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Section 2A: Review of literature CHAPTER 2

32A.1 Importance of chlorometallates as functional material

The recent reviews on halometallates ionic liquids by Estager et al. in 2014 and Kore et
al. in 2017 clearly defined characteristic properties of chlorometallates ionic liquids in
presence of anionic equilibria of complex metal halide speciation depending on the type
and concentration of metal content that directly determine their individual tunable
properties such as Lewis acidity, paramagnetism and electrochemical behavior etc. Most
of the reported works on chlorometallates are concerned on group 1A metal (AI**, Ga*",
In**), transition elements (Fe**, Co®*, Mn*, Ni**, Zn*, Sn?* and Sn*") and some rare
earth elements (Hf**, Gd**, Eu*" and Dy*"). The development of chloroaluminate ionic
liquid reflects its mature stage with lots of applications in catalysis and electrochemistry
in spite of their air and water sensitive stability. Some of the transition metal chloride
anions eliminate these stability problems of ammonium, pyridinium and imidazolium
ionic liquids as compared to the respective chloroaluminates. Based on their melting
points, they can be utilized as heterogeneous or homogeneous catalyst in organic
reactions. Hydrolytically stable mild Lewis acidic chloroindate (I1I) ionic liquids were
prepared with formation of [InClg]*, [InCls]* and [InCl,] anions as per the following

equations (2A.1-2A.3) at yinciz = 0.25, yinciz = 0.33 and yinciz = 0.5 mole fractions [1-4].

Xinciz = 0.25
[cation]CI + 3InCl; — [cation]3[InCle] (2A.1)

Xinciz = 0.33

ACl + 2InCly — 2[InCls]* === [InCls]"" + [InCl,]" (2A2)

Xinciz = 0.50

[cation]Cl + InCl3 <—= [cation][[InCl,] (2A3)

They were employed as reusable catalysts in transesterification (biodiesel synthesis) [5],
alkylation of phenols or catechols with alcohols [4], protection of alcohols as acetates and
trimethylsilyl ethers [6].

Plethora of Lewis acidic chlorometallates have been synthesized and captured attention of
researchers by their multifunctional tunable behavior for potential utilization as reusable
heterogeneous or homogeneous ionic liquid catalysts [7]. Fig.2A.1 summarizes the
characteristic factors of halometallates that make them as appropriate alternative of

conventional catalysts [8].
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Fig.2A.1: Summarized presentation of halometallate ILs as catalyst

Fig.1.6 of ‘Introduction’ chapter (subunit 1.2.2) displays all the functions related to
halometallate ionic liquids in different application fields. It is very interesting to explore
fascinating properties of chlorometallates as controllable Lewis acidic or dual
functionalized Bronsted-Lewis acidic ionic liquids particularly for catalysis through
variation of the metal complex anion and also attachment of -COOH, -SOzH functionality
with the organic cation. Till date the speciation of anion is the key determining factor for
variation of physicochemical properties of the Lewis acidic halometallates such as
strength of Lewis acidity, semi-conductor nature, electrochemical behavior, viscosity,
melting points, moisture and water sensitivity, thermal stability etc. The presence of
acidic functionality with the cation of Bronsted-Lewis acidic halometallates may
contribute significant change of their acidic strength, hydrophilicity, thermal stability and
other related physical characteristics. Various chain length of alkyl substituent also affects
the hydrophobic character of these halometallate systems. They can be isolated in molten
state, semi-solid or in solid phase depending on their strength of intermolecular

interactions.
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2A.2 Literature review of chlorometallates of Fe(+3), Ni(+2) and Zn(+2) metal chloride

This section discusses a brief review of Lewis and Bronsted-Lewis acidic
chlorometallates of Fe(+3), Ni(+2) and Zn(+2) containing ammonium, imidazolium,

pyridinium and phosphonium cations and their catalytic uses till 2018.

Physicochemical and spectroscopic behaviors of chloroferrate ionic liquids offer many
conclusions regarding their anionic speciation, tunable behavior of Lewis acidity and
moisture sensitivity based on the mole fraction of FeCl, or FeCl;. A detail study on
speciation in halometallate ionic liquids by Kore et al. in their review clearly distinguish
the existence of different chloroaluminate anions at different molar ratios of AICI; to 1-
alkyl-3-methylimidazolium chloride ([C,mim]CI, where n = 2 or 4). At mole fractions of
AICI3<0.5, the melt becomes basic and the dominant complex is neutral [AICI4] (xAICl3
= 0.5) along with basic [CI]” anions. At higher mole fractions, (yAlClz > 0.5) acidic
[AlLCI7] start to form whereas [AICI4], [AlsClig], and other anions with higher acidity
are also present. Similarly, Sitze et al. in 2001 identified the formation of neutral FeCl,
species at Yreciarecrz = 0.50, FeCl, and Lewis acidic Fe,Cl,* at Yrecl; = 0.60 after mixing
either iron(I1) chloride or iron(l1l) chloride with 1-butyl-3-methyl imidazolium chloride
[9]. These anionic speciations were confirmed using Raman scattering and ab initio
calculations. It was observed that for yreci,>0.6, additional FeCls doesn’t dissolve and the
ionic liquids containing pure Fe,Cl;* never form. Li et al. (2016) [10] studied the
variation of conductivities and densities of FeCls/[Csmim][CI] (Fe(lll) chloride with 1-
butyl-3-methylimidazolium chloride) ionic liquids from a mole composition ratio of 1/1.7
to 1.5/1 in the temperature range of 293.15 to 343.15K. The extreme increase of ionic

conductivity of the tested mixture is found at mole fraction, yreci3<0.5 while the

conductivity smoothly decreases above that mole fraction. Bica et al. in 2011 reviewed
general synthesis and uses of Lewis acidic chloroferrates(l1l) ionic liquids as solvent,
catalyst or catalytic system for a variety of chemical processes involving synthesis of
pharmaceutically active compounds or intermediates [11]. They mentioned efficient dual
solvent-catalysts function of the chloroferrates(lll) ionic liquids for Friedel-Crafts
acylation and alkylation [12, 13], sulfonylation [14], Kharash reaction [15], oxidations
[16], cycloaddition and dimerization [17], reactions of 1, 3-dicarbonyls [18],
polymerization and depolymerization [19] etc. Hydrophobicity of chloroferrate ionic

liquids was proposed as the outcome of nephelauxetic effects which may contribute to the
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hydrophobic nature of chloroferrate(l1l) systems. This explanation was predicted for the
behavioral difference of structurally similar anions such as InCl; and FeCl,4. Also, Xie et
al. [20] studied the thermomorphic behavior of [Csmim][FeCls] and [Ciomim][FeCl,]

which are the first examples of thermomorphism in a metal-containing IL.

In 2013, Liu et al. synthesized the first Bronsted-Lewis acidic chloroferrate ILs by the
reaction of [HO3;S—(CH,)s—NEt3]ClI with FeCl; (Scheme 2A.1). Lewis acidity was
attributed by Fe,Cl;" anion when molar fraction of FeCl; was x = 0.67 [21]. This IL was
efficiently utilized as reusable catalyst up to seven times for production of biodiesel from

waste oil as feedstock at 120°C for 4 h with high acid value by “one-pot” method.

o, _0o +
= C,H
CoHs S8 GoHs CoHs 2Hs )
o + 5. _Hel sozH| 2PeCh lom —\N SOzH| Fe,Cl;
C,;Hs——N ——» C,H;—N SO3——|C,H;—N 3 CT ——[~2"s /
/ CH CH CoHs (CHp)3
CyHs C,Hs (CH.)3 2Hs (CHa)3

Scheme 2A.1: Synthesis of [HO3S—(CH2)s—NEt;]CI-FeCl; (x = 0.67)

They also employed this IL as reusable catalyst for esterification of glycerol to glycerol
triacetate with yield greater than 98% under reflux for 4 h [22].

In 2015, Gogoi et al. prepared three ionic salts of FeCl,, CuCl,” and ZnCl;™ anions with
2-methyl-1-sulfoimidazolium cation as the Bronsted-Lewis acidic solid material. It was
the first report of direct N-sulfonation of ionic liquid cation in chlorometallate ILs
(Scheme 2A.2) [23]. Their structures were confirmed with various analytical techniques
including FT-IR, Raman, *H NMR, *C NMR, SEM-EDX, TGA, Powder XRD, AAS,
BET, UV-Vis and elemental analysis. The catalytic activity was studied with 5-10 mol%
of these ionic salt as recyclable heterogeneous catalyst for selective synthesis of
bis(indolyl)methane derivatives (Scheme 2A.3) in dichloromethane at room temperature.
The Fe(111) based ionic salt required 10-30 min reaction time to give excellent results.
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Scheme 2A.2: Synthesis of 3-methyl-1-sulfonic acid imidazolium metal chlorides
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Scheme 2A.3: Synthesis of bis(indolyl) methane derivative

The direct -SO3H functionalized Bronsted-Lewis acidic triphenyl sulphophosphonium
chloroferrate(l11) [TPSP][FeCl4] was first designed and reported by Dutta et al. in 2017
[24]. In this work, they also successfully synthesized three other chlrometallates of
transition metal [TPSP].[X], where n = 2 and X = Zn,Cls®, NiCl,>, MnCls* (Scheme
2A.4). These stable acidic solids were employed in multi-component synthesis of 2, 3-
dihydro-1, 2, 3-trisubstituted-1H-naphth [1, 2-e] [1, 3] oxazines (Scheme 2A.5) and
displayed satisfactory catalytic performance as heterogeneous catalysts.
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Scheme 2A.4: Synthesis of triphenyl sulfo phosphonium chlorometallates [TPSP],[X]
where n =1 or 2; X = FeCly, Zn,Clg”, NiCl;*, MnCl/*
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Scheme 2A.5: Three component synthesis of 2, 3-dihydro-1, 2, 3-trisubstituted-1H-
naphth [1, 2-e] [1, 3] oxazines

The same group in 2018 reported two more Bronsted—Lewis acidic ionic salts diethyl
disulfoammonium chlorometallates, [DEDSA][FeCl,] and [DEDSA],[Zn,Clg] as solid
material by the reaction of [(Et).N(SOsH),][CI] ionic liquid with transition metal
chlorides (FeCl; and ZnCl,) (Fig. 2A.2) [25]. These ammonium based chlorometallates
were tested as reusable heterogeneous catalysts for the three-component synthesis of
novel 14-aryl-7-(N-phenyl)-14H-dibenzo[a, j] acridines (Scheme 2A.6) and found to be

very effective.
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Fig. 2A.2: Structures of diethyl disulfoammonium chlorometallates
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Scheme 2A.6: Synthesis of acridines using [DEDSA][FeCl4] and [DEDSA]2[Zn,Cl¢]

catalysts

An extensive study of chlorozincate (I1I) was done by Estager et al. which described
various molar ratios of zinc(ll) chloride mixed with 1-octyl-3-methylimidazolium
chloride and was investigated using Raman spectroscopy, differential scanning
calorimetry as well as Gutmann acceptor number [26, 27]. The chlorozincate (1) ionic
liquids were observed as neutral compound of [ZnCl,]* species or in equilibrium with
Lewis basic chloride if the mole fraction of yzci, = 0.3-0.33 [28], otherwise with
¥znc1->0.33, the chloride anion was entirely consumed to form Lewis acidic dimer
[Zn,Clg]*. The two Lewis acidic oligomeric polynuclear species [ZnsClg]* and [Zn4Clio]*
appeared at yznc>0.50. Molar composition of yz,ci. = 0.20 was found to be basic. The
formation of oligomeric [Zn,Cls]* and [Zn,Clio]* species are observed analogous to that
of chloroaluminate (I11) through dimerization of [ZnCl3]" or [Zn,Cls]" anions. The less
moisture sensitivity of chlorozincate(l1) ionic liquids finds many uses in organic reactions
as recyclable catalysts such as O-acylation of cellulose, chemoselective reduction of
heteroarenes and many others [29-32].

In 2008, Liu et al. explored the first synthesis of Bronsted-Lewis acidic chlorometallates
of Zn(I1) cation (3-sulfonic acid)-propyl triethyl ammonium chlorozincinates [HSOs—
(CH2)s-NEt;]ClI-ZnCl, (Scheme 2A.7(a)) as efficient reusable catalyst for dimerization
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of rosin (Scheme 2A.8) [33]. The same group in 2009 also developed 1-(3-sulfonic acid)-
propyl-3-methylimidazole chlorozincinates ([HO3S-(CH,)s-mim]CIl-ZnCl,) as reusable
catalyst for the same dimerization reaction (Scheme 2A.7(b)) [34]. Both the catalysts

showed Bronsted-Lewis acidity at molar fraction of xznc>0.5 and behaved as good
catalyst at yzncr. = 0.64.

I CyHs

CoHs
C2H5 @ ZnClz C2H5 @
\| \ SOgH cl \| o SOgH ch|3
C2H5/ (CHy)3 Csz/ (CHy)3
ZnCl,
C.H (|:2H5 | C2H5
2Hs e ZnCl, CoHs
\g 803 Zn3C|7 - | SO3H Zn2C|5
C2H5/ (CHy)3

@)
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N
/ (CH2)3 (CH2)3
ZnCl,
+ ZnCl, = o ol
N\?N\ /SO3H Zn3C|7 ‘——‘ /N\//N\ 3 Zn2C|5
4 (CH2)3 (CHz)s
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Scheme 2A.7: Synthesis of (a) (3-sulfonic acid)-propyltriethyl ammonium
chlorozincinates [HSO3—(CH;)s—NEt3]Cl-ZnCl; and (b) 1-(3-sulfonic acid)-propyl-3-
methylimidazole chlorozincinates ([HO3S-(CH2)3-mim]CI-ZnCl,)
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Scheme 2A.8: Dimerization of rosin

They also employed (3-sulfonic acid)-propyltriethylammonium chlorozincinate as an
efficient catalyst for the alkylation of isobutane/isobutene using 0.83 mole fraction of
[35].

Apart from Liu there were researchers Kore et al. in 2013 designed different -SO3H based
chlorometallates of Zn(ll) cation by direct combination of ionic liquids and ZnCl..
Among them N-alkylsulfonic IL imidazolium chlorozincate (Fig.2A.3) was used as

suitable catalyst for Beckmann rearrangement [36].

©
/—\ Cl.2ZnCl,
NEIN A~ SO:H
HsC

[C3SOsHmMIM][CI]-[ZnCl,]

Fig.2A.3: Structure of [C3SOsHmMImM][CI]-[ZnCl;]

The formation of Bronsted—Lewis acidic chlorozincate(ll) ionic salts of imidazolium and
phosphonium cations are already mentioned in the reaction Scheme 2A.2 and Scheme
2A.4. They were utilized as reusable heterogeneous acid catalysts in organic reactions
[23, 24].

The extensive study of chloronickellate (I1) ionic liquid systems are not observed in

literature unlike Fe(lll) and Zn(ll) based chlorometallates. However, the limited study
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clearly identified the existence of NiCl,> as anionic speciation in most of the

chloronikellate(l1) ionic liquids.

In 1979, Gale et al. investigated electrochemical and spectral behavior of Ni(ll) ion in
chloride-rich basic ionic liquid AlCls-1-butylpyridinium chloride with large organic
cation at room temperature. The electrochemical study supported the presence of NiCl,*
complex in basic media of ionic liquids [37].

A potentiometric titration method was utilized by Hussey et al. in 1982 to study the
coordination complexes of Ni(ll), Fe(ll) and Fe (ll) in AICI3-N-n-butylpyridinium
chloride (AICI3-BPC) melt at 40°C containing excess amount of chloride anion (basic
melt) which evidenced the formation of FeCl,*, FeCl,” and NiCl,* anions [38, 39].

Dent and his co-workers in 1990 performed EXAFS (extended X-ray absorption fine
structure) analysis to detect tetrahedral complex [MCI4]* of transition metal cations, M =
Mn%, Co*, Ni** in 1-methyl-3-ethylimidazolium salts [MeEtim]o,[MCl,] dissolved in
[MeEtim]CI-AICl;3 basic ionic liquids [40].

Hitchcock and his group [41] synthesized two ionic salts [emim],[CoCls] and
[emim];[NiC4] (emim = 1-ethyl-3-methylimidazolium cation) and determined their
structure using infrared spectra, electronic absorption spectra and crystal structure
analysis. The crystal structures clearly demonstrated involvement of all three imidazolium
ring protons and Cl atoms of tetrachlorometallate(ll) anions in an extended three-

dimensional hydrogen-bonded network.

Bowlas (1996) observed liquid crystalline behavior of tetrachloronickellate (I1) salts of 1-
alkyl-3-methylimidazolium [C,-min]" and N-alkylpyridinium (C,-py]" cations, where the
alkyl chain length was varied from Cj; to Cyg [42].

The structures of low melting ionic salt [Comim],[NiCl;] was also studied in solid and
liquid state by XAFS (X-ray absorption fine structure) using supported disks of boron

nitride, graphite, and lithium fluoride matrixes [43].

Roeper et al. also (2011) observed tetrahedral arrangement of four chloride anions around
Ni(+2) cation of anhydrous NiCl;, in basic solution of 1-ethyl-3-methyl imidazolium

chloride and AICI3 with extended X-ray absorption fine structure [44].
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Zhong et al. [45] synthesized bis(1-n-butyl-3-methyl-imidazolium) tetrachloronickelate
([Bmim],[NiCl,]) and immobilized nickel ion-containing ionic liquid (ImmNi?*-IL) on
silica surface based on 1-methyl-3-(3-trimethoxysilylpropyl) imidazole chloride
(Fig.2A.4). They were applied as new catalysts for Suzuki cross-coupling reactions
between aryl chlorides and arylboronic acids giving maximum of 100% yield. Both the
catalytic systems needed pretreatment before use. Addition of triphenylphosphine acted
as promoter for the reaction. The structure of ([Bmim],[NiCl,]) was again established by
X-ray crystallographic analysis [46].

Me Me
/ AN
N N
®) Cl < @
N I N
e\ | Nigeel
/N\/N\ NiCl, C Cl
n-C,Hg Me oM
2 MeO\Si /i\’ e
. . \
[Bmim],[NiCl,] d% d%
[lf‘; S 2 é_]- ;
ImimNi%*-1L/SiO,

Fig.2A.4: Structures of [Bmim]2[NiCl,] and ImimNi®*-IL/SiO,

Again the same concept of immobilization was applied by Sasaki et al. [47] for
immobilization of Ni®* cation bearing IL on silica surfaces using 1-methyl-3-(3-
trimethoxysilylpropyl) imidazole chloride and Aerosil 300. The authors tested their

catalytic activity in Kharasch addition reaction and Suzuki cross-coupling reactions.

Also Taylor et al. [48] analyzed X-ray photoelectron spectra (XPS) of a series of 1-octyl-
3-methylimidazolium halometallate ionic liquids of general formula (1-x)[CsC1Im]CI-
¥MCly (where y is the mole fraction of metal halide and y = 2 or 3) which involved the
use of metal chlorides such as Fe"'Cls (yFeCls = 0.5), Fe''Cl, (yFeCl, = 0.33), Co''Cl,
(xCoCl, = 0.33), Ni'Cl, (3xNiCl, = 0.33) and zZn"Cl, (yZnCl, = 0.25, 0.33, 0.5, 0.6).
Investigation of XPS data has allowed the prediction of trends in solvent parameters for

these ionic liquids, including hydrogen bond basicity and Lewis acidity.

From the brief literature review of acidic chlorometalltes of Fe(lll), Zn(1l) and Ni(ll)

cation, it was observed that most of the reported chloroferrate(lll), chlorozincate(ll) and
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chloronickellate(IT) are Lewis acidic due to the absence of Bronsted acidic functional
groups attached to the organic cation. In this situation, their catalytic efficiency mainly
depends on the composition of chlorometallate species. Few reports only described the
modification of Lewis-acidity of these chlorometallates to Bronsted-Lewis acidic by
incorporation of direct N-SO3zH and N-alkylsulfonic groups with the organic cation and
they worked as efficient reusable homogeneous or heterogeneous catalysts in organic
reaction. The general concept of water sensitive stability of chlorometalltes can’t be
applicable for all those materials which are readily recyclable for several runs at
atmospheric condition. The scope for development of water stable acidic chlorometallates
of the three transition metals was implemented by treatment of 1, 3-disulfoimidazolium
chloride with each metal chloride (FeCls, NiCl,, ZnCl,) in different molar ratios (1:1 and
2:1) (Scheme 2A.9) to get respective 1, 3-disulfoimidazolium chlorometallates as solid
ionic salts. The detail experimental procedure, characterization techniques of the ionic
salts and also their catalytic studies for Mannich-type reaction (Scheme 2A.10) of

acetophenone, aromatic aldehydes and substituted aniline are described in Section 2B.

ZI’]C'Z, (X:033) [Dsim]z[ZnCI4]
60°C, 2 h 2a
| ) FeCls, (x=05)
CISO5H, 1 h, stirring @ 60°C. 2 h
@ ’ cf —— > [Dsim][FeCl,]
gl REoR SO.H NiCl,, (x=0.33)
r.t. N, atmosphere 3 . 3 602°C, oh 2b
(sim](c] \
1 [Dsim],[NiCl,]
2c

Scheme 2A.9: Synthesis of 1, 3-disulfoimidazolium chlorometallates

CHO NH, COCH;

N 2a/2b/2c (5 mol%)
R— | + 2+ >

Z Ethanol, room temperature

3 4 5}

Where, R; = H, 4-Cl, 4-Me, 3-Br and R, = H, 4-CI, 4-NO,

Scheme 2A.10: Synthesis of B-amino carbonyl compounds
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2A.3 Uses of p-amino carbonyl compounds

Construction of nitrogenous molecules has been always one of the most important tasks
in organic synthesis. Among all the synthetic methodologies available, Mannich reaction
produces -amino carbonyl compounds which are also known as Mannich bases through
C-C bond forming reaction [49-51]. These are precursors of B-lactams [52], a- and y-
amino alcohol [53-55], a- and -amino acid derivatives [56], peroxyacetylenic alcohol or

ethers [57] and other medicinal products.

Clinically important some Mannich bases are cocaine, fluoxetine, atropine, ethacrynic
acid, trihexyphenidyl, procyclidine, ranitidine, biperiden etc. [58-60]. The literature
search revealed that Mannich bases are very reactive and can be easily converted to other
compounds and thus play key role in pharmaceuticals [61]. A variety of biological
activities are identified for B-amino carbonyl compounds including anti-inflammatory
[62, 63], anticancer [64, 65], antifilarial [62], antibacterial [66-68], antifungal [67, 69],
anticonvulsant [70], anthelmintic [71], antitubercular [72, 73], analgesic [74], anti-HIV
[72], antimalarial [75], antipsychotic [76], antiviral [77] activities etc. In addition to that
Mannich bases have been used as detergent additives [78], resins, polymers, surface
active agents [79], and so on. Some of them are employed for enantioselective C-C bond
formation reaction [80, 81] and also preparation of agrochemicals use for plant growth
regulators [82]. Thus multifaceted activities of Mannich bases set a valuable position in

synthetic organic chemistry.
2A.4 Review of ionic liquid mediated/catalyzed Mannich reaction

Mannich reaction is an acid catalyzed three-component reaction of non-enolisable
aldehyde, primary or secondary amine and enolisable carbonyl compound to afford B-
amino carbonyl compounds (Scheme 2A.11) [83]. The most common catalysts used in
the Mannich reaction are HCIO4-SiO; [84], bromo dimethylsulfonium bromide (BDMS)
[85], TMSCI [86], p-TSA [87], SmCIl; [88], Amberlyst-15 [89], AuCls-PPhs [90], silica
supported sulfuric acid [91], carbon-based solid acid [92], InCl; [93], NbCls [94],
sulfamic acid [95], Fe3O4-cysteine MNP [96], BiCl; [97], sucrose char sulfonic acid [98],
boric acid [99], Zn(OTf), [100] and many other Bronsted/Lewis acidic catalysts [101-
113]. Some of them utilize drastic reaction condition, toxic solvent, non-recyclable
catalyst, longer reaction time, expensive catalyst and also laborious work-up step for
isolation of product [113-115]. Different catalytic systems have been found in the
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literature to eliminate the above limitations of classical Mannich reaction [97] within

Green Chemistry principles.

Os_CH
CHO NH, ¥ p-TSA JHCIO,-SiO,/
© NH,SO3H/Zn(OTf), etc. N
Ri—¢ + + >
~Z
Rs OR
R, Rs
OR

Rl= H: NOZ] OH, CI, OCH3, CH3
Ry= H, OCHa, NO,, CHa, CI o O HN
Rs=H, CHg, NO,, Cl @ X

Scheme 2A.11: Three component Mannich reaction

Arend et al. (1998) in his review discussed modified versions of this Mannich reaction
which allows a distinctly simpler entry into f-amino carbonyl compounds involving
preformed electrophiles (e.g. iminium salts or imines) or nucleophiles (enolates, enol

ethers, and enamines) [114].

In 2014 Sreevalli et al. [83] reviewed greener routes of the Mannich/Mannich type
reactions using solvent free method, water, supercritical CO,, surfactant as media, ionic

liquids, ultrasonication, microwave irradiation etc.

In concern with the use of ionic liquids as medium or catalyst, many publications have
been found with incorporation of several greener components to this synthetic method
[116]. As a reaction medium, some of the ionic liquids require use of additional catalyst
to increase the productivity of desired compound as the ionic liquid itself is not enough to
enhance the yield or it acts as solvent only. Most of them are neutral ionic liquids as they
lack any acidic functionality and can be better used as medium than catalyst. Lee et al.
[117] in 2002 reported the Mannich-type reaction of benzaldehyde, aniline and
acetophenone trimethylsilyl enolate at 20°C using 1 mol% of Yb(OTf); in [bmim][PFe]

(Scheme 2A.12) with benzene as co-solvent.
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Scheme 2A.12: One-pot Mannich-type reaction catalyzed by Yb(OTf)z in ionic liquid
Use of solid heteropolyacids (HPAs) catalyst in ionic liquid for preparation of -amino
ketones was first reported by Rasalkar et al. in 2007 (Scheme 2A.13). The study was

extended to various substrates using this optimized condition. The reaction was conducted

for 12-18 h at room temperature [118].

OR,

o OR, Q
O
)J\ 10 mol% HPA 0] HN
+ + ) >
H Ry Rz Organic solvent/IL RZ/U\H\ R,
Rs NH,

12-18h Rs
55-88%

Ri=Aryl, R,= Alkyl, R;= Alkyl or H, R,= H or CH3
HPA= H3PW50,9, HsSiW 1,040, H3PM01,049
IL=[bmim][BF,], [omim][PFg], [hmim][BF,], [omim][ClI], [moemim][OMs]

Scheme 2A.13: HPA catalyzed Mannich reaction in ionic liquid
Kumar and his group in 2011, performed the Mannich reaction of aryl aldehydes using
silica-supported  boric acid as catalyst in  1-butyl-3-methylimidazolium
hexafluorophosphate ([omim][PFg]) at mild condition for short reaction time (0.41-1 h)
with excellent yields of diastereomeric mixture of [ -amino carbonyl compounds

(Scheme 2A.14) [119].

R, R,
7,

X O HN

H0 NH; 0 O HN
X H3BOs SiO,/[bmim][PFq]
+ GRQ " @ 3803.510; ol ; +
r.t R; Ry
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Rl: H, OCH3, CH3, NOz, Cl, Br
R,= H, CHj, CI, Br

Scheme 2A.14: H3BO3;-SiOx/ionic liquid ([bmim][PFg]) catalyzed Mannich reaction
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Zhao et.al (2004) examined three Bronsted acidic ionic liquids (Fig.2A.5a) as reusable
catalyst for preparation of Mannich base as shown in Fig.2A.5b at 25°C for 12 h to give
moderate yield of the product [120].

)]
SO;
lo), @ o\ ra\ ©
NEN X N& NH N @\, CFco0
Me Bu Me” Me”
X= H2PO4, [Bmim]+[H2PO4]-, CH3 -
HSO,, [Bmim]* [HSO,] [Hmim]*[Tsa] [Hmim]*[Tfa]-

Fig.2A.5a: Structures of Bronsted acidic ionic liquids

AL

NH

J ¢

Fig.2A.5b: Structure of Mannich base

In the same year five ionic liquids 1, 1, 3, 3-tetramethylguanidinium-
trifluoroacetate/perchlorate/trifluoromethylsulfonate/formate/lactate  (Fig.2A.6)  were
examined as reaction media by Gao et al. in the Mannich reaction of benzaldehyde,

aniline and acetophenone [121].

®
NH,
H3C CH3 ACl(?

CH;3; CH;

Acid= CF3COOH, HCIO,, CF,S0;H, HCOOH and
CH3CH(OH)COOH

Fig.2A.6: Structure of 1, 1, 3, 3-tetramethylguanidinium based ILs
Li et al. (2005) used carboxyl-functionalized ionic liquid (Jcmmim][BF4]) (Fig.2A.7) in
aqueous solution of [bmim][BF,] for the three-component Mannich reaction of aromatic
aldehyde, acetophenone and aniline for 10-15 h reaction at mild condition to give 77-92
% yield of product [122].

2|16



e\
/NVN\/COOH

BF?
[cmmim][BF,4]

HsC

Fig.2A.7: Structure of Carboxyl functionalized IL

The use of -N alkylsulfonic functionalized imidazolium and phosphonium ILs (Fig.2A.8)
as dual specific solvent/catalyst system in the preparation of Mannich base was studied by
Sahoo and his co-workers in the year 2006 at room temperature within less time [123].

These two ILs were recycled for four runs.

+
+
SOsH| v B -
Q_PN\/ X NN~ "s0H] X
@ N-methylimidazolium sultone

X=PTSA and TFA

Triphenylphosphine sultone

Fig.2A.8: Structures of —N alkylsulfonic functionalized imidazolium and phosphonium
ILs

In the year 2007, Dong and his group conducted the Mannich reaction in water using
catalytic amount of reusable N, N, N-trimethyl-N-butanesulfonic acid ammonium
hydrogen sulfate [TMBSA][HSO,] at normal temperature for 6-12 h to produce 71-93%
of the B-amino carbonyl compound (Fig.2A.9) (Scheme 2A.11) [124].

e o
_ HSO,
HsC ']Q/\/\som

CHj

Fig.2A.9: Structure of [TMBSA][HSO4] IL
They also used another Bronsted acidic IL catalyst 3-(N, N-dimethyldodecylammonium)
propanesulfonic acid hydrogensulfate ([DDPA][HSO,]) for the same reaction in water
[125] (Fig.2A.10).
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Fig.2A.10: Structure of [DDPA][HSO,] IL
The first use of basic IL catalyst 1-butyl-3-methylimidazolium hydroxide ([bmim][OH]
was reported by Gong et al. (2007) with a mixture of cyclohexanone, aromatic aldehydes,
and aromatic amines in ethanol for 10 hour with high yields [126].
Yue (2010) utilized three recyclable N-alkanesulfonic acid functionalized morpholinium
IL catalysts obtained from Scheme 2A.15 for the Mannich reaction at room temperature
stirring (Scheme 2A.11) within 1-6 h to give 62-93% yield of the Mannich product [127].
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Scheme 2A.15: -SOzH functionalized morpholinium ILs synthesized by Yue et al.
He et al. in 2014 [128] synthesized several geminal Bronsted acidic ILs (GBAILS) of
quaternary ammonium cations of different chain length of alkyl substituents (Fig.2A.11)
in combination with p-toluene sulfonate anion. Among them, GBAIL-Cy4 showed
excellent catalytic activity for the water mediated Mannich reaction at 25°C and was

reused for seven runs with retention of identical catalytic efficiencies.

GBIL-C,
, GBIL-Cg

0, GBIL-Cyg
2, GBIL-Cy,
4,GBIL-Cy,
6, GBIL-Cy5
8, GBIL-Cyg

NogakwnRE
53533533335
I O o {  {
e e

SOzH SOzH

Fig.2A.11: Structure of geminal Bronsted acidic ILs (GBAILs)
Porkodi and his group in 2015 applied 1-propylimidazolium trifluroacetoacetate IL as

reusable protic acidic catalyst for the title reaction at mild temperature in ethanol [129].
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In the year 2017, Sardar et al. [130] employed four Bronsted acidic ionic liquids

comprising of iodide and borate at room temperature (Fig.2A.12).

A
I~ \+
SOzH
/N\?N\/Hn\/ 3

A=l, [mimps]I
A=B(OHy,, [mimps]HBO
n=1, 2

Fig.2A.12: 1-methyl-3-(3-sulfopropyl)-imidazolium ionic liquids

In 2014, Chang et al. synthesized Bronsted acid-surfactant combined catalysts (BASCSs)
functionalized (Fig.2A.13) with different acids which were applied in the three-
component Mannich reaction of aldehyde, acetone and amine at 25°C in water. They
studied the effect of cation length, recyclability and the acidity of the catalysts. Results
indicated 3-(N, N-dimethyloctylammonium) propanesulfonic acid toluene sulfate
(IDOPA][Tos]) as best catalyst due to formation of emulsion during reaction. They also
synthesized [MPSIM][X] (where, X = Br, HSOs H,POs C/H;SOs, CH3S0s3),
[BPSIM][Tos], [DOPA][Tos], [DOPA][HSO,4] and [DDPA][Tos] ionic liquids and
assessed their catalytic ability in the reaction of benzaldehyde (1.0 mmol), aniline (1.0
mmol), cyclohexanone (1.0 mmol) in 1.5 mL water (Scheme 2A.16). Among the ionic
liquids, [DOPA][Tos] displayed greater catalytic efficiency with 75-89% yield within 3-
4.5 h reaction time [131].

Bu
N A ,H\ \NAN’% -
SO.H p-CH3(CgH,)SO
N@N 3S0,H ,@, sH P 3(CgH4)SO3
[MPSIM[X] [BPSIM[Tos]
X= Br, HSO,, H,PO,, C;H,S03, CH3S04 Tos=C,;H;S03=p-CH5(C¢H,)SO5
2 p-CHy(CgHy)SO;
@/ @/
NN NN
N/\/\SO3H N/\/\SO3H
I I
[DOPA][X] [DDPA][Tos]
X=Tos, HSO,

Fig.2A.13: Structures of —SO3H functionalized surfactant based ionic liquids
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Scheme 2A.16: Mannich reaction catalyzed by BASCs

A known task-specific Bronsted acidic catalytic system of 1-(3-sulfopropyl)-3-
methylimidazolium hydrogen sulfate bearing an anion of heteropolyacid derivative
([PW12040]3 (Fig.2A.14) in [BMI][NTf,] ionic liquid was efficiently utilized by Alvim et
al. (2014) for the three-component Mannich reaction of aryl aldehyde, aryl amine, and
ketone at 30°C in 20 h (Scheme 2A.17) [132].

@\
/NVN\/\/503H

PW3,04> 3

Fig.2A.14: Structure of MSIsPW

Me\ ~ /nBu H\ /Rz
Q Q \&;" NP 9 N
)k + RemNH, + )\ 5 > M
Rl H R3 5 m0| A') (MSI)3PW R3 Rl

30°C
R,=Ph O> R,= Ph, 4-Ph-NH,, 4-NH,-Ph, 4-Ph-NO,
S Ry= Ph, 4-OH-Ph

Scheme 2A.17: Mannich reaction catalyzed by (MS1)sPW in [BMI][NTf,]
Huan et al. (2016) designed a water tolerant Lewis-Bronsted dual acidic choline-based
ionic liquid [Ch-OSO3H]CI-2ZnCl; and used as catalyst for the synthesis of (Fig.2A.15)
B-amino carbonyl compounds. This biodegradable ionic liquid was easily recyclable up to

5 times with satisfactory yield [133].

| Cl,Zn-Cl
+ SO5H.ZnCl
_N/\/ 3 2

Fig.2A.15: Structure of [Ch-OSO3H]CI-2ZnCl,
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A large number of Bronsted-Lewis dual acidic ILs immobilized mesoporous silica
material containing complex transition metal halide anions of Fe, Co, Sn and Ti metals
were prepared by Wang et al. (2017). They investigated their catalytic performances as
heterogeneous catalyst for direct Mannich reaction of aromatic aldehyde, aniline and
substituted acetophenone in ethanol at room temperature within 1-4 h with 81-99%
yields. Among them ILSO3;H-TiCls@Sn-MCM-41 was proved to be more stable and
efficient recyclable catalyst for this reaction (Fig.2A.16) [134].

]

<

= O\ A~ SOzH
g —O7Si/\/\N@N/\/\/ 3
S TiCls

Fig.2A.16: Structure of ILSO3H-TiCls@Sn-MCM-41 catalyst
Most of the Bronsted or Bronsted-Lewis acidic ionic liquids contain alkyl sulfonic groups
in cation which contribute Bronsted acidity to the ionic liquids and serves as better
catalyst or reaction media for the synthesis of pf-amino carbonyl compounds. Above
discussion clearly mentioned lack of report on the Mannich reaction using direct N-SOzH

functionalized chlorometallate as catalyst.
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Section 2B: Results and discussion CHAPTER 2

2B.1 Synthesis and characterization of the catalyst

The formation of three -SOsH functionalized chlorometallates [Dsim];[ZnCly4],
[Dsim][FeCl,], [Dsim],[NiCls] was completed according to the reaction Scheme 2A.9
included in Section 2A. The following characterization methods were utilized to
determine their structures, thermal stability and Hammett acidity of the ionic salts to
explore as efficient reusable heterogeneous catalysts for the Mannich-type reaction in

ethanol at atmospheric condition (Scheme 2A.10).

FT-IR analysis
70 - i
—— [Dsim]2[ZnCly] (2a)
—— [Dsim][FeCly] (2b)
60 —— [Dsim][NiCly] (2¢c)
é 50 - i 5 % r‘e 2
[«}] 0 B T o = & °
3 Q- & 8
c 404 - > T
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= 1 ,E. & 8
2 g B 3
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Fig.2B.1: FT-IR spectra of 1, 3- disulfoimidazolium chlorometallates
The assignments of various FT-IR bands of the acidic chlorometallates (Fig.2B.1) are
summarized in Table 2B.1.

Table 2B.1: FT-IR assignments of the three ionic salts

FT-IR bands (cm™) Assignments

1603-1635 -C=C- stretching of imidazole unit

1584-1588 -C=N- stretching of imidazole unit

1177-1202 S-O symmetric vibration

1050-1054 S-0 antisymmetric vibration
884-982 N-S stretching and in plane ring vibration
761-766 Out of plane ring bending of C-H bond
579-604 Bending vibration of —-SO3H groups
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Beside these main assignments, the broad -OH peak of the three solids at 3386-3438 cm*
expressed the involvement of two SO3H groups in H-bonding [135, 136]. According to
the reported literature the IR spectra of 2b and 2c in the region 400-200 cm™* were
characterized by the distinct metal-chloride vibration of FeCl,” at 380 cm™* and around
285 cm ! for NiCl,>" [41, 137]. 2a did not display any characteristic absorption in this
region.

NMR analysis

Presence of two -SOsH groups in imidazole unit was designated by the two proton singlet
at 14.0-14.3 ppm in *H NMR spectra of 1, 3-disulfoimidazolium chlorometallates 2a and
2c (Fig.2B.2). Analysis of *H and *C NMR spectra of [Dsim][FeCl.] were restricted due
to the lower solubility of 2b in DMSO-dg. The characteristic signals of imidazole ring
carbons were also present in the **C NMR spectra of 2a and 2c (Fig.2B.3).
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Fig.2B.3: 3C NMR spectra of (a) 2a and (b) 2c
Elemental analysis
These solids were subjected to CHN analyses to determine the percentages of C, Hand N
present in 1, 3-disulfoimidazolium chlorometallates after treatment at 90°C in vacuum
oven for 3 h for removal of physisorbed water. 30 ppm solution of aqua regia was used to
estimate the amount of metal content in each solid using Inductive Coupled Plasma (ICP)
analysis. The obtained values were comparable with the original metal content in the
respective ionic solid (Table 2B.2).
Table 2B.2: ICP analyses of the three disulfoimidazolium chlorometallates (2a-2c)

Entry Catalysts Metal Metal amount (mg/L)
analyzed
calculated Experimental
Fresh Used®
1 [Dsim],[ZnCl 4] Zn 2.92 2.88 2.86
2 [Dsim][FeCly] Fe 3.92 3.95 3.88
3 [Dsim][NiCly] Ni 2.65 2.55 2.52

*Estimated after 3" cycle of the catalytic Mannich-type reaction
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UV-Visible diffuse reflectance spectra
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Fig.2B.4: (a) UV-visible absorbance spectra and (b) TAUC plot of 2a, 2b and 2c
Fig.2B.4 showed different absorbance peaks for different chlorometallate anions of
disulfoimidazolium ionic liquids. Intra-ligand charge transfer transition can be attributed
to the absorbance at 222 nm and 340 nm in 2a [138, 139]. For 2b, peaks at 270 nm and
385 nm designate the ligand to metal charge (L — Fe (+3)) transfer transitions whereas
other absorption band at 572 nm can be assumed as d-d characteristic transition of FeCl,
[140-142]. The absorbance spectrum of 2c exhibits two bands of almost equal intensity at
680 nm and 744 nm which can be considered as the tetrahedral moiety of NiCl,> as
revealed by literature data [143]. On the basis of ligand field theory the band at 261 nm
can also be assigned as L — M charge transfer transition for tetrahedral complexes. Also
presence of the equilibrium mixture of a little mono and dichloro nickel species along
with the NiCl,*~ complex can be established by the peak at 405 nm [144]. The UV-visible
analysis gave us a clarified anionic speciation of the three materials which further
provided a chance to evaluate semiconducting properties of these materials by calculation
of optical band gaps using Tauc plot (Equation 2B.1). The Tauc relation (Equation
2B.1) can estimate optical band gap of systems under investigation validating the usual
meaning of the symbols [145].

ahv o (hv—Eg)" (Equation 2B.1)
Where, a is the absorption coefficient, hv is the photon energy and Eg is the optical band
gap for indirect transitions (n = 2) or direct transitions (n = 1/2). Considering all
transitions are direct, and allowed type (n = 1/2), the estimated Eg values from the
intercepts of plot Fig.2B.4(b) hv vs (ahv)? are found to be 2.55, 2.41 and 2.30 eV for 2a,
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2b and 2c respectively. Thus the three solid compounds bearing significant band gap
values similar to that of semiconductors firmly indicate their importance.

SEM analysis
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Fig.2B.5: SEM images of (a) [Dsim],[ZnCl,], (b) [Dsim][FeCl,] and (c) [Dsim]2[NiCl,]

Fig.2B.5 indicated some cracks and deformities on the surfaces of the three
organochlorometallates. The surface morphology analysis portrayed the variations of
structural arrangement in 2a-2c based on the nature of transition metal chlorides. The
gloomy surface of 2a in (a) expresses the poor particle visibility while (b) displays
contorted surface with existence of some solid particles. 2c demonstrates a surface (c)
with fused particles. These discontinuities in surface behavior may be accounted for the

moisture sensitivity of the catalysts.
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EDX analysis

Energy dispersion X-ray (EDX) analysis confirmed the presence of respective metal
chloride along with other constituent elements of disulfoimidazolium metal chlorides as
shown in Fig.2B.6.
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Fig.2B.6: EDX images of (a) [Dsim],[ZnCl,], (b) [Dsim][FeCl,] and (c) [Dsim]2[NiCl4]
TGA analysis
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Fig.2B.7: TGA curves of the three ionic solids
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Thermo gravimetric analysis of the three materials depicted stepwise decomposition of
the chlorometallates (Fig.2B.7). The TGA curve for [Dsim],[ZnCl4] showed two step
decomposition involving initial 12% weight loss below 100°C which can be assigned for
physisorbed water followed by another decomposition at 250°C. The TGA analysis of
[Dsim][FeCl4] salt expressed 14% weight loss due to absorbed moisture at 90°C and a
total of 25% weight loss producing two breaks around 125°C and 310°C respectively.
Three step decomposition was observed for [Dsim][NiCl] around 100°C, 220°C and
400°C with total weight loss of 45% which includes 25% of moisture from the ionic salt.
The TGA graph displayed decomposition of each material above 100°C which can be
attributed to stepwise losing of two SOzH groups present in the imidazolium cation by
interaction with chlorometallate anion. Analysis of the curves also indicates the presence
of certain amount of non-volatile residue which may be accounted for metal chlorides of
the respective salts. Among the three metal salts, [Dsim],[ZnCl,] was found to be more
thermally stable (up to 250°C) than other two.

Powder X-ray diffraction analysis
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Fig.2B.8: Powder XRD pattern of 2a
Fig.2B.8 represents the powder XRD pattern of 2a. The peaks observed at 20 = 16.6,
25.5, 29.4 and 34.9° were defined as the characteristic XRD diffraction peaks of ZnCl, in
[Dsim],[ZnCl,4] and the XRD database (JCPDS card no. 74-0517) corresponding to (0 0
2),(101), (10 2) and (1 0 3) reflection planes matched the same. On the other hand,
powder XRD analyses of [Dsim][FeCl,] and [Dsim]2[NiCl4] could not produce the actual
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pattern which may be reasoned as the strong hygroscopic character of these two solids as
observed from the TGA graph (Fig.2B.7).

Raman analysis
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Fig.2B.9: Raman spectra of 2a, 2b and 2c
The strong peak at 283 cm* and the medium peak at 306 cm* in the Raman spectra
(Fig.2B.9) of 2a can be assigned to the mixture of major amount of ZnCl,*>~ and minor
amount of dimeric ZnsCls®~ unit [26, 146]. There is no experimental evidence found till
date in support of the existence of ZnCls in either solid or liquid state. A strong peak at
336 cm ' in Raman spectrum of 2b can be referred to the literature value for tetrahedral
FeCl, species which confirmed the presence of this chlorometallate anion [147]. Also,
the characteristic peak at 261 cm™* for NiCl,* justifies the presence of chloronickellate

species in the Raman spectrum of 2c (Fig.2B.9) [148].
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Hammett acidity measurement
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Fig.2B.10: Hammett plot for three ionic salts in ethanol

Hammett acidity function He was obtained from the Hammett plot (Fig.2B.10) by
measuring the absorbance of the three ionic chlorometallates with respect to the parent
ionic liquid [Dsim][CI] in ethanol on a UV-visible spectrophotometer using 4-nitroaniline
as basic indicator (Amax = 378 nm) [149, 150]. The decreasing Bronsted acidity order of
the three solid acids with respect to their observed He (Table 2B.3) values was as:
[Dsim][FeCl4]>[Dsim],[NiCl4]>[Dsim].[ZnCl4]>[Dsim][CI]. This acidity order was
further confirmed from the catalytic behavior of these acidic salts as heterogeneous
catalyst in the synthesis of -amino carbonyl compounds.

Table 2B.3: Hammett acidity function He of 2a-2c

Entry IL Amax [11% [IH]% H°
1 - 2.493 100 0 -
2 [Dsim][CI] 1.325 53.1 46.9 1.0439
3 [Dsim],[znCl] |  1.276 51.2 48.8 1.0107
4 [Dsim][FeCl,] | 1.183 47.4 52.6 0.9447
5 [Dsim],[NiCly] | 1.225 49.1 50.9 0.9741

Leaching test

The leaching test of the three salts was performed in various solvents such as absolute
EtOH, H,0, CH,CI, and EtOAc etc. Equal amount of 2a, 2b and 2c (20 mg) was stirred
separately in 5 mL solvent for 2.5 h at room temperature and then filtered to measure the
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pH of the filtrate. This test results neutral character of EtOH, CH,Cl, and EtOAc solution
except in case of H,O (pH = 1-2).

2B.2 Catalytic study

The three multi-functionalized acidic salts were investigated as heterogeneous catalyst for
the three component Mannich-type synthesis of p-amino ketones involving room
temperature stirring of acetophenone (1 mmol), benzaldehyde (1 mmol) and aniline (1
mmol) in ethanol. Optimization of the catalyst amount utilizing 5, 10 and 20 mol% of
each solid acid (Table 2B.4, entries 1-3) perceived that only 5 mol% of the each solid
catalyst could be preferable to produce 85-94% yield of 6a within 45-80 min under mild
condition. The acidity order of three catalysts as observed from the Hammett plot strictly
followed the same order in terms of activity for the preparation of 6a in Table 2B.4 using
5 mol% of each catalyst in ethanol in terms of reaction time (Table 2B.4, entries 1-3).
Apart from EtOH, 5 mol% of each of the catalysts showed similar type of catalytic
activity in dichloromethane and ethyl acetate at room temperature stirring (Table 2B.4,
entries 4-5). Literature mentioned some quick disadvantages of this one pot reaction as its
sensitivity towards temperature led to further decomposition of -amino ketones into side
products in presence of acid catalyst [132, 151, 152]. Therefore, low temperature
methodology is highly desirable for this reaction and hence we optimized the reaction
condition at ambient temperature to achieve the same. The model reaction was extended
to one -SOsH group bearing 3-methyl-1-sulfonic acid imidazolium transition metal
chlorides [Msim][X] (where X = [ZnCl3]’, [FeCl4]) by using 5 mol% of these solid acid
in ethanol at ambient condition which proved the better catalytic efficiency of disulfonic
analogues 2a and 2b (Table 2B.4, entry-6) [23]. The enhancement in activity of three
catalytic systems bearing two —SO3H groups attached to imidazolium cation (2a, 2b and
2c) was also clearly understood by performing the above synthesis with 5 mol% of 1-
butyl-3-methylimidazolium chlorometallates [BMIm],[X] (n = 2 and 1; [X] = [ZnCl.]?,
[FeCls]', [NiCl,]*) at room temperature stirring for 3-4 h to afford 65-75% yields of 6a
(Table 2B.4, entry 7) [143, 153, 154]. Also catalytic activity of other disulfonic
analogues such as 1, 3-disulfoimidazolium chloride and carboxylate ILs without metal
center [Dsim][X] ([X] = CI', CF;COO , CCI3COO ) were tested for comparison with the
disulfonic chlorometallates 2a, 2b and 2c (Table 2B.4, entry 8) [155]. Optimization study
concluded that the hygroscopic nature of 2b and 2c didn’t affect the overall efficacy of

2(32



the catalysts. After that the optimized condition was successfully utilized in substrate
scope study to synthesize various 3-amino ketone derivatives (Table 2B.5).
Table 2B.4: Optimization of the catalyst amount for the preparation of -amino ketone

derivative at room temperature

CHO NH; COCH;
2a/2b/2c ( mol %) NH
+ + >
Solvent, r.t.
3a 4a ba

5

Entry Catalyst Amount Time Yield %*
(mol%) (min) 6a
1 [Dsim],[ZnCl.] 2a 5/10/20° 80/60/45 85/91/90
2 [Dsim][FeCl.] 2b 5/10/20° 45/30/15 94/95/97
3 [Dsim]2[NiCl,] 2¢ 5/10/20° 60/45/30 90/91/95
4 2a/2b/2c 5P 1.5h/50/60 | 83/92/87
5 2a/2b/2c 5° 1.5h/50/60 | 84/90/85
6 [Msim][ZnClz]/[Msim][FeCl4] 5% 2h/80 80/86
7 | [BMIM]o[ZnCl.)/[BMIm][FeCl4] 52 4h/3h/35h | 65/75/73
/[BMIm],[NiCl,]
8 [Dsim][CI]/[Dsim][CFsCOO]/ 5%¢ 2.5h/80/2h | 82/87/85
[Dsim][CCI;COO}/

2 Using 1 mmol of acetophenone, 1 mmol of benzaldehyde and 1 mmol of aniline in ethanol; °
Reaction was performed in CH,Cl,; ¢ Reaction was conducted in EtOAc; 4 The three catalysts
(entry 7) were prepared using the standard literature procedure [143, 153, 154]; ¢ Other three 1,

3-disulfoimidazolium catalysts (entry 8) were synthesized by the reported procedure [155].
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Table 2B.5: Substrate scope study using 2a, 2b and 2c as catalysts

N
I/_Rl
COCH, 0
(9 (3 O 2 oy
// // EtOH rt. z
Rz—\|
6a-6f
Entry | Ry | R, Product Time? Yield® | Mp. Mp.
H % o o]
(min) (°C) (°C)
6(a-f)
2a/2b/2c found | reported

1 H H O 80/45/60 | 85/94/90 | 159- | 165-167
° 161.8
[129]
A
6a
2 H | 4-CI O 70/45/55 | 88/95/92 | 161.1- | 170-171
0 @‘3' 165.7
Sas )
6b

3 4- H CHs 1.5h/1h/1.5 | 82/85/85 | 127.2- | 134-135
CHs 132.5
o O /@ [92]
Jh
bc
4 4- | 4-Cl 70/30/50 | 90/96/91 | 121.4- | 114-119

cl
Cl OC' 122.8 [92]
S

5 4- | 4-Cl 80/50/60 | 84/95/90 | 159.2- | 163-165

CH,
CHs @C 160.9 [126]
N
J

2(34



Br

NO;

Br
O NO
s L

1.5h/50/1h

®

N
H

82/88/85

130.5-
134.3

130-132

[129]

6f

*Method using 5 mol% of 2a/2b/2c as catalyst in ethanol (5 mL); ® Isolated yields

Plausible mechanism

|:|o35—[Dsim]+[FleC|4]_
%
" U

HO3S_[DS| m]+[FeCI4]_

('354 -
H
)\ y
PH ’}‘
P

h

0
G

—_—

o—Z—I---
S I

HO,S—[Dsim]*[FeCl,]
: 0,8—{ 1N \4~] OH

:O/A Hfj\ \\\H

SATNOR \_: o

H

e

HN

6a

Scheme 2B.1: Plausible mechanism of -SOsH bearing IL catalyzed Mannich-type
reaction

The possible mechanism of [Dsim][FeCl,] catalyzed three component synthesis of -
amino ketone derivative can be described as the interaction of aldehyde functionality with
-SOzH group of chlorometallate catalyst followed by nucleophilic attack with [FeCl4]
activated amino group of aniline according to Scheme 2B.1.

Reusability test of catalysts

Reusability of the three catalysts was determined by performing the model reaction taken
for optimization study in 5 mmol scale in ethanol. Dichloromethane was added to the
reaction mixture after evaporation of ethanol upon completion of the reaction. Catalysts
can be easily recycled as solid residue from the organic layer of reaction mixture in
CH,CI, by filtration which was suitable for further use. Fig.2B.11 represents the
reusability profile of each catalyst for three consecutive runs. Retention of appreciable
catalytic activity is noted for all the three catalysts after recycle. Finally, ICP-OES
analysis was done for the spent catalysts to describe the catalytic activity up to three runs

(Table 2B.2) which presented the similar amount of metal content as the fresh ones.
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Fig.2B.11: Bar diagram for recyclability of catalysts
2B.3 Conclusion
In this study, a new series of -SO3H functionalized imidazolium chlorometallate ionic salt
systems: [Dsim][FeCl,] and [Dsim]o[X], where X = ZnCl,* and NiCl,* was developed
and fully characterized by various analytical techniques such as NMR, FT-IR, Raman,
UV-visible, PXRD, SEM-EDX, ICP-OES, TGA, CHN etc. The solid ionic systems were
screened for their anionic speciation via electronic spectroscopy and Raman analysis.
Band gap values calculated from the Tauc plot established all the three systems as
semiconductor material with low band gap energies. Enhanced acidity and the thermal
stability of these systems satisfactorily employed them as catalysts for the synthesis of -
amino carbonyl compounds. Besides this, easy recyclability and reusability of the
catalysts up to three consecutive cycles make it relevant for further consideration. This
study summarized that the presence of functionalized imidazolium cation in imidazolium
chlorometallate systems played a major role in determining the behavior of these solids in
conjunction to the chlorometallate anions. Both the -SO3H functionalized cation and the
transition metal chloride anionic part of the systems open the possibility of an easy and
considerable tunability of these materials for future prospects.
2B.4 Experimental section
General techniques
All the reagents were purchased from Merck and used without any further treatment. The
known 3-methyl-1-sulfonic acid imidazolium transition metal chlorides [Msim][X]
(where X = [ZnCls], [FeCly]) and 1-butyl-3-methylimidazolium chlorometallates
[BMIm].[X] (n = 2 and 1; [X] = [ZnCl4]*, [FeCl.]’, [NiCl,]*) were synthesized using the
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standard procedure available in literature [13, 22-24]. All the analytical procedures and

the instruments related to them are summarized in Table 2B.6.

Table 2B.6: Analysis and instruments

Analysis

Instrument and specification

FTIR

Nicolet Impact-410 spectrophotometer

'Hand *C NMR

JEOL 400 MHz spectrophotometer (3 in
ppm) in DMSO-ds and CDCl;

Hammett acidity

UV 2550 spectrophotometer

TGA

Shimadzu TGA-50

Scanning electron microscopy & EDX

JEOL JSM-6390LV SEM, equipped with
energy dispersive X—ray analyzer (EDX)

Raman

Horiba LabRAM HR spectrophotometer

equipped with a He-Ne laser of excitation
wavelength of 514.5 nm

Powder X-ray diffraction Rigaku Multiflex instruments using a
nickel filtered CuKa (0.15418 nm)
radiation source and scintillation counter

detector

UV-Vis diffuse reflectance
ICP-OES
Melting point

UV 2450, Shimadzu spectrophotometer
ICP-OES Perkin Elmer Optima 2100DV
Buchi-560

Preparation of 1, 3-disulfoimidazolium chlorometallates [Dsim][FeCl4] and [Dsim],[X]
(2a-2c), where X = [ZnCl,]%, [NiCl4)*

The synthesis of three 1, 3-disulfoimidazolium chlorometallates utilized two step reaction
procedure (Scheme 2A.9, Section 2A). The first step involved dropwise addition of
chlorosulfonic acid (20 mmol) to a stirred solution of imidazole (10 mmol) in dry CH,Cl,
(30 mL) at 0°C within a period of 5 min under nitrogen atmosphere in a 100 mL round
bottom flask. After one hour of stirring formation of 1, 3-disulfoimidazolium chloride
[Dsim][Cl] was observed as appearance of viscous ionic liquid layer insoluble in
dichloromethane. The viscous layer was then washed three times with dry CH,Cl, (3x20
mL) by decantation of dichloromethane solution. The liquid residue was dried under

vacuum which produced 98% pale yellow viscous oil of [Dsim][CI]. The 2" step was

2|37



performed by mixing of certain mole fractions of respective metal chlorides with the
[Dsim][CI]. Calculated mole fractions of ZnCl,, FeCls, and NiCl, in their respective
reaction mixture with [Dsim]CI were 0.33 for ZnCl, (2a), 0.5 for FeCl; (2b) and 0.33 for
NiCl; (2c) [27]. As for example, 0.5 mol fraction of FeCl; (1.62 g, 10 mmol) was added
into [Dsim][CI] (2.67 g, 10 mmol) and stirred at 60°C in an oil bath for 2 hour to
synthesize 2b. The solid chlorometallate salts were washed with dry CH,Cl, (2x5 mL)
and then dried in vacuum oven at 80°C to get 96-97% vyields of 2a-2c. Finally they were
kept in vacuum desiccator to prevent any decomposition due to moisture sensitivity.
Observation of melting point up to 400°C in Biichi-560 melting point apparatus did not
show the complete melting to liquid state but displayed a colour change in to black or
brown from their initial colour. It can be interpreted as breaking of their composition at
high temperature as shown by TGA analysis (Fig.2B.7).
Procedure for Hammett acidity calculation
The procedure for Hammett acidity calculation involved mixing of equal concentration of
4-nitroaniline (5 mg/L, pKa = 0.99) and the solid acid (5 mmol/L) in ethanol solution. The
absorbance of 4-nitroaniline decreases as the acidity of ionic salts increases due to
protonation of the indicator [HI]" in ethanol solution. The ratio of [I]/[IH'] can be
obtained from the absorption differences and pK(l).q represents the pKa value of the
indicator referred to an aqueous solution. Equation 2B.2 gives us the He values of
respective chlorometallates.

He= pK(ag+ log[1]/[IH'] (Equation 2B.2)
Typical procedure for the synthesis of f-amino carbonyl compounds (6)
To synthesize B-amino carbonyl compounds a three component reaction of acetophenone
(1 mmol), aromatic aldehyde (1 mmol) and aromatic amine (1 mmol) in absolute ethanol
(5 mL) was conducted in a 50 mL round bottom flask at ambient temperature with
continuous stirring in presence of 5 mol% of 1, 3-disulfoimidazolium chlorometallates
[Dsim]o[X] or [Dsim][FeCl;] where X = [ZnClJ]*, [NiClJ* respectively. After
completion of the reaction monitored by thin layer chromatography using a mixture of
EtOAc and petroleum ether (1:5) as solvent system, ethanol was eliminated under
reduced pressure in rotary evaporator. Then dichloromethane was added to the reaction
mixture and the solid acidic catalyst was recovered from the dichloromethane solution (5
mL) by filtration which was remaining as insoluble residue. The recycled catalyst was

reactivated after washing with CH,CI, solvent (5 mL) and then dried in vacuum oven at
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80°C for 2 hour for next run. The product was precipitated from saturated solution of

dichloromethane using distilled hexane. The solid product was then filtered and again

recrystallized from ethanol solution to get analytically pure product.

2A.5 Spectral data

Entry Spectral data
e\ [Dsim],[ZnCl,4] 2a: Off white solid; 96% yield; FT-
HO3S/NVN\303H zncl, | IR (KBr): 3438, 1635, 1588, 1435, 1202, 1054, 884,
2 761 and 579 cm™; *H NMR (400 MHz, DMSO-ds): &
2a 14.3 (s, 4H), 9.04 (s, 2H), 7.63 (s, 4H); °C NMR
(100 MHz, DMSO-dg): 6 134.7, 119.8; CHN analysis
for CeH16CI4N4O1,S,Zn: Caled. C, 10.73; H, 2.40; N,

8.34; Found: C, 10.66; H, 2.36; N, 8.22.

e\ [Dsim][FeCl4] 2b: Yellow solid; 97% vyield; FT-IR
HOSS/NVN\S%H Fecl, | (KBr): 3405, 1635, 1588, 1444, 1194, 1054, 982,
766 and 604 cm™; CHN analysis for
2 C3HaCliN,O6S,Fe: Calcd.: C, 8.38; H, 1.88; N, 6.52;

Found: C, 8.31; H, 1.80; N 6.48.
N/—@_\N [Dsim][NiCl,] 2c: Yellow solid; 96% yield; FT-IR

(KBr): 3386, 1603, 1584, 1448, 1177, 1050, 884,
762 and 584 cm™; 'H NMR (400 MHz, DMSO-ds): &
14.23 (s, 4H), 8.96 (s, 2H), 7.59 (s, 4H); **C NMR
(100 MHz, DMSO-dg): & 134.7, 119.8; CHN analysis
for CgH16ClsN4O1,S,Ni: Caled. C, 10.84; H, 2.43; N,
8.43; Found: C, 10.81; H, 2.40; N, 8.35.

1,3-diphenyl-3-
(phenylamino)propan-1-one

White solid, Mp.: 159-161.8°C (165-167°C) [41];
FT-IR (KBr) cm™: 3382, 3020, 1668, 1597, 1506,
1291, 1218, 993, 746, 689; *H NMR: (CDCls, 400
Hz): & 7.89 (d, J = 6.7 Hz, 2H), 7.54 (t, J = 7.4 Hz,
1H), 7.41-7.45 (m, 3H), 7.31 (t, J = 7.6 Hz, 2H),
7.19-7.25 (m, 2H), 7.07 (t, J = 7.8 Hz, 2H), 6.65 (t, J
= 7.3 Hz, 1H), 6.55 (d, J = 7.6 Hz, 2H), 4.99 (t, J = 5
Hz, 1H), 3.50 (dd, J = 5.3 Hz, J = 16.1 Hz, 1H), 3.41
(dd, J = 7.5 Hz, J = 16 Hz, 1H); **C NMR (100
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MHz, CDCl3): 6 198.3, 147.0, 143.0, 136.8, 133.4,
129.1, 128.8, 128.7, 128.2, 126.4, 117.8, 113.5, 54.9,
46.3; CHN analysis for C,;H1gNO: Calcd. C, 83.69;
H, 6.35; N, 4.65; Found: C, 83.58; H, 6.31; N, 4.63.

A

3-(4-chlorophenylamino)-1,3-
diphenylpropan-1-one

Off white solid, Mp.: 161.1-165.7°C (170-171°C)
[42]; FT-IR (KBr) cm™: 3371, 3021, 1667, 1597,
1495, 1279, 1000, 911, 802, 745, 688; & ‘H NMR
(400 MHz, CDCls): & 7.88 (d, J=7.4 Hz, 2H), 7.55 (t,
J = 7.4 Hz, 1H), 7.39-7.45 (m, 5H), 7.31 (t, J = 7.6
Hz, 2H), 7.21-7.25 (m, 1H), 7.02 (d, J = 8.7 Hz, 2H),
6.50 (d, J = 8.7 Hz, 2H), 4.94 (t, J = 5.5 Hz, 1H),
3.52 (dd, J = 5.1 Hz, J = 16.3 Hz, 1H), 3.44 (dd, J =
7.5 Hz, J = 16.3 Hz, 1H); *C NMR (100 MHz,
CDCl3): 6 198.2, 145.8, 142.1, 136.5, 133.5, 129.1,
129.0, 128.8, 128.2, 127.7, 126.5, 115.3, 54.9, 45.7,
CHN analysis for C,;H1sCINO: Calcd. C, 75.11; H,
5.40; N, 4.17; Found C, 75.08; H, 5.35; N, 4.14.

CH;

e

C @HO

1-Phenyl-3-(phenylamino)-3-p-

tolylpropane-1-one

Off white solid, Mp.: 127.2-132.5°C (134-135°C)
[42]; FT-IR (KBr) cm™: 3383, 3034, 1667, 1597,
1502, 1445, 1286, 1063, 987, 815, 745, 682; 'H
NMR (400 MHz, CDCls): & 7.90 (d, J = 6.6 Hz, 2H),
7.55 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H),
7.32 (t, J = 8.0 Hz, 2H), 7.06-7.13 (m, 4H), 6.66 (t, J
= 7.3Hz, 1H), 6.57 (d, J = 8.3 Hz, 2H), 4.98 (t, J =
6.4 Hz, 1H), 3.50 (dd, J = 5.4 Hz, J = 16.1 Hz, 1H),
3.41 (dd, J = 7.5 Hz, J = 16.1 Hz, 1H), 2.3 (s, 3H);
13C NMR (100 MHz, CDCl3): & 198.4, 146.9, 139.9,
137.1, 136.8, 133.4, 1295, 129.1, 128.7, 128.2,
126.3, 117.9, 114, 54.7, 46.3, 21.1; CHN analysis for
C,H,1NO: Calcd. C, 83.78; H, 6.71; N, 4.44; Found:
C, 83.72; H, 6.75; N, 4.42.




Cl

C
Oy

6d

o

3-(4-chlorophenylamino)-3-(4-
chlorophenyl)-1-phenylpropan-1-

one

White solid, Mp.: 121.4-122.8°C (114-119°C) [42];
FT-IR (KBr) cm™: 3326, 3085, 1661, 1591, 1489,
1299, 1000, 809, 745, 682; 'H NMR (400 MHz,
CDCls): 8.02(d, J = 8.6 Hz, 1H),7.88 (d, J = 7.1 Hz,
2H), 7.56(t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.7 Hz, 2H),
7.34 (d, J = 8.5 Hz, 2H), 7.25-7.28 (m, 2H), 7.02 (d,
J=8.8 Hz, 2H), 6.44 (d, J = 8.8 Hz, 2H), 4.91 (t, J =
4.84 Hz, 1H), 3.45 (dd, J = 5.4 Hz, J = 16.5 Hz, 1H),
3.39 (dd, J = 7.5 Hz, J = 16.6 Hz, 1H); **C NMR
(100 MHz, CDCl3):8 197.7, 145.3, 141.0, 136.5,
133.7, 133.2, 129.1, 129, 128.8, 128.2, 127.8, 122.8,
115.3, 54.0, 45.7; CHN analysis for C;;H;17;CI,NO:
Calcd. C, 68.12; H, 4.63; N, 3.78; Found: C, 68.08;
H, 4.68; N, 3.72.

CHs

Sae

6e

3-(4-Chlorophenylamino)-1-phenyl-

3-p-tolylpropan-1-one

White solid, Mp.: 159.2-160.9°C (163-165°C) [41];
FT-IR (KBr) cm™: 3410, 3090, 1587, 1511, 1335,
1091, 824, 748, 687; *H NMR (400 MHz, CDCls): &
7.89 (d, J = 7.4 Hz, 2H), 7.55 (t, J = 7.3 Hz, 1H),
7.43 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H),
7.12 (d, J = 7.9 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H),
6.46 (d, J = 8.8 Hz, 2H), 4.90 (t, J = 5.1 Hz, 1H),
3.47 (dd, J = 5 Hz, J = 16.3 Hz, 1H), 3.37 (dd, J =
7.8Hz, J = 16.2 Hz, 1H), 2.30 (s, 3H); *C NMR (100
MHz, CDCls): 8 198.3, 145.6, 139.5, 137.2, 136.7,
133.5, 129.6, 128.9, 128.8, 128.2, 126.2, 115.0, 54.7,
46.2, 21.1; CHN analysis for C,H,,CINO: Calcd. C,
75.53; H, 5.76; N, 4.00; Found: C, 75.50; H, 5.73; N,
3.95.

W

|07
=

Yellow solid, Mp.:130.5-134.3°C (130-132°C) [41];
FT-IR (KBr) cm™: 3363, 3062, 1686, 1593, 1532,
1458, 1286, 991, 831, 751, 682, 599; *H NMR (400
MHz, CDCls): & 8.00 (d, J = 8.6 Hz, 2H), 7.88 (d, J
= 7.7 Hz, 2H), 7.58 (t, J = 7.3 Hz, 1H), 7.53 (s, 1H),
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3-(4-nitrophenylamino)-3-(3-
bromophenyl)-1-phenylpropan-1-

one

7.45 (t, J = 7.3 Hz, 2H), 7.39 (d, J = 7.7 Hz, 1H),
7.32 (d, J = 7.4Hz, 1H), 7.20 (t, J = 7.7 Hz, 1H),
6.50 (d, J = 8.8 Hz, 2H), 5.06 (s, 1H) , 3.55 (dd, J =
5.1 Hz, J = 16.1 Hz, 1H), 3.50 (dd, J = 7.2 Hz, J =
16.1 Hz, 1H); *C NMR (100 MHz, CDCls): 5 197.4,
151.7, 138.7, 135.9, 133.6, 131.2, 130.8, 129.3,
129.0, 128.3, 126.3, 125.0, 112.4, 53.8, 45.4; CHN
analysis for C»1H17BrN,O3: Calcd. C, 59.31; H, 4.03;
N, 6.59; Found: C, 59.25; H, 4.10; N, 6.54.

2A.6 NMR spectra of some selected compounds

1. 'H NMR of 6a
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CHAPTER 2

3C NMR spectra of 6a
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3C NMR of 6b
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