodide to generate the samarium dienolate (81) through
the formation of intermediate (80). Next, the samarium dienolate (81) was treated with
various aldehydes 82 including aliphatic and aromatic aldehydes to deliver the desired

Figure 7.15: Regioselective ring opening of several oxiranes with different amines.

Figure 7.16: Synthesis of β-blocker atenolol.
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2-substituted anti-1,3-diol monoester derivatives 83, 84, and more. Besides, the stereose-
lective formation of optically active polyoxygenated organic compounds was carried
out by the tandem aldol-Tishchenko reaction in the presence of the samarium dienolate
(81) [57].

Figure 7.18: Aldol-Tishchenko reaction for the stereoselective synthesis of anti-1,3-diol monoesters.

Figure 7.17: Synthesis of β-adrenoceptor agonist RO363.
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7.2.12 Reductive elimination

In organic synthesis, the Baylis–Hillman reaction is a popular reaction in constructing
carbon-carbon bonds by the reaction of the α-position of an activated alkene with a
carbon electrophile, namely an aldehyde [58]. Adducts of the Baylis–Hillman reaction
are valuable precursors for the stereoselective synthesis of several multifunctional
compounds [59]. Zhang and coworkers [60] described a convenient and efficient pro-
tocol for the syntheses of (E)-methylcinnamic ester derivatives 86 utilizing the acetate
of Baylis-Hillman adduct as substrate (85) through the reductive elimination, assisted
by samarium metal employing a catalytic amount of iodine in THF for 1–4.5 h with
65–95% yield (Figure 7.19). The same authors also accomplished the stereospecific syn-
theses of (2Z)-2-(iodomethyl)alk-2-enoates 88 involving iodine in a 1:1 ratio with metal-
lic samarium (2 mmol Sm power and 2 mmol I2) under reflux in 87–97% yield within
25 min from the Baylis–Hillman adducts 87 (Figure 7.20).

7.2.13 Cleavage of the N–O bond

Brandi et al. [61] developed a general protocol that is particularly effective for the reaction
of 5-spirocyclopropane isoxazolidines 89 to the corresponding β-aminocyclopropanols 90
in the presence of the SmI2 as a selective and mild reagent (Figure 7.21). For the N–O bond
cleavage in isoxazolidines, a saturated five-membered ring having adjacent nitrogen and
oxygen atoms, SmI2 was employed as a reducing agent. It is interesting to note that the
preparation of compound 90c (90%) revealed the stability of a four-membered cyclic ring
adjacent to the oxygen atom. Besides, the comparatively low yield for compound 90d
(55%) was attributed to partial hydrolysis of the ester group in the basic work-up.

Figure 7.19: Synthesis of (E)-methylcinnamic ester derivatives by samarium metal and a catalytic amount
of iodine.
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7.3 Conclusions

In 1977, Kagan introduced samarium(II) iodide (SmI2) to organic synthesis; it acts as
one of the most multitalented single-electron transfer reagents. It is an extremely pow-
erful reductant, yet it is chemoselective reagent; its selectivity toward functional
groups in organic synthesis is refined by the application of suitable ligands and addi-
tives. Chemical reactions assisted by SmI2 are carried out under user-friendly as well
as operationally simple reaction conditions. It has been successfully utilized in both
academic and industrial settings as a single-electron reduction. There is enhancing

Figure 7.20: Synthesis of (2Z)-2-(iodomethyl)alk-2-enoates by samarium metal and a iodine in a 1:1 ratio.

Figure 7.21: Reduction of isoxazolidines through the N–O bond cleavage in the presence of the SmI2.
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attention to carrying out organic transformation with the help of the direct reaction of
metals. The direct application of lanthanide samarium metal in synthetic transforma-
tion has gained the attention of the organic community since it consists of a powerful
reducing ability, it is a cheap metal, and it is stable in the air. So, the present chapter
wishes to concentrate the attention on the applications of samarium diiodide and
metallic samarium in organic synthesis from 2002 to 2021.
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8 Role of erbium-based compounds
in organic transformations

8.1 Introduction

Erbium (Er) is a chemical element, comes under lanthanide rare earth metal series, and
appears in the periodic table, with symbol of “Er,” atomic number 68 and mass number
167.259 Da [1]. The pure erbium is found in silvery white color with reasonably good
stability in air, but slowly reacts with water and dissolves in diluted mineral acids rap-
idly [2]. Erbium showed strong paramagnetic properties at above 815 K temperature [3]
discovered first by Carl Gustaf Mosander in 1842, and named “Terbia” [4]. Due to the
confusion arising from the similar properties of the rare earth metals, the name of the
terbium and erbium was interchanged later [4]. Erbium (Er) is abundant in many rare
earth minerals; among its important sources are xenotime, laterite ionic clays, and eu-
xenite, also generated during nuclear fission and in the earth crust abundant as tung-
sten and tantalum [5]. Scientists demonstrated that the natural erbium mainly occurs in
stable six isotopic forms that are tabulated in Table 8.1 [6]. These radioactive isotopes
found to be relatively unstable, and their half-life ranges from 1 s to 9.4 days [7]. The
bulk metal purification is preferred in industries by employing liquid-liquid solvent ex-
traction and ion-exchange techniques [8].

Table 8.1: Various isotopic forms of “Er” abundant
in nature.

S. no. Isotope % Abundant

 Er- .
 Er- .
 Er- .
 Er- .
 Er- .
 Er- .
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The metallic “Er” element showed only one preferred structural form (allotropic)
that is well known, and adopts a close packed hexagonal structure with α = 3.5592 Å at
room temperature [9]. The optical properties of the Er(III) ion showed characteristic
raising high-energy state by absorption of IR radiation and emit wavelength of 1.55 mm,
which is commonly found application in fiber optic signal transmission [10]. Hence, this
element is majorly used in fiber optic communications as a signal amplifier for long-
distance telephone and data cables [11]. The composed compounds of Er are extensively
used in laser source, pink coloring agent for glasses, and intermetallic compounds [12].
The lanthanide series along the row elements are exhibiting many interesting proper-
ties with discontinuity between Eu and Gd. In comparison to conventional catalysts em-
ployed, due to their extra stability toward water, lanthanide salts have emerged as
alternative Lewis acids (LA) that are employed in various organic transformations [13].
Moreover, these erbium-based salts are found to be inexpensive, with not much toxicity
to the environment as well as reaction [14, 15]. Therefore, lanthanide-derived salts con-
tribute in green chemistry protocol development as an LA catalyst for numerous or-
ganic transformations [16, 17]. Using mass spectrometry techniques, competitive ligand
dissociation and respective complex monitored tendency relative to the LA properties
of the series of rare earth metal triflates have been evaluated [18, 19]. Er(III)triflates
compound are most active species in the Lanthanide(III) derivatives series that are ex-
amined for their LA tendency [20–22]. The Er(III) salt Lewis acid strength was deter-
mined by correlation of hydrolysis constants (pKa) and WERC experiments are well
documented (water exchange rate constant) [23, 24]. According to Kobayashis parame-
ters metal compounds that exhibit pKa values ranging from 4.3 to 1.08 and WERC values
higher than 3.2 × 10 6 M−1 S−1 are believed to be having higher acidic strength [25, 26]. Er
(III) ions showed pKa = 7–9, and WERC = 1.4 × 108 M−1 S−1, which is in the accordance
with Kobayashis concept [27, 28] and excelled Er(III) ion as a better LA catalyst proper-
ties [29]. The intrinsic properties of the LA nature of the lanthanide series ions are ob-
served in experiments as their principal properties [30], by the prediction of rate of the
reaction catalyzed measured agreement with other lanthanide series salts, and erbium
salts emerged superior in the reaction rate and gave excellent yield of the product [31].
Despite these interesting LA properties of the Er(III) salts evaluated experimentally sug-
gest that [32] Er(III) ion is directly involved in the process of transition than simple pro-
ton in the case of acid-catalyzed reaction [33–35]. Herein, we are excited to bring to
interesting properties and Lanthanide series behavior of the Er(III) based salts em-
ployed in the various organic transformations by various research groups across the
globe reported as a compiled book chapter. This chapter summarizes fundamental
facts, properties and derivative of rare earth metal Er(III) application in numerous or-
ganic transformation documented in the literature as homogeneous and heterogeneous
catalysts is discussed (Figure 8.1).
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8.2 Erbium-based derivatives used
as a homogeneous catalyst

Rajaguru et al. [36] reported erbium triflate-catalyzed synthesis of highly substituted
imidazole derivatives (4) by the reaction of variety of aryl aldehydes (2), substituted
aniline (3), and α-azido chalcone (1) in acetonitrile under reflux temperature via mul-
ticomponent approach isolated imidazole derivative product in good yield. Authors
also screened various Lewis acid catalytic properties and solvent systems and con-
cluded that to achieve outstanding yields of the bioactive imidazole molecules, Er
(OTf)3 and acetonitrile are best suited catalyst and solvent, respectively (Figure 8.2).

The selective synthesis of enaminones (7), aldimines (7a), and ketimines (7b) via aro-
matic imine is demonstrated by Er(OTf)3 catalysis, and compared to CeCl3/NaI catalyzed
reaction gave Michael reaction, but this Er-based catalysts reported observed no Mi-
chael adduct formation during the reaction, and authors claimed added advantages of
the Er(OTf)3 catalysis compared to other catalysts screened by them. The derivative of

Figure 8.1: Various organic transformations reported using Er salts catalyzed both in homogeneous
and heterogeneous system.

Figure 8.2: Synthesis of highly substituted imidazole derivatives.
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ketimines (7) can be obtained under erbium-based catalysis by the reaction of 1,3-
diketone (5) and aromatic amine (6) gave ketimine product (7). The same authors also
utilized this catalysts for the aldimine and ketimine derivative synthesis by the reaction
of aldehydes and ketones respectively with amine followed in the second step reduction
using LiBH4 gave respective imine product reported [37] (Figure 8.3).

Procopio et al. [38, 39] described that α-azido alcohols are given with TMSN3 and
TMSCN by stereoselective ring opening of epoxide (10, 11) and β-hydroxynitriles (12, 13)
products are the convenient intermediates employed for various valuable organic mole-
cule syntheses (Figure 8.4).

The authors also studied kinetics of the rate of the reaction based on reagent
used for the reaction. Due to strong nucleophilic nature of the CN–, TMSCN was
showed to be more reactive than TMSN3 in the Er(OTf)3-catalyzed ring opening of the
epoxide reaction compared to other nucleophiles, thus validating the use of Er(OTf)3
as a Lewis acid when coordinated with the oxygen atom. Authors were able to explain
the mechanistic pathways of the ring opening by two different kinds of nucleophiles
attack on the asymmetrical epoxide (8). In an early transition state the attack of
strong nucleophile (–CN) occurred faster as the intact arrangement of the epoxide is
noticed and the attacking nucleophile profoundly influences the attached groups. The
best stabilization of the positive charge, on the other hand, is noticed by reduced nu-
cleophilic nature (-N3) which inadvertently takes longer time to add transition state
during ring opening involving cleavage of C–O bond. Therefore authors concluded
that a suitable nucleophilic attack (-CN and -N3) on the benzylic position is favored.

Chemists majorly focused research on the protection of functional group phenol
and alcohol protection into tert-butyl ethers is challenging. It is observed that under
the commonly used basic conditions tert-butyl ether is one of the stable ethers.

Figure 8.3: Synthesis of enaminones (7), aldimines (7a), and ketimines (7b).
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But for the formation and cleavage involved the organic synthesis, its use is
scarce, due to requirement of harsh reaction conditions. Er(OTf)3 acting as mild Lewis
acid catalyst exhibiting a dual function of protecting the –OH group of phenol and
alcohol by tert-butyl ether formation has been described by Procopio et al. [40]. The
authors studied an optimized amount of Er(OTf)3 required for 1 mmol of the reaction
5 mol% with Boc-anhydride as a tert-butyl group source, and showed expedient con-
version of phenol [example: 4-(2-hydroxyethyl)-2-methoxyphenol (14)] to tert-butyl
ether derivatives (15) in excellent product isolation (Figure 8.5). Further, authors opti-
mized a solvent system required for the reaction, and claimed solvent-free condition
works efficiently in isolation of the product quantitatively with a simple workup step.
Since, the excess Boc-anhydride present in the reaction quickly degraded into isobu-
tene and CO2, hence, the end product separation was pure, and in many case not re-
quired chromatographic purification.

Furthermore, the same authors described Er(OTf)3 is capable of deprotection of the
acid-labile tert-butyl ether group noticed efficiently. The ether cleavage remains part of
the functional group conversion to achieve free hydroxyl group after temporarily
blocked. The authors reported tert-butyl ether (16) protected phenolic derivative gets
cleaved immediately into 4-methoxyphenol (17) and 2-methylprop-1-ene (18) in a metha-
nol solvent using 10 mol% catalyst in MW irradiation condition reported (Figure 8.6) [40].

Acylation is another major functional group protection route used in organic trans-
formation, and especially used in amine and hydroxyl group protection. The regioselec-
tive acetylation is again challenging for chemists due to multiple hydroxyl groups in

Figure 8.5: Er(OTf)3-catalyzed alcoholic and phenolic protection using Boc-anhydride.

Figure 8.4: Regio- and stereoselective epoxide ring opening.
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polyols and carbohydrates. Nonetheless, various synthetic routes have been reported
with environmentally hazardous or expensive catalysts involving tedious reaction condi-
tion [41–55]. Nardi et al., reported that in the presence of Er(OTf)3, an efficient selective
acetylation to bioactive molecules, due to unique properties of the erbium(III) salts sta-
bility and catalytic performance in water. In the presence of catalytic amount of
Er(OTf)3, researchers tested 1-acetylimidazole for the acetylation of carbohydrates (19) in
an aqueous medium under MW and it gave excellent product isolation (21) (Figure 8.7).
A variety of multifunctional natural products, namely phenyl D-pyranosides, methyl D-
pyranosides, phenolic antioxidant compounds, nucleosides, and aliphatic alcohols, are
successfully acetylated by development of newer protocols by the authors.

The Lewis acid catalytic properties of the Er salts further extended to synthesize func-
tionalized benzodiazepines, whose structure is built by the fusion of benzene with dia-
zepine ring. Benzodiazepines (BZDs) have showed many pharmacological applications;
consequently, wide synthetic methods have been demonstrated for expedient synthesis
to access new BZD scaffolds [56–58]. Further, researchers revealed highly therapeutic
applications and low side effects noticed for the 1,5-BZDs compared to 1,4-BZDs. Er(OTf)3
has emerged as a better choice catalyst in combination with MW-assisted condensation
reaction of o-phenylenediamine or o-aminophenol or o-aminothiophenol (22) with car-
bonyl compounds (23) gave functionalized 1,5-benzodiazepines/1,5-benzoxazepines/1,5-
benzothiazepines (24) (Figure 8.8). Furthermore, authors studied optimized catalytic
amount 5 mmol% in acetonitrile solvent system gave quantitative product isolation,
and authors tested these synthesized derivatives for hepatitis C virus NS5B pharmaco-
logical applications.

Amblard et al. [59] reported one-pot reaction involved 1,2-phenylendiamine (25)
with dimedone (26) in Er(OTf)3 (5 mol%) and ACN solvent room temperature stirring

Figure 8.6: Deprotection of tert-butyl ether.

Figure 8.7: Acetyl group protection.
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gave 3-(2-aminobenzyl)-5,5-dimethylcyclohex-2-en-1-one (27), followed by an equiva-
lent of acyl or aryl chloride (28) gave 1,5-benzodiazepine-type product (29) in excellent
yields with faster rate of formation of the product (Figure 8.9). Further, authors exam-
ined the biological utility of these molecules synthesized in polymerase inhibitors.

Herrera et al. [60, 61] reported the selective benzimidazole product formation (31) by
the reaction of o-phenylenediamine (25) with a wide range of aryl aldehyde derivatives
(30) at 1–2 °C cold condition, or at reflux temperature (80 °C) for the electron-deficient
aryl aldehydes (Figure 8.10). The authors claimed 2-substituted benzimidazole derivatives
exclusively obtained in this catalyzed reaction, and also explained charge density located
on carbonyl group attributed the formation of the other N-alkylated product (32).

The importance of Er(III)-catalyzed carbonyl of ketone was further studied on Luche
reaction. This reaction is a conversion of α,β-unsaturated ketone into allylic alcohol, the
previous researcher reported use of other lanthanide salts for the reaction, and these
reagents are sensitive to quantity used and reaction required solvents are the major
limitation for the Luche protocol noticed. Thus, researchers discovered Er(OTf)3 as an
alternative LA catalysts for the eco-friendly, and simple protocol synthesis in 5 mol% of
Er(OTf)3 in 1 equiv. NaBH4 enabled reduction of the formed carbonyl product (33).

Figure 8.8: Synthesis of 1,5-benzoheterodiazepines.

Figure 8.9: One-pot synthesis of 1,5-benzodiazepine.

Figure 8.10: Benzimidazole synthesis.
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Authors used a green solvent for reactions such as 2-MeTHF; this solvent allowed final
product isolation directly, and not required extraction steps are the major advantages
reported (Figure 8.11). The method was examined on chiral natural α,β-unsaturated sub-
strates, like 3,5-dimethylcyclohex-2-enone, (R)-pulegone and (R)-carvone resulted diaster-
eoselectivity toward the product allyl alcohol formation observed (34 & 35) products
with cis configuration [62, 63].

Another exciting use of Erbium triflate in various chemical transformations developed is
also extended to natural compound conversion in the concept of semisynthetic protocol.
The conversion made on natural product is directly labeled under natural product–based
drug discovery. Procopio et al. reported use of Er(OTf)3 in manipulation of a oleuropein
skeleton, a natural product. Authors developed, and then patented, a very mild protocol
for the oleuropein hydrolysis catalyzed by Lewis acid. This protocol developed is found
very challenging, because of the oleuropein containing other functional groups competing
with it. In this work, oleuropein (36) in aqueous acetonitrile with erbium triflate (10 mol%)
under reflux temperature gave intermediate product (37), and this intern equilibrate
with many broken complex products (38, 39, 40, and 41) were identified in LC-MS and
1H-NMR analysis by the authors reported (Figure 8.12) [64, 65].

In continuation of modification of the above product, Procopio et al. [64, 65] demon-
strated simple acetylation to achieve oleuropein 4-(2-acetoxyethyl)-1,2-phenylene

Figure 8.11: Er(OTf)3 catalyzed for selective Luche reduction.

Figure 8.12: Synthesis of aglycones of oleuropein.
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diacetate (41) from 4-(2-hydroxyethyl)benzene-1,2-diol (42) derivatives (Figure 8.13). Fur-
ther, authors evaluated biological and molecular modeling data for this semisynthetic
oleuropein natural derivative. The pharmacological studies showed anti-inflammatory
activity; antioxidant and anti-proliferative effects on breast cancer cells, as well as anti-
growth action were evaluated and revealed that these derivatives have significant phar-
macological applications.

In another piece of work reported by the same group extended this semisynthetic pro-
tocol for the hydroxytyrosol (42) acylation using fatty acid chloride (44) gave product of
4-(2-acetoxyethyl)-1,2-phenylene diacetate (45) (Figure 8.14). Butyryl, decanoyl, elaidyl,
stearyl, oleyl, linoleyl, and palmitoyl groups were conjugated to hydroxytyrosol, and
permeation through in vitro in Franz diffusion cells model was studied [66–68]. In an
in vitro Franz cell model, these derivatives showed potential as topical therapeutic
agents for the cutaneous diseases’ treatment as they permeated efficiently through the
stratum corneum epidermis (SCE) membrane.

A dialdehyde moiety conjugated with 2-(3,4-hydroxyphenyl) ethyl (3S,4E)-4-formyl-3-(2-
oxoethyl)hex-4-enoate(3,4-DHPEA-EDA) and 2-(3,4-hydroxyphenyl) 4-formyl-3-(2-oxoethyl)
hex-4-enoate(p-HPEA-EDA), present in virgin olive oil and other oils of two active princi-
ples, has been exhaustively worked upon in recent years has shown very good health
and peculiar sensory properties. These modified derivatives endorsed various health ben-
efits in humans and its quantity in oil and waste olive water contains few tens to some
hundreds of mg/kg. Nonetheless, further exploration of the antioxidant and other physio-
logical benefits of this compound has been hindered, due to difficulties in isolation to
pure compound in sufficient quantity for the investigation [69]. Considering these exciting

Figure 8.13: Acetylation of oleuropein derivatives.

Figure 8.14: Synthesis of hydroxytyrosol fatty acid esters.
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pharmacological behaviors of 3,4-DHPEA-EDA, subsequent research work demonstrated a
synthetic protocol based on erbium triflate as a catalysts produced these derivatives in
high yield and purity (Figure 8.15) [70]. The reaction of 3,4-dihydroxyphenethyl (Z)-3,4-
diformylhex-4-enoate (46) in 10 mol% of Er(III) under aqueous medium in reflux condi-
tion gave (Z)-4-((S)-4-carboxy-1-oxobutan-2-yl)amino)oxy)-6-(2-(3,4-dihydroxyphenethoxy)-
2-oxoethyl)-5-ethylidenecyclohex-1-ene-1-carboxylic acid (47).

Procopio and his co-workers described dihydropyrimidinone derivatives (DHPMs) (50)
of libraries synthesis via Biginelli condensation of ethyl acetoacetate (5), benzaldehyde
(48), and urea (49) in solvent-free-catalyzed Er(III)chloride (5 mol%) in a Q-tube reactor
or microwave irradiation (Figure 8.16) [71–77]. The authors claimed the use of catalysts
found some added advantages for the protocol like mild reaction condition, eco-friendly
nature, and isolation of product in high yield.

Procopio et al. demonstrated that for the acylation of alcohols and phenols Er(OTf)3
emerged as a mild and efficient catalyst (53) achieved by the reaction of respective
alcohol and phenol (51) with different acid anhydrides (52) (Figure 8.17). A large num-
ber of functionalized substrates of the acidic anhydrides {Ac2O, [(CH3)3CO]2O, Bz2O,
(EtCO)2O, and (CF3CO)2O} has been employed by the authors and isomerization of chi-
ral centers of the alcohols and phenols is not observed. Moreover recycling and reuse
of the catalyst for many cycle of the reaction without loss of its catalytic activity have
been claimed by the authors [71–77].

Agnihotri et al. [78] reported that in mild deprotection protocol of benzylidene de-
rivatives cleavage Er(OTf)3 acts as an efficient Lewis acid catalyst. A modified proce-
dure for simultaneous cleavage of the benzylidene acetal (54) and peracetylation of

Figure 8.15: Synthesis of 3,4-DHPEA-EDA.

Figure 8.16: Synthesis of 4-aryl-3,4-dihydropyrimidin-2(1 H)-ones.
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the substrates to give quantitative yields of propane-1,2,3-triol (55) in a short reaction
time has been developed authors (Figure 8.18).

Dalpozzo et al. [79] described that for the acylation of alcohols and phenols (53) by the
reaction of OH group of alcohol or phenol (51) with a wide range of functionalized sub-
strates with various acidic anhydrides (52), namely (Ac2O, (EtCO)2O, (ButCO)2O, (PriCO)2O,
and (CF3CO)2), catalyzed by a powerful catalyst ErCl3 yielded isomerization free of chiral
centers product (53). Authors claimed that the catalyst used in this reaction can be re-
cycled and reused for several times and it is an added advantage (Figure 8.19).

Eco-friendly method of both protection and deprotection of tert-butyl ethers on alcohols
and phenols has been described Procopio et al. [80]. The protection step involved sol-
vent-free reaction rt in Er(OTf)3, catalyst, and recovered in water phase and reused sev-
eral times reported. The tert-butyl group gets detached faster from the phenols and
alcohols in methanol under MW irradiation system making the deprotection step eco-
friendly. In a typical example, author gave attention to phenol protection with optimized
reaction condition of catalyst and reaction time for the tert-butyl ether (16) formation
from 4-methoxyphenol (17). Surprisingly, authors noticed by-product (t-Butyl carbonate)
formation can be avoided when the reaction is carried out in reflux temperature (56),
but furnished considerably low yield of (16) (Figure 8.20).

Procopio et al. reported mechanistic pathway of tert-butyl cation involved in the
conversion of tert-butyl (4-methoxyphenyl)carbonate (56) formed during the reaction

Figure 8.18: Deprotection of cis-1,3-O-benzylidene glycerol.

Figure 8.19: Acylation of alcohols from anhydrides.

Figure 8.17: Acylation of alcohols and phenols with different acid anhydrides.
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as by-product to 1-(tert-butoxy)-4-methoxybenzene (16) catalyzed by Er(OTf)3 at high
temperature (Figure 8.21) [80].

Quick and efficient conversion of a wide range of functional phenols and alcohols si-
multaneously gave very good yields of tert-butyl ether product with purity as reported
by Procopio et al. [80]. One of the model reactions carried out presented the reaction of
4-(2-hydroxyethyl)-2-methoxyphenol (59) in the presence of Boc-anhydride and Er(OTf)3
gave tert-butyl ether derivatives (60) (Figure 8.22).

Procopio et al. [80] reported ErCl3 in EL solvent emerged green solvent medium for the
reaction of furfural (61) with amine (62) gave N,N-substituted-trans-4,5-diaminocyclopent-
2-enones (63). The protocol gave diastereoselective versatile synthetic intermediates with
functionalized complex derivatives in excellent yield with enantiomeric pure isolated
(Figure 8.23).

Figure 8.20: Protection of 4-methoxyphenol.

Figure 8.22: Differentiation between alcoholic and phenolic functionalities protection.

Figure 8.21: Transformation of tert-butyl carbonate into tert-butyl ether.

Figure 8.23: Synthesis of N,N’-substituted trans-4,5-diaminocyclopent-2-enones.
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The synthesis of a series of anti-Markovnikov alcohols (65) from terminal and inter-
nal epoxides (64) using low catalyst loading, permitted by an efficient and mild isomeri-
zation − transfer hydrogenation reaction based on a cobalt pincer catalyst, has been
studied by Liu et al. [81] (Figure 8.24). The reaction catalyzed by Lewis acid (3 mol%) Er
(OTf)3-catalyzed epoxide isomerization, and subsequent cobalt-catalyzed transfer of hy-
drogenation using ammonia borane as a hydrogen source found best suitable protocol
for the formation of product (65) isolation in good yield and purity.

The application of erbium triflate into regio- and stereoselective epoxide ring opening in
the presence of trimethylsilylazide (TMSN3) and trimethylsilylcyanide (TMSCN) is de-
scribed on 2-(phenoxymethyl)oxirane (67) model reactant to form a ((1-azido-3-phenoxy-
propan-2-yl)oxy)trimethylsilane (68) in good yield isolated (Figure 8.25).

Zhu et al. [82] described methyl (E)-2-oxo-4-phenylbut-3-enoate (69) with 2,3-dihydrofuran
(70) reaction gave methyl-(3aS,4S,7aR)-4-phenyl-2,3,3a,7a-tetrahydro-4H-furo[2,3-b]pyran-6-
carboxylate (71)-catalyzed ligand-Er(OTf)3 (Figure 8.26) [82].

Figure 8.24: Synthesis of anti-Markovnikov products.

Figure 8.25: Epoxide ring opening with TMS-N3 and TMS-CN.

Figure 8.26: α,β-Unsaturated-ketoester with 2,3-dihydrofuran HAD reaction.
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Further, authors also examined the methyl (E)-2-oxo-4-phenylbut-3-enoate (69) reac-
tion with 3,4-dihydro-2H-pyran (72) in ligand-Er(OTf)3 catalysts to form a product methyl
(4aS,5S,8aR)-5-phenyl-3,4,4a,8a-tetrahydro-2H,5H-pyrano[2,3-b]pyran-7-carboxylate (73)
(Figure 8.27) [82].

Furthermore, authors’ extended reaction of methyl (E)-2-oxo-4-phenylbut-3-enoate (69)
with alkene (74) reaction accelerated above catalyst in dichloromethane (DCM) solvent
gave pyran (75) derivate in good yield isolation reported (Figure 8.28) [82].

Moreover authors’ extended work to β,γ-unsaturated α-ketoesters (69) reaction with cyclo-
pentadiene (76) isolated good product yield of 77 [82]. In their optimization of the catalysts,
authors used L5/Er(OTf)3 and L5/Cu(OTf)2 catalysts and showed both catalysts gave moder-
ate chemoselectivity and excellent enantioselective synthesis of methyl (4R,4aS,7aS)-
4-phenyl-4,4a,5,7a-tetrahydrocyclopenta[b]pyran-2-carboxylate (77) and methyl 2-oxo-2-
((1S,2R,3R,4R)-3-phenylbicyclo[2.2.1]hept-5-en-2-yl)acetate (78) products (Figure 8.29).

Figure 8.27: Cycloaddition of 3,4-dihydro-2H-pyran.

Figure 8.28: Synthesis of pyran derivatives.

Figure 8.29: Enantioselective synthesis of pyran derivatives.
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The same authors demonstrated sterically hindered alkene (79) reaction to unsat-
urated α,β-ketoesters (69) afforded methyl 2-methoxy-2-methyl-4-phenyl-3,4-dihydro-
2H-pyran-6-carboxylate (80) having quaternary carbon gave >99% yield, >99% d.r,
and >99% ee (Figure 8.30) [82].

The same authors reported vinyl sulfide (81) reaction with unsaturated α-ketoesters
(69) gave pyran derivatives (82) stereoselectively. However, phenyl(vinyl)sulfane (81)
reactivity slower than electron-rich alkenes was noticed (69) (Figure 8.31) [82].

Further the authors extended the reaction of ethyl(vinyl)sulfane (83) with unsaturated
α,β-ketoesters (69) in the same catalysts under DCM solvent and that gave pyran deri-
vate in excellent yield and purity (84) (Figure 8.32) [82].

Figure 8.30: Pyran derivates synthesized from sterically hindered alkene.

Figure 8.31: Pyran derivatives synthesized from vinyl sulfides.

Figure 8.32: Pyran derivatives synthesized from ethyl(vinyl)sulfane.
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Erbium trifluoromethanesulfonate is a derivative of erbium that has also emerged
as a suitable catalyst for the Friedel–Crafts acylation of arenes (85) containing electron-
donating group and aromatic carboxylic acids (86) (electron-withdrawing group) as an
acylating agent accelerated by microwave irradiation. Authors studied several factors
involved for the reaction condition, and revealed the developed method is efficient,
faster, and less waste producing, thus allowing the method to be used it in a wide range
of aryl ketones (87) synthesis in good yields (Figure 8.33) [83].

Bortolini et al. [84] described 1,3-dipolar cycloaddition of nitrone (88) with alkene (89)
afforded isoxazolidines (90) in the presence of Er(OTf)3 and ionic liquids. Authors
claimed catalyst and ionic liquids solvent medium is recycled, and reused up to five
times (Figure 8.34).

Dalpozzo et al. [85] described the synthesis of 1,5-benzodiazepine (91) in high yield
after optimized solvent and catalyst condition for OPD (25) with acetone act as a reac-
tant under solvent-free in 5 mol% catalyst gave 2,2,4-trimethyl-2,3-dihydro-1H-1,5-
benzodiazepine (91). Author also studied the role of the catalyst in the reaction, and
noticed no progress of the reaction, even after prolonged reaction time without cata-
lyst (Figure 8.35).

Figure 8.33: Acylation of aromatic compounds with benzoic acids.

Figure 8.34: Cycloaddition of nitrone with alkene.

Figure 8.35: Er(OTf)3 catalyzed reaction of o-phenylendiamine and acetone.

156 Kantharaju Kamanna and Yamanappagouda Amaregouda



Further, the same authors extended OPD/o-aminothiophenol/o-aminophenol (22)
derivatives with aryl- or alkyl-ketone derivatives (acetone derivative) (92) catalyzed
Er(OTf)3 at room temperature gave 1,5-benzodiazepine (93). Authors optimized reac-
tion and tolerance of the substitution on the benzene ring gave product isolation in
excellent yields (Figure 8.36) [85].

Dalpozzo et al. [85] reported the reaction of o-anilino derivatives (94) and chalcone
(95) gave 1,5-benzodiazepine derivative (96) in good yield isolation. Further, authors
are able to do SAR on chalcone substituents and showed crucial hydroxyl group at 2-
position of chalcone presence give positive effect on the rate of formation of the ex-
pected product in good yield (Figure 8.37).

Dalpozzo et al. [85] demonstrated Er(OTf)3 catalyzed vic-diacetates (97) from epoxide
(8) ring opening in the presence of acetic anhydride (Figure 8.38). Further, authors
are able to explained the mechanistic route of vic-diacetate formation involving two
coordination sites for the erbium ion, the oxygen atom of epoxide or carbonyl group
of acetic anhydride giving rise to complexes

Figure 8.36: 1,5-Benzoheteroazipenes synthesis.

Figure 8.37: Synthesis of benzoheterodiazepines from o-phenylendiamine and chalcones.

Figure 8.38: Synthesis of vic-diacetates from epoxides.
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A and B, respectively, resulting in catalytic loop formation; finally, the coupling
between C and D leads to the catalyst regeneration and product formation explained
(Figure 8.39).

Dalpozzo et al. [86] reported the 1,1-diethoxy cyclohexane (98) deprotection in the
presence of Er(OTf)3 in polar solvent. Authors noticed the catalysts activity more effi-
cient in solvent CH3NO2, and CH3CN in water, and less efficient showed in diethyl
ether, CHCl3, THF, and CH2Cl2 in water medium noticed. Furthermore, authors opti-
mized the catalyst amount and found 1 mol% catalysts found better, and also revealed
water is crucial in the reaction. Further, authors performed reaction in a dry solvent,
but isolated very low yields of the product reported (Figure 8.40).

Procopio et al. [87] reported that allylation of 3,4,6-tri-O-acetyl-D-glucal (100) with allyl-
trimethylsilane (101) (1.5 equiv.) derivative in a optimized solvent and catalyst at room
temperature gave 95% of the product allyl 2,3-unsaturated acetyl C-glycoside (102). Sur-
prisingly, authors noticed no reaction in solvent THF, Et2O, and CHCl3 used even after
longer reaction time extension (Figure 8.41).

The product 2-(3,4-hydroxyphenyl)ethyl(3S,4E)-4-formyl-3-(2-oxoethyl)hex-4-enoate
(3,4-DHPEA-EDA) obtained by natural demethyloleuropein-2 formed from oleuropein-1
present in the olive oil hydrolysis by Lewis acid. The catalyzed reaction removed sugar
moiety and biological pathway mimic deglycosylation gave isomeric pure form after

Figure 8.39: Probable pathway of formation of vic-diacetates.

Figure 8.40: Deprotection of 1,1-diethoxy
cyclohexanone.
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solid product extraction process. Authors revealed that the biomimetic synthetic method
showed more convenient route than classical multistep approach employed for the oleo-
canthal preparation reported. The reaction of (E)-4-(2-(3,4-dihydroxyphenethoxy)-2-ox-
oethyl)-3-ethylidene-2-methyl-3,4-dihydro-2H-pyran-5-carboxylic acid (103) in Er(OTf)3/H2

presence gives 3,4-dihydroxyphenethyl (E)-4-formyl-3-(2-oxoethyl)hex-4-enoate (104), and
the reaction of reactant 103 in Er(OTf)3/D2 presence gives 3,4-dihydroxyphenethyl (E)-4-
formyl-3-(2-oxoethyl-1,1-d2)hex-4-enoate (105) (Figure 8.42) [88]. Further, authors screened
the transformed product for anti-tumor and anti-inflammatory studies and are compara-
ble activities.

Paonessa et al. [88] studied the eco-friendly strategy of functional group protection/de-
protection, and concerning phenols and alcohol acylation using Er(OTf)3. The conversion
of epigallocatechin gallate (EGCG) (106) to EGCG fatty acid esters (107) in the presence of
2-MeTHF and Er(OTf)3 described. Authors claimed developed protocol had advantages of
simple reaction condition and eco-friendly method of EGCG acetylated using acetic anhy-
dride in solvent-less at room temperature (Figure 8.43). Further, authors examined syn-
thesized EGCG fatty acid esters for antioxidant properties.

A new trans-acetalization in the presence of alcohol as an nucleophile catalyzed
Er(OTf)3 gave a new class of lipophilic oleuropein aglycone derivatives (109) as re-
ported by Nardi et al. [89]. Thus, authors revealed success in the first attempt for the

Figure 8.41: Allylation of 3,4,6-tri-O-acetyl-D-glucal.

Figure 8.42: Synthesis of 3,4-DHPEA-EDA and its deuterated analogue.
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exchange of the glycosidic moiety of the oleuropein (108) molecule with a less lipo-
philic entity, and methanol used as a nucleophile source as well as solvent. Er is able
to coordinate acetal oxygen to form the oxonium ion and subsequent attack of the
nucleophilic alcohol (Figure 8.44). The authors claimed the development of method is
robust and efficient trans-acetalization of oleuropein (108) giving a recent class of li-
pophilic oleuropein aglycones (109).

The reaction of o-phenylenediamine (25) and benzaldehyde (110) derivatives catalyzed
by Erbium nitrate gave 1,2-disubstituted benzimidazole derivatives in excellent yield re-
ported for the synthesis of disubstituted benzimidazoles (111) (Figure 8.45) [90].

The synthesis of 2,3-unsaturated C-glycosides (114) via Ferrier rearrangement using the
reaction of 3,4,6-tri-O-acetyl-D-glucal (112) with protected trimethylsilyl thymine (113)

Figure 8.43: Synthesis of EGCG per-acetated.

Figure 8.44: Synthesis of 3,4-DHPEA using Er(OTf)3.

Figure 8.45: Synthesis of disubstituted benzimidazoles.
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generated in situ using HMDS, using of Er(OTf)3 as a Lewis acid catalyst for gave good
product isolation (Figure 8.46) has been reported [91].

Sashidhara et al. [92] described elegant MCRs of phenylimidazoquinoxalines (118) syn-
thesis from phenylglyoxaldehydes (115), O-N-Boc-phenylenediamines (116), azido ketones
(117), and substituted TOSMICs via MW irradiation. Authors found developed method
had several advantages for developing complex fused heterocycles due to, simplicity of
the method, molecular diversity, and atom economy readily available starting materials
is desirable for the new drug discovery (Figure 8.47).

8.3 Erbium-based heterogeneous catalyst

Due to the present increasing concerns on the environmental and economic protocol devel-
opment, researchers are more interested to develop the homogeneous catalytic method
into a heterogeneous system of safe and inexpensive alternative route. Heterogeneous cata-
lysts showed many added advantages compared to homogeneous, majorly due to the recov-
ery and recycling of the catalyst several times is often easier and isolated product showed
more selectivity and high yield product isolation. Compared to more research work on

Figure 8.46: Synthesis of 2,3-unsaturated C-glycosides.

Figure 8.47: Synthesis of imidazo[1,5-a] quinoxalines.
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homogeneous phase of Er-based salt catalysts, very less research work is reported on the
heterogeneous catalysts. There are essentially two different routes reported to convert ho-
mogeneous catalysts in to a heterogeneous catalyst. Successful demonstration of both the
strategies is done wherein Er salts include metal-organic frameworks (MOFs) or large-sur-
face-area inorganic carriers supported on soluble catalysts [93–95]. Herein, authors com-
piled recent work reported on Er derived heterogeneous catalysts developed and described
application in various organic transformations.

Procopio et al. [96] reported reaction of p-methoxy phenol (119) and BoC2O in the
presence of heterogeneous Er-MCM-41 metal organic frameworks as Lewis catalysts
condition free of solvent, at room temperature gave tert-butyl ethers (121) and/or Boc
protected derivatives (120), the formation of product can be controlled based on choice
and amount of the Lewis acid catalyst used reported (Figure 8.48).

Hajiashrafi et al. [97] described three component reactions of ammonium acetate, benz-
aldehyde derivative (115), and ethyl acetoacetate (122) in ethanol with an suitable
amount of Er-MOF as a catalyst (20 mg) at 70 °C gave 1,4-dihydropyridine dicarboxylate
(123) product in good yield. Author claimed the separation of the catalyst by simple cen-
trifuge, and obtained unrefined product which was purified by chromatography to give
target product 123 (Figure 8.49). It is also noticed that the Er-MOF catalyst is recovered
and reused five times without considerable loss of the catalytic activity studied.

Authors studied the effect of the quantity of the catalyst loaded and reaction tempera-
ture for the formation of dihydropyridines (123).The probable mechanistic pathway of

Figure 8.48: The reaction between 4-methoxyphenol and Boc2O.

Figure 8.49: Three-component Hantzsch reaction catalyzed by Er-MOF.
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formation of dihydropyridines (123) by the reaction of ethyl acetoacetate (122) and aro-
matic aldehyde (115) is outlined in Figure 8.50 [96].

Hajiashrafi et al. [97] reported the MCRs of arylaldehyde (115), malononitrile (124) and
dimedone (26) in a catalytic quantity of Er-MOF (40 mg) at 70 °C in ethanol gave chro-
mene derivative (125) (Figure 8.51). After completion of the reaction, the product was dis-
solved in DCM, and the catalyst removed by centrifugation at 6000 rpm for 10 min,
solvent evaporated, obtained precipitate recrystallized in ethanol gave product 125. The
catalyst can be recycled up to four times without any measurable loss of its activity as
claimed by the Authors.

Figure 8.50: Proposed mechanisms for the formation of dihydropyridine.

Figure 8.51: Er-MOF-catalyzed synthesis of tetrahydro-4H-chromenes.
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Further, authors screened A wide range of solvent system suitable and amount of
catalyst for the synthesis of chromenes studied (125). Authors claimed the reaction
not proceeded in the absence of catalysts, suggesting reaction required catalysts to
forward the reaction. The proposed mechanistic route of tetrahydro-4H-chromenes
(125) formation under the influence of Er-MOF is showed in Figure 8.52 [97]. It is pre-
dicted that by accepting the lone pair of electron on the oxygen atom, Er(III) species
acts as a Lewis acid to activate the carbonyl group of the dimedone in tetrahydro-4H-
chromene synthesis.

Verma et al. [98] described four-component reaction between 2-hydroxynaphthalene-1,4-
dione (126), benzene-1,2-diamine (25), N-methyl-4-piperidone (127) and 2-aminopyridine
(128) for structurally diverse spiroannulated pyrimidophenazines (129) synthesis under
optimized Erbium doped TiO2 NP reaction condition (Figure 8.53). It has been observed
by the authors that the catalysts can be recyclable up to five times without change in its
catalytic activity. Further, the developed method found added advantages like mild con-
dition, excellent yield with high purity, faster reaction rate, and high atom economy
with the use of a recyclable environmentally sustainable heterogeneous catalyst.

The immobilization of a novel functional material on iminodiacetic acid–erbium (Er)
complex onto the surface of CoFe2O4 NPs has been demonstrated by Tamoradi et al. [99].
The synthesis of 1,8-naphthyridine derivatives (130) via a three-component reaction in-
volving 2-aminopyridine (128), malononitrile (124) and various aryl aldehydes (129) using

Figure 8.52: Proposed mechanism of tetrahydro-4H-chromene formation.
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the catalytic activity of novel prepared material was showed by the authors. The recovery
and recycling of the catalyst up to seven times without appreciable loss activity has been
noticed (Figure 8.54).

Furthermore, authors demonstrated probable mechanistic pathways for the initial con-
densation reaction of 2-aminopyridine (128) with activated aromatic aldehyde (131). The
pyridine nucleus gets aromatized by the formation of Er-enolate of malononitrile (124) in
addition to the iminium intermediate via Michael-type pathway. The cyclo-condensation
of the free α-amine by addition to the flanked nitrile gives the desired 4-aryl-2-amino-3-
cyano-1,8-naphthyridine derivatives (132) in good yield and purity (Figure 8.55) [99].

The influence of Er(OTf)3 in the Diels–Alder reactions between different dienes
and dienophiles in ionic liquids have been reported by Bortolini et al. [100]. The cyclo-
addition undertaken in the usual solvent and the present method has been compared
by the authors who observed that the present method takes shorter reaction time and
gave excellent yields of final product. An enhancement of regio- and endo- exo selec-
tivity was also observed in most cases. The product formed is readily separated from
the ILs containing catalyst and recovered in very high purity for the direct reuse up
to six cycles has been reported. The reaction of cyclopentadiene (76) with acyclic di-
enes (133) afforded corresponding cycloaddition products (134) and (135) giving high
yields and in methyl pyridinium triflate an optimal endo:exo ratio of 86:14 has been
reported (Figure 8.56).

Further, authors extended reaction to 1,3-cyclohexadiene (136) with acyclic dienes
(133) and it gave products 134 and 135 with exceptional endo selectivity up to 98:2.

Figure 8.53: Synthesis of spiroannulated pyrimidophenazines.

Figure 8.54: 1,8-Naphthyridine derivative synthesis.
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Authors also examined other set of acyclic dienes, that is, 2-methylbutadiene, butadi-
ene, and butadiene acetate, that gave a very good yield. Surprisingly authors noticed
Diels–Alder cycloaddition reactions were not given when the dienophile was changed
from acrolein to ethyl acrylate (Figure 8.57) [100]. Furthermore, the yield of highly re-
gioselective products (138) from the reaction of 2-methyl butadiene (137) with acrolein
(133a) or ethyl acrylate (133b) has been reported by the same authors (Figure 8.58).

Figure 8.55: Plausible reaction mechanism of naphthyridine synthesis.

Figure 8.56: Diels–Alder reactions of cyclopentadiene.

Figure 8.57: Diels–Alder reactions of cyclohexadiene.
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The role of Er-based heterogeneous catalyst was successfully tested for direct tet-
razole derivative (140) synthesis from substituted benzonitrile (139). The optimization
of the needed quantity of the catalyst to obtain excellent product isolation was done
by the authors, and it was found that 50 mg of catalyst is ideal for the complete reac-
tion, and also the reaction temperature monitored and found at 120 °C temperature
gave product isolation high yield. Finally, the study of the substrate scope of the MCM
41@Serine/Ce and MCM‐41@Serine/Er catalytic preparation of tetrazole derivatives
was undertaken, and the reaction catalyzed gave an excellent yield of product in a
short time (Figure 8.59) [101].

Only one of the two or more identical competing functional groups, present in the mole-
cule selectively reacted during the reaction and this kind of selectivity, is termed ad
homo selectivity as explained by the same author. It is notable to observe that,2,2′‐disulfa-
nediyldibenzoic acid (141) without further oxidation to disulfoxides or sulfones are con-
verted to monosulfoxide derivative (142, 143, and 144) and isolated (Figure 8.60) [101].

Figure 8.58: Diels–Alder reactions of acyclic dienes.

Figure 8.59: Synthesis of tetrazole derivatives.

Figure 8.60: Homoselective oxidation of 2,2′‐disulfanediyldibenzoic acid.
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Sorkhabi et al. [102] described MCR of aromatic aldehyde (110), malononitrile (124),
and barbituric acid (145) in CoFe2O4@FA-Er as a heterogeneous catalysts at 100 °C sol-
vent-free condition under sonication in aqueous medium gave excellent product of pyr-
ano[2,3-d]pyrimidinone (146). Authors claim that the usage of a physical method like
using an external magnet to separate the catalyst from the reaction mixture and isola-
tion of the product by solvent extraction gave excellent yield and purity (Figure 8.61).

Further, the same authors described another scheme of MCRs of aryl aldehyde (110),
malononitrile (124), and 4-hydroxycoumarin (147) in CoFe2O4@FA-Er (40 mg) at 80 °C
under solvent-free sonication gave excellent product 3,4-dihydropyrano[c]chromene
(148) isolation (Figure 8.62) [102]. Again author described easy separation of catalysts
from reaction mixture by physical external magnetic method, isolation product and
recrystallized.

The mesoporous silica supported Er(III) catalyzed cyanosilylation of a wide variety of
aromatic as well as aliphatic aldehydes or ketones has been demonstrated by Procopio
et al. [103]. All the aliphatic as well as aromatic aldehydes (149) gave corresponding cya-
nohydrins products (150 and 151), a good to excellent yield of trimethylsilyl-protected
and deprotected cyanohydrins are reported (Figure 8.63). No drastic effect on the reac-
tion rates has been reported by authors by studying the substituent effect on the aro-
matic ring. But, the reaction in aromatic ketones required forceful condition and long
reaction time afforded poor product isolation, but significantly high yield of the product
isolated for the aliphatic ketone.

Figure 8.61: Pyrano[2,3-d]pyrimidinone derivative synthesis.

Figure 8.62: Amino-4-aryl-3-cyano-5-oxo-4H,5H-pyrano[3,2-c]chromene synthesis.
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8.4 Conclusions

Erbium(III)-derived salts showed characteristic green catalysts development concept
such as inexpensive, abundant, good LA properties, mild reaction condition, and stable
in aqueous or organic solvent systems, and easily retrieved and recycled numerous
times without significant change of its efficacy. The catalytic activity of the Er-based
salts has emerged as a Lewis acid behavior and found remarkable applications in a
number of organic reactions involving C–C and C–X heteroatom containing functional
molecule synthesis by various synthetic conditions. Researchers have described that the
Er salts are tolerable to various solvent system and mild reaction condition making
them the choice of the catalyst for various complex natural molecule synthesis. The ver-
satility and unique nature of the catalysis with efficiency of erbium(III) has been aptly
demonstrated by some interesting organic reactions performed using homogeneous,
heterogeneous, and multifunctional catalysis. Nevertheless, still Er(III)-based heteroge-
neous catalysts reaction is not much explored, compared to homogeneous counterpart.
Thus in future direction, researchers can discover more and more utility of these Er-
based heterogeneous catalysts for complex organic molecule construction. In erbium
salt catalysis, using zeolites as an application in multifunctional solid support along
with usage of chiral ligand anchoring for the asymmetric synthesis remains a largely
unexplored area of research.

List of abbreviations

Er(III) Erbium triflate
WERC Water exchange rate constant
PPS Principal properties
LA Lanthanide
TMSN3 Trimethylsilylazide
TMSCN Trimethylsilylcyanide
Er(OTf)3 Erbium(III) trifluoromethanesulfonate
MWI Microwave irradiation
US Ultrasound
PBDs Pyrrolo[1, 4]benzodiazepines
CH₃CN Acetonitrile

Figure 8.63: Cyanosilylation reaction of aldehydes and ketones.
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NaBH4 Sodium borohydride
2-MeTHF 2-Methyltetrahydrofuran
DHPMs 4-Aryl-3,4-dihydropyrimidin-2(1H)-ones
Ac2O Acetic anhydride
(EtCO)2O Propionic anhydride
(CF3CO)2 Trifluoroacetic anhydride
MCRs Multicomponent reactions
EGCG Epigallocatechin gallate
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9 Gadolinium triflate-catalyzed various
organic transformations

9.1 Introduction

Organic synthesis is considered as the back bone of drug discovery [1–2]. More than
90% commercially available drugs are either synthesized or semisynthesized in the
laboratory by using various organic transformations. Catalysts play an important role
in carrying out those transformations [3]. Among many other metal catalysts, the last
decade has shown huge applications of various metal triflate salts as catalysts in di-
verse organic transformations [4–20]. Among various metal triflate salts, gadolinium
(III) trifluoromethanesulfonate [Gd(OTf)3, Gadolinium triflate] has gained significant
attention as a Lewis acidic catalyst for various organic transformations. The electronic
configuration of Gadolinium metal is [Xe]4f75d16s2 and it was discovered in 1880 by
Jean Charles Galissard de Marignac [21]. This was first isolated in 1886 by Lecoq de Bois-
baudran [22]. The color of metallic gadolinium is silvery-white. It is paramagnetic at
room temperature [23]. Gadolinium oxyorthosilicate salt has been used in X-ray radio-
meters [24]. It has been used in semiconductor fabrication and nuclear reactor shield-
ing. Gd-EDTA complexes have been used as injectable contrast agent for MRIs. It is
named after the Finnish chemist and geologist, Johan Gadolin [25, 26]. Among few other
gadolinium salts, gadolinium triflate has been used majorly as the catalyst for various
organic transformations. It was employed as an efficient catalyst for various organic
name reactions such as Friedel-crafts acetylation [27], Diels-Alder reactions [28], electro-
philic nitration [29], Michael addition [30], Aldol reaction [31–34], etc. Like other lantha-
nide-based metal triflates, strictly anhydrous conditions are not required for Gd(OTf)3,
as it is relatively more water-tolerant [35] and thus, it can be recycled after completion
of the reaction. In addition, it is a commercially available and relatively inexpensive
reagent.
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The present chapter focuses on the catalytic application of Gd(OTf)3 or its com-
plexes as a mild Lewis acidic catalyst in various organic synthesis reported during the
last decade.

The following sections describe the catalytic role of gadolinium(III) triflate and its
complexes in organic synthesis.

9.2 Gadolinium triflate-catalyzed synthesis
of bioactive heterocycles

9.2.1 Synthesis of bioactive N-heterocycles

9.2.1.1 Synthesis of polyhydroquinoline derivatives

Polyhydroquinoline derivatives are found to possess significant biological activities
including antibacterial, antimalarial, anti-asthmatic, anti-inflammatory, and tyrosine
kinase-inhibitory efficiency [36, 37]. Due to this immense biological importance, a
number of methods were reported for the synthesis of polyhydroquinoline deriva-
tives involving a series of homogeneous as well as heterogeneous catalysts, under var-
ious reaction conditions [38–55]. These methods definitely have some merits but, at
the same time, suffer from a number of drawbacks, such as use of acidic or basic cata-
lysts, toxic solvents, longer reaction times, lesser yields, high temperatures, tedious
work-up procedure, etc. In many occasions, it was not possible to recover and reuse
the used catalyst. In 2017, Mansoor et al. [56] developed an efficient protocol for the
synthesis of a series of polyhydroquinoline derivatives (5) in excellent yields via one-
pot four-component reactions of substituted benzaldehydes (1), dimedone (2), ethyl
acetoacetate (3), and ammonium acetate (4) in the presence of a catalytic amount of
gadolinium(III) trifluoromethanesulfonate (Gd(OTf)3) as catalyst in ethanol at room
temperature (Figure 9.1). During optimization, a number of other solvents such as
methanol, acetonitrile, tertiary-butanol, 1,4-dioxane, acetone, toluene, cyclohexane,
and dichloromethane were tested but found less effective. The used catalyst was re-
covered and recycled for four further runs with almost equal efficiency. Under the
same reaction conditions, other catalysts such as ZnCl2, AlCl3, FeCl3, NdCl3, La(OTf)3,
Nd(OTf)3, and Yb(OTf)3 afforded lesser products.

9.2.1.2 Synthesis of quinolines

In 2009, Wu et al. [57] reported a mild and efficient route for the synthesis of a series of
structurally diverse quinoline derivatives (8) via Friedländer annulation reaction be-
tween o-aminobenzophenones (6) and various ketones (2,3,7a-7d), in the presence of
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gadolinium triflate (Gd(OTf)3) as catalyst in ionic liquid 1-n-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PF6]) at 60 °C (Figure 9.2). All the reactions were com-
pleted within just 15 min and afforded excellent yields.

9.2.1.3 Synthesis of tetrahydroquinolines

In 2009, by using gadolinium triflate as catalyst, Murarka et al. [58] prepared a series of
polycyclic tetrahydroquinolines (10) from the tertiary anilines having appropriate ac-
ceptor group in the ortho position (9) (Figure 9.3). During optimization, gadolinium tri-
flate as catalyst showed better efficiency than the other Lewis acidic catalysts employed,
such as Mg(OTf)2, Mg(ClO4)2, Mg(ClO4)2 · 6H2O, InCl3, Zn(OTf)2, Cu(OTf)2, Ni(ClO4)2 · 6H2O,
FeCl3 · 6H2O, Yb(OTf)3, La(OTf)3, and Sc(OTf)3. It was proposed that the reaction pro-
ceeded through intramolecular, redox neutral C-H bond functionalization, followed by
ring closure reaction (Figure 9.4).

Figure 9.1: Gadolinium triflate-catalyzed synthesis of polyhydroquinoline derivatives.

Figure 9.2: Gadolinium triflate-catalyzed synthesis of quinoline derivatives in ionic liquid.
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Figure 9.3: Gadolinium triflate-catalyzed synthesis of tetrahydroquinolines.

Figure 9.4: Plausible mechanism for the gadolinium triflate-catalyzed synthesis of tetrahydroquinolines.
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9.2.1.4 Synthesis of 2-(1,3-diphenyl-1H-pyrazol-4-yl)-1H-benzo[d]imidazole

In 2020, Srinivas et al. [59] reported a mild, facile, and efficient method for the synthesis
of 2-(1,3-diphenyl-1H-pyrazol-4-yl)-1H-benzo[d]imidazoles (13) in excellent yields from
the reactions of 1H-benzo[d]imidazoles (11) and 1,3-diaryl-1H-pyrazole-4-carbaldehydes
(12) in the presence of gadolinium(III)triflate as catalyst in ethanol, under refluxed con-
ditions (Figure 9.5).

9.3 Synthesis of bioactive O-heterocycles

9.3.1 Synthesis of chiral 1,3-dioxolanes

In 2014, Chen et al. [60] prepared a series of N,N′-dioxide–metal complexes and eval-
uated the catalytic activities of those synthesized complexes for the highly diastereo-
and enantioselective [3 + 2] cycloaddition of aryl oxiranyl diketones (14) and aro-
matic aldehydes (1) (Figure 9.6). It was proposed that the reaction goes through the
C–C bond cleavage of oxiranes followed by [3 + 2] cycloaddition with aromatic alde-
hydes. The corresponding chiral 1,3-dioxolanes (15) were obtained in excellent yields
(up to 99%). It was proposed that gadolinium plays an important role in the transi-
tion state.

Figure 9.5: Gadolinium(III)triflate-catalyzed synthesis of 2-(1,3-diphenyl-1 H-pyrazol-4-yl)-1 H-benzo[d]
imidazole.
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9.4 Gd(OTf)3-catalyzed miscellaneous organic
transformations

9.4.1 Acetylation of alcohols, amines, and phenols

In 2005, Alleti et al. [61] reported a facile method for the acetylation of alcohols or
phenols (17) using acetic anhydride (16) as reagent, in the presence of a catalytic
amount of gadolinium triflate (0.2–0.5 mol%) immobilized in the ionic liquid (1-
butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) at room temperature
(Figure 9.7). The corresponding acetylated products were formed in excellent yields.
It is noteworthy that they were able to recover the catalytic system Gd(OTf)3/[bmim]
[BF4] and be reused three times with almost equal efficiency. Under the same opti-
mized conditions, a series of amines (18) also acetylated with excellent yields. The
same group also achieved the acetylation of a series of structurally diverse alcohols,
phenols, and amines using a catalytic amount (0.01–0.1 mol%) of gadolinium triflate
as an efficient catalyst in acetonitrile at room temperature (Figure 9.8) [62].

Later on, in 2008, Yoon et al. [63] prepared chloromethyl polystyrene (CMPS)
resin-supported gadolinium triflate (CMPS-IM-Gd(OTf)3) as an efficient and reusable
catalyst. Using 0.5 mol% of this heterogeneous catalyst, they achieved the acetylation

Figure 9.6: N,N′-dioxide–gadolinium complex-catalyzed synthesis of chiral 1,3-dioxolanes.
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of various alcohols and phenols with acetic anhydride as reagent in dimethyl sulfox-
ide, at room temperature (Figure 9.9). This polymer-supported heterogeneous catalyst
was recovered successfully and recycled 10 times, without any significant loss of cata-
lytic activity.

Figure 9.7: Gadolinium triflate-catalyzed acetylation of alcohols, phenols, and amines in ionic liquid.

Figure 9.8: Gadolinium triflate-catalyzed acetylation of alcohols, phenols, and amines in acetonitrile.
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9.4.2 Conjugate addition of cyanide to enones

In 2008, Tanaka et al. [64] developed an efficient method for the catalytic conjugate
addition of tert-butyldimethylsilyl cyanide (TBSCN) (21) to various enones (20), by
using cooperative catalysis of Ni(0)–cyclooctadiene complex and Gd(OTf)3 (Figure 9.10).
Further studies revealed that the presence of a catalytic amount of norbornadiene
(nbd) as ligand accelerates the rate of the reaction. Under the optimized reaction con-
ditions, a wide variety of structurally diverse enones (20) underwent the process
smoothly and afforded the desired cyanide conjugates (22) in excellent yields. This re-
action is regarded as a key step for the synthesis of Tamiflu, an important anti-
influenza drug [65]. Earlier, this reaction was generally carried out without Gd(OTf)3,
which required harsh reaction conditions [66]. After use of a catalytic amount of Gd

Figure 9.9: Polymer-supported Gadolinium triflate-catalyzed acetylation of alcohols and phenols.
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(OTf)3 as co-catalyst, this reaction was achieved at room temperature. The mechanism
of this transformation is shown in Figure 9.11.

Figure 9.10: Gadolinium triflate-catalyzed conjugate addition of cyanide to enones.

Figure 9.11: Plausible mechanism for the conjugate addition of cyanide to enones.
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9.4.3 Regio- and enantioselective aminolysis of aromatic trans-2,
3-epoxy sulfonamides

Using the same Gd-N,N’-dioxide complex (reported by Chen et al. [60]) as catalyst, in
2015, Wang and Yamamoto [67] achieved the first enantioselective aminolysis of aro-
matic trans-2,3-epoxy sulfonamides (24) with the reactions of various primary or sec-
ondary amines (23) in chloroform, at ambient temperature (Figures 9.12). Under these
catalytic conditions, ring opening reaction proceeded enantioselectively at the C-3 po-
sition and afforded the corresponding 3-amino-3-phenylpropan-2-olamines (25) in ex-
cellent yields. During optimization, a number of other metal triflates, such as La

Figure 9.12: Gadolinium triflate-catalyzed regio- and enantioselective aminolysis of aromatic
trans-2,3-epoxy sulfonamides.
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(OTf)3, Sc(OTf)3, Y(OTf)3, Ce(OTf)3, Sm(OTf)3, Yb(OTf)3, Pr(OTf)3, Eu(OTf)3, and Te(OTf)3
were also screened; among them, Gd(OTf)3 showed highest catalytic efficiency.

9.4.4 Asymmetric α-amination of 4-substituted pyrazolones

In 2011, Yang et al. [68] employed another Gd-N,N’-dioxide complex in dichlorome-
thane and accomplished the asymmetric R-amination of 4-substituted pyrazolones
(26) with azodicarboxylates (27), which afforded the corresponding chiral 4-amino-5-
pyrazolone derivatives (28) in excellent yields (up to 99%) and high enantioselectiv-
ities (90–97% ee) (Figure 9.13). A number of other triflate salts such as La(OTf)3, Ce
(OTf)3, Pr(OTf)3, Nd(OTf)3, Sm(OTf)3, Eu(OTf)3, Tb(OTf)3, Dy(OTf)3, Ho(OTf)3, Er(OTf)3,
Tm(OTf)3, and Lu(OTf)3 were also screened but found less effective as compared to Gd
(OTf)3 in terms of product yields and enantioselectivity.

9.4.5 Synthesis of γ-nitropyrazoleamides

In 2015, Yao et al. [69] used the same N,N’-dioxide/Gadolinium(III) complex (L) as cata-
lyst for the synthesis of a series of γ-nitropyrazoleamides (31) from the reactions be-
tween nitroalkane (29) and pyrazoleamides (30) in dichloromethane as a solvent at
30 °C (Figure 9.14). Desired products were afforded in excellent yields (up to 99%)
with excellent enantioselectivities (up to 99% ee) after 3 days of stirring.

Figure 9.13: Gadolinium triflate-catalyzed asymmetric α-amination of 4-substituted pyrazolones.
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9.4.6 Synthesis of 5-substituted dipyrromethanes

In 2006, Temelli and Unaleroglu [70] synthesized a series of dipyrromethanes (34) from
the reactions of excess pyrrole (32) and N-Tosyl imine (33), in the presence of 10 mol%
gadolinium triflate as catalyst at 100 °C (Figure 9.15). Under this condition, compounds
(35) were also formed as by-products. When the same reactions were carried out at
room temperature, compounds (35) formed as the major product in some cases.

9.4.7 Synthesis of 2-alkylated pyrrole derivatives

Next year, the same group [71] developed another gadolinium triflate-catalyzed protocol
for the synthesis of a series of novel 2-alkylated pyrrole derivatives (37) regioselectively,
from the reactions of pyrrole (32) and substituted dimethyl 2-benzylidenemalonates
(36) in THF at room temperature (Figure 9.16). Intramolecular cyclization of the synthe-
sized 2-alkylated pyrrole derivatives (37) was used for the construction of new diaster-
eoselective 3-oxo-2,3-dihydro-1 H-pyrrolizine derivatives (38) in good yields.

Figure 9.14: Gadolinium triflate-catalyzed synthesis of γ-nitropyrazoleamides.

Figure 9.15: Gadolinium triflate-catalyzed synthesis of dipyrromethanes.
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9.5 Conclusions

Due to its unique beneficial nature, gadolinium triflate has gained significant atten-
tion as an efficient Lewis acidic catalyst. As a result, by using a catalytic amount of
gadolinium triflate as catalyst, various organic transformations such as Friedel-crafts
acetylation reaction, Diels-Alder reactions, Electrophilic nitration, Michael addition,
Aldol reaction, and many others were achieved successfully. In this chapter, we have
summarized applications of gadolinium triflate and its complexes as catalysts for var-
ious organic transformations. In some cases, the mechanism of the reaction and the
role of gadolinium triflate as catalyst are also discussed.
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10 Scandium(III) and lanthanum(III)
trifluoromethanesulfonate-catalyzed
organic synthesis

10.1 Introduction

The triflate salts of lanthanides are known as lanthanide triflates. Due to their hard na-
ture and strong attraction for the oxygen present in the carbonyl group, lanthanide
compounds act as strong Lewis acids [1]. Lanthanide triflate was supposed to be among
the strongest Lewis acids among the lanthanide compounds because they include the
electron-withdrawing trifluoromethanesulfonyl group. In synthetic organic chemistry,
lanthanides have begun to emerge as mild and selective reagents [2]. Trifluoromethane-
sulfonates (triflates) [3] of scandium(III) and lanthanide(III) have been used as Lewis
acid catalysts in the Diels–Alder [4], allylation [5], Friedel-Crafts [6], and Mukaiyama
aldol [7–8] reactions. Chemists have used lanthanide triflates as Lewis acids due to the
high radius and distinct coordination number of lanthanide(III) [9]. The chemical com-
pound scandium trifluoromethanesulfonate, often known as scandium triflate, has the
formula Sc(SO3CF3), and is a water-tolerant Lewis acid. In the course of our research to
look for alternative metal triflates, we first focused on lanthanide triflates because they
have different properties from metal halides [10]. AlCl3, SnCl4, BF3, and other common
Lewis acids are deactivated and broken down in the presence of water [11], while Sc
(OTf)3 is stable enough to work in aqueous media as a Lewis acid catalyst. Despite the
fact that the same reaction requires stoichiometric concentrations of conventional
Lewis acids, many reactions run without issue in presence of catalytic amounts of this
reagent. Additionally, different imines and hydrazones (compounds containing N) can
be successfully activated using catalytic amounts of Sc(OTf)3 in both aqueous and or-
ganic solvents. Even though they both contain identical characteristics, Sc(OTf)3 pos-
sesses catalytic activity frequently substantially higher than that of the analogous
lanthanide triflates Ln(OTf)3. After the reaction, Sc(OTf)3 can be quantitatively recov-
ered and used again. The Michael addition reaction can be catalyzed by Sc(OTf)3 and
subsequently converts silyl enol ethers to α,β-unsaturated ketones in high yields in
DCM solvent at rt. The other lanthanide triflate, La(OTf)3, also catalyzes the aldol con-
densations between silyl enol ethers and formaldehyde as a Lewis acid catalyst [12].
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10.2 Preparation procedure

10.2.1 Scandium triflate preparation method

Scandium triflate Sc(OTf)3 is available commercially. This is synthesized from the re-
action of scandium oxide (Sc2O3) and aqueous trifluoromethanesulfonic acid (TfOH) at
100 °C for 1 h (Figure 10.1). The clear aqueous solution is then filtered and subse-
quently dried for 40 h in vacuum (<1 mmHg) at 200 °C to get the triflate in its anhy-
drous condition, which is finally stored over P2O5 [13].

10.2.2 Lanthanum triflate (La(CF3SO3)3) preparation method

Lanthanum oxide (La2O3) is added in slight excess amount to the aqueous solution of
triflic acid (50% v/v); after that the reaction mixture is stirred at room temperature
for 15 min and the remaining part of the oxide is removed by filtration; the resultant
filtrate is concentrated in vacuum at 60 °C and azeotropic distillation in vacuum with
toluene is used to eliminate any remaining water; the hydrated product is put in a
flask with a stirring bar, a stopcock with a glass wool stopper, and a NaOH trap; After
that, it is heated for 16 h (at 140 °C/0.1 mmHg or 180 °C/1.0 mmHg) under vacuum con-
dition. La(OTf)3 in its anhydrous state is a white to gray-white solid [14–16].

10.3 Scandium triflate-catalyzed organic reactions

10.3.1 Aldol-type reactions

Sc(OTf)3 performs well as a catalyst in aldol-type reactions involving the combi-
nation of silyl enol ethers (1) and aldehydes (2) (Figure 10.2). The reactions of
1-trimethylsiloxycyclohexene with benzaldehyde in DCM were studied to deter-
mine the activity of common rare earth triflates [Sc, Y, Yb(OTf)3]. When Yb(OTf)3
or Y(OTf)3 are present, the reaction proceeds slowly at −78 °C, but an aldol-type
adduct (3) is created with an 81% yield when Sc(OTf)3 is present. It is obvious that
Sc(OTf)3 is more active in this scenario than Y(OTf)3 or Yb(OTf) [17].

Figure 10.1: The synthesis of scandium triflate from Sc2O3.
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When silyl enolates (5) and aldehydes (4) are combined in aqueous media (H2O-THF),
Sc(OTf)3 is efficient in preventing the water-sensitive silyl enolates from decomposing sig-
nificantly (Figure 10.3). Thus, aldehydes in aqueous solution, including formaldehyde and
chloroacetaldehyde, can therefore be employed immediately to generate high yields of
the corresponding aldol adduct (6) [11].

10.3.2 Michael reaction

When α,β-unsaturated carbonyl compounds (6) and silyl enol ethers or ketene silyl ace-
tals (7) undergo a Michael reaction, Sc(OTf)3 catalyzes the reaction, producing high
yields of the related 1,5-dicarbonyl compounds (8) after acid workup. The valuable syn-
thetic compound silyl enol ethers were isolated after working up the crude adducts
without acid (Figure 10.4). The catalyst can be recovered and reused almost entirely. In
the presence of 3 mol % Me2Cu(CN)Li2, Sc(OTf)3 also catalyzes the 1,4-addition of PhMe-
2Si-ZnMe2Li to enones [18].

Figure 10.2: Sc(OTf)3-catalyzed aldol-type reactions of silyl enol ethers and aldehydes.

Figure 10.3: Aldol-type reaction of silyl enolates with aldehydes catalyzed by Sc(OTf)3.

Figure 10.4: Sc(OTf)3-catalyzed Michael reaction.
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10.3.3 Friedel–crafts acylation, alkylation, and related reactions

Friedel-Crafts acylation needs a stoichiometric amount of AlCl3, whereas the same reac-
tion is smoothly catalyzed by a required amount of Sc(OTf)3 (Figure 10.5) [19]. A single,
highly yielding acetylated product (10) is produced by acetylating thioanisole with ei-
ther o- or m-dimethoxybenzene (9). Anisole can be benzoylated with both benzoyl chlo-
ride and benzoic anhydride, however, with benzoic anhydride producing somewhat
more. The yield is significantly enhanced by the co-catalyst lithium perchlorate (LiClO4)
[20]. In the presence of an acylating agent, lithium perchlorate has been observed to
generate a cationic species. In the presence of Ln(OTf)3, LiClO4 is projected to form such
a cationic species, and it is predicted that the high reactivity of this cationic species will
ensure successful acylation. Due to the solubility and stability of both LiClO4 and Ln
(OTf)3 in aqueous environments, it is also anticipated that the Ln(OTf)3-LiClO4 catalytic
system would be easily recovered by the aqueous workup of the reaction mixture.

10.3.4 Diels–Alder and related reactions

The Diels–Alder adduct (13) is produced in 91% yield when 10 mol% Sc(OTf)3 is pres-
ent in the reaction of methyl vinyl ketone (11) (MVK) with isoprene (12), whereas
10 mol% Y(OTf)3 or Yb(OTf)3 only produces a trace quantity of the adduct (Figure 10.6).
Diels–Alder reactions catalyzed by [21] Sc(OTf)3 have generally high yields and endo
selectivities. Aqueous media can still experience the current Diels–Alder reaction. As
a result, at room temperature, naphthoquinone and cyclopentadiene react to form the
desired adduct in a high yield (100% endo product). Sc(OTf)3 works well as a catalyst
for Diels–Alder processes in supercritical CO2 also [22].

Figure 10.5: Sc(OTf)3-catalyzed Friedel-Crafts acylations.

Figure 10.6: Diels–Alder reactions catalyzed by Sc(OTf)3.
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Azasugars and their derivatives, which usually exhibit distinctive physiochemical
properties, are produced using the well-known aza-Diels–Alder reaction (Figure 10.7)
[23]. The aza-Diels–Alder reaction is typically carried out in organic solvents with a
Lewis acid present (ZnCl2, BF3, TiCl4, etc.) [24]. Kitazume and his co-workers investi-
gated the aza-Diels–Alder reaction of N-phenyl phenyl imine (14) with 1-methoxy-3-
(trimethylsilyl)oxybuta-1,3-diene (15) in an ionic liquid (8-ethyl-1,8-diazabicyclo[5,4,0]-
7-undecenium trifluoromethanesulfonate) [25]. The uncatalyzed process came to an
abrupt end. A microencapsulated version of scandium trifluoromethanesulfonate
(Lewis acid) is added, drastically increasing the yield to 75%. The current operations
proceeded normally in an ionic liquid at room temperature.

10.3.5 Miscellaneous reactions

Sc(OTf)3 also catalyzes Meerwein–Ponndrof–Verley reductions [26], Tishchenko reduc-
tions [27], Baeyer–Villiger oxidations [28], acetalization reactions [29], acylal forma-
tion [30], β-selective glycosilation reactions with thioglycosides [31], chemoselective
deprotection of silyl alkyl ethers [32], silyl ether protection of alcohols with allyl si-
lanes [33], deprotection of benzylic poly(ethyleneglycol) ethers [34]. As a moderate
Lewis acid for a variety of chemical transformations, scandium triflate has drawn a
lot of attention [35]. Gibbs and his co-workers reported a quick technique for produc-
ing 2,3-dihydro-1 H-1,5-benzodiazepines (19) by condensation of o-phenylenediamine
(17) with ketones (18) in the presence of catalytic amounts of Sc(OTf)3 in a solvent-free
environment (Figure 10.8) [36]. In terms of conversion and reaction rates, Sc(OTf)3 was
discovered to be the most efficient catalyst among the several metal triflates investi-
gated for this reaction, including Cu(OTf)2, La(OTf)3, Lu(OTf), Nd(OTf), and Ce(OTf).

Fundamental procedures in organic chemistry include the esterification of carbox-
ylic acids and the acylation of alcohols [37, 38]. In the presence of mineral or sulfonic
acids, the Fischer esterification, which is a direct acylation of alcohols (20) with carbox-
ylic acids (21), can be achieved as an atom-economic process [39]. Barrett and his co-
workers described employing acetic acid to directly acylate primary, secondary, and
tertiary alcohols in the presence of catalytic amounts of scandium(III) or lanthanide(III)

Figure 10.7: Sc(OTf)3-catalyzed aza-Diels–Alder reaction.
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triflates [40]. Both economically and environmentally, using acetic acid instead of acetic
anhydride or acetyl chloride is preferable (Figure 10.9). In addition, the catalysts are
easily reusable using a straightforward aqueous work-up.

The Lewis acid catalyzed synthesis of malonamides (25) has a new methodological ap-
proach. First, it has been developed to add coumarin-3-carboxylates (23) to a variety of
nucleophiles, such as indoles (24), N,N-dimethyl-m-anisidine, 2-ethylpyrrole, and 2-methyl-
allylsilane, to produce chromanone-carboxylates in high yields as a single diastereomer.
Franz and his co-workers aimed to provide a generic approach for the Sc(III)-catalyzed
addition of indoles (24), methallyltrimethylsilane, and N,N-dimethyl-m-anisidine to cou-
marin-3-carboxylates (23) as well as show that both esters can be used in further trans-
formations that are advantageous for pharmaceutical molecules (Figure 10.10) [41]. As the
Lewis acidity of a sequence of lanthanide catalysts, Sc > Y > La, decreased, less product is
produced. No decarboxylation or loss of tert-butyl group is seen during the tert-butyl cou-
marin 3-carboxylate reaction under the reaction conditions.

Figure 10.9: Acylation of alcohols using scandium(III) triflate.

Figure 10.8: Sc(OTf)3-catalyzed synthesis of 2,3-dihydro-1H-1,5-benzodiazepines.

Figure 10.10: Sc(III)-catalyzed synthesis of coumarin-3-carboxylates.
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10.3.5.1 Carbon–carbon bond formation reaction

According to Park et al. Carbonyl compounds (26) were cyanosilylated with trimethyl-
silyl cyanide (27) in an environmentally friendly and highly reactive method to pro-
duce the corresponding-(trimethylsilyloxy)carbonitriles (28) at ambient temperature
in [bmim][SbF6] (Figure 10.11). Furthermore, Sc(OTf)3-containing ionic liquid was ef-
fectively recovered and utilized for a number of reaction cycles without suffering any
catalytic activity loss [42]. A very efficient catalytic system for the cyanosilylation of
carbonyl compounds might be produced with the right combination of metal triflate
and ionic liquid. The anion exchange between Sc(OTf)3 and [bmim][SbF6] produced a
more Lewis acidic catalyst, which is the cause of the increased catalytic activity of
metal triflates in this compound.

Sultana et al. created a straightforward procedure at room temperature in presence
of scandium triflate catalyst, to create primary homoallylic alcohols (31) in this pro-
cess from alkenes (29) and paraformaldehyde (30) (Figure 10.12) [43].

There is currently a lot of scientific interest in lanthanide triflates, which are special
Lewis acids. They are extremely oxophilic and form potent, but unstable, interactions
with oxygen donor ligands. This property has frequently made it possible to use sub-
stoichiometric amounts of the lanthanide Lewis acid to facilitate a number of reac-
tions. In the presence of scandium triflate catalyst, Yadav et al. (Figure 10.13) reported
a simple and effective alkylation reaction of indoles (32) with propargylic alcohols (33)
in order to synthesize high yields of 3-propargylated indoles (34) in 1,2-dichloroethane

Figure 10.11: Sc(OTf)3-catalyzed cyanosilylations of carbonyl compounds.

Figure 10.12: The synthesis of primary homoallylic alcohols using Sc(OTf)3 catalyst.
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solvent at 80 °C temperature [44]. In an SN2ʹ reaction, the hydroxyl group of alcohol
was simply substituted by indole.

In order to synthesize good yields of resorcin[4]arene octaalkyl ethers (37), Morikawa
et al. described a straightforward and easy-to-follow cyclocondensation of 1,3-dialkoxy-
benzenes (35) with 1,3,5-trioxane (36) in acetonitrile solvent at 80 °C using catalytic
amounts of Sc(OTf)3 (Figure 10.14) [45].

10.3.5.2 Carbon–nitrogen bond formation reaction

An efficient one-pot reaction of aldehydes (38) and hydroxylamine hydrochloride (39)
to exert primary amides (40), Allam et al. [46] provided a flexible synthetic route to
synthesize amides while there is microwave irradiation is present using Sc(OTf)3 cata-
lyst under aqueous phase (Figure 10.15).

Yadav et al. [47] described an amination reaction between arenes (41) and DEAD
(diethyl azodicarboxylate) (42) through electrophilic pathway in DCM solvent at room
temperature to produce the appropriate arylhydrazides (43) in regioselective manner
with high yields (Figure 10.16).

Figure 10.13: The synthesis of different 3-propargylated indoles using Sc(OTf)3 catalyst.

Figure 10.14: The synthesis of different resorcin[4]arene octaalkyl ethers using Sc(OTf)3.
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Coca et al. [48] synthesized several 5-substituted 1 H-tetrazoles (46) via the reaction
between different nitriles (44) and sodium azide (45) through a [2 + 3] cycloaddition
pathway under microwave-assisted method at 160 °C in a 3:1 mixture of isopropanol/
water using Sc(OTf)3 as catalyst (Figure 10.17).

Agrebi et al. [49] designed a straightforward and one-pot synthetic strategy for fluo-
rescent compound imidazo[1,2-c]pyrazolo[3,4-e]pyridines (49) synthesis using amino-
pyrazolo[3,4-d]pyrimidine (47), aldehyde (38), and isocyanide (48) in the presence of
Sc(OTf)3 at 150 °C to obtain high yields of the desired product (Figure 10.18) [49].

According to Kumari et al. [50] the reaction of phenyl hydrazine (50), aldehydes
(38), and ethyl acetoacetate (51) under neat conditions led to an effective, straightfor-
ward, easy-to-follow, microwave-irradiated, quick, and environmentally safe synthe-
sis of functionalized pyrazoles (52) (Figure 10.19).

The two-component reaction of imines (53) with ethyl propiolate (54) to produce
N-substituted 1,4- dihydropyridine derivatives (55), Kikuchi et al. [51] developed a sim-
ple and straightforward procedure when using catalytic amounts of scandium(III) tri-
flate under toluene or benzotrifluoride solvent in reflux condition (Figure 10.20). The
influence of various Lewis acids and the RE triflates (RE = Sc, Y, La, Ce, Pr, Nd, Sm, Yb)

Figure 10.15: Sc(OTf)3-catalyzed synthesis of primary amides.

Figure 10.16: The amination reaction between arenes and diethyl azodicarboxylate using Sc(OTf)3.

Figure 10.17: Sc(OTf)3-catalyzed synthesis of 5-substituted 1H-tetrazoles.

10 Scandium(III) and lanthanum(III) trifluoromethanesulfonate-catalyzed 201



on the product yield in the reaction of imine with ethyl propiolate in toluene is investi-
gated. The findings demonstrated that the best Lewis acid for this reaction is Sc(OTf)3.

10.3.5.3 Carbon–oxygen bond formation reaction

Atkinson et al. [52] showed an efficient protocol for the production of esters (57) in
presence of Sc(OTf)3 catalyst from different primary amides (56) and alcohols (20) in
n-heptane at 100 °C (Figure 10.21).

Figure 10.18: Sc(OTf)3-catalyzed synthesis of fluorescent imidazo[1,2-c]pyrazolo[3,4-e]pyridines.

Figure 10.19: Sc(OTf)3-catalyzed reaction of phenyl hydrazine, aldehydes and ethyl acetoacetate.

Figure 10.20: Sc(OTf)3-catalyzed synthesis of N-substituted 1,4-dihydropyridine derivatives.
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10.3.5.4 Sulfur–sulfur bond formation reaction

Liang et al. [53] showed that thiosulfonates (60) can be produced at room temperature in
moderate to excellent yields by sulfenylating sodium sulfinates (58) with N-(organothio)
succinimides (59) in a mixture of ionic liquids and water (Figure 10.22). Additionally, they
were successful in recovering and reusing the remaining part of Sc(OTf)3 without suffer-
ing a significant loss in catalytic activity [53]. Ionic liquids made of 1,3-dialkylimidazolium
cations and their counter anions that are air- and moisture-stable at room temperature
have become increasingly popular in recent years. These solvents allow polar or ionic
catalysts to be immobilized without requiring further structural alteration, making it sim-
ple to separate the catalyst-containing ionic solutions from other reagents and products.
In scandium triflate-catalyzed reactions, ionic liquids [bmim][X] function as potent media
(or additives), in addition to aiding catalyst recovery, scandium triflate catalyzed pro-
cesses significantly speed up the reaction rate and increase selectivity. Under the same
reaction circumstances, all other lanthanide(III) triflates exhibited no activity. These out-
comes can be attributed to Sc(OTf)3’s higher Lewis acidity than lanthanide counterparts.

Figure 10.21: Sc(OTf)3-catalyzed synthesis of esters.

Figure 10.22: Sc(OTf)3-catalyzed synthesis of thiosulfonates.
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10.4 La(OTf)3-catalyzed organic transformations

10.4.1 Aldol, Michael, and Diels–Alder reaction

As a Lewis acid catalyst the use of La(OTf)3 has been demonstrated for Aldol conden-
sation reaction between silyl enol ethers (61) and formaldehyde (62) in aqueous solu-
tions (Figure 10.23) [11]. When silyl enol ethers (64) are added to α,β-unsaturated
ketones (6) at room temperature in DCM, La(OTf)3 can catalyze the reaction and pro-
duce the desired products in high yields. Other lanthanide triflates are also efficient
in some of the instances tested, and as little as 1 mol percent of La(OTf)3 is required.
There are no 1,2-addition byproducts and enol silanes produced from ketones, thioest-
ers, and esters are acceptable. La(OTf)3 works well as a Diels–Alder cycloaddition cat-
alyst for dienophiles that contain carbonyls and cyclopentadiene [54]. La(OTf)3 is
reusable and nearly fully recoverable after aqueous workup for all three of the cata-
lytic methods discussed here [11].

10.4.2 Synthesis of amidines

Primary amines (66) (2 equiv) react with nitriles (67) to produce N,N-disubstituted
amidines (68) in good yields in the presence of 1 mol% of La(OTf)3 (Figure 10.24);
when primary diamines (69) (1 equiv) are used, cyclic amidines (70) are produced in
good to exceptional yields [55]. When primary monoamines interact with organoni-
triles, an intermediate called N-substituted amidine (i) is produced. This intermediate
then interacts with a second amine molecule to produce amidine (ii). In general, when
the reactions were run at a 1:2 nitrile:amine mole ratio, the conversion of the nitrile
to the disubstituted amidine was over 90%. Thus, this method presents a desirable,
high yield alternative for the synthesis of N,N′-disubstituted amidines (Figure 10.25).
Cyclic amidines are produced as a result of primary diamines and nitrile reactions.

Figure 10.23: La(OTf)3-catalyzed Aldol condensation reaction.
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These processes are comparable to those that involve primary monoamines. However,
the hypothesized intermediate (ii) experiences quick intramolecular ring closure,
which is undetectable by NMR. When equimolar concentrations of amine and nitrile
are heated with 1 mol% Ln3+ over 24 h, these reactions are quite simple and essentially
finished (isolated yields of 70–95%).

10.4.3 Lewis acid catalyst for addition reactions
to carbonyl derivatives

La(OTf)3 catalyzes the reaction between silyl ketene acetals (72) and nitrones (71)
to create, α,β-unsaturated esters (73) (Figure 10.26) [56]. La(OTf)3 catalyzes the α-
fluoroformylalkenylation (75) of aldehyde acetals using β-ethoxy-α-fluoro-α-(phenylselanyl)
ethenes [57].

Figure 10.24: La(OTf)3-catalyzed synthesis of amidines.

Figure 10.25: La(OTf)3-catalyzed mechanism of the synthesis of disubstituted amidine and cyclic amidines.
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10.4.4 Lewis acid catalyst for protection/deprotection reactions

La(OTf)3 catalyzes the PMB-protection (para-methoxybenzyl) of alcohols (76) with PMBTCA
(trichloroacetimidate of para-methoxybenzyl alcohol) in moderate circumstances [58]. Al-
cohols that are susceptible to air can be safeguarded in these circumstances (Figure 10.27).
La(OTf)3 has been used to catalyze the biomimetic monoacylation of diols in water using
methyl benzoyl phosphate [59–61]. 6-hydroxybicyclo[2.2.2]octan-2-ones are not epimerized
during methanolysis of acetates when CH3ONa/La(OTf)3 is present [62–65].

The importance of urea structures has led to the development of numerous synthetic
techniques for their manufacture [66–67]. Kim and his co-worker reported the conver-
sion of N-benzyloxycarbonyl (78), N-allyloxycarbonyl, and N-trichloroethoxycarbonyl
protected amines into nonsymmetric ureas (80) by a unique lanthanum triflate mediated
process (Figure 10.28) [68]. In this study, it was discovered that lanthanum triflate works
well as a catalyst to produce several unsymmetrical ureas from protected amines. Di-
verse protected aromatic and aliphatic carbamates were observed in the presence of lan-
thanum triflate which rapidly interacted with different amines to produce the required
ureas in high yields. This work showed that ureas prepared from Cbz, Alloc, and Troc
carbamates using a unique lanthanum triflate catalyst can be used to create a variety of
urea structures.

Figure 10.26: La(OTf)3-catalyzed α-fluoroformyl alkenylation.

Figure 10.27: La(OTf)3-catalyzed PMB protection of alcohols.
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10.5 Conclusions

In aqueous media, rare earth metal triflates can act as Lewis acids. These triflates are
able to successfully activate aldehydes in water solution, and demonstrated the first
evidence of success of Lewis acid-promoted reactions in aqueous media. These reac-
tions could be carried out directly using water-soluble aldehydes like formaldehyde
and acetaldehyde. Furthermore, several different reactions could utilize the catalysts
in organic solvents. In every instance, the catalyst was easily retrieved and reused
once the reaction was finished, requiring just a catalytic amount of triflate. In indus-
trial chemistry, Lewis acid-promoted reactions can take many different forms, and
handling the acids in vast quantities that remain after the reactions has had negative
effects on the environment. Rare earth metal triflates are anticipated to be novel
forms of catalysts offering some solutions to these issues from the perspectives of
their catalytic usage and reusability.
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11 Cerium (IV) ammonium nitrate
(CAN)-catalyzed selective synthesis
of O- and S-heterocycles

11.1 Introduction

Fifteen elements from atomic number 57–71 are termed “lanthanides.” Cerium also
belongs to this family. They are also known to be rare earth elements due to their
minimal occurrence on the Earth’s crust. Among these elements, cerium is considered
to be the most abundant and it contributes nearly 0.0046% by weight of the coating of
Earth. In reality, cerium should not be classified under rare elements, because its
abundance is the same or more than other familiar elements such as cobalt, copper,
zinc, bromine, tin, etc.

Among the lanthanides, cerium has a few properties that are unique as compared
to other members of the group. Cerium can stay in double steady oxidation states of +
3 and + 4, having configurations as [Xe]4f1 and [Xe]4f0, respectively. The existence of
unfilled f orbital imparts additional stabilization to the latter configuration as com-
pared to the former, which gives its capability to take part in the single-electron trans-
fer reactions. Ce(IV) has a high reduction potential of 1.61 V as compared to normal
hydrogen electrode, and for this reason, it proves to be an excellent oxidizing reagent
when compared to the other cations. Hence, cerium (IV) ammonium nitrate (CAN),
which is easily available, has been widely explored as single-electron oxidizing agent
[1]. In fact, when compared with manganese triacetate, the property to generate radi-
cals in CAN is regarded to be superior [2].

CAN is a solid orange-colored inorganic compound that is easily soluble in water.
The salt comprises of hexanitratocerate (IV) anion [Ce(NO3)6]2− and a pair of ammo-
nium cations [NH4]+. In the structure of CAN, each nitrate group chelates the cerium
atom in a bidentate manner (Figure 11.1). Being less toxic, having reasonable solubility
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in organic solvents, and being air-stable, inexpensive, and manageable are some of
the additional properties of CAN that gives it an extra edge for its catalytic activities.

It was Heiba and Dessau [3] who first successfully employed Ce(IV)-generated radi-
cals as an important tool for the synthesis of C-C bonds, after which it has been success-
fully employed for the construction of carbon-hetero bonds. From literature survey, it
has been found that CAN is also useful in the formation of carbon-carbon [4] and car-
bon-hetero bond [5–13], as well as heterocyclic compounds such as tetrazole [14], benz-
imidazole [15], triazole [16], oxadiazole [17], pyrazole [18] 1,4-naphthoquinone [19],
oxazole [20], triazoloquinazolinone [21], and many more [22–24].

Every person in this world will suffer from one disease or another. Hence, there
is need to develop medicinal compounds that will help fight against various diseases.
Researchers all around the world put in their best efforts to construct new com-
pounds that will be helpful to treat and cure various diseases. In this regard, heterocy-
clic moieties are found to play an immense role in constructing biologically active
compounds [25].

Sulfur-hetero compounds are regarded as one of the most important classes of het-
erocyclic compounds that have an immense utility in various fields of chemistry [26].
Several sulfur-containing structural fragments are found to exist in various natural bio-
active compounds. [27]. In addition, due to the volatile nature and reactivity of sulfur
compounds, they also have their use as flavoring agents in food products such as meat,
vegetables, roasted products like coffee, peanuts, cocoa, etc. [28]. Sulfur-containing hetero-
cyclic compounds have huge importance in pharmacology, due to its antiviral, anticancer,
antimicrobial, anti-inflammatory, antitubercular activities, etc. The most important sul-
fur-containing heterocyclic compounds explored for drug designing are thiazole, thio-
phene, isothiazole, thiazoline, thiazepine, and thiopyran. Several drugs that are FDA
approved possess sulfur heterocyclic compounds. Examples are Raloxifene [29], a famous
drug used to treat breast cancer, Clopidogrel [30] used against artery disorder, Ritonavir
[31], an important antiviral agent, Rosiglitazone [32] used against diabetes, and Thiaben-
dazole [33], used for its antifungal activities.

Figure 11.1: Structure of cerric ammonium nitrate
(CAN).
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Oxygen atom-containing heterocyclic compounds are another important class of
heterocyclic compounds. They are extensively used as solvents, fragrances, and potent
drugs. These compounds are found as key structural units in various natural prod-
ucts, biologically active compounds, and pharmaceuticals [34–36]. Various natural as
well as semisynthetic oxygen-hetero compounds such as Taxol [37] used as an antican-
cer agent, Digoxin used for CHF treatment, Cyclosporine-A, used as immunosuppres-
sant, and Lovastatin used as hypolipidemic, etc. are compounds known for their
therapeutic values [38]. Some examples of oxygen-hetero and sulfur-hetero com-
pounds are shown in Figure 11.2.

11.2 CAN-assisted synthesis of O-heterocycles

11.2.1 Solvent-free CAN-mediated synthesis

Kumar et al. [39] demonstrated one-pot three-component reaction between 2-naphthol (1),
aldehydes (2), and 1.3-diketones (3) in the presence of CAN to produce libraries of benzox-
anthenes (4) under solvent-free conditions (Figure 11.3). The effect of solvents was found to
affect the efficiency of the reaction. The yield of the product was found to be better in
more polar solvents as compared to less polar ones. However, the best results were re-
ported under solvent-free conditions. Further, 14-phenyl-14 H-dibenzo[a-j]xanthene was ob-
tained as a side product in all solution-phase reactions but the same was not formed under
solvent-free conditions. The synthesized compounds were screened to evaluate their anti-
proliferative activities, and most of the compounds showed promising results.

They further extended their methodology by using malononitrile or ethyl cyanoace-
tate (5) along with 2-naphthol (1) and aldehydes (2) (Figure 11.4). In this CAN-mediated
multicomponent reaction, good to excellent yield of benzochromes (6) were isolated.
They also realized that in the absence of cyclic 1,3-diketone, CAN catalyzed the reaction
between aldehydes and β-naphthol (1), resulting in the synthesis of substituted-14 H-
dibenzo[a, j]xanthene derivatives (7) under solvent-free conditions (Figure 11.5).

Figure 11.2: Some oxygen-hetero and sulfur-hetero compounds.
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11.2.2 Microwave-assisted CAN-mediated synthesis

Jardosh et al. [40] depicted the preparation of 1 H-benzo[b]xanthenes (10) and 4 H-benzo
[g]chromene (11) having N-allyl quinolone nucleus by using the microwave as a poten-
tial tool by the one-pot three-component reaction of N-allyl quinolone-3-carbaldehydes
(7), 2-hydroxy-1,4-naphthoquinone (8), and dimedone or malononitrile (9), respectively
(Figure 11.6). This one-pot three-component reaction was catalyzed by 5 mol% CAN and
the reaction was carried out under solvent-free conditions. The methodology allowed
the construction of new biologically active molecules by incorporation of two bioactive
moieties. Further, they found out on the basis of SAR analysis that the antimicrobial effi-
ciencies of the products were dependent on the lipophilicity and electronic influence of
the various groups present in the product. It was reported that compounds having
benzo[g]chromene (11) nucleus were more promising than those containing benzo[b]
xanthenes (10) nucleus.

Figure 11.4: One-pot three-component synthesis of benzochromes.

Figure 11.5: CAN-catalyzed synthesis of substituted-14 H-dibenzo[a, j]xanthene.

Figure 11.3: One-pot three-component synthesis of benzoxanthenes.
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Reddy et al. [41] were successful in synthesizing substituted coumarins (13) by
means of Pechmann condensation, where phenols (11) and β-ketoesters (12) reacted
together in solvent-free conditions (Figure 11.7). Both the conventional heating method
and microwave irradiation were used in the methodology. Taking CAN as the catalyst,
this simple and efficient methodology was reported to furnish good yield of the prod-
ucts in both the procedures.

11.2.3 Ultrasound-assisted CAN-mediated synthesis

Sudha et al. [42] proposed the use of ultrasound for the synthesis of tetrahydrobenzo[c]
xanthene-11-ones (15). By using passive α-naphthol (14) and reacting with aromatic al-
dehydes (2) and dimedone (3), they were able to carry the synthesis of tetrahydrobenzo

Figure 11.6: Microwave-induced CAN-promoted atom-economic synthesis of 1 H-benzo[b]xanthene
and 4 H-benzo[g]chromene.

Figure 11.7: CAN-induced coumarin synthesis via Pechmann condensation using conventional heating
and microwave irradiation.
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[c]xanthene-11-ones using ultrasound in presence of catalytic amount of CAN (Figure 11.8).
This energy efficient novel method was proposed by them to be both economical and
environmentally friendly. Further according to them, they were able to overcome for-
mation of by-products, high temperature, and low yield of the products by using the
protocol.

Dandia et al. [43] introduced a facile and efficient method for the designing of a
diverse array of 5-phenyl-5,6- dihydro-1 H-pyrano[2,3-d]pyrimidine-2,4,7(3 H)-trione
(17) (Figure 11.9). In this one-pot multicomponent methodology, dimedone (3), alde-
hydes (2), and barbituric acid (16) were reacted employing CAN (10 mol%) as a cata-
lyst, in the presence of ultrasonic irradiation using water as the medium. Various
catalysts were scanned under the reaction condition, but they reported CAN to be the
best one giving good to excellent results.

11.2.4 CAN-mediated synthesis of O-heterocycles in various solvents

Baciocchi et al. [44], back in the year 1988, were able to synthesize 2-alkyl-3-acylfurans
(21) or 2-alkyl-3-carboalkoxyfurans by a simple method involving the addition of car-
bonyl compounds and alkenes in the presence of CAN (Figure 11.10). During their re-
search, they found that in the presence of CAN, when 1,3-dicarbonyl compound (18)
was allowed to react with vinyl acetate (19), 5-acetoxy-4,5-dihydrofuran (20) was ob-
tained. The 5-acetoxy-4,5-dihydrofurans (20) thus formed were then converted into
furan derivatives in considerably good yield by simply refluxing in toluene in the

Figure 11.8: CAN-mediated synthesis of tetrahydrobenzo[c]xanthene-11-ones in ultrasound.

Figure 11.9: Preparation of 5-phenyl-5,6- dihydro-1 H-pyrano[2,3-d]pyrimidine-2,4,7(3 H)-trione
derivatives using CAN.
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presence of pyridinium tosylate. However, during the course of their study, they also
found that the yield of the product was low when the alkene used was propenyl ace-
tate. According to them, the lower yield was due to the steric effect of methyl group
present in the 2-position of vinyl acetate. One of the products that were synthesized
by this methodology was the naturally occurring furano-monoterpene evodone.

Itoh et al. [45] reported the synthesis of isoxazole derivatives by the reaction of
dipolarophiles with CAN, in the presence of acetone or acetophenone (Figure 11.11).
They used several alkenes (23) and refluxed them in acetone with CAN(IV), where 3-
acetyl-4,5-dihydroisoxazoles (24) were obtained, while heating with acetophenone (22)
at 80 °C furnished 3-benzoyl-4,5-dihydroisoxazoles. When a similar reaction was tried
using alkynes (25), the corresponding 3-acetylisoxazole and 3-benzoylisoxazoles (26)
were the isolated products. Further attempts were made to elaborate the reaction
when they found that better yield of the products was obtained by using CAN(III)-
formic acid.

They have also proposed the plausible mechanism for the reaction (Figure 11.12),
where the reaction was said to have gone through furoxan as an intermediate. They
confirmed the formation of furoxan as an intermediate, which proved that acetone
was first converted into nitrile oxide via nitration of acetone by CAN(IV) or CAN(III).
The nitrile oxide thus formed then underwent 1,3-dipolarcycloaddition with alkenes
or alkynes to produce the isoxazole derivatives or dimerization to give furoxan.

Maiti et al. [46] published a robust procedure catalyzed by CAN for the 1,3-
oxathioacetalisation of carbonyl compounds (Figure 11.13). When library of aldehydes

Figure 11.10: CAN-mediated synthesis of 2-alkyl-3-acylfurans.

Figure 11.11: CAN-mediated one-pot synthesis of isoxazole derivatives.
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and ketones (27) were treated with 2-mercaptoethanol (28) using acetonitrile as a sol-
vent, good to excellent yield of oxathioacetals (29) was isolated at ambient tempera-
ture. A large variety of solvents were scanned but product formation in acetonitrile
was found to give the best results. Most of the alkyl and aryl aldehydes and ketones
gave good results but with diaryl and cyclic aryl ketones, no product was isolated
even after carrying the results for 30 h.

Undeela et al. [47] published a simple synthetic procedure for the synthesis of
furan derivatives (32). This two-step oxidative cyclization involved condensation of
aryl alkynes (30) and ketones (31), furnishing a variety of substituted furans in the
presence of a combination of CAN and potassium bromide as catalyst (Figure 11.14).

Sudha et al. [48] also did the comparative study on the reaction where the products
obtained by using ultrasound were compared to those obtained without using them.
They reported that during the silent conditions, 1,8-dioxo-dodecahydroxanthene (33)
was found to be the predominating product (Figure 11.15), whereas under the ultrasonic
conditions, tetrahydrobenzo[c]xanthene-11-one was the main product. Hence, they were
able to highlight the importance of ultrasound in this reaction methodology.

Figure 11.12: Reaction mechanism for one-pot synthesis of isoxazole derivatives.
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Puligoundla et al. [49] demonstrated an efficient and cost-effective one-pot three-
component protocol for the synthesis of tetrahydropyranoquinoline derivatives (36
or 37). Aromatic amines (34), aromatic aldehyde, and 3,4-dihydro-2 H-pyran (35) were
condensed together in the presence of CAN as a catalyst for the synthesis of tetrahy-
dropyranoquinoline derivatives (Figure 11.16).

Brahmachari et al. [50] published a facile one-pot synthesis of a library of 3,3ʹ-(aryl-
methylene)bis(4-hydroxy-2 H-chromen-2-one) (39) (Figure 11.17). By using a series of ar-
omatic aldehydes (2) and 4-hydroxyl-coumarin (38), this pseudo three-component
reaction furnished 3,3ʹ-(arylmethylene)bis(4-hydroxy-2 H-chromen-2-one) (39) in good to
excellent yield. They used commercially available eco-friendly CAN as the catalyst and
water as a medium in this reaction. Energy-efficiency, clean reaction profile, reusability,
ease of purification, large synthetic applications, high atom economy, and being en-
vironmentally friendly were some of the advantages of the reaction, as proposed by
them.

Figure 11.13: CAN-catalyzed synthesis of 1,3-oxathianes.

Figure 11.14: Synthesis of substituted furans from aryl alkynes and ketones mediated by CAN.

Figure 11.15: Formation of 1,8-dioxo-dodecahydroxanthene under solvent-free silent condition.
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11.3 CAN-mediated synthesis of S-heterocycles

Al-Qalaf et al. [51] successfully used CAN for the first time for one-pot synthesis of 2-
arylbenzothiazoles (Figure 11.18). They reported the reaction to be among the few
where one-pot synthetic route for the synthesis of 2-arylbenzothiazoles (41) from aro-
matic aldehydes (2) and 2-aminothiophenol (40) was achieved under ambient condition.

11.4 Conclusions

In summary, we found that heterocyclic compounds have been extensively used as bio-
logically active compounds. Most of the drugs designed to combat various illnesses in
use today contain heterocyclic parts. A number of different methodologies have been

Figure 11.16: Ceric ammonium nitrate–catalyzed preparation of tetrahydropyranoquinoline.

Figure 11.17: CAN-assisted designing of diversely functionalized biscoumarins.

Figure 11.18: Synthesis of benzothiazoles using CAN.
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developed so far for the synthesis of heterocyclic compounds. Among the various cata-
lysts used, CAN has emerged, so far, as a facile environmentally friendly catalyst for the
synthesis of various sulfur-hetero as well as oxygen-hetero compounds. In addition,
being less toxic, having reasonable solubility in organic solvents, being air-stable and in-
expensive, and ease in management are some of the additional properties of CAN that
give an extra edge, as compared to other catalysts.
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12 Photocatalysis of rare earth complexes
in organic synthesis

12.1 Introduction

A traditional photochemical reaction to excite the substrate or reagents uses high-energy
UV light. These reactions are often unselective, highly difficult to control and involve spe-
cial equipment to carry out the reaction. Visible light has emerged as an effective reagent
in photocatalysis, an effective technique in organic synthesis that utilizes photons for ex-
citation, paving the path for sustainable chemical reactions. In this field new reactions
were developed that are mostly focused on a common photo redox cycle. In addition, re-
cently a variety of new concepts and strategies have also emerged that involve the appli-
cation of visible light with variable wavelengths and intensities that tune the properties
of photocatalyst to control the reactivity of the organic compounds. Evidenced by vol-
umes of reviews published in the last decade, many research groups have turned their
interest in photocatalysis [1–8]. In general, iridium- and ruthenium-based photocatalysis
dominates the chemical community till now, but recently rare earth metal complexes [9,
10] are also employed as photocatalysts for various organic transformations.

12.2 General mechanistic pathways involved
in photocatalysis

Photocatalysts could initiate the organic transformations through various mechanistic
manners. Particularly, visible light photoredox catalysis [11–15] is documented as an
effective protocol in synthetic organic conversions. The various mechanistic cycles of
photocatalysis are shown in Figure 12.1. Depending on the reagents and substrates
present in the reaction mixture, an excited photocatalyst (PC✶) may absorb or donate
a single electron after being exposed to light, enabling oxidative or reductive quenching
cycles. Occasionally, a coordinated proton transfer (proton-coupled electron transfer
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[PCET]) could also work in tandem with the oxidative or reductive cycles. Contrarily,
photocatalytic hydrogen atom transfer (HAT) occurs either following single electron
transfer (SET) events or by the homolytic breakage of C–H bonds by the PC. Addition-
ally, photocatalysts in their excited state can transfer their energy to reactants that are
not capable of absorbing light to induce a chemical reaction.

12.3 Photosensitization

Zhang et al. [16] demonstrated the synthesis of GdIII complexes that can serve as pho-
tosensitizer for singlet oxygen (Figure 12.2). These GdIII complexes include porphyrin,

Figure 12.1: Distinct catalytic approaches of photocatalytic reactions.
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porpholactone, and cis- and trans-porphodilactone, which act as ligands that coordi-
nate to GdIII ion and alters its photosensitization efficiency. One of these ligands,
trans-porphodilactone, produced singlet oxygen with high quantum yield when stimu-
lated in the visible to near-infrared range (NIR). In addition to its photosensitization
property, Gd(III) trans-porphodilactone complex (2) acts as effective catalyst for pho-
tooxidative C–H bond cleavage of secondary or tertiaryamines and also efficient in
natural product cholesterol photo-oxygenation.

Schelter and coworkers [17] have developed luminescent CeIII complexes with
two complete mixed-ligand series (Figure 12.3). The general formula of CeIII complexes
is [N(SiMe3)2]3–xCeIII[(Me3Si)2NC(NiPr)2]x (x = 0, 3 N; x = 1, 4 N, x = 2, 5 N; x = 3, 6 N) and
(OAr)3–xCeIII[(Me3Si)2 NC(NiPr)2]x (x = 0, 1-OAr; x = 1, 2-OAr, x = 2, 3-OAr; x = 3, 4) has life-
times of 117(1) ns and quantum yields of photoluminescence up to 0.81(2). These CeIII

photosensitizers are extensively studied for their photocatalytic activity in C–C bond
formation between benzene and 4-fluoroiodobenzene.

12.4 Photoreductions

CeIII complexes have been extensively studied by Schelter et al. [18] for the photoreduc-
tion reactions of benzyl chloride (7) through single electron transfer mechanism (SET)
to furnish homo-coupled products (9) (Figure 12.4). The reaction involves the formation
of CeIVCl complex which is a stronger absorber of light than CeIII which leads to incom-
plete reaction. They anticipated that the addition of NaN(SiMe3)2 (8) might reduce CeIVCl
complex to CeIII with NaCl precipitation, preventing the formation of CeIVCl complex.

Figure 12.2: Synthesis of GdIII trans-porphodilactone complex.
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Pioneer in photocatalysis, Schelter and coworkers [19] revealed a robust method
for the photo reduction of aryl chloride (10) to reduced aryl compounds (11) by using
hexachlorocerate(III) [CeIIICl6]3– (Figure 12.5). This complex is produced by in situ re-
action of Et4NCl and CeCl3 in acetonitrile solutions (Figure 12.6). The main advantage

Figure 12.3: Synthesis of series of luminescent CeIII complexes.
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of [CeIIICl6]3– complex is the low photo reduction potentials and fast quenching kinet-
ics which facilitates the dehalogenation of aryl chloride via aryl radical.

12.5 Photooxidations

Chen et al. [20] succeeded in developing an efficient protocol for the visible light driven
photooxidation of diarylalkynes (141) to diketones (15) (Figure 12.7) and thioethers (16)
to sulfoxides (17) (Figure 12.8). The team have prepared four isostructural lanthanides
with same coordinated ligand 3,7-diamino-9,10-anthraquinone-2,6-disulfonatecomplexes
via hydrothermal method. The complexes are [Er(H2O)8]•[Er(L)(H2O)6]•2 L•8H2O (Er-L),
[Tm(H2O)8]• [Tm(L)(H2O)6]•2 L•8.5H2O (Tm-L), [Yb(H2O)8]•[Yb(L)(H2O)6]•2 L•9H2O (Yb-L),
[Lu(H2O)8] • [Lu(L)(H2O)6]•2 L•9H2O (Lu-L), respectively. Based on single crystal X-ray
analysis, the structure of these complexes is determined, and it also discloses the pres-
ence of free and coordinated ligand in the crystal structure. These complexes act as het-
erogeneous photooxidative catalysts. Among the four lanthanide complexes, the Er-L is
superior over other complexes for visible light driven photooxidation. The advantage of
Er-photocatalyst includes easy isolation of catalyst after the completion of photooxida-
tion through simple filtration, and it can be used without activation for up to five cata-
lytic cycles.

Figure 12.4: Photoreduction of benzyl chloride.

Figure 12.5: Photo reductive dehalogenation of aryl halides.

Figure 12.6: Synthesis of CeIII complex.
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12.5.1 General procedure for the preparation of 3,7-diamino-9,
10-anthraquinone-2,6-disulfonic acid (H2L)

2,6-Diamino-9,10-anthracenedione (4 g) was added gently to a stirring solution of
20 mL 20% oleum in 50 mL two-necked flask under cooling. To the reaction mixture
H2O2 (30%, 0.5 mL) was added and run for 5 h at 100 °C. The resulting dark brown
precipitate was filtered, washed cleanly with CH3CN, and vacuum-dried to provide
5.4 g of product (a yield of 80%).

12.5.2 General procedure for the preparation
[Er(H2O)8]•[Er(L)(H2O)6]•2L•8H2O (Er-L)

A mixture of H2L (19.8 mg, 0.05 mmol) and ErCl3•6H2O (38.2 mg, 0.1 mmol) was dis-
solved in a glass container into 3.0 mL water. The glass container was wrapped with a
cap and heated to a temperature of 100 °C for 24 h. Then reaction mixture was gently
cooled to room temperature to produce give reddish brown crystals, which were then
filtered out, cleaned with CH3COCH3, and allowed to dry at ambient temperature.
Yield: 65% according to H2L.

Figure 12.8: Photooxidation of thioethres to sulfoxides.

Figure 12.7: Photooxidation of arylalkynes to diketones.
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12.6 Photocycloadditions

Anhua and coworkers [21] developed a robust [5 + 2] cycloaddition methodology upon re-
acting cycloalkonols (18) and electron deficient alkenes (19) by employing synergistic
combination of a PET catalyst (photo-induced electron transfer catalyst–anthracene com-
plex) and LMCT catalyst (cerium compound) for the construction of synthetically complex
bridged lactones(20) (Figure 12.9). These bridged lactones are important scaffolds com-
monly found in natural products, such as hushinone [22], nepalactones [23], dendromoni-
lisides [24], and tutin [25]. The process for the generation of alkoxy radical under SET
mechanism is shown in Figure 12.10 by using photocatalyst anthracene complex. The reac-
tion proceeds in a stepwise manner (Figure 12.11) in such a way that first the α-hydroxy
C–C bond of alkoxy radical (21) could be selectively cleaved to give alkyl radical (22) and
then undergo [5 + 2] cycloaddition with electron-deficient alkenes to give higher ring alco-
hol (25) followed by lactonization upon treatment with acid affording bridged lactones (20).

An efficient, mild and intermolecular [2 + 2] cycloaddition of indoles (26) with activated
olefins (27) mediated by visible violet light-induced Gd(III) catalyst toward the construc-
tion of complex scaffolds cyclopenta[b]indoles (28) and indolines (29) (Figure 12.12)
through one-pot, multistep fashion was developed by Glorious et al. [26]. The [2 + 2] cyclo-
addition takes place in an unusual head-to-head fashion rather than traditional head-to-tail

Figure 12.9: LMCT catalyst and PET catalyst-mediated photocycloaddition.

Figure 12.10: Generation of alkanol radical.
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fashion. The tethered pyrazole moiety acts as directing group when there is no substituent
present at 3-position leads to cyclopenta[b]indole derivatives, whereas presence of substitu-
ent at 3-position, pyrazole moiety acts as both masking amination reagent and a directing
group leads to dearomative cyclopenta[b]indoline derivatives (Figure 12.13).

12.7 Photocatalytic C–C/C–heteroatom bond
construction

Zuo and coworkers [27] have developed an excellent and efficient straightforward
protocol for C–C bond construction by employing inexpensive cerium photocatalysis
(Figure 12.14). The reaction involves generation of in situ alkyl radical (42) upon irra-
diation of simple alcohols (41) by dehydroxymethylation (loss of formaldehyde). The
obtained alkyl radical undergoes various cross-couplings, including hydrogenation, al-
kenylation, amination, alkylation, and oxidation under mild reaction parameters.

Figure 12.11: Photocycloaddition reaction mechanism.

Figure 12.12: Gd(OTf)3-induced photocycloaddition of indoles with alkenes.
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Qiao et al. [28] achieved first-ever photo-induced Miyura borylation of sp2 carbon
by a rare earth photoreductant hexachlorocerate(III) anion (CeIIICl6)3–(Figure 12.15).
The developed photo-induced Miyura borylation was coupled with Suzuki–Miyura re-
action resulting in the preparation of variety of biaryls from aryl chlorides.

Zuo et al. [29] developed a general protocol for δ C–H activation of primary alco-
hols (52) by employing inexpensive cerium photocatalysis (Figure 12.16). The advantage
of this method is that it does not require prefunctionalization of primary alcohols for
distal functionalization. This protocol involves LMCT (ligand-to-metal charge transfer)
mechanism (Figure 12.17) for the direct activation of substrates containing heteroatom
functionalities.

Inspired by the previous work, Zuo et al. [30] realized the photo-induced rare earth
metal catalyzed HAT (hydrogen atom transfer) strategy for the activation of highly
inert substrates methane, ethane, propane, and butane (58) to form C-heteroatom
bonds (Figure 12.18). The reaction sequence involves excitation of alcohol to form alk-
oxy radical which in turn triggers the inert alkanes to produce an alkyl radical
which was then reacted with array of electron deficient substrates to form desired
C–C/C–heteroatom bonds.

Figure 12.13: Mechanism of Gd(OTf)3-induced photocycloaddition of indoles with alkenes.
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12.8 Photocatalytic C–C bond cleavage

Guo and coworkers [31] demonstrated an efficient strategy for amination of cycloalka-
nols (65) by C–C bond cleavage through cerium complex catalyzed visible light-
induced photoredox catalysis (Figure 12.19). This method is relevant to a wide array of

Figure 12.14: CeCl3-induced photocatalytic C–H, C–C, and C–heteroatom bond-forming reaction.

Figure 12.15: CeCl3-induced photocatalytic C–B atom bond formation reaction.
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secondary and tertiary cycloalkanols. The mechanism involves exposure of cerium
chloride/alcohol complex (67) to radiation; the photo-excited state (68) is produced.
The photo-excited CeIII complex would result in a CeIV species (69) via a single elec-
tron transfer (SET) process with nitrogen radical intermediate (71). As anticipated, the
extremely oxidized CeIV species (69) might facilitate the hard β-scission process to pro-
duce carbon radical (70). Then DBAD is coupled with extremely reactive radical spe-
cies (70) to produce nitrogen-centered intermediate radical 71, which subsequently
produce the product through SET reduction (Figure 12.20).

Based on the previous C–C bond cleavage of cycloalkanols, the same group had
continued the research on C–C bond scission of cyclic and acyclic ketones. They em-
ployed cooperative Lewis acid and cerium complex photocatalysis to selectively scis-
sion C–C bonds of different ketones by utilizing the ligand-to-metal charge transfer
(LMCT) excitation method (Figure 12.21) [32]. This C–C bond scission reaction serves as
an alternate to Norrish type l reaction. Many acyclic and cyclic ketones, ranging from
straightforward, strained cyclobutanone (72) to intricate, less strained androsterone

Figure 12.16: CeCl3-induced photocatalytic δ C–H amination.

Figure 12.17: Mechanism of photocatalytic δ C–H amination.
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(cyclopentanone) (75), could successfully undergo C–C bond scission and converted
into useful chemical feed stocks. The obtained substrate from strained ketones was
easily converted to desired lactams (77). The substrates from unstrained ketones (cy-
clohexanone), the C–C bond scission would result in the production of ω-aminated
acyl cyanide (76), which would yield a carboxylic ester upon alcohol hydrolysis with a
wide range of synthetic applications.

Coming over to linear ketone compounds (77), C–C bond scission was accomplished
successfully, installing carboxylic ester (78) and hydrazine derivatives (79) at altered
carbon fragments without any intervention of Norrish type II reaction (Figure 12.22). In

Figure 12.19: CeCl3 Photo mediated C–C bond scission and amination.

Figure 12.18: CeCl3-induced photocatalytic inert sp3 C–H amination, alkylation, and arylation.
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Figure 12.20: Proposed reaction mechanism of C–C bond scission and amination.

Figure 12.21: Cerium photocatalyzed C–C bond cleavage of strained ketones, unstrained.

Figure 12.22: Cerium photocatalyzed C–C bond scission of acyclic ketones.
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unsymmetrical linear ketones, more substituted α-C–C bond with greater stabilized rad-
ical could cleave precisely to furnish corresponding products.

Xiao et al. [33] published first report of cyanation of strained cyclopropylketones
(80) via C–C cleavage by combining photoredox catalysis with Lewis acid catalysis
(triple catalysis) and copper catalysis for the preparation of γ-cyanoketones (82)
(Figure 12.23). The synthetic application of the present protocol has been showcased
through the preparation of piperidine scaffolds (84) and (85) (Figure 12.24).

12.9 Conclusions

In conclusion, rare earth metal complexes can act as redox-neutral Lewis acids as
well as redox-active centers in photochemical reactions. The redox properties of rare
earth complexes trigger the activation of halogen compounds, carboxylic acid deriva-
tives, alcohols, unsaturated systems, and chalcogens, while switching to Lewis acid
character they are able to activate a plethora of compounds containing carbonyl func-
tionality. There is plethora of queries still unanswered with respect to mechanism of
lanthanide photocatalysis.

Figure 12.23: C–C bond scission of cyclopropylketones by triple catalysis.

Figure 12.24: Synthetic utility of triple catalysis for the construction of piperidines.
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13 Innovative techniques utilized for
bioremediation of rare earth elements
to attain a sustainable world

13.1 Introduction

Rare earth elements (RREs) are referred to be “rare” because they are not found in
commercially accessible deposits. These metals are increasingly being employed in
high-intensity magnets, lasers, and colorful phosphors [1]. Color determination, high
thermal stability, outstanding performance, high luminous intensity, low energy con-
sumption, and longevity, for example, make phosphors indispensable in lighting [2].
REEs are becoming crucial components of sustainable energy technologies because of
their unique physical and chemical features, including wind generators, electronic
mobility, rising illumination, batteries, and H2 fuel [3].

REEs play an important role in current electronics and green technology items such
as computers, cell phones, lights, hybrid and electric cars, wind turbines, and solar cells.
They are also used as catalysts in glass polishing powders, optical glass, and petroleum
refining [4]. The lanthanide family and yttrium and scandium, are all chemically related
metallic elements. Although these elements are not very scarce, obtaining them in suffi-
cient amounts is difficult [5]. REEs are crucial metals due to their importance in rising
innovative trends and sustainable sources. RE is plentiful and extensively dispersed in
the earth’s mantle, but unlike other metals, it is seldom concentrated in mining, making
it economically viable to utilize [6]. To fulfill the expanding worldwide demand, REEs
are now mined quite often in China, which provides over 85% of the world’s REEs [7].
The integration of renewable energy sources has grown substantially in recent decades,
putting a great strain on the current RE supply system. Mining activities have expanded
because of the continued demand, resulting in the production of RE into the soil, particu-
larly in mining zones, posing a risk to humans and the environment. Currently, typical
hydrometallurgical separation of REE is performed at high temperatures under severe
acidic and basic circumstances, resulting in huge volumes of hazardous and radioactive
waste released [8]. Consequently, the removal rate is reliant on ores with substantial
REE levels, which limits recovery [9]. The use of RE hyperaccumulating plants in phytor-
emediation (i.e., phytoextraction) looks to be a unique method that might aid in the re-
duction of high RE levels in soils (Figure 13.1). In contrast, the introduction of bacteria
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capable of mobilizing RE and/or supporting plant growth may augment the amount of
REEs recovered by the flora and optimize bioconversion efficiency. The combination of
bioaugmentation and phytostabilization may provide an appealing alternative to tradi-
tional methods in terms of cost-effectiveness and environmental friendliness [9]. No in-
vestigation integrating bioaugmentation and phytoremediation for the treatment of RE
has been carried out.

Rare earth elements play a significant role in our daily lives since they are used
in a variety of goods. Such items include those that may significantly contribute to
considerably improve energy efficiency and combat climate change, both of which
are emerging increasingly important on a global basis [10]. Rare earth mining and
processing, on the other hand, have environmental and economic consequences.
While extracting any ore body generates vast amounts of waste, the presence of radio-
active components uranium and thorium in REEs waste has caused the most worry in
terms of environmental and health concerns [11].

Soil contamination is a critical issue because it endangers public health, the food sup-
ply, and groundwater [13]. Contamination of soil can occur at any point of the REE life
span, including mineral exploration, manufacturing of products, distribution, and dis-
posal. It is believed that contaminated soil contains REE that may be recovered and
reused [3]. Because rare earth elements are often present at tiny levels in soils, extrac-
tion costs may be an impediment to REE recovery. Traditional REE extraction and pu-
rification procedures are both energy and chemical-intensive intense [14].

Figure 13.1: Phytoremediation and electrokinetics for REE remediation (modified from [12]).
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13.2 Methods of separation

The hunt for REE began around the 1800s. The first element found was yttrium, while
promethium was discovered 150 years later. Promethium can only be produced inten-
tionally and does not occur naturally [15]. While the metals and alloys used to manufac-
ture rare earth magnetic materials are among the most common rare earth materials,
REEs are utilized to make a variety of materials for consumers, industrial, and military
applications. REEs offer steel and aluminum unique characteristics and have enabled
glass improvements [16]. The creation of rare-earth-infrequent glasses, for example, has
permitted various improvements in the composition of both marketable and novel
functional glasses. REEs have recently sparked substantial interest because of their po-
tential use in sustainability technologies that might assist humanity in transitioning
away from dependency on fossil fuels [17]. REEs are used to generate red (EU and Y)
and blue (EU) phosphors for energy-efficient light-emitting diodes (LEDs), which can
provide more power than incandescent and fluorescent lighting. Conventional lighting
systems use two orders of magnitude smaller than LEDs [17].

The isolation of REEs from ore is a hot topic, because of the intricacy of the pro-
cesses required (due to the similar chemical properties of REEs) and because of the
health, environmental and human influences attributed to the reagents and tailings
[18]. According to a recent assessment of REEs containing minerals, the principal ben-
eficiation methods include gravitational, electromagnetic, and flotation separation
techniques. Surprisingly, the authors noticed that the available research on the physi-
cal refinement of RE minerals focuses mostly on two significant rare earth element
mineral resources floating extraction procedures. Surprisingly, the authors discov-
ered that most research on the physical refining of rare earth element mineral resour-
ces concentrates on two significant rare earth element mineral deposits [19]. As a
result, when it comes to the technical components of RE durability, using high-
performance and clean renewable energy technologies, as well as improving recycling
and waste reclamation, is clearly crucial. Improvements in extraction and processing,
as well as the development of low-impact substitutes, are also crucial for the future.

The worldwide REE output is 130,000 metric tons of rare earth oxide (REO) equiv-
alent annually, with the 2014 REE industry valued at US $2051 million, while it is pres-
ently uncertain how recycling may affect the REE market due to the tiny level of
recycling of these materials [20]. World consumption of these elements has steadily
increased, and prices have remained constant following a significant jump caused by
the enforcement and subsequent lifting of Chinese trade restrictions, which resulted
in an overstock of certain REEs [20].

According to current research (e.g., according to current research (e.g., Geological
Survey Of USA, Mineral Commodity Reports) [21], the estimated REE distributions by
end-use include catalyst (75%), ceramics (6%), metallurgical applications (4%), glass
polishing (5%), and other (10%), as seen in Figure 13.2.
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A recent study indicates that landfills contain large levels of REEs [21]. According
to UN estimates, the world generates 50 million tons of e-waste (old televisions, pro-
cessors, displays, and smartphones) annually, costing more than $50 billion, with just
20% of it recycled. They forecasted that massive worldwide e-waste would be greater
than a hundred million tons by 2050. The preceding study has also discovered that
platinum group metal concentrations (e.g., palladium, ruthenium, osmium, platinum,
and rhodium), Au, and Ag in landfill e-waste dumps are comparable to significant ore
deposits now accessible from traditional mines.

Previously, several procedures (such as adsorption, ion, and precipitation flota-
tion) were employed to extract and pre-concentrate REEs [22]. Soares et al. [23] ex-
plored innovative procedures for recovering REEs such as Neodymium (Nd) and
Dysprosium (Dy) using the solid phase partial extraction method and discovered that
this treatment was very successful in the extraction process for liquid REEs due to its
durability and simplicity of processing.

Hosseinzadegan et al. [24] utilized a microwave to pre-concentrate REEs after dis-
solving leaf samples (tealeaf) in water with coated bio-particles and an ionic solvent.

REEs are essential components of a wide range of industrial, commercial, and household
items, as well as the growing electrifying of transportation in the industrialized world.
Despite the fact that REEs are only used at tiny levels, they can provide performance or
lifespan benefits to some goods relying on and making them difficult to substitute [26].
Lerner et al. [27] have confirmed the effectiveness of the Soares method by studying
the use of chemically modified silica gel as an ion exchange resin for REEs by pre-
concentrates. [27]. Wilfong et al. [28] explored the recovery of Dy and Yb from the water
phase using amine sorbents (Table 13.1). According to their findings, the adsorbed

Figure 13.2: Application of REEs (modified from the USA Geological Survey Mineral Commodity
(GSMC) 2020).

244 Hosam M. Saleh and Amal I. Hassan



material may be used to pre-concentrate 7.6 percent/wt of REEs in fluid, which is higher
than the US Department of Energy’s REE pre-concentration objectives. This achievement
demonstrates that the sorbent may be used to pre-concentrate REEs from real-world
waste streams [28]. Alshameri et al. [29] have provided more information on REEs ex-
traction/pre-concentration processes. Many research used various procedures for REEs
decontamination and purification (e.g., evaporation, minimizing percolation, and mem-
branes electroplating. El Afifi et al. [30] studied the effective expulsion of radioactive ele-
ments and ferrous in REE fluids from monazite and discovered that when a sulfate or
sulfide (0.058/0.04 mol/L) admixture was employed, the average percent removal of un-
wanted species reached 96%. The average percent elimination of contaminants was 99%
when a potassium iodate (KIO3) of 0.155 mol/L was employed. They deduced that iodate
is an effective and promising agent for removing radium isotopes, lead (Pb-210), Th (IV),
and Fe(III) from rare earth chloride liquor with no loss of lanthanides and that these
ingredients nullify the human hazards connected with radionuclides while generating
higher-purity REEs from monazite ore. Silva et al. [31] had successfully undertaken an
experimental investigation of various neutralizing reagents on the removal of various

Table 13.1: REEs and their ubiquitous utilization (adapted from [25]).

Element Applications

Lanthanum (La) Optics, batteries, catalysis

Cerium (Ce) Chemical applications, coloring, catalysis

Praseodymium (Pr) Magnets, lighting, optics

Neodymium (Nd) Magnets, lighting, lasers, optics

Samarium (Sm) Magnets, lasers, masers

Europium (Eu) Lasers, color TV, lighting, medical applications

Scandium (Sc) Alloys in aerospace engineering, lighting

Gadolinium (Gd) Magnets, glassware, lasers, X-ray generation,
computer applications, medical applications

Terbium (Tb) Lasers, lighting

Dysprosium (Dy), Magnets, lasers

Holmium (Ho) Lasers

Erbium (Er) Lasers, steelmaking

Thulium (Tm) X-ray generation

Ytterbium (Yb) Lasers, chemical industry applications

Lutetium (Lu) Medical applications, chemical industry applications

Yttrium (Y) Lasers, superconductors, microwave filters, lighting
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pollutants in REE sulfuric liquor and concluded that the wisest purifying criterion was
accomplished when the pH of limestone pulp was first increased to 3.5, then the lime
pulp was added to the mixture to achieve a pH of 5.0. Pereao et al. [32] revealed that
when polymer adsorbents were utilized, they could separate roughly 95% REEs. The re-
covery and separation of 99% for La, 100% for Y, and 100% for Gd from wasted glass
material containing La-oxide, Y-oxide, and gadolinium oxide were achieved using so-
dium hydroxide, accompanied by hydrochloric acid flushing of the remaining particles
[32]. Abhilash [33] also covered numerous REE separation strategies as well as several
feedstocks to consider [33]. Da Costa et al. [34] explored the bioabsorption of RE metals
from liquid solutions using non-traditional materials.

Hydrometallurgical procedures require the capacity to extract and separate RE com-
ponents in a variety of ways by varying pH and acid/base ratios. Because of its simplicity
of use, flexibility to a wide range of concentration ranges, and product purity, solvent ex-
traction has become a popular technology [35]. Alternative procedures using supercritical
fluids like CO2 have also been thoroughly researched. Furthermore, microbial or other bio-
logical or enzymatic approaches for RE extraction are gaining favor because of their prom-
ise of reduced processing intensity and less environmental emissions [36]. Several key
studies examining developments in the recovery of RE by recycling low-value waste flows
such as bauxite residue, phosphogypsum, waste water, slag, and mine tailings have re-
cently been published. Other writers have focused on the waste generated by RE [37].

13.3 Rare earth elements by sustainable approaches
(phytoextraction)

Biological approaches have remained popular because of their minimal price, sustain-
ability, and environmental friendliness. Bioleaching, biosorption, bioaccumulation,
biomineralization, and bioprecipitation are examples of REE microbial activities. Bio-
logical procedures including bacteria, fungi, algae, and plants are another strategic
emphasis for extracting REEs from samples collected and impurities [38].

Plants have long been used to clean polluted water and soil. Plant-based technolo-
gies such as rhizofiltration (i.e., the uptake of contaminants in the solution surrounding
the root zone), phytoextraction, phytotransformation, phytostimulation, and phytostabi-
lization are used to remove a variety of contaminants from polluted settings [39]. Plants
use rhizofiltration (adsorption of REEs in the plant root system), phytoextraction (i.e.
absorption of REEs within plants), and phytostabilization (deactivation and/or precipita-
tion of REEs in the root system and surrounding soil) to remove REEs (Figure 13.3). The
chemical properties of the soil and water environment in which the REE is located also
influence its transport, whereas cation exchange aids in regulating REE transport in
that specific environment [40]. The transfer of REE from soil to plants is influenced by
particular parameters such as pH, soil clay concentration, soil organic matter content,
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and redox potential, all of which make REE available to plants. Some plant species, such
as Taraxacum officinale prevalent in urban environments, can be utilized as a bio-
marker of trace elements and REE [41]. When exposed to harmful substances, these
plants exhibit unusual traits such as decreased leaf thickness and less structured paren-
chyma palisade tissue. Some of the elements have even been discovered to improve
plant development. When exposed to harmful substances, these plants exhibit unusual
traits such as decreased leaf thickness and less structured parenchyma palisade tissue.
Some of the ingredients have been discovered to improve plant development. For in-
stance, when exposed to 100 mM praseodymium (Pr), Salvia miltiorrhiza demonstrated
improved growth and greater secondary metabolite content in plant sections [42].

When traditional mines are no longer feasible, the notion of phytomanagement offers a
viable option, to just not to mention all of the ecological benefits supplied by flora [43].
The phytoremediation process enables the separation and retrieval of RE from agricul-
tural lands or wastes of different industries (for example, phosphogypsum is a waste
by-product of the processing of phosphate rock in facilities generating phosphoric acid
and phosphate fertilizers) with the potential for commercial added value [43]. Recently,
20 bioaccumulation plant species (nearly ferns like Dicranopteris dicthotoma) have
been found to collect large quantities of RE, particularly in their aerial portions [44].
While the possible functions of regional bacteria in mobilizing RE from ores are still
being studied, those of plant growth boosting rhizosphere bacteria (PGBR) are far less
well understood [45]. PGBR can mobilize metals and drive plant growth in order to im-
prove the quantity of RE extracted by the plant, resulting in a greater phytoextraction
efficiency [45]. The number of studies leading to novel methods for RE recovering from
various sources, such as mining, industrial, and electronic wastes is quickly increasing.

Figure 13.3: The phytoremediation of REEs.
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Despite this, recycling remains exceedingly complex, costly, and restricted, accounting
for just around 1% of total RE production in 2011 [45]. This resulted in the creation of
techniques that are both commercially viable and ecologically beneficial. On the con-
trary, phytoremediation appears to be a unique alternative for lowering high RE-level
sites by the utilization of RE uptake plants [46]. Because there is insufficient data on the
consequences of liming and fertilization on plant absorption of specific REEs, relevant
knowledge on the effects of soil modifications on trace element uptake from the soil
should be expanded. Liming, like the other treatments, has an influence on the chemi-
cal composition of the soil solution due to the unique characteristics of the plant species
and the behavior of each of the components investigated.

Nissen et al. [47] discovered that liming decreased the phytoextraction of certain ele-
ments such as chromium (Cr), lead (Pb), copper (Cu), and arsenic (As) in Zea mays, arse-
nic (As) in Lupinus albus (L. albus), and arsenic (As) and lead (Pb) in Brassica napus
(B. napus). This might be owing to PTE immobilization caused by the formation of insolu-
ble metal complexes and metal precipitation, which affects the bio-accessibility of these
elements to Z. mays [48]. The increase in Cu, Cr, and Pb phytoextraction by L. albus [49]
and Cu and Cr by B. napus [50, 51] may be due to organic acid (OA) efflux by the root
systems, which ensures microorganism bioactivity [52,53]. Organic acids boost the acces-
sibility of phosphorus in the rhizospheres and act as carbon sources for the bacteria in
the soil, which can produce chemicals that improve iron availability for plant absorp-
tion. It is not unexpected, however, that comparable patterns were identified in phytoex-
traction of P, Fe, and Cu in L. albus and B. napus after liming [54]. Reduced total REE
phytoextraction may be related to a rise in soil pH to alkaline conditions since REEs’ bio-
availability in soil solution increases with soil acidity [54].

Biosorption is the quickest biological technique, and the interaction of REEs with
functional clusters on the microorganisms leads to their retention inside the biomass
[55]. REEs can be transferred from the microbial surface to the interstitial space, de-
toxified, decreased, and stored inside vacuoles [55]. In comparison to the other techni-
ques, this bioaccumulation of REEs happens to a lesser level. Bioprecipitation can
occur directly because of the microbial activity or indirectly because of the generation
of reagents, which precipitate REE and changes in environmental conditions. In sev-
eral cases when microbiological treatment of REEs is required, a confluence of these
techniques results in 100% removal and recovery of REEs [56].

Combining bioaugmentation and phytoextraction could be a viable alternative to
traditional procedures, resulting in a cost-effective and ecologically friendly option [56].
Phytotechnologies are a viable option for in-situ depollution because they allow soil
qualities to be preserved, allowing soils to reclaim their role in food production and for
plantings [57]. Phytotechnologies go further than the simple role of plants in risk man-
agement, encompassing all of the benefits that plants may bring to humans [57], which
encompass all of the advantages that plants may provide to humans. All geochemistry
cycles of trace metals, including RE, are mediated by microorganisms. Lanthanum is
known as “super calcium” because it substitutes calcium (Ca) and hinders numerous
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plant enzymes and other functioning proteins [58]. When REEs replace “Ca” at extrinsic
binding sites, the release of extracellular and intracellular calcium is prevented, which
has a detrimental impact on plant development and vitality [59]. Scientists have long
considered RE inert due to their low solubility in the environment. REs such as cerium
and lanthanum (Ce3+ and La3+, respectively) have been revealed to be essential for the
function of the methanol (Me) dehydrogenase enzyme, which is employed by certain
bacteria to oxidize Me for carbon and energy since eleven years [60]. As a result, several
types of research have been conducted to get a better knowledge of the interconnections
between microflora and RE via metabolic processes and RE sequestration from liquids
by biomass sorption [61]. Microorganisms mobilize TE from all solid matrices, such as
those containing RE, via three methods. (i) proton-induced acidolysis with the removal
of RE via chelated agent clearance, (ii) ligand-induced solubilization (complexolysis), and
(iii) oxidation/reduction processes (redoxolysis) [61]. This mobility is affected by a combi-
nation of variables, including pH, oxidizing circumstances, the availability and type of
inorganic and organic colloids, and the existence and activities of microbial organisms.
This is because various microorganisms have varying optimal pH that favors the synthe-
sis of the most helpful microbial agents for RE leaching. A fungus isolated from cementa-
tion has been revealed to mobilize Ce and Eu from dolomite at pH less than seven,
whereas Arthrobacter sp. leads to the mobilization of all the RE from hornblende be-
tween pH 6.5 and 7.5. In some other cases, it has been demonstrated that at low pH of
media (less than two), Aspergillus niger generates mostly citric acid (C6H8O7), but at
higher pH (greater than four) it produces pentahydroxy caproic (C6H12O7) and oxalic
acids (C2H2O4) [62].

As the majority of REEs are present in oxidation state III, it is easily absorbed by
a broad array of soil hauling phases, such as metallic oxides and hydroxides [63].
Manganese alloys (Mn (III) and (IV)) absorb trivalent RE, particularly somewhat more
readily than Pr and La, and oxidize to Ce (IV) [63]. The organic matter concentration
and ligand competition will also affect these adsorption and oxidation-reduction pro-
cesses. Once mobilized, bacterium interactions with RE alter their activity and trans-
port into the environment. Lui et al. [64] reported that the sorption process of Ce by
P. fluorescens in Ce (III) form prevented future oxidation to Ce (IV) by manganese ox-
ides, modifying its transmission. Microbial exogenous polysaccharides can enhance
RE dispersion by chelation of the ions in the solution, decreasing the latter’s satura-
tion level. Kraemer et al. [65] showed that siderophores had a high affinity for Ce (IV).
Andrès et al. [66] observed the development of RE Lanthanum, Scandium, and Yt-
trium-siderophore complexes in Mycobacterium smegmatis. The rhizosphere includes
ten to a hundred of folding more microorganisms/gram of agricultural soil than non-
rhizospheric soil due to the inclusion of carbon and nitrogen molecules from rhizode-
posits [67]. Thus, plants interact closely with rhizosphere microorganisms, some of
which can boost plant growth and development by enhancing nutrient uptake and
resistance to telluric diseases and other stressors [67].
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Yuan et al. [68] investigated the fragmentation distribution of REE in soil uptake
to plant and root-to-shoot transport processes in Phytolacca americana growing in
REEs mining zones. They also looked at the capacity of P. americana, which grows nat-
urally in the mining region, to accumulate REEs. According to Wen et al. [69], the con-
centration of REE collected was in the sequence of roots, stem, leaves, and grains. La
and Ce pollution harmed germination in D. canadense and S. lycopersium, whereas Ce
harmed A. syriaca, S. lycopersicum, R. sativus, and P. virgatum. A negative effect was
detected for D. canadense at a high dosage in yttrium soils (102.8 mg/kg of soil) and
for A. syriaca at a low pH cerium soil (70.9 mg Ce/kg of soil) [70]. Plants may absorb
Ce, penetrate their tissues, and cause toxicity.

13.4 Rare earth bionanoparticles

REEs can also be recovered by using organisms that produce rare earth element nano-
particles (REE-NPS). REEs have recently become an essential component of sophisticated
industries. However, the industry faces REE material deficit, owing mostly to a lack of
robust recovery solutions associated with long-term REE removal. Scientists employed
nanotechnology to create nanocellulose that can successfully recover REE uniquely and
sustainably. Adsorbents such as silica, clay, nanotubes, and chitosan have already been
employed in several investigations for REE recovery. However, cellulose is the most
cost-effective and plentiful raw material that has seldom been employed as an adsor-
bent for REEs extraction [71]. Nd is a critical component of magnets NdFeB, which are
among the most powerful ferromagnetic material. NdFeB magnets are widely employed
in a variety of sectors such as electrical gadgets, manufacturing engines, and magnetic
resonance imaging scanners (MRIS) [72]. These magnets are also used in green energy
industries such as wind turbine turbines and solar panels. As these sectors progress, the
need for Nd has increased substantially; 400% rise in the last two decades. Approxi-
mately 81% of REEs, including Nd, are mined and processed in China, the world’s largest
exporter [72]. Anionic hairy nanocellulose is a technique that can remove neodymium
ions (Nd3+) from aqueous solutions. The hairy nanoparticles have been negatively
charged to attract and bind with positively charged neodymium ions (Nd3+) [71]. This
agglomeration of nanoparticles and NB leads to bigger pieces that can be easily recycled
and reused. Dicarboxylated cellulose (DCC) chains and cellulose nanocrystals are en-
tirely solubilized in anionic hairy nanocellulose technology (CNC). When compared to
traditional CNC, DCC hairs have a higher charge density, almost one order of magnitude
higher. Polyanionic hairs in this method can remove 264 milligrams of Nd3+ from nano
adsorbents in seconds. When the starting Nd3+ concentration was changed from 140
ppm to 1000 ppm, the Nd3+ clearance capability vs equilibrium Nd3+ concentration was
shown. Because unsaturated adsorbents stay stable in solution, one of the persistent is-
sues with nanostructures element separation is the lack of colloidal agglomeration at
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low adsorbate-to-adsorbent ratios. In these circumstances, adsorption occurs, but the ad-
sorptive species do not undergo phase separation [71]. Nd3+ cannot be eliminated from
solution at low doses (C0 100 ppm, COO–: Nd3+ 4.4 mol:1 mol), because charged AHNC-
Nd aggregates persist. Wamea et al. [71] used calcium ions + as a supplementary cation
to help in AHNC saturating and the removal of AHNC-Nd aggregates after Nd3+ adsorp-
tion. When AHNC is added to the Nd3+ solution initially, the carboxylate groups first in-
teract with Nd ions, and the residual groups are bridged with calcium ions afterward,
with no effect on COO– and Nd3+ binding. These findings suggest that AHNC is a feasible
long-term resource for Nd3+ removal from solutions, which might assist neodymium re-
cycling from secondary sources such as e-waste and NdFeB permanently magnets, as
well as aid in the resolution of neodymium-related environmental and supply risk con-
cerns [71].

Until now, REE-NPs have been synthesized virtually entirely from plant biomass.
Ce-NPs, for example, have been created utilizing a variety of plant extracts. An extract
of Petroselinum crispum has been proven to produce CeO2 nano- and microparticles.
Acalypha indica leaf extract may also be used to make cerium oxide nanoparticles. The
antibacterial efficacy of these biosynthesized CeO2 NPs against Gram-positive and Gram-
negative bacteria (GNB) was shown. An eco-acceptable approach for the manufacture of
dysprosium oxide NPs was developed using clove bud extract (Syzygium aromaticum).
When tested against Staphylococcus aureus (S. aureus) and Escherichia coli, these NPs
seemed innocuous and showed no inhibition of GNB. They were evaluated as a non-
toxic method of detecting picric acid, an organic pollutant [73]. La-NPs have also been
synthesized using Mutingia calabura leaves extract [74]. These La-NPs demonstrated an-
tioxidant action and mild antibacterial activity against a variety of bacterial species.

Terbium oxide NPs were synthesized by incubating Tb4O7 in the presence of the fun-
gus species Fusarium oxysporum. The NPs developed thus demonstrated good biocom-
patibility and prevented the proliferation of osteo-cancerous cells while causing no
harm to normal osteoblasts even at relatively high concentrations [75]. A recent study
used hybrid E. coli-expressing protease enzyme called “phytochelatin synthase” and met-
allothionein (heavy-metal-binding proteins (HMBPs), to synthesize Europium selenide
(EuSe) NPS. According to the authors, the cationic precursors of the EuSe-NPS bind to the
HMBPs surfaces and aggregate into NPs via electrostatic forces [74]. The revelation of
bacterial regulatory proteins in REE transfer and biocontacts with REE, like lanmodulin,
may pave the way for the discovery of thermophilic bacteria that biosynthesize REE-NPS
[74]. Furthermore, unlike most other metalloproteins, LM has metal-binding capabilities
and structural stability. LM sustains REE affinity below pH 2.5, and LM-REE complexes
can tolerate high temperatures (greater than 90 °C), repetitive acid procedures, and
higher to molar quantities of competing for non-REE metal ions (such as Ca, Mg, Cu, and
Zn), enabling the protein to be used in severe chemical processes.

Microbial NPs manufacturing offers the benefit of creating more stable metallic
nanoparticles (MeNPs) with a lower agglomeration propensity. This enhanced stability
is generally triggered by microbial proteins and other biomolecules capping the NP
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surface [76]. These capped proteins (CP) attach to MeNPs via their amine and cysteine
clusters, neutralizing the particles’ overall surface charges and blocking clustering,
which would result in the scarcity of their distinguishing characteristics. Surfactants
are frequently employed to boost the stability of chemically generated NPs; however,
these substances are generally poisonous, limiting their biological uses.

Protein-enabled biosynthesized NP stability is non-toxic, ecologically benign, and gen-
erally safer. Moreover, MeNP synthesis by microorganisms provides better management
of the process parameters, which is important pH of medium utilized, light, metal ion
concentration, and temperature may all influence the form, volume, and manufacturing
adequacy of MeNPs. As a result, extremophilic microorganisms (EXMs) that have evolved
to exist in harsh environments are particularly important to MeNPs biosynthesis [77]. Nu-
merous EXMs have particular characteristics for mitigating toxicity of metal stresses, and
some of them thrive at extremely high metal ion concentrations, like those observed in hy-
drothermal vents or magma zones, depositing sites for metallurgical wastes from processed
ores, in which mesophilic microorganisms essentially cannot sustain life [78, 79]. Deinococ-
cus radiodurans is a notable example of an extremophile’s use in MeNPs production. This
polyextremophile bacterium is exceptionally radio-, thermos-, psychro-, and acid-tolerant,
and it has been found to make CP spherical silver NPs.

13.5 Conclusions

Globally, most REEs are used for catalysts, magnets, ceramics, glass, and polishing.
REEs have been utilized in agriculture to boost plant growth, productivity, and stress
tolerance, with no apparent deleterious impacts on human and animal consumption.

Physicochemical or biological techniques may be used to extract REE from solid
materials. Dissolution, electrochemical technology, fractional crystallization, and sol-
vent extraction are examples of traditional physicochemical procedures for REE ex-
traction and separation. Because of concerns about environmental sustainability and
raw material extraction, investigations on improving ecologically sound extraction of
these components from the soil for resource recovery and remediation are recom-
mended. There is great interest in these elements and great future prospects that bac-
teria producing rare earth organisms (REE-NPs) may expose to biomineralization of
these valuable and expensive minerals, especially bacterial biosynthesis of REE-NPs.
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14 Recent advances in the biomedical
applications of rare earth elements

14.1 Introduction

Rare earth elements (REEs) are a set of 17 silvery-white soft heavy metals which con-
sist of scandium, yttrium, and 15 f-block elements of the lanthanoid series. Scandium
and yttrium are referred to as REEs though their electronic and magnetic properties
are quite different from the lanthanoids. This is because they exhibit chemical proper-
ties similar to the lanthanoids, and are found in the same ore deposits as the lantha-
noids [1]. REEs are not as rare as suggested by their designation. For example, cerium
is the 25th most abundant element on earth. The word “Earth” is the old name of ox-
ides and has been used in the title because the rare earth elements were first identi-
fied in the form of oxides [2]. The word “Rare” was used because these earthy oxides
are rare compared to the other abundant oxides such as lime.

Rare earth elements are calcium analogs in biological systems and have unique
magnetic, optical, and electrical properties that have attracted the attention of the sci-
ence community toward their application in the biomedical field. Their unique chemi-
cal and physical properties have made them vital for high technology applications.
These elements are called “the vitamins of modern industries” and find applications
as high-performance permanent magnets, magnetic resonance image (MRI) contrast
enhancers, superconductors, etc. [1]. Though REEs have been used since a long time in
the biomedical field, the recent emerging technologies have increased scope of their
applications in this field. Some recent advancements in the biomedical applications of
REEs are discussed in this chapter.

14.2 Biomedical applications of rare earth elements

14.2.1 Applications in bioimaging

14.2.1.1 REEs as contrast agents in magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a medical imaging technique that uses a strong
magnetic field and computer-generated radio waves to produce three-dimensional
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images of the internal organs and soft tissues of the human body. This technique does
not use X-rays or any ionic radiation, and is helpful in the detection, diagnosis and fol-
low- up treatment of several diseases. The working of the MRI technique is based on
the principle of NMR. Hydrogen atoms (protons) are abundant in the human body and
other biological organisms in the form of water and fats. In MRI, powerful magnets are
used to generate a strong magnetic field. When a particular organ of the patient’s body
is exposed to the external magnetic field, the hydrogen nuclei of water in tissues are
oriented in the direction of the magnetic field. When an appropriate radiofrequency
current is pulsed through the tissues, the protons are excited and the resultant signal
(spin polarization) is detected by a receiving coil (RF coil). There are random molecular
oscillations with matching frequency that help the excited nuclear spins to return to
their equilibrium state either by spin-lattice (longitudinal) or spin-spin (transverse) re-
laxation mechanism. Water protons in different tissues have different relaxation times
that form the main source of contrast in MR images. Though the imaging of the anatom-
ical structures or blood flow by MRI does not require any contrast agent due to the
varying properties of the tissues or blood which provide natural contrast, yet some spe-
cific types of imaging require chemical compounds as contrast agents in order to im-
prove the visibility of the internal body organs. Oral or intravenous administration of
these contrast agents may alter the relaxation time of the hydrogen nuclei within the
body tissues, thereby improving the contrast in the images [3].

The presence of paramagnetic species with unpaired electrons in the contrast
agents is observed to shorten the longitudinal relaxation time T1 of water protons
under a powerful and uniform external magnetic field after a resonant radiofrequency
excitation and consequently, these species increase the contrast of the magnetic reso-
nance images. Some rare earth ions like Gd3+ have the highest magnetic moment with
seven unpaired electrons. As a result, they help in reducing the longitudinal relaxation
time (T1) and produce bright images. Gadolinium is the most common MRI contrast
agent due to the higher availability and chemical stability. As free Gd ions are toxic, the
chelated form of the metal is used as an MRI contrast agent. About 40% of all magnetic
resonance imaging (MRI) examinations and about 60% of neuro MRI exams use Gado-
linium (III)-based chelating agents. After the approval of Gd-DTPA in 1988, the growth
of Gd-based MRI contrast agents with enhanced imaging quality are growing so rapidly
that the yearly administration of Gd in this field is almost 50 tons worldwide [2, 4].
Structures of some clinically approved Gd3+-based chelates [5], which are commercially
available contrast agents, are shown in Figure 14.1.

Gadolinium(III)-based contrast agents have been extensively used worldwide because
the essential diagnostic information provided by these compounds cannot be obtained
using other noninvasive techniques. Gd(III)-based contrast agents have been reported to
detect blood brain barrier disruption, breast cancer, blockages in blood vessels, etc. [4].

Recently, publications related to paramagnetic contrast agents utilizing rare earth
ions, other than gadolinium (III), have also been increasing. In 2006, Bottrill et al. [5] have
reported the involvement of europium(II) chelates and dysprosium(III) complexes along
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with Gd(III) chelates as MRI contrast agents. Eu(II) is isoelectronic with Gd(III), with seven
unpaired electrons. Moreover, as the ionic radius of Eu(II) falls in between that of Ca(II)
and Sr(II), it can act as calcium(II) analogue in biological systems. In order to control the
thermodynamic and redox stability of Eu(II), macrocyclic ligands with an optimum cavity
size were proposed. High redox stability has been reported for an Eu(II)-based MRI active
10-coordinated complex, formed with the cryptand 2.2.2 (4,7,13,16,21,24-hexaoxa-1,10-diaza-
bicyclo[8.8.8]hexacosane) (Figure 14.2) [5]. Ekanger et al. [6] have recently reported Eu(II)
containing cryptates as a redox sensor in MRI imaging of living tissues. This is the first
report on in vivo contrast enhancement by Eu(II)-based cryptates.

Figure 14.1: Structures of gadolinium (III)-based contrast agents [A =Gd(DOTA)–, B =Gd(HDO3A), C =Gd
(DTPA)2– and D = Gd(DTPA-BMA), which are commercially available.

Figure 14.2: Structure of cryptand 2.2.2 and TETA used to develop Eu(II)-based contrast agents showing
redox response.
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Dysprosium(III) complexes have also been reported as high-field MRI contrast
agents. These are considered better than the commercial Gd(III)-based contrast agents,
which exhibit poor water relaxivity at high magnetic fields. The interest in Dy(III)-based
negative contrast agents have been increasing due to efficient transverse relaxivity of
Dy-based complexes at high magnetic fields [7]. One of the examples of such Dy-based
complexes is given in Figure 14.3.

Elst et al. [7] studied and reported several Dy-(DTPA)2– and Dy-DTPA bisamide deriva-
tives as negative contrast agents at high magnetic fields.

Eu(III) is a poor relaxation agent compared to Eu(II). However, it can be used as a
structural probe for corresponding Gd(III) analogues because of its efficient lumines-
cence properties. Like Eu(III) ions, Terbium(III) ions are also used for luminescence
studies as they show emission in the visible region.

Some smart contrast agents have also been designed based on Eu(III)/Eu(II) redox
pairs, whose relaxivity changes with changing physiological surrounding conditions,
like pH, partial pressure of oxygen, metal ion concentration, etc. [5]. In 2005, To´th
et al. [8] reported water-soluble fullerene derivatives of Gadolinium, Gd@C60(OH)x,
and Gd@C60[C(COOH)2]10, which may be used as pH-responsive MRI contrast agents.

Kalaivani et al. [9] explored the biomedical application of rare earth ion-doped yttria
(Y2O3). Dy3+- and Yb3+-substituted Y2O3 showed computed tomography (CT) imaging fea-
tures. Dy3+-, Tb3+-, and Nd3+-doped Y2O3 was suitable for T2 MRI contrast and Gd3+-doped
Y2O3 exhibited both T1 and T2 MRI features.

A new class of multimodal contrast agents has been recommended based on REE
metal organic frameworks in order to avoid chances of toxicity in traditional Gd-
based contrast agents. These new materials can increase T1 and T2 relaxation rates of
proton spin simultaneously and improve the image quality in MRI [10]. Wang et al.
[11] recently reported a series of ultrathin rare earth element-based metal organic
framework (MOF) nanosheets, with unique properties of quenching fluorescence for
two-color intracellular adenosine imaging in living cells.

Figure 14.3: The structure of Dy-DOTA-4AmCE
(negative contrast agent).
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14.2.1.2 REE -based nanomaterials as contrast agents in magnetic resonance
imaging (MRI)

The development of rare-earth-based nanoparticles has become a very active field of
research nowadays. The rare earth-based nanoparticles can be used as MRI contrast
agents, with additional specific properties like unique optical properties, low cytotox-
icity, high photostability, absence of blinking, long lifetime, etc. [12]. There are three
reasons for replacing the existing REE-based MRI contrast agents by the REE-based
nanoparticles.
1. The large surface-area-to-volume ratio of REE-based nanoparticles enable speci-

ficity to a target area.
2. The size of the nanoparticle improves the relaxivity by slowing down the tum-

bling rate of the contrast agent.
3. Compared to a ‘lone’ paramagnetic chelate, the supported REE- based nanopar-

ticles enable a large amount of paramagnetic reagent to reach the target site, gen-
erating much larger relaxivity [5].

For the past two decades, efforts are being made in employing rare earth nanomateri-
als for increasing the sensitivity of contrast agents and recording better quality MR
images [4]. As the surface modifications of the nanoscale materials are much easier
than that of their bulk forms, various interestingly engineered nano REEs are re-
ported, which act as better MRI contrast agents. In 2017, Ertas [13] reported the syn-
thesis of oxide-free core-shell Gd metal nanocrystals with high values of transverse
proton relaxivity (r2) per Gd atom and per-particle relaxivity, which proves that these
Gd-based nanocrystals are better MRI contrast agents. An adequate coating on the
nanoparticles leads to longer blood circulation times, minimizing the leaching of Gd3+

ions to a great extent.
Yue et al. [14] reported carbon-coated ultra small Gd2O3 core-shell nanoparticles

having excellent colloidal stability and photoluminescence in the visible region,
which may be applied as T1 MRI contrast agent.

Luminescent hybrid core-shell nanoparticles (with a paramagnetic Gd2O3 core
and polysiloxane shell) carrying organic fluorophores and carboxylated PEG cova-
lently tethered to the inorganic network (Figure 14.4) have been reported by Bridot
et al. [15] for use as MRI contrast agent as well as in vivo fluorescence contrast agents.
The longitudinal proton relaxivities of these nanoparticles are found to be higher
than the clinically used positive contrast agent Gd-DOTA. Moreover, these nano par-
ticles circulate in the blood vessels without being accumulated in the lungs and liver.

Hifumi et al. [16] have designed and reported the dextran-coated gadolinium
phosphate nanoparticles for higher magnetic resonance tumor imaging resolution.
These nanosized particles can be retained in tumor cells, and the biocompatible dex-
tran coating prevents its rapid elimination from the blood stream.
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Chen et al. [17] have reported a novel synthesis of glycine-coated Gd2O3 nanoparticles
(size 25 nm) using sonication method and the outstanding stability of their MRI signal.

The properties of REEs have been enhanced for their use in MRI technique by
doping these elements in hydroxyapatite. Pure hydroxyapatite nanoparticles do not
possess luminescent properties but these materials may serve as promising host mate-
rials for doping rare earth elements and can provide novel fluorescent properties in
bio-imaging [18]. Tesch et al. [19] have combined the photoluminescence property of
Eu (III) and the high magnetic moment property of Dy (III) by doping these two ele-
ments together in hydroxyapatite for multimodal imaging.

14.2.1.3 REEs in scintillating materials

Rare earth elements are used to develop luminescent materials because some of them
emit light very efficiently on excitation with different sources. These elements are
therefore very useful in the field of scintillators. The scintillating materials activated
with Ln3+ ions emit strong light from the UV to near IR region on excitation with some
ionizing radiation like X-rays or γ-rays. This emitted light can be detected by simple
photo-detectors. These types of materials find extensive applications in medical diag-
nostics and imaging. Modern imaging techniques such as Computed Tomography (CT)
and Positron Emission Tomography (PET), which are applicable in cancer diagnostics,
use these types of materials [2].

14.2.1.4 REEs as super magnets for MRI instrumentation

REEs are not only used as contrast agents but they find applications as supermagnets
in biomedical imaging equipment. For example, neodymium permanent magnets
offer the maximum polarization and can be used as a strong magnet in medical

Figure 14.4: Surface-modified luminescent core-shell nanoparticles.
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diagnostic techniques – MRI or CT – to generate powerful magnetic fields, and hence
high resolution and accuracy [20].

14.2.2 Applications in drug delivery

Rare earth elements have contributed significantly in drug delivery methods. Al-
though organic molecules containing drugs are still making contributions to clinical
practice, it is difficult to monitor and control them after administration. The nano-
scale surface-engineered REEs that possess unique optical properties play a vital role
for this purpose [21, 22]. In drug delivery, mesoporous materials and polymeric mi-
celles, which can load large amounts of drug efficiently, are used as vehicles or car-
riers. When REE nanoparticles are doped into these carriers, not only is the drug
loading capacity increased but the pathway of the drug transport in the body can also
be tracked by bioimaging due to the luminescence property of the REEs. The drug de-
livery system is made responsive to endogenous and exogenous factors like pH, light,
temperature etc., enabling them to provide important information for clinical diagno-
sis. The pH-responsive drug delivery systems can deliver the drug without leakage,
absorption, or corrosion in the surrounding physiological environment and thus im-
prove the utilization of the drug. Similarly, light-responsive drug delivery systems
help in the controlled release of the drug to the targeted area. Accordingly, scientists
are trying to design drug delivery systems of superior quality [23].

In 2018, Yang et al. [24] designed a pH-responsive drug delivery system by doping
Nd3+ in GdPO4. The system had egg yolk-shell structure, and it was loaded with anti-
cancer drug doxorubicin (DOX). The drug delivery study revealed pH-responsive con-
trolled release of the DOX in tumor cells. The biodistribution and real-time tracking of
GdPO4:Nd3+ spheres were also demonstrated in living mice.

Recently Saha et al. [25] reported Eu-doped Gd2O3-based paramagnetic nanoplates
with triangular shapes, which were coated with polyacrylate and attached to folic
acid. Modified drug molecules were linked to these surface-engineered nanoparticles,
producing a drug delivery system that could load both hydrophilic drug daunorubicin
(∼69% loading) and hydrophobic drug curcumin (∼75% loading) efficiently, and exhib-
ited strong red emission. The high drug loading capacity and targeted pH-responsive
delivery of the two drugs makes it a potent drug delivery system.

Zhou et al. [26] reported the synthesis of Eu-doped mesoporous gadolinium oxide
nanorods (MS-Gd2O3: Eu@PEG) coated with silica layer. The in vitro cytotoxicity test,
drug loading, and drug delivery experiments revealed that these nanorods had good
biocompatibility, effective drug loading capacity, pH-sensitive drug release behavior,
and the ability for multimodal imaging, which make them an ideal drug delivery vehi-
cle for cancer therapy.

In 2019, Li et al. [27] reported a bifunctional drug delivery system based on multi
rare earth ions by combining magnetic nanoparticles and fluorophore. They designed
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the drug system by binding Aspirin with rare earth ions terbium (Tb) and gadolinium
(Gd), and incorporated them into chitosan microspheres with magnetic nanoparticles,
Fe3O4. This drug system, TbxGd1−x(Aspirin)3·2H2O (x = 0.25,0.5, 0.75), showed excellent
fluorescent and magnetic properties. Multiple rare earth ions instead of a single ion
were used in designing this complex in order to achieve superior fluorescent intensity.

Light-responsive drug delivery systems have also been reported for the controlled
release of drugs. In 2020, Liu et al. [28] loaded anticancer drug DOX in silica-coated
NaYF4:Tm/Yb@NaYF4 nanoparticle carrier, and modified it with azo-benzene mole-
cules for light-responsive drug release behavior. The amount of the drug (DOX) re-
leased in the Hela cells could be controlled by adjusting the intensity or time of the
near-infrared (NIR) light irradiation.

The drug delivery systems based on rare earth doped-up conversion nanoparticles
(UCNP) have received significant attention over the past 10 years. UCNPs are actually
the rare-earth-doped nanocrystals that have emerged as an appealing candidate for the
application of NIR light [29]. UCNPs absorb two or more incident photons of relatively
low energy and emit one photon with higher energy. A rare-earth-doped UCNP consists
of a host matrix, a sensitizer, and an activator doped with trivalent lanthanide ions.
The sensitizer gets excited after absorbing 980 nm photons and transfers energy to the
neighboring activators, which in turn are also excited, emitting light of shorter wave-
length. REE-doped UCNPs can be excited with NIR light, and they emit visible light. The
NIR light penetrates the biological materials to more depth and cuts the generation of
strong auto-fluorescence [29].

A light-responsive drug system based on up-conversion nanoparticles (UCNPs), NaYF4:
Yb3+, Er3+ was reported by Zhao et al. [30]. They fabricated caspase-3–responsive func-
tionalized up-conversion nanoparticles (CFUNs) for near-infrared (NIR)-triggered
Photo Dynamic Therapy (PDT), along with the activation and release of caspase-3 and
cascade chemotherapeutic activation. In order to formulate CFUNs, DEVD peptide
was tethered to caspase-3-responsive doxorubicin (DOX) prodrug. A self-assembly of
DEVD-DOX, up-conversion nanoparticles (UCNP), a photosensitizer (pyropheophor-
bide-a methyl ester, MPPa), and tumor-targeting ligand cRGD-PEG-DSPE, was formed
to produce multifunctional CFUNs, MPPa/UCNP-DEVD-DOX/cRGD. Reactive oxygen
species (ROS) for photodynamic therapy (PDT) were produced when the cellular up-
take and NIR irradiation of UCNP emit visible light and excite MPPa. The caspase-3
was also activated to cleave DEVD peptide and release DOX within tumor cells,
achieving NIR-triggered photo dynamic therapy, and cascade chemotherapy [23].

Yan et al. [31] used continuous-wave diode NIR laser to disrupt the block copoly-
mer (BCP) micelles and triggered drug release. They encapsulated NaYF4:TmYb UCNPs
inside the micelles of poly (ethylene oxide)-block-poly(4,5-dimethoxy-2-nitrobenzyl
methacrylate). When the micellar solution was exposed to 980 nm light, UCNPs re-
leased photons in the UV region, which were absorbed by o-nitrobenzyl groups on the
micelle core-forming block. This process activated the photo-cleavage reaction and
led to the dissociation of BCP micelles, releasing the co-loaded hydrophobic species.
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This approach of using UCNPs as an internal UV light source, when excited with NIR
light, can be used for many photosensitive polymeric materials.

14.2.3 Applications in biosensing

Biosensing in biomedical field is one of the areas where REE-based materials have no-
ticeable applications. The low background fluorescence and high sensitivity of rare
earth materials can be used to design biosensors for different areas like pH sensing,
metal ion sensor, temperature sensor, reactive oxygen species (ROS) detection, and
even bacteria detection [21, 32–34]. During the outbreak of COVID19, simple and rapid
methods were urgently needed to identify COVID positive cases. In 2020, Chen et al.
[35] reported a rapid and sensitive lateral flow immunoassay (LFIA) that used REE-
doped polystyrene nanoparticles in order to detect anti-SARS-CoV-2 IgG in human
serum. The REE-based biosensors developed for applications in biomedical field may
be categorized as follows.

14.2.3.1 Biomolecule sensors

Tian et al. [36] reported highly sensitive and robust peroxidase-like activity of porous
ceria nanorods (PN-Ceria) in detecting the breast cancer antigen CA15-3, with a detec-
tion limit higher than that of horseradish peroxidase system, which is a natural
enzyme.

Highly sensitive cerium metal organic frameworks (Ce-MOFs)-based aptasensor and
Zn2+-dependent DNAzyme-assisted recycling was reported by Shen et al. [37] as dual am-
plification strategy for the electrochemical detection of lipopolysaccharide (LPS). LPS is
responsible for fever reaction, septic shock, and disseminated intravascular coagulation.
Ce-MOFs could catalyze the ascorbic acid oxidation for signal intensification in aptasensor
construction. LPS detection was accomplished by introducing Zn2+-dependent DNAzyme,
following aptamer technology, which managed the shortage of protein enzyme. The pro-
posed aptasensor was highly sensitive to LPS detection and can be efficiently used in di-
agnostics [33].

Recently, Yilmaz et al. [38] reported a novel fluorescent Eriochrome Black T (EBT)−Eu3+

complex, which can detect dipicolinic acid (DPA) with high selectivity. UV−vis titra-
tions changed the blue solution of EBT to magenta in the presence of Eu3+ ions.
When DPA was added to this solution, the magenta color changed to blue immedi-
ately due to the characteristic fluorescence emission from DPA−Eu3+ complex. DPA
is a major constituent of bacterial spores. So, this ratiometric and colorimetric bio-
sensor may detect the pathogenic bacterial spores very sensitively.

In 2018, Ou et al. [39] reported a highly stable and specific X-ray luminescence-
based immune assay for the detection of α-fetoprotein(AFP) using NaGdF4:Tb@NaYF4
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nanoparticles. AFP is a serum biomarker of hepatocellular carcinoma whose serum
levels increase during liver cancer, chronic active hepatitis, carbon tetrachloride in-
toxication, and other health disorders. This immunoassay produced no auto fluores-
cence under X-ray excitation. Applications of this type of biosensors may be extended
for multiplexing sensing and medical diagnosis.

Ren et al. [40] reported the sensitive detection of liver specific Micro RNA 122
(miR-122) by designing fluorescence resonance energy transfer (FRET)-based DNA-
functionalized core-shell UCNPs.

In 2020, Peng et al. [41] fabricated a biosensor based on “turn-on” luminescence
from chromophore-modified UCNPs (Cy7-PEI-UCNPs) for rapid and sensitive detection
of peroxy nitrite ions ONOO–, which indicates hepatotoxicity caused by overdose of
drugs like paracetamol. This type of UCNP-based materials may serve as an appropri-
ate assay kit for screening hepatotoxicity from modified UCNP drug molecules.

A novel Eu3+@MOF composite has also been reported by He et al. [42] as a fluores-
cence sensor for specific detection of urinary 1-hydroxypyrene, which is a metabolite
of polycyclic aromatic hydrocarbons (PAH) inhaled in the human body.

The abnormal levels of small biomolecules, like thiols, lactic acid, adenosine triphos-
phate (ATP), H2O2, etc. in the human body may cause health problems. Early detection
and regular monitoring of these biomolecules in body may help in the treatment of
some diseases like dementia, psoriasis, liver problems, leukemia, cancer, AIDS, heart fail-
ure, myocardial ischemia, etc. [33]. Liu and coworkers [43] broke the limit of signal-to-
background ratio (SBR) of up-conversion probes by fabricating UC nanoprobes using an
organic dye as a target-modulated sensitizing switch. This biosensor could detect gluta-
thione (GSH) with an improved SBR of ∼30. Zhao et al. [44] reported a synthetic DNA
nanodevice, which, on activation with NIR-light, can detect ATP molecules in cells
through the integration of aptamer-based lock design. This UCNP nanodevice can help in
ATP imaging, on NIR-excitation. Sardesai et al. [45] reported the synthesis of platinum-
doped ceria and lactate-oxidase-based enzymatic biosensors in order to measure lactate
levels during hypoxia conditions in vitro and in vivo. Liu et al. [46] reported Er3+-
sensitized NaErF4: Ho@NaYF4 UCNPs, with both excitation (1,530 nm) and emission
(1,180 nm) in the NIR-II window (Figure 14.5). This biosensor could detect H2O2 molecules.

14.2.3.2 Metal ion sensors

Metal ions like calcium, magnesium, copper, chromium, iron, manganese, molybde-
num, zinc, sodium, and potassium play important roles in biology by serving as essen-
tial cofactors in the life processes like respiration, gene transcription, growth, cell
proliferation, and immune function. These metals are required in very small amounts
in the body, as the excess accumulation or the deficiency of some metal ions like Fe3+,
Zn2+, Cu2+ can cause diseases like pernicious anemia, growth retardation, heart dis-
eases, etc. Excess accumulation of Al3+ in the human body causes Alzheimer’s disease.
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An early detection of the excess or deficit levels of metal ion in body is therefore im-
portant for diagnostic purposes. REE-based highly selective and sensitive sensors
have been developed by the science community for this purpose.

Chang and coworkers [47] reported the synthesis of a Zn2+ fluorescent-based
probe by assembling polyacrylic acid-modified lanthanide-doped multilayer UCNPs (1-
PAA-UCNPs) with chromophores. A FRET process with NaYF4: Yb/Tm@NaYF4 as the
energy donor and Zn2+-responsive 1-PAA-UCNPs as the acceptor was constructed. The
formation of Zn complex with 1-PAA-UCNPs inhibited FRET, which made possible the
quantitative monitoring of Zn2+ ions. Isaac et al. [48] also reported a biosensor based
on a zinc finger peptide functionalized by a Tb(III)-DOTA monoamide complex in
order to selectively detect Zn2+ ions.

Wang et al. [49] synthesized Eu(III) complex-based luminescent probe, BPED-BHHCT-
Eu3+-BPT, by conjugating the Cu2+ -binding N,N-bis(2-pyridylmethyl)ethanediamine (BPED)
to a tetradentate β-diketone ligand 4,4´-bis(1֞,1֞,1֞,2֞,2֞,3֞,3֞-heptafluoro-4֞,6֞-hexanedione-6֞-yl)
chlorosulfo-o-terphenyl (BHHCT) and coordinating with a co-ligand 2-(N,N-diethylanilin-
4-yl)-4,6-bis(pyrazol-1-yl)-1,3,5-triazine) (BPT) (Figure 14.6). This probe could detect Cu2+

ions and H2S molecules in living cells, on excitation with visible light. The luminescence
of BPED-BHHCT-Eu3+-BPT was proficiently quenched on its co-ordination with Cu2+ ions,
and could be restored by the addition of H2S. The “on-off-on”-type luminescence behav-
ior of this biosensor could detect Cu2+ and H2S simultaneously, with high sensitivity and
selectivity.

Zhou et al. [50] fabricated a luminescent Eu3+ post functionalized nanosized Metal
Organic Framework (MOF) by doping Eu3+ ions in the pores of MIL-53–COOH (Al) nano-
crystals. The cation exchange between Fe3+ and Al3+ in MIL-53–COOH (Al) quenched the
luminescence from Eu3+ ions in MOF, detecting Fe3+ ions in aqueous solutions. This shows
great potential of this biosensor for intracellular detection and the imaging of Fe3+ ions.

Xu et al. [51] reported highly sensitive and selective detection of Al3+ ions by de-
signing a recyclable luminescent Eu3+-based MOF sensor. Some scientists also devel-
oped sensors to detect toxic metal ions in the body. For example, the accumulation of
methylmercury ion (MeHg+) in organs can cause prenatal nervous system and visceral
damage. Liu et al. [52] developed a hydrophobic heptamethine cyanine dye (hCy7),
modified by two long alkyl moieties and amphiphilic polymer (P-PEG)-modified nano-
phosphors (hCy7- UCNPs) water-soluble probe for UC luminescence monitoring and

Figure 14.5: NaErF4: Ho@NaYF4 Core-Shell UCNPs
biosensor.
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imaging of MeHg+ ions in a mouse model. Recently, dual-emitting REE-MOF-based ra-
tiometric fluorescent sensors are also attracting the attention of scientists [53].

14.2.3.3 Temperature sensors

Temperature monitoring in physiological processes taking place in human body may
help in the accurate diagnosis and treatment of certain diseases. Temperature measure-
ment of cells is quite a difficult task. REE-based nanomaterials are the most adaptable
thermal probes used in luminescent nanothermometers. Capobianco and coworkers [54]
designed a nanothermometer that could measure the temperature of even an individual
cancer cell. This nanothermometer was based on the temperature-sensitive fluorescence
of NaYF4:Er3+ and Yb3+ nanostructures. The intensity ratio of the green fluorescence
bands of the Er3+ dopant ions changed with temperature in this sensor. These fluores-
cent nanothermometers could measure the internal temperature of the living HeLa cer-
vical cancer cell from 25 °C to 45 °C.

Cadiau et al. [55] prepared nanorods of MOF Tb0.99Eu0.01(BDC)1.5(H2O)2 (BDC = 1-4-
benzendicarboxylate) by the reverse microemulsion technique. Aqueous suspensions
of these nanorods performed excellently as luminescent nanothermometers in the
physiological temperature range 300 K to 320 K.

Figure 14.6: Structure of Eu(III)-based luminescent probe,
BPED-BHHCT-Eu3+-BPT.
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Zhao et al. [56] fabricated a near-infrared luminescent MOF, Nd0.866Yb0.134BTB as a
self-calibrated thermometer, which showed outstanding temperature dependence of
the photoluminescent properties in 303 K to 333 K range. The geometry and shorter spa-
tial distance of Nd3+-Yb3+centers promoted the sensitization effect of this sensor, show-
ing maximum relative sensitivity of 4.755% K−1, which was higher than that of its
contemporary temperature sensors. This sensor can, therefore, be used for intracellular
thermal sensing.

An interesting temperature sensing probe was reported by Zhang’s group [57]. It
was a dual-emissive phosphorescent polymer probe, which consisted of Ir(III) com-
plexes as a temperature-sensitive unit with phosphorescence lifetime of ~500 ns and
Eu(III) complexes as reference unit with a lifetime of ~400 µs. Ratiometric detection of
temperature using this probe was possible because of the higher luminescence inten-
sity obtained from the Ir(III) complexes with increasing temperature, while there was
no change in that of Eu(III) complexes. The emission lifetime was made longer by in-
troducing Eu(III) complex in the polymer thermometer.

14.2.3.4 pH sensors

Intracellular pH monitoring plays an important role in biological processes. The
unique optical properties of REE are helpful in developing the luminescence-based pH
sensors. Zhang et al. [58] synthesized and reported new fluorescent pH probes, based
on Eu(III)-Eu(TTA)2-DSQ and Eu(TTA)3-DR1 (where HDSQ is 5-(dimethylamino)-N-(4-(2-
((8-hydroxyquinolin-2-yl)methylene)hydrazinecarbonyl)phenyl)naphthalene-1-sulfon-
amide, DR1 is N1-(4-(dimethylamino)-benzylidene)-N2-(rhodamine-6 G) lactamethy-
lene-diamine, and TTA = thiophentrifluoroacetone). High pH sensitivity of the probe
was demonstrated by them in HeLa cells and zebra fish.

Chu et al. [59] synthesized the pH sensors by doping Europium in one-dimensional
silicon nanorods (Eu@SiNRs). These sensors could measure the pH in live cells. In order
to reveal important information regarding pH fluctuations, they employed Eu@SiNRs for
the visualization of cytoplasmic alkalization process, arbitrated by nigericin in living cells.

Ma et al. [60] have also reported Tm3+-doped UCNPs, with their surface function-
alized with xylenol orange, for intracellular pH sensing under continuous-wave exci-
tation at 980 nm by quenching and recovering of UCL at 450 nm from UCNPs.

14.2.4 Applications in tissue engineering

The accidental loss of an organ and tissue damage is the most distressing problems in
human health. Tissue engineering can provide functional substitutes in order to re-
store and maintain the damaged tissue by applying the principles of engineering and
life sciences. The biocompatibility, fluorescence UC, antimicrobial, and antioxidant
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properties of RE materials make them suitable biomaterials to be used in tissue engi-
neering [61]. These elements in their 3+ oxidation state have close resemblance with
Ca2+, which is a biologically very important ion. Having a higher charge, rare earth
ions (in 3+ oxidation state) are more attractive to Ca2+ site. This strategy makes the
rare earth element suitable candidate for bone tissue engineering [62]. REEs have di-
verse applications in bio-active scaffolds and bone regeneration. Some of the recent
applications reported by scientists can draw the attention of researchers.

Bioactive glasses containing Ce2O3 and Ga2O3 have shown significant versatility in
bonding with different types of tissues [63]. Recently, Mesoporous Bioactive Glasses
(MBGs) have been widely explored for applications in tissue engineering [64]. In
order to upgrade the properties of MBGs, Shruti et al. [65] designed 3-D macro meso-
porous bioactive glass scaffolds containing Ce, Ga and Zn therapeutic ions for applica-
tions in bone tissue engineering. These fabricated scaffolds contained large pores
(pores>400 µm) interconnected with each other, and could be used for vascular
growth and proliferation of cells.

Modified hydroxyapatite has been extensively used in bone tissue engineering
and dental applications, considering its superior biocompatibility and excellent osteo-
conductive characteristics [18, 66]. Madhumathi et al. [67] reported the ability of chito-
san hydrogel–Hydroxyapatite composite membranes for use in tissue engineering
field. Li and Chen [68] fabricated Yb3+, Ho3+ co-doped fluorapatite (FA:Yb3+/Ho3+), and
hydroxyapatite (HA:Yb3+/Ho3+) particles in order to differentiate the implanted mate-
rial from the bone tissue. Upon NIR excitation under 980 nm, FA:Yb3+/Ho3+ particles
showed green luminescence, while HA:Yb3+/Ho3+ particles exhibited red emission.
These UC apatite particles showed good biocompatibility and superiority in labeling
implanted material for fluorescence tracking, and exploring bone reconstruction with
time. Recently, Prabhakaran et al. [69] have reported the fabrication of REE-based hy-
droxyapatite/aloevera composite-coated titanium plate for bone tissue regeneration,
following a rat bone defect model.

Liu et al. [70] carried out a study on the toxicity of Gd2O3:Eu3+ nanotubes and its
distribution in mice after oral administration. Gd2O3:Eu3+ nanotubes could success-
fully enhance the bone mineral density and bone biomechanics in the mice.

Lack of appropriate cell proliferation and angiogenesis are the main problems asso-
ciated with the success of in situ tissue engineering, as observed during in vivo studies.
Augustine et al. [71] fabricated polycaprolactone (PCL) scaffolds, loaded with Y2O3 nano-
particles, using electrospinning technique. In vitro cell culture studies, in vivo angiogene-
sis assay, and in vivo implantation studies revealed that Y2O3 nanoparticles at optimum
concentrations (0.5–2% w/w) can induce angiogenesis and cell proliferation in biomate-
rial scaffolds, and hence are suitable for in situ tissue engineering.

Liu et al. [72] designed self-assembled terbium-cysteine nanoparticles, which effi-
ciently promote bone repair. They further found that this form of metal-amino acid
combinations could be served as model for reasonable assessment of the long-term
biosafety of tissues.

272 Mausumi Ganguly and Sangeeta Agarwal



Recently Weng et al. [73] reported that alloying of REEs with clinically used Mg
alloys might assist in the development of advanced alloys, which could serve as biode-
gradable orthopedic implants and cardiovascular stents.

14.2.5 Applications in cancer diagnosis and therapies

According to World Health Organization’s definition, cancer is a large group of dis-
eases that can start in any organ or tissue of the body with abnormal growth of cells.
The adjoining parts of the body may also be invaded, spreading the disease to other
organs. Cancer is the second leading cause of death in the world. This disease exerts
intense physical, emotional, and financial strain on the affected individuals and the
health systems. Timely quality diagnosis and treatment can improve the survival rate
of cancer patients. Therefore, modern-day cancer diagnostic and therapeutic methods
have been evolving rapidly. Metals are used widely in cancer diagnosis and therapies.
REEs occupy an ideal position in this field. The first study on the connection of rare
earth elements with cancer was published in 1945. Since then, the applications of rare
earth elements in cancer diagnosis and treatment have been significantly increasing.
Recently, in 2022, Wang and Li [74] reported the evidence mapping and scientometric
analysis of published reports on the applications of rare earth elements in cancer.
REEs have not only been used as cytotoxic agents, but every aspect of cancer treat-
ment, starting from diagnosis to therapies, involves REEs because of their unique
magnetic and optical properties [75]. The top 10 rare earth elements used in cancer
detection and treatment are gadolinium, lanthanum, yttrium, cerium, holmium, lute-
tium, europium, neodymium, thulium, and ytterbium [74]. Some latest applications
that can help to explore the prospects of REEs in cancer diagnosis and treatment are
listed here.

14.2.5.1 REEs as cytotoxic agents

REE (III)-based anticancer agents have been reported with a wide range of ligands. Kos-
tova et al. [76] reported two lanthanum(III) complexes of bis-coumarins, which exhib-
ited in vitro cytotoxic effects in micromolar concentrations. Liu et al. [77] synthesized
mononuclear and iso-structural lanthanide (Sm/Eu/Tb/Dy) complexes with 5,7-dibromo-
8-quinolinol, which interacted with DNA more strongly than free quinolinoline, show-
ing good cytotoxicity. Wei et al. [78] fabricated water-soluble oxoglaucine-Y(III), Dy(III)
complexes possessing in vitro and in vivo anticancer activities by triggering DNA dam-
age. Yang et al. [79] reported novel quinoline-based Ir(III) complexes exhibiting high an-
titumor activity in vitro and in vivo.

In addition to small rare earth complexes, rare earth-based nanomaterials have
also been reported to show excellent cytotoxicity. Wason and Zhao [80] reviewed the
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potential applications of cerium oxide nanoparticles in cancer treatment. According
to their study, cerium oxide nanoparticles are not only toxic to cancer cells but can
also inhibit invasion and sensitize cancer cells to radiation therapy. The antioxidant
capabilities of cerium oxide nanoparticles, which enable radiation protection, can
also treat other diseases characterized by ROS accumulation, like diabetes and macu-
lar degeneration. Wang et al. [81] compared the cytotoxicity of nano-CeO2crystals with
different morphologies in human hepatocellular carcinoma cells (HepG2 cells) and
found that due to larger specific surface area compared with cube-like and octahe-
dron-like nano-CeO2, the rod-like nano-CeO2 showed lowest toxicity to HepG2 cells.

A cytotoxic agent should be selective i.e., it should only target cancer cells while
leaving the nearby normal cells unaffected. As RE complexes and nanoparticles suffer
from this limitation, REEs are reported to be conjugated with proteins or nucleic acids in
order to bring specificity. Chan et al. [82] synthesized two morphologically different and
Plk1(polo-like kinase1) specific peptide-conjugated RE-doped UCNPs in order to investi-
gate their photophysical properties, cellular uptake efficiencies, and selective inhibitory
effects on cancer and normal cell lines. They found that spherical β-NaGdF4@SiO2-P1 are
the best candidates in in vitro imaging, G2 phase cell arrest and inhibit cell cycle. Chan’s
group [83] also reported the surface functionalization of nanoscale REEs with cyclin D-
specific peptides to prepare bifunctional REE-based UCNPs for the inhibition of cyclin D.

14.2.5.2 RE-containing materials for cancer therapies

14.2.5.2.1 Photodynamic therapy (PDT)
Photodynamic therapy (PDT) is a cancer treatment in which light energy with a specific
wavelength activates a drug (photosensitizer) and helps it in destroying cancerous cells.
Upon light irradiation, the photosensitizer produces ROS, which kills the tumor cells di-
rectly. Rare-earth-doped nanoparticles are proper candidates as photosensitizers because
they exhibit long-lived luminescence, large antenna-generated Stokes or anti-Stokes shifts,
narrow emission bands, high resistance to photo bleaching, and low toxicity [84]. Specifi-
cally rare-earth-doped UCNPs have emerged as promising photosensitizers for NIR-
triggered PDT. Kalluru et al. [85] reported multifunctional Eu/Gd oxide-doped mesoporous
silica frameworks, which could sensitize the formation of 1O2, when irradiated with a low
power of NIR light, thereby helping in dual-modal fluorescence, MRI, and PDT. Moreover,
these frameworks could load drugs like DOX for safe delivery to the target organ. Yao
et al. [86] developed H2O2-activatable/O2-evolving hollow UC cerium oxide, which acted as
a biophotocatalyst for highly efficient PDT and chemotherapy for overcoming hypoxia
cancer. Park et al. [87] reported dual-modal in vivo tumor imaging and PDT using hexago-
nal NaYF4: Yb, Er/NaGdF4 core-shell UCNPs, combined with a photosensitizer and chlorin
e6. They also demonstrated in vivo photodynamic therapy under irradiation (980 nm) by
systemic administrations.
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14.2.5.2.2 Photothermal therapy (PTT)
Photothermal therapy (PTT) has attracted much attention for cancer treatment due to
its high specificity to tumor tissue and negligible side effects to the cancer patient.
During this process, photoabsorbent converts excitation light energy into heat, lead-
ing to the death of cancer cells. Rare earth oxides are identified as good candidates
for PTT. de Rosal et al. [88] reported ultra-small (2.4 nm) stoichiometric NdVO4 nano-
particles having superior light-to-heat conversion efficiency, which was the conse-
quence of large absorption cross-section at 808 nm and ultra-small size of NdVO4.
These photothermal agents behave like the traditional metallic, organic or carbon-
based nanoparticles. Kolesnikov et al. [89] reported multifunctional YVO4:Nd3+ nano-
particles acting both as nanoheaters and nanothermometers under single beam exci-
tation. They demonstrated the potential application of neodymium-doped yttrium
vanadate nanoparticles (YVO4:Nd3+) for deep tissue fluorescence bioimaging and con-
trolled photothermal therapies. Yu et al. [90] reported core shell nanocomplex with
extremely improved photothermal conversion efficiency. These nanocomplexes were
fabricated by coating Prussian blue on NaNdF4 nanoparticles and generating new
cross relaxation pathways between the ladder-like energy levels of Nd3+ ions and the
continuous energy band of Prussian blue. In order to improve the photothermal con-
version capabilities of RE oxides and using these kinds of materials for photothermal
therapy, Yu et al. [91] in 2020, reported Au/Sm2O3 composites with ultra-broad emis-
sion range in the near-infrared region. Paul et al. [92] used a simple physicochemical
route to synthesize gadolinium oxide nanoparticles. These nanoscale (<10 nm) par-
ticles could be used for hyperthermia application due to their Brownian relaxation.

14.2.5.2.3 Radiation therapy (RT)
Radiation therapy is one of the cancer treatments that uses high doses of radiation to
kill cancer cells and shrink tumors. This therapy takes time – weeks or months – to
damage the DNA completely and cure cancer. This therapy is of two types – external
beam radiation therapy and internal radioisotope radiation therapy. In external
beam radiation, high intensity radiation beams are directly focused at the tumor site,
which causes serious side effects to nearby healthy tissues. REEs, having high atomic
numbers, may serve as radio sensitizing agents with minimal side effects. In internal
radioisotope therapy, radioisotopes of elements are directly targeted to the tumor
site. RE radioisotopes that are reported to be used in internal therapy for cancer treat-
ment are 90Y, 153Sm, 166Ho, 177Lu, and some isotopic complexes, like 90Y microspheres,
153Sm ethylene diamine tetramethylene phosphonate,177Lu-Dotatate, etc. [93] 165Ho
possesses a large cross-section for capturing thermal neutrons. Kim et al. [94] irradi-
ated Ho-containing mesoporous carbon nanoparticles with a neutron flux. 166Ho was
produced along with β-particles and γ-photons, and it could kill the human ovarian
cancer cell. Other groups have also reported radioactive 166Ho microspheres as safe
and effective for the treatment of oral, head, and neck squamous cell carcinoma in
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human beings [95]. Ehlerding et al. [96] have demonstrated the potential of the isotope
pair, 86Y and 90Y for targeted imaging and angiogenesis therapy in murine breast cancer
models using a chimeric anti-CD105 antibody, TRC105. They also reported dual tumor-
mitochondria-targeted theragnostic porphyrin polyethylene glycol nanocomplexes,
whose stable coordination with 177Lu could integrate fluorescence imaging and PDT
with positron emission tomography (PET) imaging and internal radiotherapy (RT).

Wason et al. [97] reported that cerium oxide nanoparticle pre-treatment of acidic
human pancreatic cancer cells enhanced radiation-induced ROS production and sensi-
tized the cells prior to RT. This could potentiate the cancer cell apoptosis in tumors
and inhibit pancreatic tumor growth without harming the normal tissues. Zhong et al.
[98] reported cerium (Ce)-doped NaCeF4:Gd, Tb scintillating nanoparticle in which Ce
ions sensitized Tb ions to emit fluorescence under X-ray irradiation. Both Ce and Tb
ions absorbed the energy of the secondary electrons generated by X-ray to produce
ROS for RT. The REE-based materials are increasingly being used in RT.

There are reports of using properties of REEs in antioxidant therapy. CeO2 nano-
particles have been used as imitator natural enzyme with many active sites for anti-
oxidant applications because cerium may reversibly be converted from +3 to +4
oxidation state. This couple can scavenge ROS efficiently to reduce oxidative stress
in vitro and in vivo [33].

14.2.5.3 REE-based anticancer drug delivery

Rare earth oxide-based nanomaterials have been widely used for targeted and visual-
ized drug delivery in cancer diagnosis and treatment. Zhang et al. [99] synthesized ultra-
thin Eu-doped Sm2O3 and Gd2O3 nanosheets loaded with anticancer drug5-Fluorouracil.
Their studies revealed that these photoluminescent RE-based nanosheets exhibit prom-
ising pH-controlled anticancer drug-delivery behavior. Shen et al. [100] demonstrated
how REE-doped UCNPs help in image-guided targeted drug delivery in the treatment of
cancer and other diseases. The surrounding environment of tumor cells is usually
acidic, having pH of endosomes and lysosome between 4 and 6. Recently, pH-responsive
drug-loaded NPs are more emphasized for tumor treatment [23].

In 2019, Tawfik et al. [101] designed a stable and biocompatible NIR, NaLuGdF4:
Yb, Er, Cr NPs (Ex ¼ 980 nm), modified with Al-NH-PEG-NHFA polymers, which could
successfully encapsulate and release anticancer drugs like doxorubicin (DOX).

Luo et al. [102] have fabricated the porous gadolinium oxide nanosheets that
could help in pH-responsive drug release in cancer chemotherapy.
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14.2.5.4 REE-based biosensors in cancer treatment

Sensitive and selective bio detection is necessary for early cancer diagnosis and thera-
peutics. REE-based biosensors are the new generation of luminescent nanoprobes that
have been employed for emission-based as well as mass spectrometry-based bioas-
says. Rare earth (III) ion-doped UCNPs have been identified as suitable candidates for
bio detection and bioimaging [103]. Zhou et al. [104] demonstrated the use of antibody
conjugated single band UCNPs in multiplexed simultaneous in situ bio detection of bi-
omarkers in breast cancer cells and tissue specimens. Zhang et al. [105] fabricated a
mixed crystal, Tb/Eu zeolite-like metal-organic framework, which could be used as a
fluorescent Indicator for lysophosphatidic acid (a cancer biomarker). RE nanopar-
ticles have also been identified as suitable fluorescence resonance energy transfer
(FRET) donors for homogeneous emission-based bioassays. Wang et al. [106] reported
a homogeneous biosensor, based on FRET, from upconversion phosphors to carbon
nanoparticles for selective determination of matrix metalloproteinase-2, a very impor-
tant biomarker in human blood. Several other literatures are available on this topic.

REE and mass spectrometry-based techniques are used to detect various nucleic
acid and protein cancer biomarkers. These techniques are still in their infancy. One of
the reports includes the fabrication of lanthanide (165Ho, 159Tb, and 169Tm)-labeled DNA
probes for the detection of microRNA biomarker on membranes using laser ablation by
inductively coupled plasma mass spectrometry (LA-ICPMS) by De Bang et al. [107].

In addition, rare earth elements can also be used for screening ligand−protein in-
teractions, finding target sites for cancer drug delivery, and assisting in drug design-
ing [75, 108].

14.2.5.5 REEs-based bioimaging for cancer diagnosis and treatment

Bioimaging plays a vital role in the early diagnosis and treatment of diseases like can-
cer. REEs are widely used as bioimaging agents in different imaging techniques be-
cause of their unique intrinsic properties.

Gd(III) is the most ideal ion for bioimaging but due to toxicity of free Gd3+ion,
chelated forms of Gd(III) are being used as MRI contrast agents. Gd complexes, in-
cluding gadopentetic acid, gadoteric acid, and Gd3+ doped inorganic nanostructures
like silica, CaF2,hydroxyapatite, carbon nanomaterials (carbon nanotubes, carbon
nanodots, fullerene), semiconductor nanocrystals (TiO2, ZnS, ZnO, CdSe, CdTe), and
other Ln3+-based nanoparticles have been used in bioimaging as T1-weighted MRI
contrast agents. Other REE ions such as Tb3+, Ho3+, Tm3+, Yb3+, Eu3+, Dy3+ and Er3+

have also been explored as contrast agents in T2-weighted MRI because of their large
magnetic moments.

The properties of Gd2O3 nanoparticles that make them suitable for multimodal con-
trast and as therapeutic agents were first evaluated by McDonald and Watkin in 2003
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[109]. Since then, this rare earth oxide has become the prototype of Gd-based inorganic
nanoparticulate T1 contrast agents. In order to enhance the MRI contrast, Gd2O3 nano-
structures with insufficient relaxivity were subjected to surface modification. For exam-
ple, Cho et al. [110] synthesized Gd2O3 nanoplates by the thermal decomposition method
with core diameter in the 2 nm to 22 nm range and thickness in the range of 1 to 2 nm.
They coated these nanoplates with either an oleic acid bilayer or an octylamine-
modified polyacrylic acid polymer layer. These polymer-coated Gd2O3 nanoplates exhib-
ited ten times increase in longitudinal relaxivity over the commercially available
Gd-based contrast agents. Gd2O3 nanoparticles were made suitable for optical imaging
and dual mode imaging agents by doping Ln3+ ions (Eu3+, Tb3+, Tm3+) or other materials
with fluorescent properties in it. The size and shape of the nanoparticles determines
their relaxivity. Not only oxides but the fluorides, hydroxides, and oxysalts of gadolin-
ium have also been reported as contrast agents in bioimaging [111]. Recently, layered
rare earth hydroxides, with the general composition, RE2(OH)5X·nH2O (where RE = rare
earth and X = anions), have been reported by Stefanakis et al. [112] as new age materi-
als, which are a class of anionic clays. They synthesized Gd2(OH)5NO3 nanosheets, with
an average size of 80 nm, could enhance the MRI contrast. These nanosheets could also
be used for PDT, when modified with rose Bengal. Gupta et al. [113] fabricated mesopo-
rous silica nanoparticles, encapsulating Gd2O3 and horseradish peroxidase together.
The entrapped enzyme was used to convert a benign pro-drug, indole-3-acetic acid into
a toxic oxidized product, which could kill cancer cells.

The multimodal biomedical imaging could be developed by the surface engineer-
ing of nanomaterials with multiple discrete function-related components, integrated
in one nanoparticle. UCNPs, which can emit high-energy photons, when excited with
NIR light, are applied as novel optical nanoprobes in biomedical imaging [114]. NIR
excitation-based imaging improves the quality of images, as reported by Park et al.
[87]. Some of the recent applications of UCNPs have already been explained sections
on drug delivery and biosensing.

14.2.6 Miscellaneous applications

14.2.6.1 Dentistry

Cerium oxide (ceria) nanomaterials possess exceptional ROS scavenging properties,
due to which they can protect human dental stem cells from oxidative stress through
intracellular or extracellular actions [115]. Ceria (CeO2) and yttria (Y2O3) contribute as
stabilizers in dental biomaterials like zirconia [116]. In order to achieve the color ef-
fect of natural teeth, currently the REEs – Ce, Pr, Er, Nd, etc. are being applied to den-
tal coloring. REEs-based magnets, Sm-Co and Nd-Fe-B, are reported to be used in
orthodontics [117].
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14.2.6.2 Antimicrobial agents

CeO2/TiO2 composite and other cerium oxide-based nanomaterials can weaken the
harmful effects of microbes such as S. aureus and S. Typhimurium by releasing ROS
and targeting the cell membrane of the pathogen [118–120].

14.2.6.3 Cell tracking and labeling

Nauplii, dosed with yttrium (Y2O3)/dysprosium (Dy2O3), was used as a digestibility
marker for fecal solids [121]. Glassy carbon electrodes modified with Sm2O3 nanopar-
ticles are reported to be used for the sensitive detection of neurotransmitters (dopa-
mine) in human blood serum and urine samples [122]. Dy2O3 nanoparticle-decorated
reduced graphene oxide nanocomposite-based electrochemical sensor is reported for
the detection of injury and disease [123].

14.2.6.4 Theragnostic

In the theragnostic method of treating diseases, therapeutics and diagnostics are com-
bined for targeting the specific diseased cells or tissues, together. Gd-based layered
double hydroxides and graphene oxide nano-carriers have been reported for simulta-
neous high contrast MRI and anticancer drug delivery [124].

Sayour et al. [125] fabricated ultrafine yttrium oxide nanoparticles (size 7–8 nm)
with a functional polymer layer on its surface. These surface-modified nanoparticles
were followed by the grafting of a co-polymer made of acrylic acid (AA) and ethylene
glycol in order to exhibit theragnostic capabilities.

14.2.6.5 Reduction of oxidative stress

RE oxides such as ionic liquid mediated samarium oxide nanoparticles possess strong
anti-oxidant and anti-inflammatory activities, which can make them alternative can-
didates to existing antioxidant compounds such as vitamin C [126]. Mitra et al. [127]
reported astonishing antioxidant benefits using Y2O3 nanoparticles, which could pre-
vent photoreceptor death in a light-damage model of retinal degeneration.
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14.3 Environmental impact

14.3.1 Risk of toxic pollution caused by the widespread
applications of REE

The use of REEs in different industries, agriculture, and health sector is alarmingly
increasing worldwide, resulting in a constant rise in the concentrations of these ele-
ments in the environment, which would not only affect the aquatic system but also
the plant and soil ecosystem, leading to several health issues.

Recently, several studies have indicated that the use of rare earth metals has huge
implications in terms of toxic pollution. The mining of these metals not only causes car-
bon spewing into the atmosphere, but also releases toxins into the ground. Moreover,
as it is difficult and not economic to recover the REEs from waste, there is a tendency to
dump the waste without any attempt to recycle the REEs.

Gadolinium is one of the most frequently used REEs. This is mostly applied in bio-
medical field as a contrast agent in magnetic resonance imaging (MRI). Many articles
reported that gadolinium complexes may cause nephrogenic system fibrosis (NSF) in
patients suffering from kidney failure [128]. Gd shows toxicity when present as free
positively charged ions Gd3+. Due to its similarity with calcium, free gadolinium ions
can block many voltage-gated Ca2+ channels, causing alterations in the cellular pro-
cesses [129]. Moreover, it can hamper physiological processes, which depend upon cal-
cium influx, lowering the contraction of smooth, skeletal, and cardiac muscles. The
ever-increasing use of this element enhances the potential risk of its release into the
environment, particularly into rivers and lakes through industrial wastewaters.

A number of studies have already reported the adverse health effects of REEs on
aquatic and terrestrial organisms [130–132]. However, there is a need for more com-
prehensive toxicological studies as the mechanism of the harmful effects to species or
to ecosystems is still not clearly understood [131].

In an in vivo experiment aimed at investigating the effects of exposure to lantha-
noids (Ln) on the immune response and liver function, mice were orally exposed to
La, Ce, and Nd salts for 30 days. The results showed that exposure to Lanthanoids af-
fected the cell and humoral immunity, also disturbing the liver function in mice. The
results also suggested that long-term exposure to Ln can lead to histopathological
changes in liver, kidney, and heart [133]. Once the rare earth elements enter the liver,
they bind with many proteins and other molecules in the cells, thereby lowering the
activities of enzymes and interfering in the physiological functions of the liver [134].

With rare earth metals becoming increasingly scarce and their supply being con-
trolled by several geographical, economic, and political factors, the manufacturers
and consumers of REE-based technological devices need to take a more responsible
approach in producing, using, and disposing the REE-based materials.
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14.4 Conclusions

The importance of rare earth elements in health is well established. These elements
have now become indispensable in diagnostic imaging techniques. Moreover, many
routine procedures in biology laboratories nowadays use rare earth elements. Using
rare earth elements leads to a colossal improvement of existing methods because of
the photostability, low or absence of cytotoxicity, and coupling of magnetic and lumi-
nescent properties of REEs. From the present review of the applications of REEs in
biology and medicine, which clearly indicate that these elements will be increasingly
relevant in the near future, it can be anticipated that the ever-increasing demand for
REEs will soon exceed their supply. This calls for innovative research to design pro-
cesses to recycle and reuse these elements, and to find efficient methods to control
the distribution of REE in the environment. Though there are no reports on the imme-
diate harmful effects of the REEs, the effects of prolonged exposure to REEs should be
evaluated. Till now, there are only some fragmentary reports on the occupational
health problems of the workers associated with mining and transportation of the
REEs. There is a need for investigations on long-term exposures to rare earth elements
for the sustainable growth of RE industries.
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Manish Taunk

15 Recovery of rare earth elements from
electronic waste

15.1 Introduction

Rare earth elements (REE) are extensively used materials in consumer products, espe-
cially in the electrical and electronics industry due to their unique and extraordinary
physical and chemical properties. In the periodic table, fifteen elements from Lantha-
num (La, Z = 57) to Lutetium (Lu, Z = 71), such as cerium (Ce), praseodymium (Pr), neo-
dymium (Nd), promethium (Pm), samarium (Sm), Europium (Eu), gadolinium (Gd),
terbium (Tb), dysprosium (Dy), holmium (Ho), erbium(Er), thulium (Tm), and ytter-
bium (Yb) are commonly known as lanthanides and are also considered REE [1, 2]. In
addition, two other d-transition metals, namely, Scandium (Sc, Z = 21) and Yttrium (Y,
Z = 39) with properties similar to those of lanthanides are also termed REE. The elec-
tronic configuration of their outermost shell is the same for all while 4f orbitals, in
particular, are progressively filled with increasing atomic numbers from La to Lu.
Thus, screening of 4f orbitals leads to extremely similar physiochemical properties.
Also, a regular decrease in the ionic radii from La3+ (1.06 Å) to Lu3+ (0.85 Å), known as
lanthanide contraction, is a related consequence [3, 4].

All these REEs are found in nature in an impure form as their ores, except Pm. Pm,
being the rarest, is found in trace quantities naturally due to the absence of its stable
isotopes. These REEs are mostly found in trivalent oxidation states, while Eu can also be
found in divalent state and Ce is found in tetravalent state [5]. These seventeen materi-
als are a special category of elements that play a key role in contemporary life, with a
variety of uses and applications in the fabrication of various sophisticated devices, such
as smart phones, high-performance permanent magnets, light emitting diodes, displays,
rechargeable batteries, integrated chips, tablets, laptops, solar panels, fiber optics,
superconductors, hydrogen storage applications, etc., as shown in Figure 15.1. In short,
REEs are vital to our modern and futuristic technologies for high tech applications and
are, therefore, termed “The vitamins of modern industry.” The human population on
earth is rising day by day and is expected to reach 8.5 billion by the year 2030. With the
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rising population, use of tech-enabled gadgets and devices is also increasing exponen-
tially, leading to the consumption of natural resources at a higher rate [6]. Annually,
1.3 billion tons of electrical and electronic waste is being generated worldwide, and it is
expected that it will triple by 2025 [7].

The main concerns about REE are their limited supplies and increased cost due to re-
stricted trade. It is not possible to match the rising demand for REE from the limited
resources that are available only in a few countries (China, Brazil, Vietnam, Russia,
and India), and it is creating an imbalance between supply and demand. China is re-
ported to be the major source of rare earth metals in the global market and has grad-
ually reduced rare earth mineral mining and exports due to newly implemented
internal policies, since 2010 [8]. Furthermore, the extraction of REE through mining is
linked to various challenges like low concentration extraction, pollution or adverse
effect on our environment, and also the generation of chemically reactive and radio-
active waste material as by-products. The huge amount of electrical and electronic
waste (e-waste) generated at the global level is the fastest-growing waste stream and
has attracted human attention to the environmental aspects [5, 9]. Moreover, REE con-
centration present in electrical and electronic waste is much higher than that obtained
by the mining process from natural or primary resources, which are an advantage and
a potential secondary source of REEs. Hence, it is reasonable to treat the e-waste using
suitable scientific methods and generate wealth with proper recycling and extraction

Figure 15.1: Electronic and electrical waste.
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techniques. In this way, huge piles of e-waste can be utilized for recycling to recover
REE, and this can also lead to a circular mineral economy.

15.2 Recycling and recovery process

Considering these factors, i.e., environmental impact and resource availability, sec-
ondary resource processing, i.e., manufacturing-generated waste and used devices
containing REE are eventual and alternative resources to meet the requirements. A
great deal of research work has been carried out by researchers worldwide to develop
extraction methods, but commercially a very small portion of REE – approximately
1% – is recycled from end-of-life products [10, 11]. The reasons observed for the low
recovery are inhomogeneity of feedstock, inefficient collection, immature technolo-
gies, high recycling costs, and lack of incentives. However, in a few categories, effi-
cient collections and categorical separation of e-waste have increased the recycling
rate to a slightly higher value [12]. These situations have prompted researchers to in-
novate unique processes for efficient recycling and recovery. Hence, there is a need
to develop cost-effective and eco-friendly methods to recover REE from various end-of
-life products or e-waste.

The end-of-life products are normally discarded as a whole by the consumers and are
later termed e-waste. The recycling and recovery process is generally divided into four
parts, i.e., collection, dismantling, separation, and processing, as shown in Figure 15.2. The
processing part continues mostly with chemical leaching, solution concentration, purifica-
tion, and finally, metal recovery. The process of REE retrieval from end-of-life products
starts with the collection of e-waste for post-processing at the recycling facility. Thereaf-
ter, the dismantling of the e-waste products takes place. Dismantling is a very complex
process, and its complexity increases with the smaller size and integrated approach of

Figure 15.2: Recycling and recovery process.
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internal components. Different types of dismantling processes – automatic, manual, and
semi-automatic are performed on these used products [13]. After dismantling of e-waste,
physical separation is performed for different kinds of materials like plastic housing,
glass, metallic parts, cables, screws, printed circuit boards, and REE-containing materials
and components. Separation is an important process, and effective separation, preferably
with 100% efficiency of the dismantled parts, has the potential to increase the purity and
rate of recovery of the final material including REE. The recovery (%) of REE from end-of-
life products is shown in Table 15.1.

Also, effective separation can maintain component integrity for potential reuse and pre-
vent accidental destruction of a good component. To reduce electrical and electronic
waste, it is also imperative to design the internal components in such a way that after
dismantling, the end-of-life product reusable parts can be easily extracted without dam-
age. Reuse of the undamaged internal parts is also a favorable, environment-friendly,
and economical approach to the recycling process. Printed circuit boards (PCBs) also
contain metals such as copper, nickel, indium, tin, and precious metals like gold, silver,
and palladium. These valuable metals, including REE, can be recovered using suitable
techniques. The concentration of these metals in discarded PCBs is higher than in the
natural deposits. A typical manual recovery process for precious metals from printed
circuit boards can reach up to 95%, before sending them into a shredder [14].

The majority of the recycling or recovery work is limited to fluorescent lamps,
permanent magnets, and nickel metal hydride (NiMH) batteries, because it is difficult
to separate strongly bonded REE-containing components from other small electronic
products. In this chapter, REE recovery from fluorescent lamps, permanent magnets,
and NiMH batteries has been discussed. Phosphor is an essential and imperative ma-
terial in fluorescent lamps and contains REE, especially Y (75%), Eu (4%), and Tb (2%).
Different proportions of these REE are used to generate red, green, and blue phos-
phor. The permanent magnets are also an integral part of various speakers, contain-
ing 22–40%, 25–30%, 0.07–13%, and 0.07–4.2% of Sm, Nd, Pr, and Dy, respectively.
Similarly, nickel metal hydride batteries contain REE, namely, Ce, Nd, La, Pr, and Y –

6–10%, 2.4%, 20.2%, 1%, and 0.7–0.9%, respectively [15].

Table 15.1: The % (w/w) of recoverable REE from end-of-life products [15].

End-of-life product Y (%) Ce (%) Sm (%) Eu (%) Nd (%) Pr (%) La (%) Dy (%) Gd (%)

CRT monitors     – – – – –
LEDs . . – – – – – – –
LCDs   –  –   – –
Permanent magnets – – –   –  –
Fluorescent lamps  – –  – – – – 

NiMH batteries – – – – – – – – –
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15.3 Leaching methods

Numerous studies have focused on the extraction of REE using pyro metallurgical, hy-
drometallurgical, or a combination of both methods from various primary and sec-
ondary sources. Both methods have their own advantages and disadvantages. The
pyro metallurgical method involves metal extraction by heating at high temperatures
in a plasma arc or blast furnace. Involvement of high temperature and high energy
processing steps made this process energy-consuming, costly, and with high environ-
mental impacts. On the other side, the hydrometallurgical process involves the extrac-
tion of valuable metals into the liquid medium by leaching at room temperature or,
sometimes, moderate temperature (~100 °C) for processing and could be considered
more environmentally friendly as compared to the pyrometallurgical method [16].
The hydrometallurgical process is a well-developed promising technology for the ex-
traction of REEs from REE-carrying substances such as natural ores and other second-
ary sources [17]. Mainly, it contains three steps: leaching, solution purification, and
precipitation for recovery of the target metal. In the chemical leaching process, the
REEs are separated from REE-carrying discarded e-waste, using chemical reagents in
an aqueous solution. The leaching process involves acid leaching using H2SO4, HCl,
and HNO3 as well as combined base and acid leaching for the dissolution of separated
e-waste [18]. A general leaching reaction of RE oxides with sulfuric acid can be repre-
sented as

RE2O3 +nH+ = nRE3 +nH2O (15:1)

n RE3 + n SO2−
4 + nH2O=RE2 SO4ð Þn.nH2O (15:2)

Similarly, a leaching reaction using hydrochloric acid can be represented as

RE2O3 +nHCl= nRECl3 +nH2O (15:3)

Various chemical and physiochemical approaches like acid dissolution, electro-slag re-
fining, direct melting, liquid media extraction, glass slag methods, and gas phase ex-
traction have been employed for the detachment of REE from source materials. As
mentioned above, these processes mostly have high operational costs, environmental
impacts, and poor recovery of the final product. Also, in most of the reported studies,
the extraction of REE is achieved using harsh acidic and or alkaline conditions at high
temperatures, releasing toxic and radioactive wastes. Biological recovery methods
such as bioleaching, biosorption, and siderophores offer a greener and environmen-
tally friendly alternative to classical approaches, when implemented properly [19].
These processing methods generally occur at low temperatures, normal temperature
and pressure, and also without the use of expensive and aggressive reagents.

Bioleaching is a biologically based method and an effective technique of metal re-
trieval from primary as well as secondary sources with little environmental footprint of
recycling. It uses microorganisms like extremophiles, moderately thermophilic bacteria,
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and mesophiles. It has been effectively used in the recovery of various precious metals
at low concentrations [20]. When bioleaching extraction results are compared to other
processes like hydro metallurgy and pyro metallurgy, bio recovery was reported to be
the more environmentally friendly and cost-effective technique for the extraction of
valuable metals. The microorganisms can be used to solubilize REE, particularly from
secondary sources [15]. The selection of microorganisms (autotrophic or heterotrophic)
depends upon the type of mineral and REE to be extracted. The extraction of REE, such
as Sc, from minerals containing polymetallic sulfides has been done using autotrophic
microorganisms, whereas, heterotrophic bacteria are primarily used for minerals con-
taining a rich amount of phosphate and carbonates. Mostly, heterotrophs are used for
REE extraction with some external supplements to provide electron donors and carbon
sources keeping in mind the high value of obtained products. The heterotrophic-assisted
extraction process produces organic acids like acetic, oxalic, formic, citric, and malic
acids that lower pH and help in the leaching of REE. Also, the metal-binding molecules
produced during the extraction process act as chelating agents to isolate the target spe-
cies from the solution [21]. The field of bioleaching is in its infancy and is growing day
by day with new discoveries.

Biosorption has emerged as the modern biological method for the recovery of REE
from e-waste due to several advantages, such as high recovery efficiency for metals in
low concentration, fast kinetics, simple process, and minimum sludge production. Bio-
sorption, in simple terms, is the separation of target substances such as metals, metalloid
species, compounds, and particulates from liquid media through biological methods. It
is a physio-chemical process that includes absorption, adsorption, surface complexation,
ion exchange, and precipitation [22]. The process is also cost-effective and can be easily
integrated with other extraction processes. Recovery efficiency in biosorption is also af-
fected by temperature, pH, agitation rate, contact period, and initial metal concentration
[15, 23]. Extensive studies have been carried out by researchers using bacteria, fungi,
and algae as biosorption material from e-waste [24, 25]. They used Sargassum biomass,
Agrobacterium species, and Pseudomonas species as adsorbent for the recovery of La,
whereas, for the recovery of Nd, Monoraphidium species, Penicillium species, Saccharo-
myces cerevisiae, Candida colliculus, and baker’s yeast were used [20].

Siderophores are low-molecular-weight, high-affinity iron-chelating compounds
secreted by microorganisms like bacteria, fungi, and grasses. Siderophores concentra-
tion in the environment typically lies in the µM-mM range. They form complexes with
a diverse range of metals including REE [20]. The recovery of REE using siderophores
is cost-effective, reversible, rapid, and eco-friendly, compared to traditional methods.
It is reported that the highest removal efficiency achieved for Sm, La, and Ce were
66.7%, 51%, and 50%, respectively when the siderophore, Aspergillus niger, was used
[26, 27]. Siderophores have high stability to enhance recovery of REE from e-waste
and in the future, they have great potential in effective separation technology.
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15.4 REE recovery from phosphor

Electrical and electronic devices for lighting purposes are an essential part of human
civilization. Incandescent lamps have been used for lighting purposes for many years.
Florescent lamps and light-emitting diodes (LED) have taken the place of incandescent
lamps due to their higher efficiency, better energy-saving ability, and longer life as
compared to incandescent lamps. In the last 15 years, the replacement of incandescent
lamps with fluorescent lamps and LEDs has taken place rapidly, leading to an almost-
complete phase-out of incandescent lamps in modern lighting. REE-based phosphors
are luminescent materials and are an essential part of florescent lamps, backlight of
flat panel displays (LCD & LED), cathode ray tube (CRT) monitors, X-ray screens, etc.

Fluorescent lamps use phosphors as the main ingredient, and it was reported that
all of Eu, 85.2% of Tb, 76.7% of the Y, and small quantities of La (1.6%) and Ce (2%)
were used for the production of lamp phosphors [8]. The composition of lamp phos-
phor is shown in Figure 15.3. Florescent lamps are generally made up of 88% glassy
material, 5% metallic parts, 4% plastics, 3% lamp phosphor in the form of powder,
and a tiny amount (0.005%) of mercury, by mass [28]. Therefore, the lamp phosphors
contain a considerable amount of REE, which could be collected, separated, and re-
cycled effectively. Fluorescent lamps contain different kinds of phosphors that show
different reactivities toward strong acids and other chemicals.

Generally, three different methods are employed for recycling lamp phosphors: [12]
i. Direct use of lamp phosphor collected from end-of-life lamps, in new lamps.
ii. Separation of mixed phosphor into its constituent components (halo phosphor,

red phosphor, green phosphor, and blue phosphor) for reuse in new lamps,
where the red phosphor is mainly an oxide structure and the blue and green are
mostly complex aluminate structures.

iii. Chemical processing of collected phosphor powder to recover various rare earth
metals or oxides. Chemical methods are more suitable for the extraction of high-
purity REE.

In the last three decades, CRT displays were extensively employed in computer moni-
tors and television screens. With the advancement in technology, CRT monitors have
been replaced by LCD or LED displays. Thus, large numbers of discarded CRT monitors

Figure 15.3: Presence of various REEs in lamp phosphor.
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are available for REE recovery. The display glass of these CRT monitors is covered with
a proportionate blend of blue, green, and red phosphors depending upon different
manufacturing brands. Among these, red phosphor contains Y and Eu as REE. Normally,
a CRT monitor contains 0.37–0.5 g of Y and 0.03–0.05 g of Eu, which is much higher as
compared to primary or natural ore concentration. A backlit LCD monitor has around
20 mg and a LED monitor has 5 mg of REE, which is much less compared to the content
available in CRT monitors [28].

In LCDs, REEs are present as doping elements to improve the quality and intensity
of RGB colors. Recently, Astrid et al. have reported ultrasound-assisted leaching fol-
lowed by magnetic separation as an efficient method for recovery of REE from LCD
screen wastes. In this method sonochemistry, being a simple and environmentally
friendly technique, is used to intensify the metal leaching process. The LCD screen
waste contains Er (477 mg/kg), Gd (93 mg/kg), Sn (835 mg/kg), and In (2422 mg/kg), and
by this method, 72–99% metals were selectively recovered after only 2 h of leaching [7].

Chemical leaching of phosphor is achieved by complete or selective dissolution of
phosphor in an acidic medium. Halo phosphor easily dissolves in dilute acids, red
phosphor in slightly strong acids, and green phosphor in very strong acids at high
temperatures (~800 ͦC), whereas, blue phosphor shows resistance toward acids and
dissolves in strongly alkaline conditions. Y and Eu in red phosphor can be easily
leached because of their oxide form, which dissolves easily in the acid medium. Green
phosphor requires a strongly acidic medium because tetravalent Ce and Tb oxides in
it are difficult to dissolve. A comparative analysis of REE extraction from phosphor
obtained from the fluorescent lamp and fluorescent tube light was carried out by Shu-
kla et al. in 2022. They performed acid leaching using 2 M HCl at 80 °C for one hour.
They reported that 86.5% Y and 69% Eu were extracted after acid leaching and 100%
La, 60% Tb, and 20.6% Eu after alkali baking with 97% purity. They found alkali bak-
ing results in better REE extraction from both phosphors [29]. After the leaching pro-
cess, the recovery of REE is either done by solvent extraction or by precipitation
method, forming REE oxalates or carbonates.

15.5 REE recovery from permanent magnets

Permanent magnets, being an essential part of various electrical and electronic devi-
ces, constitute a major part of e-waste and contain nearly 20–30% REE with other ele-
ments such as iron, cobalt, boron, etc. It is expected that consumption of REE for
magnets will increase in the near future because of the boosted demand for electric
motors to be used in electric vehicles. Generally, four types of permanent magnets are
in demand, namely neodymium-iron-boron (Nd2Fe14B), samarium-cobalt (SmCo) mag-
nets, ferrite magnets, and alnico magnets. Out of these, only the first two categories
contain REE, where Nd and Sm are the main REE constituents in the range of 22–31%
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and 22–40%, respectively [16]. More precisely, neodymium-iron-boron permanent
magnets commonly referred to as NdFeB magnets are preferred over others, because
of their high volume minimization and Curie temperature. Nd, being the major con-
stituent of these magnets, is present in the tetragonal crystalline structure. Dy, Tb,
and Pr are also added to these magnets to improve the anisotropy, chemical, and high-
temperature stability. The addition of Gd improves the temperature coefficient [30].

Nd magnets have the highest strength among other magnets, so they are fre-
quently used in the making of hard disc drives, speakers, vibrators, etc. NdFeB mag-
nets are used in computer hard disc drives with about 10–20 g of magnet per hard
disc drive, leading to annual consumption of NdFeB alloy of approximately 12,000
tons [31]. Thus, discarded magnets from end-of-life products can be used as the sec-
ondary source with a much higher concentration (~25%) of REE available as compared
to natural ores (maximum 2%). Sm magnets are primarily alloys of samarium, cobalt,
and iron. Sm magnets are typically prepared for operation at high temperatures or
conditions where temperature stability is vital. The common application areas of
these magnets are hard disc drives, sensors, satellite systems, medical devices, and
high-performance motors. These magnets are found in different shapes, and their
weight may vary from one gram to as much as 2,000 kg.

At present, shredding is mostly performed without dismantling the permanent
magnet-containing small electronic items such as hard disc drives, mobile phones,
speakers, etc., and then the shredded material is separated into ferrous and nonfer-
rous scraps. The ferrous scrap is then used to extract Nd, Dy, Pr, Tb, and Sm, and
other small traces of REEs. In the case of hard disc drives, the results demonstrated
that the REE is completely lost in shredding-based processing. Shredding of hard disc
drives is necessarily carried out for data security purposes, and it increases the com-
plexity of recovery of REE from the mixed scrap. To recover REE from such scrap,
they are treated separately. Proceeding further, the separated magnetic residues after
grinding and screening go through the thermal demagnetization process. It has been
reported that for all the REEs in the collected residues of less than one millimeter in
diameter, a recovery rate of 95% has been achieved [32].

The leaching process is always the first step in dissolving REE present in the mag-
netic scrap. Complete leaching, as well as selective leaching of magnetic scrap, are the
two preferred routes for rare earth recovery. The leaching of REE can be achieved
efficiently with both organic (acetic and oxalic acid) and inorganic (HCl, H2SO4 &
HNO3) acids. The reported results have shown that inorganic acids, especially HCl and
H2SO4, were more promising as leaching agents, because experiments can be com-
pleted at room temperature under mild conditions and for a shorter duration, gener-
ally less than 3 h. Layman and Palmer developed the method of complete leaching in
1993 [33]. All components in NdFeB magnets are dissolved in H2SO4, and Nd precipi-
tates can be separated in the form of oxides and fluorides. Bandara et al. developed a
new leaching process in 2016, in which demagnetized particles are dissolved in a 4 M
hydrochloric acid solution for 24 h at normal temperature. The main advantage of
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this method is that the steel and copper particulates remain unreacted completely.
The leach solution is then treated with oxalic acid to precipitate REE as oxalates. By
this processing method, 82% REE recovery has been reported, with a product purity
of 99.8% REE oxalates [5].

Tanaka et al. [34] reported a selective leaching method for the extraction of Nd
metal through roasting followed by leaching. They developed an aqueous process to
isolate Nd metal from scrap NdFeB magnets by using a 2 M H2SO4 solution for dissolu-
tion. In this process, the pH value is maintained at a low level to inhibit the precipita-
tion of iron during the entire duration. Double salts of Nd are formed by keeping the
pH at 1.5 or lower to convert into neodymium fluoride by leaching in an HF solution.
This acid-leaching process is an effective way, but it takes a lot of time, which was
later improved by using the ultrasonic method during the leaching process [35]. Re-
searchers have proposed demagnetization as a mandatory process to avoid sticking of
magnetic material in the metallic parts of the reactor during the leaching process. In
addition, the milling process with reduced particle size improves the efficiency of
leaching in permanent magnets. However, the milling of NdFeB magnets is challeng-
ing due to the rapid corrosion of these magnets. Recently, Tanvar et al. [31] used mi-
crowave-assisted recovery of REE in a short process and reported a purity of more
than 98%. They found that after microwave exposure of only 1.2 min significant oxida-
tion at high temperatures was achieved. Then, the REE recovery was carried out by
the process of leaching and precipitation. This short microwave exposure process
yields 56% recovery of Nd and Dy oxides, with a purity of more than 98%.

15.6 REE recovery from NiMH batteries

Rechargeable batteries, especially NiMH (nickel metal hydride) batteries, are a portable
source of energy for electronic devices with an average lifetime of about 3–5 years, de-
pending upon their usage. They have been extensively used to power mobile phones,
video recorders, notebook computers, etc., due to their high energy density, high specific
volume, resistance to overcharge, and no electrolyte consumption during charging and
discharging cycles [36]. Many electric vehicles also use NiMH batteries. The discarded
NiMH batteries pose an environmental hazard that can be solved through effective man-
agement. NiMH batteries consist of nickel oxyhydroxide (NiOOH) as the cathode and
misch metal as the anode. The end-of-life batteries have 8–10% misch metal to improve
the hydrogen storage capacity of the battery. Misch metal is an alloy of about 50% Ce,
25% La, 15% Nd, and 10% other REEs and iron [5, 12]. REE extraction from spent NiMH
batteries is generally performed in three major steps – chemical leaching, solvent extrac-
tion, and precipitation. In the chemical leaching process, HCl, H2SO4, and HNO3 acids are
generally used, followed by a mixture of separation procedures. It is reported that using
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acidic conditions, Nd, Sm, Pr, and Ce were recovered in high concentrations at 99.1%,
98.4%, 95.54%, and 89%, respectively [37].

The use of waste acid for leaching is also considered an environmentally favor-
able process to utilize the acids produced during etching and cleaning processes in
the semiconductor industry. Recently phosphoric acid is being successfully used to re-
cover La selectively [38]. Continuing the approach of the utilization of waste acid, se-
lective recovery of REE from NiMH batteries was investigated using a two-stage acid
leaching followed by precipitation. In the first stage, conventional leaching was per-
formed using phosphoric acid at room temperature for 60 min and it converted more
than 90% REE into insoluble phosphate precipitates. Simultaneously, the other metals
were also leached out during the first stage. In the second stage, leaching was per-
formed using subcritical water extraction with 1 M sulfuric acid to dissolve the precip-
itate of REE phosphates. The recovery of REE was conducted by adjusting the low pH
of the leaching solution. The leaching efficiency of REE was reported to be increased
by increasing acid concentration, and 100% efficiency for REE was achieved using 1 M
sulfuric acid. By lowering the pH value to 1, 82.59% of La, 90.75% of Ce, and 85.97% of
Nd were recovered in the form of hexagonal rod crystals [39].

Recently in 2022, Zhi et al. [40] developed an innovative extraction precipitation ap-
proach using dibenzyl phosphate, diphenyl phosphate, and triphenyl phosphate with-
out using organic solvents during the extraction and precipitation procedure. They
reported that dibenzyl phosphate has resulted in high precipitation efficiencies that can
reach up to 97.84%, 100%, 100%, and 99.77% for La3+, Ce3+, Pr3+, and Nd3+, respectively.
Considering the advantage of low chemical consumption, this method can be effectively
applied for the separation of REE from discarded NiMH batteries. In recent years, am-
monium compounds were also successfully employed as leaching agents for the extrac-
tion of REEs. Weshahy et al. [41] have performed REE extraction using ammonium
sulfate as a leaching agent and reported nearly complete leaching of REEs. They opti-
mized the conditions for complete dissolution (~99.98%) of REEs by using 300 g/L ammo-
nium sulfate concentration, after a leaching time of 3 h. Also, the study was focused on
the individual separation of Ce ions from the total REE cake, using 10% of HCl at pH 3.5
for 40 min at room temperature.

15.7 Conclusions

The demand for REE is growing and essential for the development of high-tech indus-
tries all over the world. In addition to the exploitation of natural resources, REE re-
covery from e-waste or secondary sources is an effective measure for promoting the
sustainable use of resources and reducing environmental hazards. The REE content
and purity in discarded products are much higher than those available in natural
minerals. Consequently, to have a clean and green world, it is necessary to implement
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REE extraction from secondary sources using environment-friendly methods. It is also
observed that a single metallurgical technique cannot be fruitful for the efficient or
complete recovery of all REEs from e-waste, so a combinational approach with the
intention of green methods may pave the path for better recovery of REEs. Due to in-
creasing global efforts in this direction, it is expected that, in the near future, better
industrial processes will be developed for the recycling and recovery of REEs.
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