NOVEL ORGANIC TRANSFORMATIONS USING ULTRASOUND,
IONIC LIQUID AND THEIR APPLICATION TOWARDS THE
SYNTHESIS OF BIOLOGICAL ACTIVE
MOLECULES/INTERMEDIATES

A Thesis
Submitted to the

UNIVERSITY OF PUNE

For the degree of

DOCTOR OF PHILOSOPHY
IN
CHEMISTRY

BY

Sanjay P. Borikar

DIVISION OF ORGANIC CHEMISTRY
NATIONAL CHEMICAL LABORATORY
PUNE 411008, INDIA
OCTOBER, 2010




Dedicated to

my parents, lovely wife
and

my adorable son_Aarnav



NATIONAL CHEMICAL LABORATORY
(Council of Scientific & Industrial Research) |-|.\\<CLl
Division of organic chemistry

Phone: +91-20-25902574
Fax: +91-20-25893614

Dr. Thomas Daniel
Scientist

This is to certify that the work presented in the thesis entitled “NOVEL ORGANIC
TRANSFORMATIONS USING ULTRASOUND, IONIC LIQUID AND THEIR
APPLICATION TOWARDS THE SYNTHESIS OF BIOLOGICAL ACTIVE
MOLECULES/INTERMEDIATES” submitted by Mr. Sanjay P. Borikar was carried
out by the candidate at National Chemical Laboratory, Pune under my supervision. Such

material as obtained from other sources has been duly acknowledged in the thesis.

Dr. THOMAS DANIEL 19"™October 2010

(Research Supervisor)



CANDIDATE’S DECLARATION

I hereby declare that the work presented in the thesis entitled “NOVEL ORGANIC
TRANSFORMATIONS USING ULTRASOUND, IONIC LIQUID AND THEIR
APPLICATION TOWARDS THE SYNTHESIS OF BIOLOGICAL ACTIVE
MOLECULES/INTERMEDIATES” submitted for Ph. D. degree to the University of
Pune has been carried out at National Chemical Laboratory, Pune, India under the
supervision of Dr. THOMAS DANIEL. The work is original and has not been submitted

in part or full by me for any degree or diploma to this or any other University.

Sanjay P. Borikar

Date: 19" October 2010
Division of Organic Chemistry
National Chemical Laboratory

Pune 411 008.



Acknowledgement

First of all I wish to express my deep sense gratitude and respect to my research supervisor Dr. Thomas
Daniel, for introducing me the fascinating field of Organic chemistry, his valuable guidance and
helpful suggestions throughout my Ph.D. programme.

It is my pleasant duty to express my grateful and sincere thanks to Dr. Vincent Paul and Dr. D. D.

SawaiRar for their valuable co-operation during this work,

I am also thankful to Dr. M. K, Gurjar (former head, OCT), Dr. Ganesh Pandey (Head, Division of
Organic Chemistry) and Dr. S. Sivaram (Director, NCL) for permitting me to work in NCL.

I extend my gratitude to Dr. R, A. Joshi, Dr. (Mrs) R, R, Joshi, Dr. H. B. Borate, Dr. Gumaste, Mr.

I. Shivakumar, Or. MuthuRrishnan, Or. Mohapatra, Dr. J. M. Gajbhiye, Dr. (Mrs) S. R, Deshpande,

Dr. U. R, Kalkote and all other scientists of NCL.

I would also like to acknowledge all the staff members of GC-MS, HPLC, IR, NMR, Mass,

Microanalysis, X-ray analysis, Library, Administration and technical divisions of NCL for their
assistance during the course of my work,

I take this opportunity to thank to my seniors as well as present labmates is gratefully acknowledged.

They made working in the lab enjoyable. I wish to thank division office staff, Mrs. Catherine, Mrs.

Kulkarni, Mr. Fernandis, Mr. Ranawade, Mr. R, Tikhe, and Mr. Sayyad for their help whenever
needed.

My thanks are due to all my friends of NCL as well as out of NCL for their sincere co-operation. I am
also thankful to my parents, family members, relatives and teachers who have contributed a lot for me
to reach this stage. The love and support from my wife Mrs. Manjusha and son Mast. Aarnav for the
healthy and inspiring environment with out whom I would not been able to stand out as a person and
my deep sense of gratitude remains forever. The thesis is a form to pay respect to their attributes.

Last but not least, I am thankful to NCL, CSIR, New Delhi for this opportunity.

NCL, Pune Sanjay P. Borikar



«» Abbreviations

CONTENTS

«* General Remarks

«» Abstract

Page No.

11

v

Chapter 1: Synthesis and characterization of novel ionic liquids (ILs)

Section A: Brief introduction to ionic liquids (ILs)

1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.1.6
1.1.7
1.1.8
1.1.9
1.1.10
1.1.11
1.1.12
1.1.13
1.1.14
1.1.15
1.1.16
1.1.17
1.1.18

Introduction

Alternative reaction media to organic synthesis
Brief history of Ionic Liquids

Synthesis of Ionic Liquids

Cations

Anions

Purity of Ionic Liquids

Physicochemical properties of Ionic Liquids
Salient features of ILs which makes so attractive?
Applications of ILs

Task specific Ionic Liquids [TSILs]

Chiral Ionic Liquids [CILS]

Supported Ionic Liquids [SILs]
Biodegradability of ILs

Recycling of ILs

Benign Ionic Liquids

Summary and conclusions

References

01
02
05
08
09
11
12
13
24
25
28
29
30
32
32
33
33
35



Section B: Synthesis and characterization of novel ILs based on n-

alkyl-3-methylpyridinium salts

1.2.1 Introduction 44
1.2.2  Present work 44
1.2.3 Results and discussion 45
1.2.4 Experimental Section 50
1.2.5 Spectral data 59
1.2.6 References 71

Section C: Synthesis and characterization of 1,3-di-n-butylimidazolium

based ionic liquids

1.3.1 Introduction 73
1.3.2  Present work 73
1.3.3 Results and discussion 73
1.3.4 Experimental Section 78
1.3.5 Spectral data 80
1.3.6 References 84

Chapter 2: Some useful organic transformations

Section A: Regioselective bromination of anilines and phenols using

[BMPy]Br;and [BBIm]Br; ILs

2.1.1 Introduction 85
2.1.2 Review of literature 85
2.1.3 Present work 92
2.1.4 Results and discussion 92
2.1.5 Conclusion 96
2.1.6 Experimental Section 97

2.1.7 Spectral data 103



2.1.8 References

Section B: Bromination of aromatic aldehydes and ketones

[BMPy]Br;and [BBIm]Br; ILs
2.2.1 Introduction

2.2.2 Review of literature

2.2.3 Present work

2.2.4 Results and discussion

2.2.5 Conclusion

2.2.6 Experimental Section

2.2.7 Spectral data

2.2.8 References

108

using

111
111
116
116
120
121
125
130

Section C: Synthesis of 1, 1-diacetates under ultrasonic irradiation

2.3.1 Introduction

2.3.2 Review of literature
2.3.3 Present work

2.3.4 Results and discussion
2.3.5 Conclusion

2.3.6 Experimental Section
2.3.7 Spectral data

2.3.8 References

Section D: p-TSA mediated N-nitrosation of secondary amines

2.4.1 Introduction

2.4.2 Review of literature
2.4.3 Present work

2.4.4 Results and discussion
2.4.5 Conclusion

2.4.6 Experimental Section

132
139
144
144
149
150
155
160

164
164
171
171
176
177



2477 Spectral data 181
2.4.8 References 186

Chapter 3: Synthesis of biological active molecules

Section A: Total synthesis of (£)-5-hydroxy-3-methyl-4-propylsulfanyl-

SH-furan-2-one: an anticancer agent

3.1.1 Introduction 188
3.1.2 Present work 212
3.1.3 Results and discussion 214
3.1.4 Conclusion 223
3.1.5 Experimental Section 224
3.1.6 Spectral data 235
3.1.7 References 246

Section B: Synthesis of S-(-)-Rivastigmine as an acetylcholinesterase

inhibitor

3.2.1 Introduction 252
3.2.2 Review of literature 257
3.2.3 Present work 264
3.2.4 Results and discussion 265
3.2.5 Conclusion 270
3.2.6 Experimental Section 271
3.2.7 Spectral data 277
3.2.8 References 286

* List of Publications 288




ABBREVIATIONS

AcOH

Ac,O

AgBF,

AlCl;

BnNH;

brs

Bp
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Br;

C,H50H or EtOH
CClL

CDCls
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CH;CN

CH;3;0H or MeOH
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CuCl,

d
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g
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h

HBr
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Carbon tetrachloride
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2D-Correlation spectroscopy
Copper chloride

Doublet
1-Dodecyl-3-methylpyridinim
Dimethylformamide
Dimethyl sulfoxide

Ethyl acetate
Triethylamine
Ethylammonium nitrate
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Hydrobromic acid



HF Hydrogen fluoride

HMIm 1-H-3-Methylimidazolium
HMPy 1-Hexyl-3-methylpyridinim
IL Ionic liquid

IR Infra red

K»,COs Potassium carbonate

m Multiplet

Mp Melting point

M* Molecular ion

mg Milligrams

min Minute

mL Millilitre

mmol Millimole

NaBH4 Sodium borohydrate
NaOAc Sodium acetate

Na,SO, Sodium sulphate

NMR Nuclear Magnetic Resonance
P, Critical pressure

ppm Part per million

p-TSA or PTSA p-Toluenesulfonic acid

q Quartet

r.t. or RT Room temperature

RTILs Room temperature ionic liquids
S Singlet

SnCl; Tin chloride

t Triplet

T, Critical temperature

THF Tetrahydrofuran

TLC Thin layer chromatography
TMS Tetramethysilane

VOC Volatile organic compound
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General remarks

Progress of the reaction was monitored by TLC and visualized by UV absorption
by florescence quenching or I, staining or by both.

Solvents for anhydrous reactions were dried by standard procedures. All organic
layers obtained after extractions were dried over anhydrous Na,SOs. All
evaporations were carried out under reduced pressure on Buchi rotary evaporator.
Silica gel for column chromatography was 60-120 mesh and 230-400 mesh.
Optical measurements were recorded on a JASCO digital polarimeter.

All the temperatures are in °C (degree celsius). All the melting points and boiling
points are in °C and are uncorrected. Melting points were recorded on Buchi B-
540 melting point apparatus.

IR spectra were recorded on a Perkin-Elmer infra-red spectrometer model 599-B
and model 1620 FT-IR (Viax in cm™).

Unless otherwise stated, '"H-NMR spectra were recorded using TMS as internal
reference on Bruker AC-200, AC-300, and 400 instruments using CDCls as
solvent. All chemical shifts are reported in parts per million (ppm) downfield
from TMS. The coupling constants (J values) are reported in Hertz (Hz).
BC-NMR spectra were recorded on Bruker AC-200, AC-300, and 400
instruments operating at 50 MHz, 75 MHz and 125 MHz respectively.

Mass spectra were recorded on Shimadzu GCMS-QP5050 or Finnigan-Mat
1020C mass spectrometer and were obtained at an ionization potential of 70 eV.
GC analysis was carried out on Agilent 6890N; unless otherwise stated.
Microanalysis was carried out in the micro-analytical section of NCL.

The compound numbers, scheme numbers and references given in each section

separately refer to that particular section only.

11



Thesis Abstract
Thesis Title

“Novel Organic Transformations Using Ultrasound, Ionic Liquid and
Their Application Towards the Synthesis of Biological Active

Molecules/Intermediates”

Thesis is divided into three chapters:

CHAPTER-1: Synthesis and characterization of novel ionic liquids (ILs).
CHAPTER-2: Some useful organic transformations.
CHAPTER-3: Synthesis of biological active molecules.

CHAPTER-1: Synthesis and characterization of novel ionic liquids (ILs).

This chapter is divided into three sections. Section A deals with the brief
introduction to ionic liquids. Section B and Section C describes the synthesis and their
characterization of novel ILs based on N-alkyl-3-methylpyridinium and 1,3-di-n-

butylimidazolium salts.

Section A: Brief introduction to ionic liquids (ILs):

The quaternary salts, whose melting point below 100 °C are commonly called as
“ionic liquid”. In particular, the salts those are liquid at room temperature are called
room-temperature ionic liquids or RTILs. In the past few years, the evolution of a new
era in chemical research has entered by ionic liquids as potential ‘Green Designer
Solvents’' as new replacement for volatile organic solvents (VOCs). In recent years, the
tremendous growth in research of ionic liquids has resulted in the development of a large
number of novel ionic liquids as well as many associated applications in organic
reactions, which is useful for organic chemist. Ionic liquids have the potential to increase

chemical reactivity, selectivity and thus lead to more efficient processes. They are non-
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flammable and due to their low vapor pressure, less toxic than conventional solvents. A
brief history of ionic liquids and their emergence as environmentally benign solvents,
general method for their synthesis, list of cations and anions reported in the literature,
their physico-chemical properties and dependence of it on their structure is described in
this section in details. A variety of organic reactions preformed in ionic liquids have been
summarized. The new emerging concepts in ILs such as task-specific ionic liquid
(TSIL),> supported ionic liquid catalysis (SILC) and chiral ionic liquid (CIL)’ is

discussed in this section.

Section B: Synthesis and characterization of novel ILs based on N-alkyl-3-methyl
pyridinium salts:

In this section, synthesis and characterization of various ionic liquids based on
pyridinium cations has been described. A series of N-alkyl substituted -3-
methylpyridinium salts (ILs) have been synthesized as shown in Scheme 1.
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Scheme 1.



Reagents and conditions: (a) RBr, 90 °C, 5 h, 96%; (b) Br,, 0 °C, 2 h, 95%; (c) 97% H,SO,, DCM,
Reflux, 48 h, 98%; (d) KPFs, H,O, RT, 5h, 92%.

In this series, the anionic groups (X) are kept the same and alkyl group (R) is
altered and vice versa. The different tribromide, hydrogen sulphate and
hexafluorophosphate salts were synthesized and characterized by spectral and elemental
analyses. The density and viscosity of ILs were also evaluated. The variation of both
density and viscosity has been correlated to the change in the basicity of the anion.

Melting and decomposition temperature were measured by using TG-DTA techniques.

Table 1: List of ILs synthesized and characterized

Sr. No. Ionic Liquid Sr. No. Ionic Liquid Sr. No. Ionic Liquid

1 [BMPy]Br 5 [HMPy]Br 9 [DDMPy]|Br

2 [BMPyJHSO, 6  [HMPyJHSO, 10  [DDMPy]HSO,
3 [BMPy]PF; 7 [HMPy]PF, 11 [DDMPy]|PFs
4 [BMPylBr 8 [HMPy]Br; 12 [DDMPy|Br;

Section C: Synthesis and characterization of 1,3-di-n-butylimidazolium based ILs:
The section deals with the synthesis and physio-chemical properties of 1,3-di-n-

butylimidazolium [BBIm] based ionic liquids with different anions as shown in Figure 1.

NGO
Bu "Y' Bu
6
X= Br, Br3, PFG

Figure 1. 1,3-di-n-butylimidazolium [BBIm] based ionic liquids

1,3-Di-n-butylimidazolium tribromide [BBIm]|Br; 6b have been synthesized as
shown in Scheme 2. The metathesis reaction is generally carried out in water. To the
aqueous solution of the 1,3-di-n-butylimidazolium bromide 6a, potassium
hexafluorophosphate in water added with stirring. The solution become turns milky
immediately due to the precipitation of salt. After 10 h of stirring, the layer containing the

ILs with the PFg anion separate out and was extracted with ethyl acetate. The organic
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layer was washed with water, dilute hydrochloric acid and finally with brine. The

removal of solvent gave [BBIm]PFs 6¢ in high purity (Scheme 3).

[\ i [\ i N/®\N Br
Bu_ Y~ Bu

7 8 6a

N@n. B
Bu” ™  Bu

6b

Scheme 2.
Reagents and conditions: (i) n-BuBr, KOH, CH;CN, 7 h, 93%; (ii) n-BuBr, 80 °C, 12 h, 96%; (iii) Br, 0
°C to RT, 2 h, 96%.

Bu

Scheme 3.
Reagents and conditions: (i) KPFs, H,O, RT, 10 h, 95%.

CHAPTER-2: Some useful organic transformations.

This chapter is divided into four sections. Section A and Section B deals with the
bromination of aromatic activating and deactivating substrates such as anilines, phenols,
aldehydes and ketones. Section C describes synthesis of 1,1-diacetates under ultrasonic

irradiations and Section D deals with p-TSA mediated N-nitrosation of secondary amines.

Section A: Regioselective bromination of anilines and phenols using [BMPy]Br; and
[BBIm|Br;ILs:

Bromination of anilines and phenols has continued to attract synthetic chemists as
the brominated products constitute the subunits of many biologically active molecules.”

Apart from bromine in presence of ionic liquid as solvent and reagent, a popular and
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versatile reagent commonly used for aromatic bromination is tribromide ILs. The
different methods reported for aromatic bromination using tribromide ILs such as
[BMIm]Br3,” [HMIm]Br3,® pentylpyridinium tribromide,” pyridinium tribromide [PHP]®
conferring good regio-selectivities.

We have developed an efficient, rapid and regioselective useful method for
bromination of anilines and phenols by reaction of different anilines and phenols with
novel  l-butyl-3-methylpyridinium  tribromide ~ [BMPy]|Br;’ and  1,3-Di-n-
butylimidazolium tribromide [BBIm|Br3'" under solvent-free conditions. The reaction
conditions are mild and selective bromination of anilines and phenols (Scheme 4). In
comparison with reported protocols, this method avoids the use of expensive reagents and
use of organic solvents. This novel ionic liquid is safer and easier to use. It displayed
improved selectivity and better reaction conditions as compared to current bromination
techniques. The new functional ionic liquids can be easily recovered and recycled and

eliminates toxic bromine vapors.

R R
i | A
X
Br
9 10
R = NH,, OH
Scheme 4.

Reagents and conditions: (i) [BMPy]|Br; or {BBIm]Br3;, RT, solvent-free, 88-98 %.

Section B: Bromination of aromatic aldehydes and ketones using [BMPy|Br; and
[BBIm|]Br;ILs

Brominated aromatic aldehyde and ketone are important compounds that can be
used as precursors of natural products.'' Tribromide ILs are used for the bromination of
various aldehydes and ketones instead of bromine, which is harmful and hazardous.
Generally, the direct bromination of aromatic aldehydes and ketones has several
limitations. Recently, the bromination of aromatic aldehydes catalyzed by ceric

. . N 12
ammonium nitrate and silica gel was reported.
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This section describes the bromination of aryl aldehydes and ketones in
[BMPy]Br; and [BBIm]Br; ILs as solvent as well as reagent with good conversion and
high selectivity (Scheme S5). The reaction completed in less than one hour gave

monobrominated product.

R R
@ | )
N
Br
11 12
R = CHO, COR'
Scheme 5.

Reagents and conditions: (i) [BMPy]|Br; or {BBIm]Br3;, RT, solvent-free, 80-98 %.

Section C: Synthesis of 1, 1-diacetates under ultrasonic irradiation:

It covers the introduction to sonochemistry, physicochemical properties, factors
influencing sonochemical process, sonochemistry in ionic liquids and the phenomenon of
cavitation."” Application of ultrasound in chemical transformations may be termed as
sonochemistry. The ultrasound mediated reactions in ionic liquids are reviewed. The role
of ultrasound in synthetic organic chemistry using catalyst has been well documented in
the literature. Sonochemistry depends on the nature or physicochemical properties of the
solvent, solute or gas in the bubble which have dramatic effect on the cavitational
collapse.'

Acylals (1,1-diacetates) is one of the most frequently and extensively used
selective protecting groups for aldehydes in organic synthesis."” The standard synthesis of
acylals involves the reaction of aldehydes with acetic anhydride using sulfuric acid'® and
a wide range of solvents and catalysts.

This section deals with the synthesis of acylals of a variety of aldehydes with
acetic anhydride in IL, 1-butyl-3-methylpyridinium hydrogen sulfate ((BMPy]JHSO,) at

ambient temperature (30 °C) under ultrasonic irradiation (Scheme 6).
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B
R—CHO

R OAc
13 14

Scheme 6.
Reagents and conditions: (i) [BMPy]HSO, )))), RT, solvent-free, 85-97 %.

Section D: p-TSA mediated N-nitrosation of secondary amines:

I:"1 N I R1 <
,N—H _N—N=0
R RS
15 16
Scheme 7.

Reagents and conditions: (i) p-TSA, NaNO,, CH,Cl,, RT, 85-97 %.

N-Nitrosation of secondary amine is an important unit process in industry and
interesting area for mechanistic organic and biological chemists.'” An effort has been
made to combine both the synthetic and mechanistic aspects of nitrosation and trans-
nitrosation.'® These compounds are useful synthetic intermediates for the preparation of
various N,N-bonded functionalities.

Among the nitrosating agent employed, metal nitrites, either alone or supported
on solid matrices enjoyed considerable importance. N-Nitrosation of secondary amine
using alumina-methanesulfonic acid/NaNO,'" and tungstate sulfuric acid/NaNO,™ as
nitrosating agent is reported recently. Excellent chemo-selectivities were found to be
obtained when the reaction was carried out at ambient conditions.

p-Toluenesulfonic acid would be a superior proton source to all of the reported
acidic solid supports or acidic resins for running reactions under mild conditions. N-
Nitrosation of secondary amines using p-toluenesulfonic acid-NaNO; as nitrosating agent
under mild conditions was studied. This method proved excellent chemo-selectivity

product and made attractive for large-scale operations.



CHAPTER III: Synthesis of biological active molecules
Section A: Total synthesis of (%)-5-hydroxy-3-methyl-4-propylsulfanyl-5H-furan-2-
one: an anticancer agent:

(+)-5-Hydroxy-3-methyl-4-propylsulfanyl-5SH-furan-2-one 17, a biologically
active natural product is recently isolated as white solid from the methanolic extracts of
cultivated plant Allium cepa (green onion) by Parkin and co-workers in 2007 (Figure
2).*! 1t shows potential cancer chemopreventive constituents directed by the quinone
reductase (QR) induction bioassay using murine hepatoma (Hepa 1clc7) cells.
Organosulfur compounds have been shown to induce Phase II enzymes, which is

responsible for protection against cancer.

S OH
s’
H3C

0]

5-Hydroxy-3-methyl-4-propylsulfanyl-5H-furan-2-one (17)
Figure 2.

(+)-5-Hydroxy-3-methyl-4-propylsulfanyl-5 H-furan-2-one 17 was found to have
potent anticancer activity and exhibited QR and GST activity. The structure was assigned
from spectral analysis and molecular formula, ( CsH;2O3S by HRMS). It is a y-
hydroxybutenolide moiety with one sulfur group and one methyl group. The
stereochemistry was not assigned by spectral data and no X-ray crystallographic analysis

was reported.

Approach I:

According to our first approach for the synthesis of compound 17, thiomaleimide
19 was prepared in 25% yield from commercially available maleic anhydride 18 as
shown in Scheme 8. Thiomaleimide 19 was brominated using bromine to furnish bromo
thiomaleimide 20. The resulted compound 20 underwent replacement of methyl group

using Gilman reagent (Me,CuLi) furnished the methyl thiomaleimide 21.
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0 0
S S
S =Rl el
¢ Br
o) o] o)
19 20

18

O 0O OH 0O
S ¢ S ) S NS
| N/\© —— | o - | o
O (0]
21 22 © 17 7030 23"
Scheme 8.

Reagents and conditions: (a) Benzyl amine (1.0 equiv.), glac. AcOH, reflux, 2 h; (b) NaOAc (1.0 equiv.),
Br, (1.0 equiv.), 0 °C to r.t., 2 h; (c)1-propanethiol (1.5 equiv.), DMF, 90 °C, 4 h; (d) Br, (1.2 equiv.), Et;N
(1.2 equiv.), DCM, 0 °C to r.t., 1 h; (¢) Cul (1.2 equiv.), 1.6 M MeLi in hexane, dry THF, -78 °C, 4 h; (f)
5 N KOH, ethanol, reflux, 2 h; (g) NaBH, (0.5 equiv.), MeOH, r.t., 10 min.

Alkaline hydrolysis of methyl thiomaleimide 21 using SN KOH gave anhydride
22. The anhydride 22 was selectively reduced by NaBH, in methanol to furnish the ratio
of 70-30 target molecule (+)-5-hydroxy-3-methyl-4-propylsulfanyl-5H-furan-2-one 17 as
a major isomer and (#)-5-hydroxy-4-methyl-3-propylsulfanyl-5H-furan-2-one 23 as

minor isomer. The compound 17 was confirmed by X-ray crystallography (Figure 3).

cs D
< J
s
e \
>

Figure 3. ORTEP diagram of compound 17
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Approach 1I:

After the synthesis of racemic 5-hydroxy-3-methyl-4-propylsulfanyl-5H-furan-2-
one 17 employing Gilman strategy, it was thought to develop an alternative route using
mild reaction conditions. The bromo methylmaleimide 25 was prepared from
commercially available citraconic anhydride 24 by bromination as shown in Scheme 9.
The treatment of 25 with 1-propanethiol and alkaline hydrolysis using SN KOH as the
base in ethanol furnished anhydride 22, which on selectively reduced by NaBHj to

furnish the desired target molecule 17 as a major isomer.

ﬁ‘) - ﬁ@ Wﬁo Jig

Scheme 9.

Reagents and conditions: (a) Benzyl amine (1.0 equiv.), glac. AcOH, reflux, 2 h; (b) NaOAc (1.0 equiv.),
Br, (1.0 equiv.), 0 °C to r.t., 2 h; (¢) 1-propanethiol (1.5 equiv.), DMF, 90 °C, 4 h; (d) 5 N KOH, ethanol,
reflux, 2 h; (e) NaBH, (0.5 equiv.), MeOH, r.t., 10 min.

Approach I1I:
The short route for the synthesis of (+)-5-hydroxy-3-methyl-4-propylsulfanyl-5H-

furan-2-one 17 was synthesized in only three steps.

o) o)
Ne HsC HsC HsC
a b c
| o —— | o — | o—> )
Br \/\S \/\S
o) 0 0 OH
24 26

22 17

Scheme 10.
Reagents and conditions: (a) Br,, 1.t., 7days; (b) 1-propanethiol (1.5 equiv.), DMF, 90 °C, 4 h; (c) NaBH,
(0.5 equiv.), MeOH, r.t., 10 min.

In conclusion, three different synthetic routes for (+)-5-hydroxy-3-methyl-4-
propylsulfanyl-5H-furan-2-one 17 have been achieved successfully.
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Section B: Synthesis of S-(-)-Rivastigmine as an acetylcholinesterase inhibitor:

Rivastigmine hydrogen tartarate 34 is an acetyl cholinesterase inhibitor with
brain-region selectivity’> and a long duration of action and is a “pseudo-irreversible”
cholinesterase inhibitor due to slow dissociation of a carbamoyl derivative from the
esteratic site of acetyl cholinesterase. It was approved by the U.S. Food and Drug
Administration for the treatment of Alzheimer’s disease (AD) on April 21, 2000.

Originally, rivastigmine 33 (Figure 4) was synthesized by resolving the racemic
rivastigmine with (+)-di-0,0’-p-toluoyl tartaric acid monohydrate.”> However, this
method involves three or more recrystallizations to achieve increased enantiomeric
excess. Accordingly, the total yield is low and high enantiomeric excess cannot be
ensured. Later, several other syntheses of rivastigmine have been reported.”*

The synthesis of S-(-)-Rivastigmine 33 is outlined in the Scheme 11. Thus, the
reductive amination of 3'-nitroacetophenone 27 using dimethylamine in methanol gave
imine product which was reduced to afford 3-(1-(dimethylamino)ethyl)nitrobenzene 28.
The hydrogenation of compound 28 using Raney Ni under pressure at room temperature
afforded compound 29. The diazotization of 29 to the racemic compound 30 was carried
out by using 95% H,SO, and NaNO; in good yields. The compound 30 was then
converted to CSA salt 31 using D-10-camphorsulfonic acid monohydrate in EtOH, which
was released with Na,COs to afford chiral compound 32. Finally, the synthesis of S-(-)-
rivastigmine 33 was achieved by the condensation of chiral compound 32 with N-ethyl-
N-methyl carbamoyl chloride (EMCC) in good yield and enantiomeric excess, which was

treated with L-tartaric acid gave tartarate salt 34.
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S-(-)-Rivastigmine (34)
Figure 4.
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Scheme 11.

Reagents and conditions: (a) Me,NH in CH;0H (2.0 equiv.), Ti(OiPr), (2.0 equiv.), r. t., 10 h; NaBH,, r.
t., 10 h; (b) Raney Ni, H, (pressure 60 psi), r. t., 3 h, CH;0H; (c) 95% H,SO, (3.3 equiv.), H,O, NaNO, (1.1
equiv.), 0 °C, 30 min then boiled 1 h; (d) D-10-CSA (1.02 equiv.), C;HsOAc, C,HsOH, mixed at 80-90 °C
then cooled; (e) Na,CO; (1.9 equiv.), H,O-EtOAc (1:1), r. t., 10 min; (f) N-ethyl-N-methyl carbamoyl
chloride (EMCC) (1.2 equiv.), K,CO; (1.2 equiv.), acetone, reflux, 18 h; (g) L-(+)-Tartaric acid (1.0

equiv.), acetone, reflux, 1 h and then cooled.
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1.1.1 Introduction

‘Green chemistry’ or ‘Sustainable technology’ is the universally accepted term to
describe the movement towards more environmentally acceptable chemical processes and
products. Green chemistry encompasses education, research and commercial application
across the entire supply chain for chemicals. Green chemistry can be achieved by
applying environmentally friendly technologies or processes such as use of ionic liquids -
some old and some new.'

A simple definition of green chemistry can be formulated as follows: green
chemistry efficiently utilizes (preferably renewable) raw materials, eliminates waste and
avoids the use of toxic and/or hazardous reagents and solvents in the manufacture and
application of chemical products.

Chemistry undeniably plays an important part of our daily lives. Food and drink
has been made safe to consume; the whole area of pharmaceuticals has allowed the
development and synthesis of new cures for illnesses and diseases; the development of
cosmetics has enabled us to beautify and admire our appearances; all as a result of
chemistry. However, in the chemical industry, hundreds of tones of hazardous waste are
released to the air, water, and land every hour of every day. In particular, solvents are
used in large quantities in fine-chemical and pharmaceutical industries. Therefore,
solvent define a major role of the environmental performance of a process and also
impact on safety and health issues. The continuously increasing air pollution has brought
about changes in the global climate. The drive towards clean technology in the chemical
industry with increasing emphasis on waste reduction at source will require a high level
of innovation and new technology. The idea of “green” solvents expresses the goal to
minimize the environmental impact resulting from the use of solvents in chemical
production. Recently, four directions towards the green solvents have been developed: (i)
substitution of hazardous solvents with ones that show better EHS (environmental, health
and safety) properties, such as increased biodegradability or reduced ozone depletion
potential;** (ii) use of “bio-solvents” i.e. solvents produced with renewable resources

such as ethanol produced by fermentation of sugar-containing feeds, starchy feed
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materials or lignocelluloses materials’ (this substitution of petrochemically fabricated
solvents leads to an avoidance of fossil resource use and fossil fuel CO, emissions to the
environment); (iii) substitution of organic solvents either with supercritical fluids that are
environmentally harmless (e.g. the use of supercritical CO, in polymer processing®”
avoids the use of chlorofluorocarbons, and thus reduces ozone depletion); (iv) use of non-
volatile and thermally stable ionic liquids as solvents in place of traditional industrial
solvents, most of which are volatile organic compounds (VOCs). Replacement of
conventional solvents by ionic liquids would prevent the emission of VOCs, a major
source of environmental pollution. Ionic liquids can be designed to be environmentally
benign, with large potential benefits for sustainable chemistry.

The ideal solvent should have negligible vapor pressure, high boiling point and be
non-toxic. They must have capacity to dissolve wide range of organic, inorganic and
organometallic compounds. It should be chemically and physically stable, recyclable,
reusable, inexpensive and easy to handle. In addition, solvents that allow more selective

and rapid transformations will have a significant impact.

1.1.2 Alternative reaction media to ionic liquids

The use of these alternative reaction media is mainly aimed at replacing the toxic

volatile organic solvents to have a negative impact on the environment.

1.1.2.1 Solvent-free synthesis

It seems that the easiest way to prevent any form of solvent emission is to use no
solvent at all. There have been many attempts to perform various reactions using no
solvent at all.'" Advantages of solvent-free synthesis include reduced pollution, low costs,
easy handling and simple processes. These advantages are quite important especially for
industry. However, there are many disadvantages in performing solvent-free synthesis,

for one strong exotherms can occur which can be difficult to deal with.

1.1.2.2 Perfluorinated (fluorous) solvents

The perfluorinated hydrocarbons are recently found application in organic

chemistry as a useful class of solvents. The fluorous compounds were defined as being
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compounds that are highly fluorinated and based upon sp’-hybridized carbons.
Perfluorinated solvents such as perfluoroalkenes, perfluoroalkyl ethers and perfluoroalkyl
amines are generally chemically benign and environment-friendly. Their physical
properties make them unique for their use as reaction media. Since, perfluorocarbons are
immiscible with many common organic solvents; they are suitable for the formation of
biphasic systems. This overview describes the utilization of perfluorocarbons as reaction
media in many organic and catalytic reactions.'' "

Perfluorinated molecules have unique properties, such as high density, a very low
solubility both in water and in most organic solvents, high stability (mainly due to the
stability of the C-F bond) and low solvent strength,13 although they are miscible at higher
temperature. The poor solubility of perfluorinated solvents can be explained based on

their low surface tensions, very weak van-der-Waals interactions, high densities and low

dielectric constants.

1.1.2.3 Supercritical fluids

A supercritical fluid (SCF) is defined as a material which can be either liquid or
gas, used in a state above the critical temperature (7,) and critical pressure (P.); where
gases and liquids can co-exist. It shows unique and tunable physicochemical properties
that are different from those of either gases or liquids under standard conditions. In recent
years, supercritical carbon dioxide (scCO;) has been receiving increasing demand as an
alternative reaction medium. Several features of scCO, make it an interesting solvent in
the context of green chemistry and catalysis. The critical pressure and temperature for
carbon dioxide are moderate (73 atm and 31.1 °C) and these conditions are easily
achieved in laboratory.

The advantages related to the use of scCO, are numerous and were clearly
addressed in a recent article': CO, is non-flammable and less toxic than most organic
solvents; it is relatively inert towards reactive compounds and is a natural, unregulated
solvent, with high availability; it can be easily removed by depressurization, which
renders it an easy separation from the products of a reaction. Other advantages include
high gas solubility, weak solvation, high diffusion rates and good mass transfer.

Furthermore, the selectivity of a reaction can be dramatically changed, when conducted
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in a supercritical fluid as compared to traditional organic solvents. Supercritical fluids
have also been used to describe as new solvents for organic and catalytic reactions.'”™°
Their physical properties and chemical stability make them eligible to be called as green

solvents. Unfortunately, critical conditions needed for their handling is still a limitation.

1.1.2.4 Poly(ethylene glycol) - PEG

Poly(ethylene glycol) is the linear polymer formed from the polymerization of
ethylene oxide. PEG usually indicates the polyether of molecular weight less than 20,000
and is known to be inexpensive, thermally stable, recoverable, biologically compatible
and non-toxic.'” Furthermore, PEG and its monomethylethers have a low vapor pressure,
non-flammable, simple work-up procedures and recyclable. For this reason, PEG is
considered to be an environmentally benign alternative media for organic reactions.

Recently, PEG is used as green solvent in many organic reactions'® with low
molecular weights (< 2000) because it is either liquid at room temperature or has a low
melting point. Although less popular, PEG is commercially available and is much
cheaper than ionic liquids but unlike the latter its properties can not be easily tuned. One
of the major drawbacks in its use in organic reactions that also applies to ionic liquids is
the inconvenience of using organic solvents to extract the products, even though scCO;
can also be used in both cases. Probably due to the popularity of other alternative
solvents, especially ionic liquids, there are only a few examples in the literature that uses

PEG as solvent in organic reactions.

1.1.2.5 Water

Water is a universally greener solvent in terms of availability, low cost, safety and
environmentally benign. In the early 1980s, Breslow'® and Grieco®® have worked on the
use of water as solvent limited to hydrolysis reaction because of the low solubility of
most organic compounds in it and its great reactivity towards some organic compounds
(e.g., organometallics). Since then, many reactions have reported in the literature showing
that water has unique properties as a solvent that can sometimes lead to surprising results.
For instance, the rates and stereo-selectivities of many types of organic reactions can be

dramatically enhanced in water due to solvophobic effects. The use of organic co-
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solvents or surfactants helps to increase the solubility of non-polar reactants in water by
disrupting the strong hydrogen-bond network of pure water.”' The discovery that Lewis
acids, especially some metal triflates, can efficiently catalyze reactions in water also

. . . . . . 22
contributed to popularize it as solvent in organic reactions.

1.1.2.6 Ionic liquids (ILs)

In the past three decades, ionic liquids have been used as “green solvents” for
many organic transformations such as transition metal catalysis rather than traditional
organic solvents. Ionic liquids (ILs) are a liquid containing only ions (cations and
anions), but it is different from molten salts.” Recently, molten salts and ionic liquids has
been distinguished on the basis of melting point criterion. Molten salts are usually
defined as a high melting, highly viscous and highly corrosive liquid, while ionic liquids
are defined as pure compounds, consisting only of cations and anions (i. e. salts), which
melt at or below 100 °C and have lower viscocities.** Free-flowing ionic liquid at room
temperature are called room temperature ionic liquids (RTILs).

The great interest for such compounds relies on the fact that they posses several
attractive properties such as negligible vapor pressure, chemical and thermal stability,
non-flammability, high ionic conductivity, wide electrochemical potential window and
moreover the ability to act as catalysts. In addition, many of their physicochemical
properties are changed substantially by variation of the cation and the anion; thus, they
are “tunable” to the desired reaction. For this reason, they have been referred to as

¢ : 25
“designer solvents’’.

1.1.3 Brief history of Ionic Liquids

The history of ionic liquids began in 1914; Walden reported the first synthesis of
room temperature molten salt (i. e., ethylammonium nitrate salt).”® He reported the
physical properties of ethylammonium nitrate, [EtNH3]NOs, which has a melting point of
8 °C, formed by the reaction of ethylamine with concentrated nitric acid. This salt is

liquid at room temperature; but usually it contains a small amount of water (200-600

ppm).
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Hurley and Weir*’ have developed the first ionic liquid with chloroaluminate ions
such as ethyl pyridinium bromide/AICl; for their use in electroplating aluminium in 1948
at the Rice Institute. It was prepared by mixing and warming 1-ethylpyridinium bromide
with aluminum chloride (AICls). The use of chloroaluminate ionic liquids as electrolyte
attracted interest from both fundamental and applied research. In 1967, Swain et al.
described the use of tetra-n-hexylammonium benzoate as a solvent for kinetic and
electrochemical investigation.”® Room temperature ionic liquids (RTILs) were more
popular in general audience with the reopening of development in this area by the groups
of Osteryoung et al.*® and Hussey er al.” in 1970s and 1980s respectively. They carried
out extensive research on organic chloride-aluminium chloride room temperature ionic
liquids and the first major review on room temperature ionic liquids was written by
Hussey.”' The ionic liquids based on AICl; can be regarded as the first generation of ionic
liquids.

The first report in which ionic liquids were described as new reaction media and
catalyst for Friedel-Crafts reaction in 1986.%% In 1990, the use of ionic liquids as solvents
for homogeneous transition metal catalysts was described for the first time by Chauvin ef
al., who reported the dimerisation of propene by nickel complexes dissolved in acidic
chloroaluminate melts® and Osteryoung ef al. reported the polymerization of ethylene by
Ziegler—Natta catalysts.>

The hygroscopic nature of AICl; based ionic liquids has delayed the progress in
their use in applications of organic reactions; since, they must be prepared and handled
under inert gas atmosphere. Thus, the synthesis of air and moisture stable ionic liquids,
which are considered as the second generation of ionic liquids, attracted further interest in
the use of ionic liquids in various fields. In 1992, Wilkes and Zaworotko> reported the
first air and moisture stable ionic liquids based on 1-ethyl-3-methylimidazolium cation
with either tetrafluoroborate or hexafluorophosphate as anions. Unlike the
chloroaluminate ionic liquids, these ionic liquids could be prepared and safely stored
outside of an inert atmosphere. Generally, these ionic liquids are water insensitive;
however, the exposure to moisture for a long time can cause some changes in their
physical and chemical properties. This is due to the formation of HF as a result of

decomposition of the ionic liquid in presence of water. Therefore, ionic liquids based on
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more hydrophobic anions such as trifluoromethanesulfonate (CF3;SOs ), bis-
(trifluoromethanesulfonyl)imide [(CF3SOZ)2N_] and tris-(trifluoromethanesulfonyl)
methide [(CF3;S0,);C ] have been developed.3 3% These ionic liquids have received
extensive attention not only because of their low reactivity with water but also because of
their large electrochemical windows. Usually, these ionic liquids can be well dried with
the water contents below 1 ppm under vacuum at temperatures between 100-150 °C.

Beside Osteryoung, Wilkes, Hussey and Seddon who are pioneers in the field of
ionic liquids, there are several researchers, e.g. Rogers, Welton, Wasserscheid,
MacFarlane, Ohno, Endres, Davis, Jr. Abbott, and others, who entered in this field having
a strong impact in introducing the ionic liquids in many applications.

Rogers is one of the highly cited authors in the field of ionic liquids. He has
focused on the synthesis and characterization of environmentally friendly ionic liquids as
green solvents. He has measured and published physicochemical properties of many ionic
liquids with the aim of providing data to start evaluating the use of ionic liquids in a
variety of processes. Also, he worked on the development of new materials from
cellulose utilizing ionic liquids.

Welton has published many papers dealing with the applications of ionic liquids
as solvents for synthesis and catalysis. He focuses on how the ionic liquids interact with
solute species to affect their reactivity and he works on replacing environmentally
damaging solvents with more benign alternatives. He is also the author of one of the most
cited papers,” which was cited 3307 times up to october 2010.

Wasserscheid is an active member of the ionic liquid community and focuses on
the preparation and characterization of ionic liquids for use in the biphasic catalysis. For
example, he could show that the use of hexafluorophosphate ionic liquids allows
selective, biphasic oligomerization of ethylene to 1-olefins. Together with Welton, he
edited a very important book entitled “lonic Liquids in Synthesis” which presents the
synthesis and physicochemical properties of ionic liquids as well as their use in catalysis,
polymerization, and organic and inorganic synthesis.*’

MacFarlane works on the synthesis of new air and water stable ionic liquids with
the purpose of employing such ionic liquids as indicators for sensing and displaying

environmental parameters such as humidity. This process is controlled by the color



Chapter I Section A

change of the ionic liquids where they are synthesized with either a colored cation or
anion, so that the ionic liquids themselves are sensors. Also, he has published many
papers on the use of ionic liquids in electropolymerization and in batteries.

Ohno concentrates his work on the synthesis of a series of polymerizable ionic
liquids and their polymerization to prepare a new class of ion conductive polymers. For
example, he prepared polymer electrolytes with high ionic conductivity and good
elasticity by mixing nitrite rubber [poly(acrylonitrile-cobutadiene) rubber] with the ionic
liquid N-ethylimidazolium bis(trifluoromethanesulfonyl)imide. Recently, he edited a
book titled “Electrochemical Aspects of Ionic Liquids” which introduces some basic and
advanced studies on ionic liquids in the field of electrochemistry.*'

Davis, Jr. introduced the concept of ‘‘task-specific ionic liquids’” (TSILs) in the
field of ionic liquids. TSILs are ionic liquids in which a functional group is incorporated
enabling the liquid to behave not only as a reaction medium but also as a reagent or
catalyst in some reactions or processes.*

Abbott has recently developed a range of ionic compounds, which are fluid at
room temperature. These ionic liquids are based on simple precursors such as choline
chloride (vitamin By); which is cheap and produced on a multitonne scale and hence these
ionic liquids can be applied to large scale processes for the first time. Recently, he edited
a book titled “Electrodeposition from Ionic Liquids” which introduces the applications of

ionic liquids on electrodeposition of metals.*

1.1.4 Synthesis of Ionic Liquids

Generally, the synthesis of ionic liquids consists of two major steps. In the first
step, desired cation has to be generated, usually by direct alkylation/quaternization of a
nitrogen or phosphorus atom. In the second step, the anion resulting from the alkylation
reaction can be exchanged for a different one by metathesis reaction or by direct
combination with Lewis acid or strong acid or ion-exchange resin. Since, pyridinium
based ILs has reached some kind of standard in the IL. community, because of weak
interaction between anions and cations. It possesses good thermal stability as compared
to other ammonium salts. The general and detailed synthesis of pyridinium based ionic

liquids is represented in Figure 1 and discussed further.
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Figure 1. General synthetic paths for pyridinium based ILs

Pyridinium salts with different anions are obtained by the quaternization reaction
depending upon the alkylating reagent (Step I). In case where it is not possible to obtain
pyridinium salt with required anion then the further Steps Ila and IIb (Figure 1) are
required. Two different paths are possible to replace anion formed resulting from initial
quaternization step. First is the pyridinium salts directly treated with Lewis acids, this
leads to the formation of first generation of ionic liquids of the type [RR’py][MXy.i]
(Step IIa, Figure 1). Alternatively, it is possible to exchange anion with desired anion by
addition of metal salt M[A]™ (with precipitation of M*X"), by displacement of anion by a
strong acid H'[A]™ (with evaporation of HX) or by passing over ion-exchange resin (Step

IIb, Figure 1).

1.1.5 Cations

Innovations in the field of ILs are being reported continuously in the form of

novel cation and anion combinations. The cations are generally bulky, unsymmetrical



ammonium or phosphonium salts, or heteroaromatics, with low symmetry, weak
intermolecular interactions and lower charge densities. Those described in the literature
are based on tetraalkylammonium (5),** trialkylsulphonium (6)," tetraalkylphosphonium

(N,* 1,3-dialkylimidazolium (8)," N-alkylpyridinium (9),"® N,N-dialkylpyrazolium
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(10),” N-alkylthiazolium (11),”° N,N-dialkyloxazonium (12),”' N,N-dialkyltriazolium
(13),>* S-alkylthiolanium (14),> organic polycations such as (15)°* and (27),>> Warner’s
chiral cation (16),”® highly fluorinated phosphonium (17),”” cyclic hexaalkylguanidinium
(18),”® Wasserscheid’s chiral cations (19, 20 and 21),” cholinium (22),% isoquinolinium
(23),°" dimeric imidazolium (24),> N,N-dialkylpyrrolidinium (25),% sulfonium (26) *
and pyrrolidonium (28)*° (Figure 2).

Besides organic cations based ionic liquids, lithium salts are increasingly being
developed particularly for secondary batteries and for storage of energy. They have often
lower lattice energy and therefore, lower melting points than their neighboring elements
in the periodic table. As an example the mixture of LiCl and EtCl, gives a liquid, on a

large range of composition, at temperatures lower than 0 °C.%

1.1.6 Anions

The anion chemistry has a large influence on the properties of IL. The most
commonly employed IL anions are polyatomic inorganic species. The introduction of
different anions has become more popular as an increasing number of alternatives are
being discovered. In the future, list of cations and anions will be extended to a nearly
limitless number. Various combinations of cations and anions have provided finely
designed ionic liquids for different applications. Various anions reported in the literature

are listed in Table 1.

Table 1. A list of some anions in ILs and their references

Sr. No. Anions Ref. Sr.No. Anions Ref.
1 AuCly 67 18 AlCl, 76
2 CF;OCF,CF,BF; [TFSA] 68 19 ZnCl; 40
3 HBr; 69 20 CuCl, 40
4 H,Br; 69 21 SnCl; 40
5 Br; 70 22 N(EtSO) 40
6 SbF; 72 23 N(FSO,) 77
7 CH;CO; 35 24 C(CF5S0,)3 77
8 NO3 35 25 CH3SO03 40

11
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9 NO; 35 26 N(CN), 78
10 CFsS0; 36 27 halides 79
11 (CF3S0,),N [NTH,] 71 28 ALCl, 40
12 CF:CO, 36 29 Al;Clyp 40
13 B(Et;Hex) 73 30 Au,Cly 40
14 OTs 74 31 Fe,Ci7 40
15 Carborane anion 75 32 SboFry 40
16 BF, 35 33 (Glycerol)borate anion 80
17 PFs 81 34 HSO,4 82

1.1.7 Purity of ionic liquids

The physico-chemical properties of ionic liquids can change by the presence of
impurities arising from their preparation.® Purity of ILs is a major factor, when using ILs
as reaction media, especially for transition metal catalysis. Although, a very few reports
are available on “distillable ionic liquid”,84 in most of these reported methods neither the
ILs were distilled nor they were recrystallized. Also, the purification of ILs via column
chromatography is tricky. As a consequence, once the ILs has formed in the course of the
synthesis, purification can become a nuisance. The main contaminations in ILs are halide
anions, organic bases that are generally produced from unreacted starting material and
water.”> A colorimetric method has been recently developed to determine the level of
unreacted alkyl imidazole (<0.2 mol%) in the ionic liquid.*” Halide impurities can have a
detrimental effect on transition metal catalyzed reactions. Halide impurities can be
removed by washing of ILs with water and also by titration with AgBF4 which can also
be, of course quite expensive and may lead to silver impurities in ILs. Alternatively,
methods of preparations have been proposed to avoid the use of halide containing starting
materials.

Gallo et al.®

have systematically studied the influence of halide impurities on
catalytic Michael addition reactions. They have found that the system is strongly
sensitive to the amount of halides present in the ILs, inhibiting the activity of the
transition metal catalyst. Furthermore, the total amount of halide impurities in different

IL batches is variable even if the same synthetic protocol is followed. For a palladium-

12
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catalyzed copolymerization of styrene and carbon monoxide, Klingshirn e al.*’ came to
the same conclusions. Daguenet and Dyson® explained this fact as a consequence of the
extremely weak interactions between the halide anion and the imidazolium cation,
through which the dissociation of the halide from a transition metal complex can become
thermodynamically disfavored in ILs.

The second major purity problem is “color.” Most ILs are colorless in pure form,
but in reality, they are more likely to be pale yellow to dark orange. The origin of this is
still somewhat unclear, since these (often trace) impurities are not detectable via NMR or
IR spectroscopy. Most likely, the color is due to degradation of the starting material. By
taking some precautions, colourless ILs can be obtained by (1) using freshly distilled
starting material for the synthesis; (2) performing the alkylation step at the most modest
temperatures possible (i.e., avoiding overheating) under a protective atmosphere, and (3)
by cleaning the final IL product through stirring with activated charcoal.”

The third issue regarding the purity is the amount of water present in the ILs. This
is not only a problem for running reactions with water-sensitive compounds, but the
amount of water can change the physical properties of an IL dramatically.”’ Therefore, it
is always advisable to dry ILs at elevated temperature in high vacuum with vigorous
stirring overnight before using them. Stirring is crucial here because of high viscosities
and because the water desorption takes place only via the surface of the liquid phase. In
critical cases, the amount of water present can additionally be checked by IR
spectroscopy " or, of course, by standard Karl Fischer titration. In some cases, e.g. PFs
based salts; traces of water can generate the decomposition of the anion and the formation
of HF. Organic solvents are usually purified by distillation before use, this method is not
suitable to clean up ionic liquids, due to their non-volatile nature. Due to these reasons,

the highest purity possible must be attained during synthesis itself.

1.1.8 Physicochemical properties of ILs

A fundamental understanding must be established for the chemical and physical
properties of new solvent before incorporation into an industrial application. Optimal
physical properties would include low viscosity to facilitate mixing and a large density

difference in comparison to other process fluids to hasten phase separation. Chemically,

13



Chapter I Section A

the solvent would have a high capacity for the solute. To encourage widespread use of the
solvent, it would be inexpensive to produce, recyclable, and robust solvents to endure
various processing environments.

The physical properties such as melting point, boiling point, density, surface
tension and viscosity are related to the mechanics and engineering components associated
with a process. For example, density, viscosity and surface tension will determine
important parameters including rates of liquid-liquid phase separation, mass transfer,
power requirements of mixing and pumping. Other physical properties, such as refractive
index are related to certain chemical properties despite providing a bulk property
description. Chemical properties such as the structuredness, polarity, and relative
hydrogen bonding, donating and accepting ability are more obviously related to the
molecular chemistry of their application.”’ Due to intermolecular interactions, these
parameters measure, these chemical properties are believed to play a major role in
determining solubilities, partition constants, and reaction rates.

The physico-chemical properties of ILs can be varied by the selection of suitable
cations and anions. Thus their properties can be adjusted to suit the requirements of a
particular process. Because of this reason, the ILs has been referred to as “designer”
solvents.

Thus, it is necessary to understand how the physico-chemical properties of ionic
liquids are able to affect organic reactivity as well as how they depend upon their
structural features. This will be illustrated on the basis of a few selected examples which

are as follows:

1.1.8.1 Melting point

The most important property of the IL is the melting point. The melting point of
IL lies below 100 °C. With a given cation the choice of anion has a strong effect on the
melting point.92 The coordinating and hydrophilic anions like halides lead to high melting
points, whereas weakly coordinating and hydrophobic anions result in low melting
points. Also increase in size of the anion with same charge leads to a decrease in melting

points (Table 2).
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Both cations and anions contribute to the low melting points of the ILs. Cation
size and symmetry make an important impact on the melting points of ILs. Symmetrically
substituted cations can crystallize easily and therefore often lead to ionic solids with high
melting point. Low symmetry in substitution can prevent easy crystallization, resulting in
low melting points.

Table 2. Influence of different anions on the melting point of pyridinium and

imidazolium salts.

Entry Pyridinium/Imidazolium MP (°C) Ref.
salts
1 [EMIm][CI] 87 30°
2 [EMIm][NO:] 55 34
3 [EMIm][NOs] 38 34
4 [EMIm][BF4] 15 30c
5 [EMIm][PF¢] 62 30c
6 [EMIm][(CFs;SO,),N] -3 30c
7 [BMPy][N(CN):] 5 93
8 [BMPy][PF¢] 42 94
9 [BPy][CI] 130-131 95
10 [BPy][Br] 105 96
11 [BPy][BF4] 15 97
12 [HPy][Br] 46 a
13 [HPy][NTf] 0 96
14 [EPy][Cl] 116-118 95
15 [EPy]Br] 117-121 b
16 [EPy][PF¢] 103 98
17 [BPy][PF¢] 71-73 98
18 [HPy][PFs] 42 98
19 [OPy][PFs] 65 98
20 [HDPy][PFs] 117-119 98
21 [BnPy][PFs] 103 98

*Merck Chemical Company, "Acros Organics
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By variation of the alkyl chain length in the cation, fine-tuning of the melting
point can be achieved. Longer the alkyl chain, lower is the melting point, but only up to a
certain extent (rule of thumb for pyridinium cations: Cg gives the lowest melting points)
(Table 3, entry 3).”* Beyond that, prolongation of the alkyl chain raises the melting point
again. In addition to this, a good distribution of charge in cation and weak intermolecular
interaction such as weak hydrogen bonding are also responsible for the lowering of
melting points of ILs. Comparison of the melting points of different salts clearly illustrate
that, cation size, symmetry, charge distribution and alkyl chain length affects the melting

points of ILs (Table 3).

Table 3. Melting points of various salts.

Entry Salts Melting point (°C)

1 NaCl 803

2 KCl 772

3 [OPy]Br 28-30

4 [DPy]Br 30-32

5 [DDPy]|Br 73-75

6 [TDPy|Br 58-60

7 [HDPy]Br 63

8 [ODPy]|Br 65-67

9 [Epy]Br 73-75

10 [MMIm]CI 125

11 [EMIm]CI 87

12 [BMIm]CI 65
1.1.8.2 Viscosity

Viscosity is a key property of ionic liquids. Ionic liquids tend to have higher
viscosities than conventional solvents, but the value of the viscosity varies tremendously
with chemical structure, composition, temperature and the presence of solutes of
impurities. Viscosities are ranging from 10 mPa-s to about 500 mPa-s at room

temperature A high viscosity may produce a reduction in the rate of many organic
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reactions and a reduction in the diffusion rate of the redox species. Current research for
new and more versatile IL is driven, in part, by the need for materials with low viscosity.
The viscosity of ILs is determined by van der Waals forces and hydrogen bonding. In n-
butylmethylimidazolium IL, when triflate anion was displaced with (n-C4FoSO3) ion and
from the trifluoroacetate ion to (n-C3H,COO) ions. Comparison of the viscosities of
[BMIm]CF;SO; with [BMIm](CF3SOz)2N_, reveals a lower viscosity despite stronger
van der Waals interactions for ILs with (CF3SOz)2N_ ion as shown in Table 4. In this
case, the complete suppression of hydrogen bonding over compensates for the expected
increase in viscosity. Electrostatic forces may also play an important role. Alkyl chain
lengthening in the cation and fluorination in the cation/anion leads to an increase in
viscosity.” This is due to stronger van der Waals forces between cations leading to
increase in the energy required for molecular motion. Also, the ability of anions to form

hydrogen bonding has a pronounced effect on viscosity.

Table 4. Viscosity of different pyridinium and imidazolium based ILs at 25 °C.

Entry Ionic Liquid Viscosity (mPa-s)
1 [BMPy][NT] 63
2 [HMPy][NTf] 85
3 [OMPy][NT3] 112
4 [BMIm][CF;SOs] 90
5 [BMIm][n-C4F9SOs3] 373
6 [BMIm][CF;CO,] 73
7 [BMIm][n-C5F,CO;] 182
8 [BMIm][PF] 450
9 [BMIm][BF4] 233
10 [BMIm][NTf] 52
11 [BPy][BF4] 66
12 [BPy][NTHf;] 35
13 [HPy][NTf] 48
14 [OPy][NTf] 63
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The fluorinated anions such as NTf, and PFs form viscous ionic liquids due to
the formation of hydrogen bonding. In general, all ionic liquids show a significant
decrease in viscosity as the temperature increases.'” As is evident from Table 4,
viscosity increases with increasing alkyl chain length, also fluorination in anions causes
increases in viscosity. Strength of hydrogen bonding decreases in the order [PFs] >[BF4]

>[NTf,] which results in decrease in viscosity.

1.1.8.3 Density

Density is one of the basic and important physical properties of ILs. In general, IL

is denser than water with values ranging from 1 to 1.6 g cm”.

Table 5. Densities of pyridinium and imidazolium salt of ILs at 25 °C

Entry Ionic Liquids Density (g/ml)
1 [BPy][BF.] 1.22
2 [HPy][BF4] 1.16
3 [BMPy][BF4] 1.18
4 [BMPy][OTf] 1.28
5 [BMPy][N(CN):] 1.05
6 [BMIm][C]] 1.08
7 [HMIm][CI] 1.03
8 [OMIm][CI] 1.00
9 [BMIm][I] 1.44
10 [BMIm][BF4] 1.12
11 [BMIm][PFs] 1.36
12 [BMIm][Tf;N] 1.43
13 [BMIm][CF;CO,] 1.209
14 [BMIm][CF;SOs] 1.29

The density of an ionic liquid depends on the length and type of substituents in

the cation, and also on the kind of the anion as shown in Table 5. The molar mass of the

1

anion,'*' alkyl chain length and bulkiness in the cation significantly affects the overall
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density of ILs. The density of ionic liquid is also temperature dependent. As temperature
changes from 293 to 313 K, the density of [BMIm][BF,] decreases linearly as the

. 1
temperature increases.’

1.1.8.4 Vapor pressure and thermal stability

These are unique properties of ionic liquids. They have negligible vapor pressure.
This is a great advantage from a process engineering viewpoint, since separation by
distillation of a reaction mixture becomes more effective as a method of product
isolation. The well-known problem of azeotrope formation between the solvent and the
products does not arise.

The thermal stability of ionic liquids is limited by the strength of their
heteroatom-carbon and their heteroatom-hydrogen bonds, respectively. lonic liquids are
synthesized by direct protonation of an amine or phosphane. In general, most of ILs have
high thermal stability, the decomposition temperature reported in the literature are

generally <400 °C, with minimal vapor pressure below their decomposition temperature.

Table 6. Thermal decomposition temperature for different ILs

Entry Ionic Liquid Decomposition temp. (°C)
1 [EPy]Br 268 10
2 [PPy]Br 259

3 [BPy|Br 237

4 [HPy]Br 238

5 [OPy]Br 236

6 [OMPy]Br 233

7 [OMPy]|BF, 374

8 [OMPy]TEN 394

9 [BMPy]|Br 235

10 [BMPy|BF, 364

11 [BMPy]|Tf,N 397

12 [EPy]EtSO, 303

13 [EMPy]EtSO4 281
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Recently, TGA of pyridinium salts have been described and noted that the thermal
decomposition is heavily dependent on the salt structure. It indicates that the experiments
performed under N, or air produces the same results. The onset of thermal decomposition
is nearly similar for the different cations but appears to decrease as the anion
hydrophilicity increases. It has been suggested that the stability dependence on the anion
is [PF¢]” >[NTH]” ~[BF4]‘>ha11ides.99 Halide anions dramatically reduce the thermal
stability with the onset of decomposition occurring at least 100 °C below the
corresponding ILs with non-halide anions. An increase in cation size from 1-ethyl to 1-

octyl, [EPy] to [OPy], does not appear to have a large effect as shown in Table 6.

1.1.8.5 Polarity

Polarity is a key feature of a liquid. For molecular solvents, this is commonly
recorded as the ‘polarity’ of the pure liquid, and is generally expressed by its dielectric
constant. Actually, this scale is unable to provide adequate correlations with many
experimental data and the quantitative characterization of the ‘solvent polarity’.

Empirical polarity parameter scales were described by observing the effect of the
solvent on solvent-dependent processes, such as the rate of chemical reactions, the

absorption of light by solvatochromic dyes and partition methods.'”

These approaches
have been applied to ILs, both solvatochromic and fluorescent dyes, and also partition
coefficients. They have been utilized to determine the polarity of these new solvents.

ILs-solvatochromic probe interactions: The solvatochromic probes are
generally easy to perform, and they may be convenient if the interpretation is carefully
considered. Generally, each probe is sensitive to a particular kind of interaction
(hydrogen bonding, dipolarity/polarizability, etc.); but solvent polarity arises from the
sum of all possible intermolecular interactions, and therefore different probes can give
different polarity scales.

Neutral probes: Nile red and aminophthalimides. The first experiment using a
solvatochromic dye, in particular Nile red (Fig. 3), was carried out by Carmichael and
Seddon'® on a series of 1-alkyl-3-methylimidazolium ILs. The visible absorption band

for Nile red displays one of the largest solvatochromic shifts known. This probe is most

likely sensitive to changes in solvent dipolarity/polarizability, although exactly which
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factors dominate the shift in its absorption maximum is unclear. The values found for a
number of 1-alkyl-3-methylimidazolium ILs shows that the polarity of these salts is

comparable to that of short-chain alcohols.'®

g 0
N

~

N 0 0 N

/ A ©
29 30

Nile red 30aAP:R =H
30b DAP: R = Me

Figure 3. Solvatochromoc dyes

The data on polarity obtained using other neutral solvatochromic dyes show some
variability. For example, a different polarity trend has been found when two fluorescent
neutral probes, 4-aminophthalimide (AP) 30a and N, N’-dimethyl-4-aminophthalimide
(DAP) 30b (Fig. 3) have been used with a series of ILs.'” According to these latter
probes, pyridinium salts is more polar than acetonitrile and less polar than methanol. The
pyridinium salts are less polar than imidazolium salts.

Ex@30) values: The most widely used empirical scale of polarity is the Er3) scale,
where Er(3) (in kcal mol™; 1 kcal = 4.184 kJ) = 28 592/Amax (in nm) and Ay.x 1S the
wavelength maximum of the lowest energy m-m* absorption band of the zwitterionic
Reichardt’s dye. Often a normalized scale of Et(o) polarity, Ex', obtained by assigning

water the value of 1.0 and tetramethylsilane zero, is used.

=
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Figure 4. Reichardt’s dye
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Because of its structure (Fig. 4), the solvatochromic shift of this probe is strongly
affected by the hydrogen-bond donor ability of the solvent, which stabilizes the ground
state more than the excited state. The Et(30) scale is therefore largely, but not exclusively,
a measure of hydrogen-bonding acidity of the solvent system. The Ex" values of several

ILs are reported in Table 7.

Table 7. ENT values of several ILs

Entry Pyridinium salts Ex' Ref.
1 [PPy][BF4] 0.661 107
2 [BPy][BF.] 0.639 107
3 [BPy][NTf] 0.648 107
4 [OPy][NTf] 0.588 108
5 [PMPy][BF,] 0.670 107
6 [BMPy][BF4] 0.630 107
7 [BMPy][NT5] 0.588 108
8 [OMPy][NT1;] 0.576 108

1.1.8.6 Solubility in water

The hydrophilic/hydrophobic behavior of IL is important for the solvation
properties. It is necessary to dissolve reactants, but it is also relevant for the recovery of
products by solvent extraction. Furthermore, the water content of ILs can affect the rates
and selectivity of reactions. The solubility of ILs in water is an important factor for the
industrial application of these solvents. Extensive data are available on the miscibility of
pyridinium ILs with water. The solubility of these ILs in water depends on the nature of
the anion, temperature and the length of the alkyl chain on the pyridinium cation. The ILs
which is not water soluble tends to adsorb water from the atmosphere. On the basis of IR
studies, water molecules absorbed from the air are mostly present in the free state.*” It has
been bonded via H-bonding with [PF¢],” [BF4],” [SbF¢],” [HSO4],” [ClO4],” [CF;SOs3]”
and [NTf,]” with a concentration of the dissolved water in the range 0.2-1.0 mol dm.”

Most of the water molecules should exist in symmetrical 1:2 type H-bonded complexes:
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anion...HOH...anion. The strength of H-bonding between anion and water increases in

the order [PFs]” < [SbFs]™ < [BF4]™ <[NTf,]” < [ClO4]” <[NO3]™ < [CF;CO,]".

1.1.8.7 Surface tension

Surface tension may be an important property in multiphase processes. ILs are
widely used in transition metal catalyzed reactions, carried out under multiphase
conditions. The reactions are occurring at the interface between the IL and the overlying
organic phase. These reactions should therefore be dependent on the access of the catalyst
to the surface and on the transfer of the material across the interface, i.e. the rates of these
processes depend on surface tension.

In general, liquid/air surface tension values for ILs are somewhat higher than
those for conventional solvents [(3.3-5.7) x10™ N cm™]. Surface tension values vary with

temperature and affected by the alkyl chain length.

1.1.8.8 Conductivity

ILs has good ionic conductivities compared with those of conventional
solvents/electrolyte systems (up to ~10 mS cm™). At elevated temperatures of e.g. 200 °C
a conductivity of 0.1 Q' cm™ can be achieved for some systems. However, at room
temperature their conductivities are usually lower than those of concentrated aqueous
electrolytes. Based on the fact that ionic liquids are composed solely of ions, it would be
expected that ionic liquids have high conductivities. The conductivity of any solution
depends not only on the number of charge carriers but also on their mobility. The large
constituent ions of ionic liquids reduce the ion mobility which, in turn, leads to lower
conductivities. Furthermore, ion pair formation and/or ion aggregation lead to reduced
conductivity. The conductivity of ionic liquids is inversely linked to their viscosity.
Hence, ionic liquids of higher viscosity exhibit lower conductivity. Increasing the

temperature increases conductivity and lowers viscosity.

1.1.8.9 Electrochemical window
The electrochemical window is an important property and plays a key role in

using ionic liquids in electro-deposition of metals and semiconductors. The
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electrochemical window is defined as the electrochemical potential range over which the

electrolyte is neither reduced nor oxidized at an electrode. This value determines the

electrochemical stability of solvents. The electro-deposition of elements and compounds

in water is limited by its low electrochemical window of only about 1.2 V. On the

contrary, ionic liquids have significantly larger electrochemical windows. In general, the

wide electrochemical windows of ionic liquids have opened the door to electro-deposit

metals and semiconductors at room temperature which were formerly obtained only from

high temperature molten salts.

1.1.9 Salient features of ILs, which makes so attractive:

10.

11.
12.

Some of the salient features of ILs are as follows:
They show low or negligible vapor pressure and non-flammable.
They have high thermal stability.
They serve as a good medium to solubilize gases such as H,, CO, O, and CO;, and
many reactions are now being performed using ionic liquids and supercritical COs,.
Their ionic character enhances the reaction rates to a great extent in many reactions
including microwave assisted and ultrasound promoted organic synthesis.
Their ability to dissolve a wide range of inorganic, organic, organometallic
compounds and even polymeric materials.
Highly polar yet non-coordinating solvents.
Most of the ionic liquids may be stored without decomposition for a long period of
time.
They exhibit Brgnsted, Lewis and Franklin acidity, as well as superacidity.
They are immiscible with a number of organic solvents and provide a non-aqueous,
polar alternative for two-phase systems. Hydrophobic ionic liquids can also be used
as immiscible polar phases with water.
Because of their non-volatile nature, products could be easily isolated by vacuum
distillation, leaving behind the IL pure enough for recycling after the reaction.
They are relatively cheap, and easy to prepare.
ILs may be termed as “designer” and ‘neoteric’ solvents since their properties can be

adjusted to suit for the particular process by changing anion/cation or both.
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1.1.10 Applications of ionic liquids

Ionic liquid is a wide concept in modern synthetic organic chemistry. Recently,
ILs has been generating enormous interest in organic synthesis due to their unique
properties, in combination with their tunability. Applications of ILs are concentrated in
two directions: 1. to replace organic solvents with ionic liquids; due to their unique
solvent properties and 2. to replace liquid acid with ionic liquid due to their variable
acidity. The former applications include Diel-Alder reaction, Heck reaction and Morita—
Baylis—Hillman reaction, while the latter include coupling reactions and Friedel-Crafts
reactions. ILs are widely used in organic synthesis especially in transition metal catalyzed
reaction as reaction media, reagent or catalyst. In most of the cases, ILs enhance rate of
reactions, yields, selectivities in comparison to conventional organic solvents. Some of

the applications of ionic liquids as solvent and catalyst are recorded in Table 8.

Table 8. Examples of applications of ionic liquids as solvent and catalyst

Reaction Nature of the ILs Catalyst Ref.
Diels-Alder reaction [EtPy][BF4], - 109
[EtPy][CF;COO]
[MePy][OTI] Er(OTf);3 110
[BuPy][CIJ/AIC]; - 111
Diels-Alder cycloaddition ~ [PrPy]Br - 112
Intramolecular Diels-Alder [BuPy][BF.], - 113
reaction [BuPy][NTf],
[HePy][NT]
Morita—Baylis—Hillman [EtPy][BF4], DABCO or HMTA 114
reaction [BuPy][NOs]
Heck reaction [HePy][BF.], Pd(OAc),, base 115
[HePy][ClI] PdCl,
[BuPy][BF4] Pd 116
Three-component [BuPy][BF.] - 117
condensation
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Knoevenagel condensation

Synthesis of peptide

Bromination reaction

Arylation
Acylation of f-D glucose

Reduction of aldehydes and
ketones

Cycloaddition of CO; to
butyl glycidyl ether

Beckmann rearrangement
Aromatic benzoylation
Fisher Indole synthesis

Friedel-crafts alkylation

Friedel-Crafts acylation

Friedel-crafts reaction
Alkylation reactions
Vinyl acetate
hydroformylation
Etherification

Michael Reaction

Copolymerization of
styrene and CO
Hydrosilylation of styrene

[BuPy][NOs]
[BuPy][CI]-AICI;
[EFPy][BF4]
[BMPy][Brs3]
[PrPy][Br3
[EtPy][Tf]
[BuPy][BF4],
[PrPy][BF4]
[BuPy][BF4]

[BuPy][BF4]
[BuPy][CI)/AICI;
[BuPy][CI)/AIC];
[EtPy][BF.],
[EtPy][CF;COO]
[EtPy][BF.],
[EtPy][CF;COO]
[BuPy][Cl]-AICl;
[BuPy][BF4]

[BuPy][N(SO,CF53),]

[BMPy][Br]
[BMPy][BF,]
[BMPy][N(CN),]
[HePy][NTH]

[EtPy][PF],
[BuPy][PF],
[HePy][PF],

NH4AC

base

CAL-B

NaBH4

[BuPy][Cl]

POC13 or PC15

FeCls

[BuPy][Cl]-AICl;

Rh(CO),(acac)

[BMPy][Br]
PTC
Organocatalyst
(bipy)Pd(OAc),

Rh(PPh3);Cl

118
119
120
121
122
123
124

125

126

127
128
129
130

131

132
133
134

95
135
136
137

98
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[OctPy][PFe],
[HeDePy][PF;],
[BnPy][PFe]
Demethylation [PyH][C]] - 138
Suzuki cross-coupling [CsCNPy][NT;], Pd complex 139
[BuPy][NTf]
Stille coupling [C3CNPy][NTH,], Pd complex 139
[BuPy][N(SOCF5).]
Sonogashira reaction [BuPy][BF.], Pd(OAc),, 140
[BuPy][PFj], PdCL
[BuPy][NO;]
[BMPy]BF, Pd complex 141
Mizoroki—-Heck reactions [BMPy]BF, Pd complex 141
Fischer esterification [Py][CH3SOs3], - 142

[Pyl[p-TSA]

Esterification [PSPy][HSO4] [PSPy][HSO4] 143
[Bupy][HSO4] [Bupy][HSO4] 144
[PSPy][BF.], [PSPy][BF.], 145
[PSPy][HSO4], [PSPy][HSO4],
[PSPy][HPOy4], [PSPy][HPOy4],
[PSPy][p-TSA] [PSPy][p-TSA]
[Etpy][CF;CO,] [Etpy][CF;CO,] 146

Synthesis of 1,5- [Bupy][HSO4] [Bupy][HSO4] 147

Benzodiazepine

Aromatic nitration [BMPy][NTf,] - 148

Kinetic resolution of amino  [Etpy][CFzCO;] - 149

acid esters

Iodination of arenes [BuPy][BF,] F-TEDA-BF, 150
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1.1.11 Task Specific Ionic Liquids [TSILs]

Task-specific ionic liquids (TSILs) may be defined as ionic liquids in which a
functional group is covalently tethered to the cation or anion (or both) of the ILs. These
ILs can act as reagents or catalysts in organic reactions. Recently, many attempts have
been made to explore functional ionic liquids through incorporation of additional
functional groups as a part of the cation and/or anion. Recently, various types of *‘task-
specific ionic liquids’” (TSILs) have been designed and synthesized for specific purposes
such as catalysis, organic synthesis, separation of specific materials as well as for the
construction of nanostructure materials and ion conductive materials etc.'”' Many of them
were focused on the incorporation of functionality into a branch appended to the cation,

especially pyridinium cation (Fig. 5)."*®

_ COCH
2N~ -SO3H N HSO,
32 f
32a: [PSPy][BF,], X = BF, %

32b: [PSPy][H,POy], X = HoPO,
32c: [PSPy][HSO,], X = HSO,
32d: [PSPy][p-TSA], X = p-CH3CgH4SO5

Figure 5. Task specific ionic liquids

It is well known that polar compounds or compounds containing strong proton
donor functionality (such as phenols, carboxylic acids, diols as well as ionised
compounds) interact strongly with ILs.** Compounds such as ketones, aldehydes and
esters with weak proton donor/accepter functionality interact with ILs through induced
ion dipole or weak van der Walls interactions.*’

The pyridinium salts are defined as TSILs when they have the following features:
(1) ionic liquids in which a functional group is covalently tethered to the cation or anion
(or both) of the pyridinium salts, which behave not only as a reaction medium but also as
a reagent or catalyst; (ii) A conventional ionic liquid solution of a functionalized

pyridinium salt, which is not a liquid form at ambient temperature. It could also be
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defined as a TSIL since the functionalized pyridinium salt become integral elements of

the overall ionic liquid solution and can introduce a functional group into the liquid.

1.1.12 Chiral Ionic Liquids [CILs]

Chiral ionic liquids present the most complex application area of ionic liquids.
Chirality in solvent is hard to achieve with simple molecular solvents, but it is an issue
with complex liquids. There are few review articles which discuss chirality in the cations
and the anions in the ionic liquid."* In addition very few review articles reported on the
applications of chiral ionic liquids in organic reactions.'> Tt is speculated that a high
molecular order might have a beneficial effect on asymmetric induction in ILs compared
to the traditional solvent systems. There are no real evidence to support that chirality in

solvent would induce asymmetry in reactions.
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Figure 6. Representative examples of some of the chiral ILs
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If an ionic liquid has a free hydroxy group it is possible to lock the reactant in
certain conformation around the IL. The free hydroxy would act as a chiral catalyst which
is built into the solvent."

In the first report chiral ionic liquid lactate is used as anion. This still remains one
of the few examples where chirality is induced in an anion.'”

Some chiral pyridinium and imidazolium cations have also been used as a cation
in chiral ILs (Fig. 6). Asymmetry in pyridinium salts has been in the alkyl-chain attached
to nitrogen (Menthyl group). Chiral pyridinium derivatives could be constructed so that
pyridinium is part of the bigger ring system.

Chiral ionic liquids are quite attractive for their potential application to chiral
discrimination including asymmetric synthesis and optical resolution of racemates. Novel
chiral ionic liquids, directly derived from the ‘chiral pool’, have been synthesized and are
interesting solvents for enantioselective reactions and useful in chiral separation
techniques.” Some representative examples are shown in Fig. 6.

Due to their ease of synthesis and their peculiar properties, these new chiral
solvents should play a central role in enantioselective organic synthesis and hopefully
expand the scope of chiral solvents. Most reports deal with the synthesis and properties of

the new chiral ILs and only a few deals with their application in organic reactions.'™

1.1.13 Supported ionic liquids (SILs)

Supported ionic liquid catalysis (SILC) is a concept which combines the
advantages of ionic liquids with those of heterogeneous support materials.””® In a very
early example of supported ionic liquid catalysis an eutectic mixture of palladium
chloride/copper chloride was supported on a porous silica gel and investigated for the
partial oxidation of olefin (Wacker catalysis). Although the melting point of this
supported molten salt (423 K) was slightly higher than of room temperature ionic liquids.
The potential of such supported ionic systems was recognized thereby contributing to
their further exploration. Furthermore the related field of supported aqueous phase
catalysis was investigated at the same time and further helped to advance the area of

supported catalysis.
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The first supported Lewis acidic ionic liquid systems were prepared and explored
for catalysis applications.”® A solid support material was impregnated with a pre-formed
ionic liquid which was also the catalytically active species. Most commonly these ionic
liquids consisted of aluminum chloride derivatives and were largely tested for Friedel-
Crafts reactions."’ Although, most of the research focused on alkylation reaction; some
work was also carried out to evaluate the acylation of arene complexes.'”®

When a substantial amount of an ionic liquid is immobilized on a porous solid
support material, the formation of multiple layers of free ionic liquid on the carrier may
act as an inert reaction phase to dissolve various homogeneous catalysts. Although such
supported ionic liquid-phase (SILP) catalysts appear as solids, the active species
dissolved in the ionic liquid phase on the support maintain the attractive features of ionic
liquid homogeneous catalysts such as, e.g. high specificity and dispersion of molecular

entities. A schematic diagram of SILP hydroformylation catalyst is as shown in Figure 7.
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Figure 7. Schematic drawing of a supported ionic liquid-phase (SILP) catalyst.

By supporting ionic liquids, the required amount of the ionic phase can be
significantly reduced and it opens the possibility to use fixed-bed reactor systems. Due to

the low volatility of the ionic liquids these supported catalysts are especially attractive for
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gas-phase reactions. Furthermore by using structured supports like membranes or large
pore-size zeolites, novel catalyst systems can be designed and prepared which combine
the advantages of homogeneous and heterogeneous catalysis. The recent advances in
supported ionic liquid catalysis have showed a tremendous potential and will help to
accelerate their introduction into commercial processes. Some of the supported ionic

liquid catalysis is as shown in Fig. 8.

NI [\ o)
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Figure 8. Representative examples of SILCs

1.1.14 Biodegradability of ionic liquids

The physicochemical properties of ionic liquids have been studied intensively
since their discovery. Diverse modifications of cations and anions have provided ionic
liquids with desired properties for many technical applications."” Yet, the design of an
ionic liquid with suitable properties for a specific application in view is not enough and
more attention needs to be paid to the total life-cycle impacts of ionic liquids. Studies on
the biodegradation of ionic liquids and their potential accumulation in the environment
have begun only recently.'® Degradation of organic compounds can be either aerobic or
anaerobic. In both processes micro-organisms require a source of nitrogen and other
essential nutrients in order to decompose an organic substrate into carbon dioxide and
water. A difference of the processes is that an aerobic treatment requires a source of

. . 3+.3
oxygen and an anaerobic treatment requires an electron acceptor such as Fe’™°,

1.1.15 Recycling of ionic liquids
Environmental considerations require the recovery of ionic liquids after their use.
Ionic liquids are quite expensive, and hence their recycling is also necessary due to

economic reasons. A review by Olivier-Bourbigou and Magna indicates that ILs have
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been successfully recycled in many reactions.'®" Several procedures for recycling ionic
liquids have been reported, and the efficiency of the recycling varies from poor to very
good recovery.

Recyclability requires rates and yields to be maintained at a reasonable level after
repeated reactions. In particular, reactions containing a transition metal catalyst
immobilized into the ionic liquid of a biphasic reaction system have proved to be
recyclable. Generally, recycling is based on the non-volatile nature of ionic liquids and
the solubility differences between ionic liquids, organic compounds and water. Products
can be extracted from ionic liquids with a non-polar solvent or they can be separated by
distillation. A water immiscible ionic liquid can be washed with water to get a water

soluble product or side products out of the reaction mixture.

1.1.16 Benign ionic liquids

Until now, research on ionic liquids has mainly focused on imidazolium and
pyridinium-based ionic liquids because they have good, adjustable properties for many
applications and they are easy to prepare. Growing concerns about environmental issues
have led the design of ionic liquids into a direction where more attention is paid to eco-
toxicology. New anion candidates have been suggested on the basis of the first
toxicological and eco-toxicological studies. These anions form non-toxic, readily
biodegradable and water-soluble ionic liquids. Combining these anions with non-toxic,
biodegradable cations, e.g. butyryl choline, could result in new ionic liquids with benign
properties. The need remains for poorly coordinating, hydrophobic anions that could

replace commonly used fluorous anions such as [PFs] and [NTf,], until now, no

potential candidates have been discovered.

1.1.17 Summary and Conclusions

The unique physico-chemical properties of ILs should increase the clean
technology development in organic synthesis, pharmaceuticals, biocatalysis, and
biotransformation, especially in industrial catalytic processes. The possibility to adjust
the properties of ILs such as the hydrophobicity, viscosity, density, thermal stability,

polarity and solubility to suit to the particular process is one of their key advantages and
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thus they can be truly described as “designer solvents”. Their non-volatile nature enables
significant engineering advantages for distilative product separation and prevents
uncontrolled evaporation and azeotrope formation between the products and solvents. ILs
represents a unique class of new reaction media for transition metal catalysis. In majority
of cases, ILs containing the catalyst could be readily recycled. They provide the medium
for performing clean reaction with minimum waste generation and high yields and
selectivities can be obtained. Thus the use of ILs as solvents for transition metal catalysis
opens up a wide field for future investigation. ILs are not only restricted to as simple
substitutes to organic solvents as reaction media for organic reactions, but also in some
cases they can act as reagent or catalyst (task-specific ILs) and as media for immobilizing
catalyst or inducing chirality. It must be emphasized that reaction in ILs are not difficult
to perform and usually require no special apparatus or methodologies. The reactions are
often quicker and easier to carry out than in conventional solvents.

In addition to the above mentioned advantages of ILs, they have some limitations
such as in most of the cases separation of the products from the ILs usually requires
extraction with non-polar volatile organic solvents. Their high viscosity as compared to
conventional solvents make stirring and homogenization of reaction medium difficult,
which causes slow dissolution of solids reactant which results reduction in the rate of
reactions. Other drawbacks are their higher cost as compared to most commonly used
organic solvents and the ionic liquids commonly used to date are toxic in nature, which
has been proven by various toxicological data collections aimed at a wide range of
organisms. So there is a need to plan to synthesis non-toxic and environmentally friendly

ionic liquids.
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1.2.1 Introduction

In the previous section-A, description and a brief introduction of ionic liquids
is given. This includes the definition of ILs, brief history of ILs and their
characteristic physico-chemical properties. The salient features of ILs, stability of ILs,
biodegradation of ILs and applications of ILs have been thoroughly discussed. The
new concepts in ILs such as task specific ionic liquids (TSILs), supported ionic
liquids (SILs) and chiral ionic liquids (CILs) have been discussed briefly. The ionic
liquids are organic salts, invariably possessing a high degree of asymmetry that makes
packing and thus inhibits crystallization. Moreover, the ILs based upon pyridinium
cation has good thermal stability, large electrochemical window; most of them are
liquids at room temperature, low viscosity and high polarity as compared to other ILs.
Thus considering these important features of ILs based upon pyridinium cations, we
have synthesized several ILs based upon this class of cations with different anions of
varying basicity and studied their efficiency in various important organic
transformations. The inherent brgnsted acidity of pyridinium ring protons and Lewis
acidity of pyridinium nucleus arising due to positive charge delocalization prompted
us to explore their use in various organic transformations catalyzed by both Lewis and
Brgnsted acids. The permutation and combination of anions and cations can result in
numerous ILs with varied chemical and physical properties. This section deals with
the synthesis and characterization of novel ionic liquids based upon rn-alkyl-3-methyl

pyridinium cations with different anions of varying basicity.

1.2.2 Present work

A very few 1rep01rts1'6 are published on the synthesis and physiochemical
properties of pyridinium based ionic liquids, but not much effort was taken on the
synthesis of 3-methylpyridinium (i. e. f-picoline) based ionic liquids. This prompted
us to synthesize the novel ionic liquids based upon n-alkyl-3-methylpyridinium
cations. 3-Picoline is an important intermediate in the synthesis of nicotinic acid and
its derivatives, has been rarely used as a starting material for ILs. Thus, a series of n-
alkyl substituted 3-methylpyridinium salts based ILs have been synthesized with

varying anions and cations as shown in Figure 1.
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(@/CH?, o

N
R
1

X = Br, Brs, HSOg4, PFg
R = n-butyl, n-hexyl, n-dodecyl

Figure 1. Structure of n-alkyl-3-methylpyridinium based ionic liquids

1.2.3 Results and discussion

1.2.3.1 Synthesis of Ionic Liquids

The different n-alkyl-3-methylpyridinium based ILs 1 were synthesized from
an inexpensive, cheap starting material such as [S-picoline 2. The n-alkylation and
direct quarternization of f-picoline 2 with different alkyl bromides under neat and
refluxing conditions at 90 °C for a appropriate time afforded n-alkyl-3-
methylpyridinium bromide 1a in excellent yield (96%). A viscous liquid was obtained

with a brownish color. The color can be removed to a certain extent by charcoal

Br2 CH3 _
@ Bry

0°C, 2h N
R
1b (i-iii)

S CHs  pgpy ® CHs 979, H,S0, @CHS _
_ — T HSO,
N 90°C,5h >N~ Br Reflux N

R CH.Clp, 48h g

1a (i-iii) 1c (iiii)

KPFg CHs
@ PFg

H,O, RT, 5h N
R
1d (i-iii)
R = n-Butyl, n-Hexyl, n-Dodecyl

Schemel. Synthesis of n-alkyl-3-methylpyridinium salt of ionic liquids
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treatment. Further, the bromination of n-alkyl-3-methylpyridinium bromide 1a using
molecular bromine at 0 °C to afford n-alkyl-3-methylpyridinium tribromide 1b in
good yield as red colored liquid. Excess bromine was removed completely by
applying high vacuum. The metathesis of n-alkyl-3-methylpyridinium bromide 1la
with 97% sulfuric acid afforded n-alkyl-3-methylpyridinium hydrogen sulphate 1c¢ in
excellent yield as a viscous brownish colored liquid.

Similarly, the metathesis of n-alkyl-3-methylpyridinium bromide la with
potassium hexafluorophosphate in water at room temperature gave n-alkyl-3-
methylpyridinium hexafluorophosphate 1d as shown in Scheme 1. During the
reaction, the solution became milky immediately due to the precipitation of their
respective salts. In all 3-methylpyridinium salt of ionic liquids, where R is different
alkyl groups such as n-butyl, n-hexyl and n-dodecyl; this phenomena was observed.
These ILs were fully characterized by their spectral and elemental analyses. The list

of ionic liquids synthesized is given Table 1.

Table 1. List of n-alkyl-3-methylpyridinium salt of ionic liquids

Sr. No. Ionic Liquid Sr. No. Ionic Liquid Sr. No.  Ionic Liquid

1 [BMPy]|Br 5 [HMPy|Br 9 [DDMPy]Br

2 [BMPy]HSO, 6 [HMPy|HSO; 10 [DDMPy]HSO,4
3 [BMPy]PFs 7 [HMPy]PFs 11 [DDMPy]PF,
4 [BMPy]Br; 8 [HMPy|Br; 12 [DDMPy]Br;

1.2.3.2 Characterization of Ionic Liquids
1.2.3.2.1 NMR study of Ionic Liquids

The proton NMR study of various ionic liquids showed that the chemical
shifts of pyridinium protons (i.e. H,, Hp, Hc and Hyq) depends on the anions and
concentrations. It is well known that the formation of hydrogen bonding causes a
downfield chemical shift of proton. Hydrogen bonding in pyridinium ring depends on
the basicity of anion. This effect is strong for H, proton and weaker for H, proton.
This effect can be explained by two phenomena i) H-bonding and ii) ring stacking. It
is observed that H, proton is less electron rich than Hp, H. and Hgy because it is
attached to a carbon atom in between one electronegative nitrogen atom and one

methyl group. Thus, H, proton is more prone for H-bonding with counter anion than
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others. This is shown in chemical shifts of H, proton (Table 2). In the case of more
electronegative and basic Br , the chemical shift is at 9.4 ppm. But in the case of less
electronegative and basic anion PF; , the chemical shift is at 8.5 ppm. Hence, it can be
concluded that PFg salts are more covalently bonded than its Br counterpart. This is
also agreeing with the solubility of these salts in water. PFg salts are hydrophobic and
Br salts are hydrophilic and hygroscopic in nature. This characteristic property can be

made use of in designing ILs of different solubilities in water.

Table 2. "H NMR values of protons of n-alkyl-3-methylpyridinium cation

L o Chemical shift,
r@E . 6 (ppm)

R H. H, H., Hq
Ionic Liquids
R = butyl [BMPy]Br 9.42 9.23 7.99 8.23
[BMPy]Br; 8.66 8.59 7.74 8.11
[BMPy]HSO4" 8.47 8.44 7.70 8.11
[BMPy]PF¢ 8.53 8.48 7.85 8.26
R =Hexyl [HMPy]Br 9.45 9.26 8.02 8.25
[HMPy]Br; 8.96 8.90 8.04 8.31
[HMPy]HSO," 8.54 8.47 7.77 8.18
[HMPy]PF¢ 8.54 8.50 7.89 8.22
R =dodecyl [DDMPy]|Br 9.48 9.29 8.04 8.26
[DDMPy]Br3 8.75 8.27 8.04 8.32
[DDMPy]HSO,4* 8.68 8.62 7.88 8.33
[DDMPy]PFs 8.52 8.49 7.89 8.22

*TH NMR was recorded in D;O.

1.2.3.2.2 Density of Ionic Liquids

The density of ILs can be changed by changing either the pressure or the
temperature. It also depends on the molar mass of anion. The contribution of the
larger hydrophobic anions decreases the density of the ILs. This may be due to
weaker molecular attraction and weak hydrogen bonding between them, which

decreases molecular agglomeration.
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Table 3. Density of n-alkyl-3-methylp yridinium salt of ILs

Ionic Liquids Density
(g/em’)’
[BMPy][Br] 1.21
[BMPy][Br3] 1.75
[BMPy][HSO4] 1.27
[HMPy][Br;] 1.81
[HMPy][HSO4] 1.15
[HMPy][PFs] 1.24
[DDMPy][Br3] 1.89
[DDMPy][HSO4] 1.31

"Density was determined at 28 °C

1.2.3.2.3 Viscosity of Ionic Liquids

This is a most important physical property of ionic liquids. The ability of ionic
liquid used as a solvent in the reaction depends on its viscosity. The viscosity
measurement indicates that ionic liquids became less viscous with increasing water
content. It is desired for the ionic liquid to have only small changes in viscosity in the
normal operating temperature range. The previous studies have shown that the
viscosity of ILs is mainly controlled by hydrogen bonding, van der Waals forces,

molecular weight and mobility. It also depends on the atmospheric temperature.

Table 4. Viscosity of 3-methylpyridinium salt of ILs

TIonic Liquids Viscosity (cP)*
[BMPy][Br] 251.4
[BMPy][Br3] 554
[BMPy][HSO,] 1245
[HMPy][Br3] 61.7
[HMPy][HSO,] 112.1
[HMPy][PFe] 91.5
[DDMPy][Br3] 67.3

[DDMPy][HSO,]  99.1

*Viscosity was determined at 28 °C
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The viscosity of ILs is on a higher side when more basic anion is present. This
has been clearly demonstrated from the data presented in Table 4. In tribromide based
ILs, the van der Walls forces dominates over the H-bonding due to better charge
delocalization. This will reduce the viscosity of the IL, whereas in case of Br based
ILs, because of basic anion and smaller size, the van der Waals forces dominate over

the H-bonding due to less charge delocalization. This increases the viscosity of the IL.

1.2.3.2.4 Thermal analysis of ionic liquids

The decomposition of ionic liquids on heating results in the low or negligible
vapor pressure. In general, the ILs hitherto reported are thermally stable up to 400 °C
after which it tends to decompose at around 480 °C completely. Usually the complete
weight loss should occur with the absorption of heat, which will result in an
endotherm. The tribromide ILs evolves the bromine gas during the decomposition.
The decomposition temperatures of ILs are listed in Table S, where both the
temperature of decomposition onset (Tonser) and start temperature for the

decomposition (Tsart) are given.

Table 5. Onset (Tonser) and start (7)) of the thermal decomposition temp. for ILs

ILs Tgar! °C Tonsed °C
[BMPy]|Br 200 299
[BMPy]HSO, 213 362
[BMPy]PF, 202 340
[BMPy]Br; 180 305
[HMPy]Br 195 310
[HMPyJHSO, 214 361
[HMPy]PFs 208 343
[HMPy]Br; 181 315
[DDMPy]Br 198 308
[DDMPy]HSO, 205 370
[DDMPy|PF, 214 340
[DDMPy|Br; 185 312

Our experimental result showed that the halide ions suddenly decrease the

thermal stability by almost 80 °C, whereas tribromides and hydrogen sulfate salts

49



Chapter I Section B

decrease slowly. The decomposition of tribromides ILs starts at around 180 °C and it
fully decomposes at around 320 °C. In the case of HSOy salts, decomposition starts at
214 °C, and at 360 °C complete weight loss was observed. The thermal analysis of
ionic liquid depended on the components of the ionic liquid such as cations and

anions.

1.2.4 Experimental Section

Preparation and characterization of n-alkyl-3-methylpyridinium salt of ILs:

(1) 1-Butyl-3-methylpyridinium bromide [BMPy]Br [1a(i)]:

To a stirred solution of 3-picoline (10.0 g, 0.1 mol) and n-butyl
bromide (13.84 mL, 0.128 mol) was heated and refluxed at 90

Ha

8

\ Br °C for 4 h. After completion of the reaction, excess n-butyl
~
bromide was distilled off at 80 °C under reduced pressure (10

mm Hg) over 4 h leaving behind the product [BMPy]Br as a brownish viscous liquid
(24.06 g; 97.8 %).

Molecular formula : CioHi¢BrN
Nature : Brownish viscous liquid
IR (nujol) : 3428, 3043, 2961, 2874, 1633, 1505, 1466, 1384,

1252, 1157, 1049, 811, 687 cm’.

'"HNMR (CDCl3,200 MHz) : §0.87 (t, J = 7.20 Hz, 3H), 1.24-1.39 (m, 2H),
1.88-2.03 (m, 2H), 2.57 (s, 3H), 4.85 (t, J = 7.45
Hz, 2H), 7.99 (t, J = 6.57 Hz, 1H), 823 (d, J =
8.09 Hz, 1H), 9.23 (d, J = 5.81 Hz, 1H), 9.42 (s,
1H) ppm.

BCNMR (CDCl;,50 MHz) : § 12.86, 17.90, 18.57, 33.10, 60.54, 127.14,
138.90, 141.60, 143.88, 145.05 ppm.

Anal. Calcd. for C;9H;sBrN : Calcd.: C, 52.19; H, 7.01; N, 6.09.
Found: C, 52.10; H, 7.09; N, 6.51.

MS (EI) (m/7) : 150 (M - X).
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(2) 1-Butyl-3-methylpyridinium tribromide [BMPy]Br; [1b(i)]:
Molecular bromine (0.22 mL, 0.436 mmol) was added slowly to
1-butyl-3-methylpyridinium bromide [BMPy]|Br (1.0 g, 0.436

Ha

8

Brs : - :
'3 mmol) at ice-cooled temperature under stirring to give a deep
N\/\/
red liquid. The stirring was continued for another 2 h. The

excess bromine was removed under reduced pressure over 5 h at 60 °C gave pure

[BMPy]Brs; as a red oil (1.62 g; 95.4%).

Molecular formula : CioHi6BrsN

Nature : Redoil

IR (nujol) : 3401, 3020, 1633, 1505, 1466, 1215, 1157, 1045,
758,669 cm™.

'"HNMR (CDCl3,200 MHz) : §0.72 (t, J = 7.20 Hz, 3H), 1.07-1.22 (m, 2H),
1.68-1.84 (m, 2H), 2.38 (s, 3H), 4.41 (t, J = 7.58
Hz, 2H), 7.74 (t, J = 7.83 Hz, 1H), 8.07 (d, J =
8.09 Hz, 1H), 8.59 (d, J = 6.07 Hz, 1H), 8.66 (s,
1H, merge) ppm.

BCNMR (CDCL;, 50 MHz)  : § 12.86, 18.23, 18.76, 32.81, 61.36, 127.34,
139.41, 141.10, 143.36, 145.47 ppm.

Anal. Caled. for C;oHi¢BrsN  : Calced.: C, 30.80; H, 4.14; N, 3.59.
Found: C, 31.01; H, 4.13; N, 3.35.

MS (EI) (m/z) D150 (M - X3).

(3) 1-Butyl-3-methylpyridinium hydrogen sulphate [BMPy]HSO4 [1c(i)]:
To a stirred solution of 1-butyl-3-methylpyridinium bromide
[BMPy]Br (5.0 g, 86.9 mmol) in 25 mL of dry CH,Cl, at 0 °C,

@ HSO4 97 % H,SO4 (1.15 mL, 86.9 mmol) was added dropwise in 10
N~

Ha

mins. The resulting solution was refluxed for 48 h and the

solution was washed with water. The organic layer was dried over anhyd. Na,SOs.
The solvent CH,Cl, was distilled off under reduced pressure to gave pure IL

[BMPyJHSO, as blackish viscous liquid (5.3 g; 98.7 %).

Molecular formula : CioH17NO4S
Nature : Blackish viscous liquid
IR (nujol) ¢ 3428, 3043, 2961, 2874, 1633, 1505, 1466,

51



'"H NMR (D,0, 200 MHz)

3C NMR (D,0, 50 MHz)
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MS (EI) (m/z)
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1384, 1252, 1157, 1049, 811, 687 cm’.

: 50.71 (t, J =7.32 Hz, 3H), 1.03-1.22 (m, 2H),

1.68-1.83 (m, 2H), 2.32 (s, 3H), 4.33 (t, J = 7.33
Hz, 2H), 7.70 (t, J = 7.08 Hz, 1H), 8.11 (d, J =
7.83 Hz, 1H), 8.44 (d, J = 6.06 Hz, 1H), 8.47 (s,
1H merge) ppm.

: 0 12,55, 17.52, 18.57, 3243, 61.32, 127.23,

139.68, 141.14, 143.60, 145.73 ppm.

¢ Calced.: C, 48.57; H, 6.93; N, 5.66.

Found: C, 48.60; H, 6.81; N, 5.64.

2 150 (M - X).

(4) 1-Butyl-3-methylpyridinium hexafluorophosphate [BMPy]PF; [1d(i)]:

CHs;

To a stirred solution of [BMPy]Br (1.0 g, 3.89 mmol) in 10.0
mL of H,O, potassium hexafluorophosphate (KPFg) (0.787 g,

@ PFe 4.28 mmol) was added. The resulting solution was stirred at
N~

room temperature for 5 h. The organic layer was separated and

the aqueous layer was extracted with CH>Cl, (2 x 10 mL). The combined organic

extract was dried over anhyd. Na,SO, and concentrated under reduced pressure to

obtain desired [BMPy]PFs ionic liquid as yellow solid (1.22 g, 97.13 %).

Molecular formula
Nature

Mp

IR (nujol)

"H NMR (CDCls, 200 MHz)

3C NMR (CDCls, 50 MHz)

Anal. Calcd. for CiyH;sFsNP

CioH;6FsNP

Yellow solid

50-52 °C

3683, 2966, 2401, 1635, 1508, 1252, 1159, 758,
558 cm™.

00.87 (t, J = 7.20 Hz, 3H), 1.26-1.41 (m, 2H),
1.85-2.00 (m, 2H), 2.51 (s, 3H), 447 (t, J =
7.45 Hz, 2H), 7.85 (t, J =7.19 Hz, 1H), 8.26 (d,
J = 17.83 Hz, 1H), 8.48 (d, J = 6.06 Hz, 1H),
8.53 (s, 1H merge) ppm.

o 13.15, 18.06, 19.12, 33.08, 61.82, 127.73,
140.22, 141.13, 143.73, 146.12 ppm.

Caled.: C, 40.69; H, 5.46; N, 4.74.
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Found: C, 40.45; H, 5.50; N, 4.81.
MS (EI) (m/z) ¢ 150 (M - X).

(5) 1-Hexyl-3-methylpyridinium bromide [HMPy]Br [1a(ii)]:
. A stirred solution of 3-picoline (20.0 g, 0.214 mol) and n-

Hs _ hexyl bromide (36.17 mL, 0.257 mol) was heated and
@N B refluxed at 90 °C for 5 h. Excess n-hexyl bromide was

~ NN
distilled off at 80 °C under reduced pressure (10 mm Hg)

over 6 h leaving behind the product [HMPy]Br as a yellow liquid (54.1 g; 98.0%).

Molecular formula :  Ci2HyoBrN

Nature ¢ Yellow liquid

IR (nujol) : 3401, 3018, 2933, 2861, 2451, 1634, 1592, 1505,
1467, 1384, 1243, 1216, 1155, 1048, 753, 687,
661 cm™.

"H NMR (CDCl3,200 MHz) : §0.83 (t, J = 6.82 Hz, 3H), 1.20-1.39 (m, 6H),
1.94-2.05 (m, 2H), 2.63 (s, 3H), 4.92 (t, J = 7.45
Hz, 2H), 8.02 (t, J = 7.83 Hz, 1H), 8.25 (d, J =
7.96 Hz, 1H), 9.26 (d, J = 6.07 Hz, 1H), 9.45 (s,
1H) ppm.

BCNMR (CDCl;, 50 MHz) : §13.55, 18.27, 21.92, 25.25, 30.70, 31.53, 61.20,
127.50, 139.20, 141.88, 144.20, 145.32 ppm.

Anal. Calcd. for C;;Hz0BrN @ Caled.: C, 55.82; H, 7.81; N, 5.42.
Found: C, 55.90; H, 7.61; N, 5.35.

MS (ED)(m/z) 178 M - X).

(6) 1-Hexyl-3-methylpyridinium tribromide [HMPy]Br; [1b(ii)]:
Molecular bromine (0.199 mL, 3.89 mmol) was added

GHs _ sowly to  l-hexyl-3-methylpyridinium  bromide
B
@\l 3 [HMPy]Br (1.0 g, 3.89 mmol) under stirring and cooling
~ NN

in a ice-bath resulted in a deep red liquid. The stirring was

continued for further 2 h. The excess bromine was removed under reduced pressure
over 5 h at 60 °C to afford pure [HMPy]Br; as a red oil (1.52 g; 94.4 %).

Molecular formula : CipHyoBrsN
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"H NMR (CDCls, 200 MHz)

3C NMR (CDCls, 50 MHz)

Anal. Calcd. for C;;H,BrsN

MS (EI) (m/z)
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Red oil
3401, 3055, 2957, 2859, 1634, 1592, 1504,
1465, 1382, 1322, 1249, 1217, 1154, 1048,
802, 754, 685, 665 cm™.
00.87 (t, J = 7.20 Hz, 3H), 1.26-1.45 (m, 6H),
2.00-2.11 (m, 2H), 2.69 (s, 3H), 4.78 (t, J = 7.45
Hz, 2H), 8.03 (dd, J = 6.07, 7.83 Hz, 1H), 8.30
(d, J=7.96 Hz, 1H), 8.92 (d, J = 6.07 Hz, 1H),
8.95 (s, 1H merge) ppm.
o 13.10, 18.56, 19.05, 32.95, 61.94, 127.79,
139.82, 141.46, 143.66, 145.59 ppm.
Calcd.: C, 34.48; H, 4.82; N, 3.35.
Found: C, 34.25; H, 4.68; N, 3.26.
178 M - X3).

(7) 1-Hexyl-3-methylpyridinium hydrogen sulphate [HMPy]JHSOy [1c(ii)]:

Ha

To a stirred solution of I1-hexyl-3-methylpyridinium

bromide ([HMPy]Br) (10.0 g, 0.0389 mol) in 50 mL of

@) H8os dry CH,Cl, at 0 °C, 97% H,SO4 (2.07 mL, 0.0389 mol)

N~

was added dropwise in 10 mins. The resulting solution

was then refluxed for 47 h. The solution was washed with water (3 x 10 mL),

collected the organic layer, and dried over anhydrous Na,SO4. The solvent DCM was

distilled off under reduced pressure to afford [HMPy]HSO, as a viscous oil (10.55 g;

98.6%).

Molecular formula
Nature

IR (nujol)

'"H NMR (D0, 200 MHz)

Ci2HINO4S

Viscous oil

3435, 3019, 2931, 1594, 1403, 1216, 1053, 758,
669 cm’™.

00.58 (t, J = 6.95 Hz, 3H), 0.96-1.10 (m, 6H),
1.67-1.77 (m, 2H,), 2.29 (s, 3H), 4.30 (t, J =
7.33 Hz, 2H), 7.67 (t, J =7.70 Hz, 1H), 8.12 (d,
J=8.08 Hz, 1H), 8.40 (d, /= 6.06 Hz, 1H), 8.44
(s, 1H, merge) ppm.
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3C NMR (D,0, 50 MHz)

Anal. Calcd. for C12H21NO4S

MS (EI) (m/z)

Chapter I Section B

0 13.08, 17.51, 21.56, 24.70, 30.17, 30.34,
61.54, 127.23, 139.67, 141.12, 143.51, 145.74

ppm.
Calcd.: C, 52.34; H, 7.69; N, 5.09.

Found: C, 52.18; H, 7.72; N, 5.28.
178 (M - X).

(8) 1-Hexyl-3-methylpyridinium hexafluorophosphate [HMPy]PF¢ [1d(ii)]:

CHg
PFg
@\l\/\/\/

To a stirred solution of 1-hexyl-3-methylpyridinium
bromide (1.0 g, 3.89 mmol) in 10.0 mL of H,0, KPFs
(0.787 g, 4.28 mmol) was added. The resulting mixture

was stirred at room temperature for 6 h. The immiscible

layer was separated out and then the solution was extracted with CH,Cl, (3 x 10 mL).

The organic layer was collected, dried over anhydrous Na,SO4 and concentrated on

vacuum under reduced pressure to obtain desired [HMPy]PFg ionic liquid as faint

yellow liquid (1.22 g, 97.13 %).
Molecular formula
Nature

IR (nujol)

"H NMR (CDCls, 200 MHz)

3C NMR (D,0, 50 MHz)

Anal. Calcd. for Ci;H,0)FsNP

MS (EI) (m/z)

C12HaoFsNP

Faint yellow liquid

3673, 3593, 3435, 3098, 2932, 2862, 2004,
1909, 1860, 1812, 1758, 1634, 1594, 1505,
1470, 1384, 1296, 1253, 1204, 1157, 1038, 954,
839, 687 cm™.

00.86 (t, J = 6.69 Hz, 3H), 1.24-1.38 (m, 6H),
1.90-2.05 (m, 2H), 2.58 (s, 3H), 4.52 (t, J =7.58
Hz, 2H), 7.89 (dd, J = 6.06, 7.83 Hz, 1H), 8.23
(d, J=7.96 Hz, 1H), 8.50 (d, J = 7.58 Hz, 1H
merge), 8.54 (s, 1H) ppm.

o 13.14, 17.61, 21.44, 24.79, 30.12, 30.65,
61.12, 127.03, 139.19, 140.86, 143.25, 145.20
ppm.

Caled.: C, 44.59; H, 6.24; N, 4.33.

Found: C, 44.15; H, 6.07; N, 4.42.

178 (M - X).
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(9) 1-Dodecyl-3-methylpyridinium bromide [DDMPy]Br [1a(iii)]:
To a stirred solution of 3-picoline (5.0 g, 0.053 mol) and 1-

GHs _ bromo dodecane (12.89 mL, 0.053 mol) was heated and refluxed
@ NMCIT-; at 90 °C for 4-5 h. Excess 1-bromo dodecane was distilled off at
11 80 °C under reduced pressure (10 mm Hg) over 2 h to afford
[DDMPy]Br as a yellow solid (25.06 g, 96.0 %).
Molecular formula :  CisH3BrN
Nature ¢ Yellow solid
Mp : 55-57°C
IR (nujol) : 36606, 3429, 3017, 2855, 2453, 1634, 1591,

1505, 1466, 1378, 1321, 1245, 1153, 1049,
921, 807, 753, 687, 661 cm’.

'"HNMR (CDCl;,200 MHz) : & 0.85 (t, J = 6.32 Hz, 3H), 1.21-1.30 (m,
18H), 1.95-2.09 (m, 2H), 2.64 (s, 3H), 4.93 (,
J =7.32 Hz, 2H), 8.02 (dd, J = 6.06, 7.96 Hz,
1H), 8.24 (d, J = 8.09 Hz, 1H), 9.27 d, J =
6.06 Hz, 1H), 9.46 (s, 1H) ppm.

BCNMR (CDCL, 50 MHz)  : 5 13.87, 18.43, 22.39, 25.81, 28.84, 29.04,
29.31, 31.60, 31.78, 61.41, 127.63, 139.35,
142.04, 144.37, 145.38 ppm.

Anal. Calcd. for CsH3,BrN ! Caled.: C, 63.15; H, 9.42; N, 4.09.
Found: C, 63.28; H, 9.21; N, 4.26.
MS (EI) (m/z) D262 (M- X).

(10) 1-Dodecyl-3-methylpyridinium tribromide [DDMPy]Br; [1b(iii)]:

cH Molecular bromine (0.299 mL, 5.84 mmol) was added slowly to
3

Bry 1-dodecyl-3-methylpyridinium bromide (2.0 g, 5.84 mmol) under

@ Ny_}-CHy stirring at 0 °C to room temperature for 2 h to produce a deep red

1 liquid. The liquid was left in vacuo overnight to furnish

[DDMPy]|Br3 as a red liquid (2.8 g, 95.27%).

Molecular formula ¢ CisH3,BrsN
Nature ¢ Red liquid
IR (nujol) : 3054, 2923, 2.52, 1591, 1465, 1384, 1046, 757,
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"H NMR (CDCls, 200 MHz)

3C NMR (CDCls, 50 MHz)

Anal. Calcd. for CisH3;BrsN

MS (EI) (m/z)

Chapter I Section B

684 cm’™.

00.87 (t, J = 6.69 Hz, 3H), 1.25-1.38 (m, 18H),
2.02-2.20 (m, 2H), 2.70 (s, 3H),4.72 (t, J="7.70
Hz, 2H), 8.03 (t, J = 6.19 Hz, 1H), 8.32 (d, J =
7.95 Hz, 1H), 8.75 (d, J = 6.19 Hz, 2H) ppm.

o 14.00, 19.07, 22.52, 26.12, 28.89, 29.18,
29.36, 2945, 31.73, 62.70, 128.10, 140.31,
141.49, 143.78, 146.13 ppm.

Caled.: C, 43.05; H, 6.42; N, 2.79.

Found: C, 43.21; H, 6.34; N, 2.83.

262 (M - X3).

(11) 1-Dodecyl-3-methylpyridinium hydrogen sulphate [DDMPy]HSQO, [1c(iii)]:

To a solution of 1-dodecyl-3-methylpyridinium bromide (2.0 g,

¢ _ | 5.8 mmol) in 20.0 mL of dry CH,Cl, at 0 °C for 10 mins was
HSO

@) * | stirred and added dropwise 97 % Conc. H,SO4 (0.31 mL, 5.8
N4_yCHs

11 mmol). The resulting solution was then refluxed for 48 h. The

solution was washed with water (1 x 10 mL), collected the

organic layer, and dried over anhydrous Na,SO,. The organic layer distilled off under

reduced pressure to afford pure IL [DDMPy]HSOy as a viscous oil (10.55 g, 98.6 %).

Molecular formula
Nature

IR (nujol)

'"H NMR (D,0, 200 MHz)

3C NMR (D,0, 50 MHz)

Anal. Calcd. for C18H33NO4S

CigH33NO4S

Viscous oil

3012, 1635, 1466, 1164, 1052, 852, 688, 579
em™.
0 0.52 (t, J = 6.57 Hz, 3H), 0.92-1.09 (m,
18H), 1.68-1.86 (m, 2H), 2.34 (s, 3H), 4.42 (t,
J =7.07 Hz, 2H), 7.79 (dd, J = 6.06, 7.96 Hz,
1H), 8.23 (d, J = 8.09 Hz, 1H), 8.56 (d, J =
6.19 Hz, 1H), 8.58 (s, 1H, merge) ppm.

0 13.68, 17.79, 22.44, 25.85, 29.06, 29.27,
2942, 29.61, 31.13, 31.76, 61.48, 127.69,
139.89, 141.48, 143.66, 146.23 ppm.

Calcd.: C, 60.13; H, 9.25; N, 3.90.
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MS (EI) (m/z)
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Found: C, 60.24; H, 9.17; N, 3.85.
262 (M - X).

(12) 1-Dodecyl-3-methylpyridinium hexafluorophosphate [DDMPy]PF; [1d(iii)]:

To a stirred solution of [DDMPy|Br (1.0 g, 2.9 mmol) in 10.0

Hs _ mL of H,0, KPFs (0.59 g, 3.2 mmol) was added. The resulting
PF
@ 6 solution was stirred at room temperature for 6 h. The immiscible
NH/CH3
11

layer was separated out and then the solution was extracted with

dichloromethane (3 x 10 mL). Collected the organic layer, dried

over anhydrous sodium sulphate and concentrated on vacuum under reduced pressure

to afford [DDMPy]PF; ionic liquid as faint yellow solid (1.62 g, 95.4 %).

Molecular formula
Nature

Mp

IR (nujol)

"H NMR (CDCl, 200 MHz)

3C NMR (CDCl;, 50 MHz)

Anal. Calcd. for CsH;,FsNP

MS (ED)(m/z)

CsHsFsNP

Faint yellow solid

49-50 °C

3091, 3046, 2856, 1636, 1594, 1507, 1467,
1378, 1322, 1252, 1155, 1049, 841, 687 cm™.
00.88 (t, J=6.06 Hz, 3H), 1.24 (m, 18H), 1.97
(m, 2H), 2.58 (s, 3H), 4.52 (t, J = 7.45 Hz,
2H), 7.89 (dd, J = 6.06, 7.84 Hz, 1H), 8.22 (d,
J =795 Hz, 1H), 8.53 (d, J = 6.06 Hz, 2H)
ppm.

0 14.07, 18.28, 22.62, 25.96, 28.87, 29.27,
29.44, 29.54, 3143, 31.83, 62.22, 127.77,
140.16, 141.17, 143.68, 145.91 ppm.

Calcd.: C, 53.06; H, 7.92; N, 3.44.

Found: C, 52.98; H, 7.69; N, 3.48.

262 (M - X).
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1.2.5 Spectral data

Table 6. 'H and >C NMR spectrum of some selected ILs are given below:

Sr. No. Spectra

1 "H NMR and "C NMR spectra of [BMPy|Br

2 'H NMR and “C NMR spectra of [BMPy]Br;

3 'H NMR and °C NMR spectra of [BMPy]HSO,

4 "H NMR and C NMR spectra of [BMPy]PF
5 "H NMR and C NMR spectra of [HMPy]|Br
6
7
8
9

"H NMR and "C NMR spectra of [HMPy]HSO,

"H NMR and C NMR spectra of [HMPy|PF

'H NMR and °C NMR spectra of [DDMPy]Br

'H NMR and °C NMR spectra of [DDMPy]Br;
10  'HNMR and "°C NMR spectra of [DDMPy]HSO,
11 'HNMR and °C NMR spectra of [DDMPy]PF
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(1) '"H NMR spectra of [BMPy]Br [1a(i)]:
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(1) *C NMR spectra of [BMPy]Br [1a(i)]:
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2) '"H NMR spectra of [BMPy]Br; [1b(i)]:
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3) '"H NMR spectra of [BMPy]HSOy4 [1c¢(i)]:
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(3) >C NMR spectra of [BMPy]HSO, [1c(i)]:
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4 '"H NMR spectra of [BMPy]PF; [1d(i)]:
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5 '"H NMR spectra of [HMPy]Br [1a(ii)]:
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(5) >C NMR spectra of [HMPy]Br [1a(ii)]:

SS€l—
12'8l—
26’ le—
§¢'Ge—

0/°08—

es el

02" 19—

00°L/—

0S°2gl—

02'6€ 1~
881 Yk~
02 vP i~
zesvl/

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

160

64



Chapter I Section B

(6) '"H NMR spectra of [HMPy]HSOy [1c¢(ii)]:
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(6) >C NMR spectra of [HMPy]HSOy [1c(ii)]:
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@) '"H NMR spectra of [HMPy]PF¢ [1d(ii)]:
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(7) *C NMR spectra of [HMPy]PFs [1d(ii)]:
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(8) '"H NMR spectra of [DDMPy]Br [1a(iii)]:
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(8) >C NMR spectra of [DDMPy]|Br [1a(iii)]:
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9) '"H NMR spectra of [DDMPy]Br; [1b(iii)]:
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(10) '"HNMR spectra of [DDMPyJHSOy [1c(iii)]:
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(10) *C NMR spectra of [DDMPy|HS Oy [1c(iii):
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(11) '"HNMR spectra of [DDMPy]PF¢ [1d(iii)]:
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1.3.1 Introduction

There have been many studies in the structure of ILs with different anions and
their properties. Larsen et al. conducted a detailed study of the liquid character of
highly ionic compounds, by single crystal XRD. They concluded that the positional
disorder, which induces packing inefficiency in the crystal lattice, is the main cause of
the low melting point of these species despite presence of large anions. The
interaction between the cation and anion in the same ionic liquid salts are decreased
essentially to the level of van der Waals or very weak hydrogen bonding type forces
leading to packing inefficiency resulting in the disorder. This section deals with the

synthesis and characterization of imidazolium based ionic liquids.

1.3.2 Present work

A lot of literature'” is available on the synthesis and physio-chemical
properties of unsymmetrical imidazolium based ionic liquids, but not much effort has
been taken on the synthesis and physio-chemical properties of symmetrical
imidazolium based ionic liquid.*'® This section deals with the synthesis and physio-
chemical properties of 1,3-di-n-butylimidazolium [BBIm]X based ionic liquids with

different anions as shown in Figure 1.

/N®N\ X
Bu” """ Bu
1
X = Br, Br3, PFG

Figure 1. Structure of 1,3-di-n-butylimidazolium based ionic liquids

1.3.3 Results and discussion
1.3.3.1 Synthesis of Ionic Liquids

Our research interest in this area is focused mainly on the development of new
ionic liquids based on symmetrical 1,3-di-n-butylimidazolium [BBIm]X salts 1 and
exploring their use as efficient reagent and solvent (reaction media) in the organic
transformations. There are several methods available in the literature for the synthesis
of ionic liquids but they suffer from several drawbacks such as multistep synthesis,

lower yield, harsh reaction conditions and longer reaction time.
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In this section, we have focused mainly on the synthesis of these ILs. For the
synthesis of ILs, the required starting material, 1-n-butylimidazole 3 was prepared.
Imidazole 2 on treatment with 1-butyl bromide using potassium hydroxide at 0 °C

produced 1-n-butylimidazole 3 as shown in Scheme 1.

[—\ n-BuBr, KOH [—\
,  CHaCN,0°C,93%

Scheme 1.

The desired IL, 1,3-di-n-butylimidazolium bromide ([BBIm]Br) la was
generated by direct alkylation and quarternization on nitrogen atom by reacting 1-n-
butylimidazole 3 with 1-butyl bromide at 80 °C for 12 h without any solvent (Scheme
2). The reaction was carried out in an inert atmosphere (N,, argon). A very viscous
liquid (consistency of honey) was obtained with a yellowish color. The color can be
removed to a certain extent by charcoal treatment. ILs should be heated carefully;
otherwise excess of heat formed during the reaction generates a colored product

indicating impurities might have been formed in the solvent.

— n-BuBr ) Br
N N~~~ \/\/N@N\/\/
3 80 °C, 12 h, 96% 1a
Scheme 2.

The rest of ILs based on [BBIm] cation with different anion which could not
easily accessible by direct alkylation. It was prepared by direct anion-anion exchange
from the desired acid or salt in the second step. This process is referred as metathesis.
The metathesis reaction is generally carried out in water. To the aqueous solution of
1,3-di-n-butylimidazolium bromide 1la, potassium hexafluorophosphate (KPFg) in
water was added with stirring. The solution turned milky immediately due to the
precipitation of salt. After 10 h of stirring, the layer containing the ILs with the PFg
anion separated out; which was extracted with ethyl acetate. The organic layer was

washed with water, dilute hydrochloric acid, and finally with brine. The excess
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solvent was distilled off under reduced pressure to give [BBIm]PFs 1b in high purity

as shown in Scheme 3.

KPFG, H2O /@\ PFG_
SO NEON
RT
10 h, 95% 1b
/®\ Br
\/\/N\/NW
1a =\ _
\/\/N@N\/ES/
0 °Cto RT 1c
2h,96%
Scheme 3.

The bromination of 1,3-di-n-butylimidazolium bromide la using molecular
bromine at 0 °C to room temperature under stirring produced 1,3-di-n-
butylimidazolium tribromide ([BBIm]Br3;) 1c¢ in good yield as red colored liquid.

Excess bromine was removed completely by applying high vacuum.

1.3.3.2 NMR study of Ionic Liquids

From the 'H NMR values of various ILs it is clear that chemical shifts of
imidazolium protons (i.e. H,, Hy, and H.) depend on anion and concentration. This
effect is strong for H. proton and weaker for H, and Hy. This effect can be explained
by two phenomena i) H-bonding and ii) ring stacking.

Ha Hb

N>_<N
\( ~

He

— X_
Bu Bu

Table 1. 'H NMR values of imidazolium cation

IL ILs Chemical Shift (d ppm)*
Cation Anion H. H, H.
la [BBIm] Br 7.66 7.65 10.41
1b [BBIm] PFs 7.32 7.32 8.57
1c [BBIm] Br; 7.44 7.43 8.99

& TH NMR was recorded in CDCl; using TMS as internal standard.
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It is well known that the formation of H-bonds causes a downfield chemical
shift of proton. Hydrogen bonding in imidazolium ring depends on the basicity of
anions. It is clear that H. proton is less electron rich than H, and H, because it is
directly attached to a carbon atom in between two electronegative nitrogen atoms. So
that He proton is more prone for H-bonding with counter anion than others. This is
shown in the NMR shifts of H. proton. In the case of more electronegative and basic
Br’, the shift is at 10.41 ppm. But in the case of less electronegative and basic anion
PF¢ and Brs the shift is at 8.57 and 8.99 ppm as shown in Table 1. From this it can
be proved that PFs and Brs salts are more covalently bonded than its Br counterpart.
This is also agreeing with the solubility of these salts in water. PFs and Br; salts are
hydrophobic while Br salt is hydrophilic and hygroscopic in nature. This
characteristic property can be made use of in designing ILs of different solubilities in

water.

1.3.3.3 Density of Ionic Liquids

The density of IL. depends on the molar mass of anion. The contribution of the
larger hydrophobic anions decreases the density of the IL. This may be due to weaker
molecular attraction and weak hydrogen bonding which decreases molecular

agglomeration (Table 2).

Table 2. Density of [BBIm]X ILs

IL ILs Density *
Cation Anion g/cm3
1a [BBIm] Br 1.23
1b [BBIm] PFs 1.22
1c [BBIm] Brs 1.55

* Density was determined at 28 °C.

1.3.3.4 Viscosity of Ionic Liquids

It is the most important property for initially determining the process ability of
a solvent or reagent. The viscosity of a fluid to be as low as possible allowing the
fluid to be pumped easily. In addition it is desired for the fluid to have only small

changes in viscosity in the normal operating temperature range. In the previous
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studies showed that the viscosity of ILs is mainly controlled by hydrogen bonding,

ven der Waals forces, molecular weight and mobility.

Table 3. Viscosity of [BBIm]X ILs

IL ILs Viscosity *
Cation Anion (cP)

1a [BBIm] Br 373.1

1b [BBIm] PFs 132.0

1c [BBIm] Br; 59.5

* Viscosity was determined at 28 °C.

Viscosity is on a higher side for ILs with more basic anion. In PF¢ based ILs
because of less basic anion, the van der Waals forces dominates over the H-bonding
due to better charge delocalization. This will reduce the viscosity of the IL, whereas in
Br based ILs because of more basic anion and smaller size, the van der Waals forces
dominates over the H-bonding due to less charge delocalization. This will increase the

viscosity of the IL (Table 3).

1.3.3.5 Thermal Analysis of Ionic Liquids

The ILs has negligible vapor pressure and therefore it decomposes on heating.
In general, the ILs are thermally stable up to 400 °C after which it tends to decompose
and at around 480 °C it completely decomposes. It was clear from our experiments
that halide ions suddenly decrease the thermal stability by almost 100 °C.
Decomposition started at around 220 °C and the IL fully decomposed at around 330
°C. In the case of PF; salts, decomposition started at 335 °C and at 480 °C complete
weight loss was observed. However, decomposition of 1,3-di-n-butylimidazolium
ionic liquids are started at around 130 °C.

Usually the complete weight loss should occur with the absorption of heat,
which will result in an endotherm. The tribromide ILs was liberated bromine gas
during the decomposition. In the case of PF¢ salts, there may be some side reaction,
which can result in a more thermodynamically stable product. From the weight loss

calculated from the exact decomposition temperature, it can be concluded that the
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decomposition of PFg species into more stable Br = species may have resulted in the

endotherm.

1.3.4 Experimental Section

Preparation and characterization of different ionic liquids (ILs):

(1) 1, 3-Di-n-butylimidazolium bromide [BBIm]Br (1a):

To a mixture of 1-n-butylimidazole (2.5 g, 0.02 mol)

\/\/N'@N\ \/\BQ ] and n-butyl bromide (3.01 g, 0.022 mol) was heated
with stirring at 80 °C for 12 h. Excess n-butyl

bromide was distilled off at 80 °C under reduced pressure (10 mm Hg) over 2 h

leaving behind the product [BBIm]Br as colourless viscous liquid (5.04 g; 96.0%).

Molecular formula : CiiH2BrN,
Nature : Colourless viscous liquid
IR (nujol) : 3401, 3067, 2874, 1635, 1563, 1465, 1167, 753
-1
cm’.

'"HNMR (CDCl3,200 MHz) : §0.97 (t, J = 7.20 Hz, 6H), 1.33-1.45 (m, 4H),
1.86-2.01 (m, 4H), 439 (t, J = 7.33 Hz, 4H), 7.65
(d, J = 1.64 Hz, 2H), 10.41 (s, 1H) ppm.
“CNMR (CDCL;, 50 MHz) @ 512.86, 18.82, 31.60, 49.11, 121.92, 135.99 ppm.
Anal. Caled. for C;iHzBrNz ¢ Caled.: C, 50.57; H, 8.05; N, 10.73.
Found: C, 50.24; H, 7.91; N, 10.54.
MS (EI) (m/z) D181 (M- X).

(2) 1, 3-Di-n-butylimidazolium hexafluorophosphate [BBIm]PF; (1b):
To a solution of 1,3-di-n-butylimidazolium bromide

\/\/N/@\N\/ili ] (10.0 g, 0.038 mol) in water (50 mL) was added to a
XA

solution of potassium hexafluorophosphate (8.46 g,

0.045 mol) in water (25 mL), and the mixture was stirred at room temperature for 10
h. The ionic liquid [BBIm]PFs separated out as an immiscible layer. The mixture was
extracted with ethyl acetate (3 x 30 mL). The combined organic layer was washed
with water, dil. HCI and finally with brine. Then, it was dried over anhydrous sodium
sulphate. The solvent ethyl acetate was distilled off under reduced pressure leaving

behind the pure IL [BBIm]PF; as a viscous oil (11.5 g; 92.0%).
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Molecular formula : CyHy FsN,P

Nature : Viscous oil

IR (nujol) : 3603, 3146, 2936, 1565, 1466, 1166, 1091, 754,
623 cm™.

"H NMR (CDCl;, 200 MHz) : 5095 (t, J = 7.33 Hz, 6H), 1.26-1.41 (m, 4H),

1.78-1.93 (m, 4H), 4.17 (t, J = 7.45 Hz, 4H), 7.32
(d, J=1.64 Hz, 2H), 8.57 (s, 1H) ppm.
BCNMR (CDCL;, 50 MHz)  : § 13.23, 19.31, 31.80, 49.85, 122.24, 135.10
ppm.
Anal. Caled. for C1iH21FeN2P ¢ Caled.: C, 40.61; H, 6.46; N, 8.61.

Found: C, 40.56; H, 6.31; N, 8.52.
MS (EI) (m/z) D181 (M- X).

(3) 1, 3-Di-n-butylimidazolium tribromide [BBIm]Br; (1¢):
Molecular bromine (1.956 mL, 0.038 mol) was

o~ NN B ] added slowly to 1,3-di-n-butylimidazolium bromide
1a (10.0 g, 0.038 mol) under stirring and cooled in a

ice-bath resulted a deep red liquid. The stirring was continued for 2 h. Excess bromine

was removed under reduced pressure over 5 h at 60 °C to get pure [BBIm]Br; 1¢ (15.5

2, 96.1%).

Molecular formula : Cy;Hy BN,

Nature : Red oil

IR (nujol) : 3401, 3067, 2874, 1635, 1563, 1465, 1167, 753
cm™.

'"H NMR (CDCl3, 200 MHz) : 0101 (t, J =7.20 Hz, 6H), 1.36-1.51 (m, 4H),
1.89-2.05 (m, 4H), 4.34 (t, J = 7.58 Hz, 4H),
7.43 (d, J =1.64 Hz, 2H), 8.99 (s, 1H) ppm.

3C NMR (CDCl;, 50 MHz) : 0 1321, 19.23, 31.78, 50.05, 122.40, 134.82

Anal. Calcd. for C1H:Br3N, @ Caled.: C, 31.38; H, 5.03; N, 6.65.
Found: C, 31.31; H, 4.93; N, 6.50.
MS (EI) (m/z) ¢ 181 (M - X3).
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1.3.5 Spectral data
Table 4. 'H and ">C NMR spectrum of imidazolium ionic liquids are given below:
Sr. No. Spectra
1 "H NMR and *C NMR spectra of [BBIm]Br
2 'H NMR and "*C NMR spectra of [BBIm]PF,
3 "H NMR and "*C NMR spectra of [BBIm]Br;
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1. '"HNMR spectra of [BBIm]Br (1a):
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2. 'H NMR spectra of [BBIm]PF; (1b):
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'"H NMR spectra of [BBIm]Br; (1c¢):
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2.1.1 Introduction

Halogenated aromatic compounds are an important class of molecules in the
synthetic organic chemistry. The bromination of aromatic substrates is one of the
important and routinely utilized transformations in organic synthesis, especially in the
synthesis of biological active molecules such as potent antitumour, antibacterial,
antifungal, antiviral, and antioxidizing agents." Bromination reactions of unsaturated
molecules involving additions or electrophilic substitutions are common in organic
synthesis. Typically, they are performed in batch processes by dissolving the substrate
and the brominating reagent in a common solvent. This area has received significant
interest in recent years due to the increasing commercial importance of bromo-organics.
Bromo-organics are used in the synthesis of a large number of natural products as well as
in the manufacture of pharmaceuticals, agrochemicals and other specialty chemicals.
Bromo-organics are key intermediates in the preparation of organometallic reagents and
play vital roles in transition metal coupling reactions.” Despite a number of precedents,
new efficient methodologies for rapid and regioselective aromatic bromination of anilines

and phenols are still in great demand.

2.1.2 Review of literature

Bromine has been the most commonly used brominating reagent in the presence
of an acidic or basic caltallyst.3 However, bromine is a hazardous and corrosive reagent
which is difficult to manipulate due to its toxicity and high vapor pressure. The most
commonly employed other reagents for this purpose are NBS in the combination of NBS-
H,S04-CF;CO,H,* NBS-PTSA,” NBS-NaOH,® NBS-SiO,,” NBS-Amberlyst,” NBS-
HZSM-5,” NBS-NH,OAc,'"” NBS-[BMIm]Br or dioxane'', NBS-CH;CN,'* NBS-solid
alcid,13 and NBS-PEG-400"*, Apart from bromine and NBS in the presence of acidic or
basic catalyst, other brominating reagents such as LDH-COs;> Brsy," ZrBry/diazene,'
tetrabutylammonium tribromide (TBATB),17 IBX/TEAB,"® LiBr/Cu(OAc)z,19 boric
acid/KBr,* KBr/poly(4-vinylpyridine)-supported peroxodisulfate,21 KBr with green
oxidant,”? bromodimethylsulfonium bromide (BDMS)23 etc. have also been reported.

Recently, a popular and versatile reagent commonly used for aromatic bromination is
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tribromide ILs. The different methods have reported for aromatic bromination using
tribromide ILs such as tridecylmethylphosphonium tribromide,”* [BMIm]Brs,*
pentylpyridinium  tribromide,”® [HMIm]Br3,”” pyridinium tribromide [PHP],*
tetraalkylphosphonium trihalide,” ethylenebis(N-methylimidazolium) ditribromide
(EBMIDTB)™ etc.. Nevertheless, there is still a great demand for tribromide ILs to
brominate the anilines and phenols under mild conditions with excellent regio-
selectivities. This section explains about some of the numerous methods reported recently

in the literature for the aromatic bromination of anilines and phenols.

Chauhan et al. (1996’

Chauhan and co-workers reported aqueous hydrobromic acid (HBr) in DMSO as
an extremely powerful brominating reagent for the regiospecific bromination of benzene
derivatives 1 under ambient temperature afforded brominated product 2 in good yield
(Scheme 1). The general efficiency of this reaction was evident from the variety of
monosubstituted and disubstituted benzene derivatives such as NO,, CHO, NH,, OH and

CHs; groups being monobrominated within a short time and regiospecifically.

R R!
N 47% HBr, DMSO N
2L > R
R X
RT
Br
1 2

R' = OH, NH,, OCHg, CH3, CHO, NO,
R2 = H, CHj, Cl, NO,, Br

Scheme 1.

Chrétien et al. (2005)”
Chrétien et al. reported polymer-supported organotin reagent 5 for regioselective
halogenation of aromatic amines 3 gave brominated product 4 in excellent yields

(Scheme 2).
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Scheme 2.

Kavala et al. (2005)>
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Kavala et al. described 1,2-Dipyridiniumditribromide-ethane (DPTBE) 6 as new

recyclable crystalline ditribromide reagent. The bromination of aromatic compounds 1

containing phenols, anilines and amides were performed under solvent-free conditions

into the corresponding brominated products 2 using DPTBE in good selectivity (Scheme

3). The spent reagent can be recovered, regenerated, and reused without any significant

loss.

’
R DPTBE
, X 6
Re—w
=
RT
1 Solvent-free

R! = OH, NH,, NHCO

R? = H, OCHjg, CH3, CN, NO,, F, CHO, Ph

Scheme 3.

Sain et al. (2006)**

X

X
B

r

Sain and co-workers reported the regioselective bromination of various aromatic

compounds 1 by using N-methylpyrolidin-2-one hydrotribromide (MPHT) and aqueous

hydrogen peroxide (aq. H,O,) afforded brominated product 2 in good yields (Scheme 4).
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The use of MPHT alone as brominating agent gave poor yields; while the addition of aq.

H>0, enhanced the reaction rate and in shorter reaction times.

R 21
A\ MPHT 2 HoO; Kﬁ
Re—— R2——
= X
CH5OH, RT \/\B
r
1 2

R! = OH, NH,, CHO
R? = H, CHj, Cl, NO,, OCH3, CH3, COCHjs, Ph

Scheme 4.

Das et al. (2006)”

Das et al. described sulfonic-acid-functionalized silica 7, a heterogeneous
recyclable catalyst. The nuclear bromination of aromatics 1 and heteroaromatics 8 using
NBS as brominating agent catalyzed by 7 at room temperature in CH3CN-H,O system
has been reported (Scheme 5). A wide variety of aromatic amines, aromatic and hetero-

aromatic phenols, and some containing acid sensitive groups also underwent smooth

AN 7 | N
R2_I R2_- .
N NBS X
Br
1 CH3CN—EtQO 2
RT

R' = OH, NH,, OCHj,4
R? = H, Br, CH3, NO,, Cl, CHO, COCHg, Ph, OCHg

@Cngi/\/\S%H
7

NBS
CH3CN—Et,0

RT,0.25h
Scheme 5.
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nuclear bromination. This protocol was not suitable for bromination of aromatics

containing methyl group.

Zolfigol et al. (2007)*°

Zolfigol and co-workers described a unique tribromide salt 10 with a nano-tube
like structure ({[K.18-crown-6]Brs},) as reagent for bromination of aromatic compounds
1 in acetonitrile at room temperature afforded brominated product 2 with good yields.

(Scheme 6).

oY

O.. 1+ _.0
\\|-t/ -

[ o Joes

ot 1

R! L Jn R
A 10 A
R2—— R2—(—
CH4CN, RT By
1 2

R' = OH, NRp, OCH3
R? = H, OCHs, CHj, Br, Cl

Scheme 6.

Bhar et al. (2007)"
Bhar et al. reported the regioselective ring bromination of aromatic compounds 1
using dioxane dibromide (DD) 11 under solvent-free conditions gave brominated

products 2 with high yields and good purity (Scheme 7).

1 0] O----Br—B 1
R .....Br—Br
\__/ R
g PENETE oy
0 > U\
Solvent-free \7\
Br
1 2

R’ = OH, OCH3, NH,, NHCO
R2=H, Br, COOCHj,, CHO,

Scheme 7.
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Pourmousavi et al. (2009)°

Pourmousavi et al. described novel benzyl triethyl ammonium tribromide
(BTEAT) 12 as brominating ionic liquid. This can be used for bromination of aromatics 1
to the corresponding brominated compounds 2 at room temperature in good to excellent

yields (Scheme 8). The tribromide ionic liquid could be recycled and reused.

R
R By R!

| XX 12 o X
o U > R o
R Pz \7\
CaCOg, CHzOH, CHyCly By
1 RT 2

R' = OH, NH,, OCH4
R2 =H, CHg, NO,, CI, CHO, Ph

Scheme 8.

Moghaddam et al. (2009)”

Moghaddam and co-workers used N-benzyl-DABCO tribromide 13 as a bromine
source and solid organic ammonium tribromide. The bromination of aromatic compound
1 was carried out in CH,Cl, or CH30H at room temperature afforded corresponding

brominated compound 2 (Scheme 9).

/+—Ph

Ra
R [NJ Brs R!

LSl
RE lx

RT
Br
1 CH,CI,/CH;0H 2

\

R' = OH, NH,, OCHj
R2 = H, CHg, NO,, Ph, CI, CHO

Scheme 9.
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Bovonsombat et al. (2010)*
Bovonsombat and co-workers reported para-regioselective monobromination of
phenol and its analogues 14, promoted by p-toluenesulfonic acid (p-TSA) was achieved

with high to excellent yields at room temperature using N-bromosuccinimide (NBS)
(Scheme 10).

OH OH
N p-TSA, NBS Kﬁ
R— R—
= CH4CN, RT V\Br
14 15

R = OCHg, COCHg, Br, CHO, CHj, COOCH,

Scheme 10.

Li et al. (2010)"'

Li et al. synthesized silica-supported quinolinium tribromide (SQTB) 16 as
recoverable solid brominating reagent and applied for regioselective monobromination of
aromatic amines 1 includes primary, secondary and tertiary amines as well as amides and

heterocycles (Scheme 11).

R R!
X X
s T N R_'\X + N
HBrs CH3CN, reflux Br 0 HBr
1 16 2 17

R'=NH,, NR,, NHCO
R2 = H, CH3, NO,, Cl, COOH, OCHjg, Ph

Scheme 11.
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2.1.3 Present work

Organic reaction using conventional organic solvents especially chlorinated
hydrocarbons have posed a serious threat to the environment owing to their toxicity and
volatile nature. Therefore, it is imperative to perform organic reactions under solvent-free
conditions. In this regard organic reactions in ionic liquids has received tremendous
attention in recent times.*”

The application of ionic liquids especially tribromides, as effective brominating
reagent for organic transformation have received considerable interest in the recent
decades due to their unique chemical and physical properties such as non-volatility, non-
inflammability, thermal stability, eliminates toxic bromine vapors, and ease of
recyclability. There has been considerable interest in developing green chemistry® for
organic synthesis due to environmental demand and sustainability.

Despite a number of precedents, new efficient methodologies for aromatic
bromination of anilines and phenols are still in strong demand. We have successfully
demonstrated the [BMPy]Br344 and [BBIm]Br345 as a new reagent/solvent for the
regioselective bromination of different anilines and phenols under mild conditions. The
methodology developed by us covers all the above mentioned drawbacks since the non-
volatile IL can be efficiently recovered and reused and the process does not require any

additional catalyst since the IL itself promotes the reaction.

2.1.4 Results and discussion

A variety of anilines and phenols 18 including primary and tertiary amines were
subjected to the regioselective nuclear bromination in IL, 1-butyl-3-methylpyridinium
tribromide ([BMPy]Br;) 19 as the brominating reagent as well as solvent at ambient

temperature (30 °C) under solvent-free conditions afforded monobrominated products 20

(Scheme 12).
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XH N XH
Bu

CH
n N 19 i h @j/ °
| - ' /, + -
%% RT \/\Br N Br

Solvent-free Bu

18 20 21

X =0 or NH
R = H, NO,, CHj, Cl, Ph, OCH3;, COOH

Scheme 12.

Similarly, the bromination of phenols and anilines 18 were performed in IL, 1,3-
di-n-butylimidazolium tribromide ([BBIm]Br;) 22 as brominating reagent and solvent at
room temperature under solvent-free conditions afforded corresponding brominated

compounds 20 (Scheme 13) and the results are summarized in Table 1.

XH NN, Bra XH
Buw ~ Bu
WS 22 Al NONL:S
% RT \;K + By Y Bu
Solvent-f Br

18 olvent-rree 20 23
X =0o0rNH
R = H, NOy, CHs, Cl, Ph, OCH3, COOH

Scheme 13.

Table 1. Regioselective aromatic bromination of anilines and phenols using [BMPy]Br3

and [BBIm]Br; at room temperature

Entry Substrate Product Time (min) Yield (%)
IL 19 IL 22 IL19 1L 22

HeC -CHy  HsC. _CHs

N N
1 © © 6 5 92 98
Br
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CH3 Br
1 ©/ CHa 30 i 88 i
OH
OH
12 CHO Br 15 - 92 -
©/ CHO
OH
OH
r
13 @icm éicm 15 - 90 -
OH OH
HO HO
14 10 Imm 98 98
OCHj,4 Br OCHj4 .
15 [\ [\ 5 - 91 -
HN. N HN.__N

2-Nitroaniline was monobrominated immediately by using [BMPy]|Brs 19;
whereas it took 15 mins by using [BBIm]Br; 22 (entry 2). Phenol was cleanly
monobrominated under solvent-free conditions at room temperature by both the IL 19
and 22 separately, affording exclusively p-bromophenol (entry S). a-Naphthol being a
bulky molecule took 45 minutes for monobromination in [BMPy]Br; IL; whereas in
[BBIm]Br3, it took just 3 mins. (entry 6). Imidazole underwent monobromination to
afford 2-bromoimidazole in 5 minutes (entry 15).

The process tolerates anilines and phenols containing both electron donating and
electron withdrawing substituents. The electron donating groups afforded the para-
brominated products, when the para-position is blocked the ortho-brominated product
was obtained exclusively. Whereas, when the electron withdrawing substrates were used
in the bromination reaction the bromination at meta-position was observed. The longer

reaction time afforded the dibrominated products.
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All the reactions were carried out at room temperature in air, adding 1.0 eq. of IL
19 and 22 to equimolar amount of substrate without any solvent. Although the reactions
were slightly exothermic, no special precautions were taken for cooling. They were
monitored by TLC and stopped after the disappearance of the substrate. The time taken
for complete conversion and the isolated yields are recorded in Table 1. All the isolated
products are known compounds reported in the literature. They were well characterized
by their physical constants such as boiling points and melting points. Their IR, NMR and
mass spectral were in conformity with their structures.

All the reactions were quenched by adding water. This caused precipitation of the
products as solids or oils, which were readily separated by extraction with ethyl acetate
and washed with fresh portions of water and then dried (either with sodium sulfate or in
vacuo). The aqueous phase containing highly water soluble ionic liquids (i. e. [BMPy]Br
21, [BBIm]Br) 23 were easily concentrated in vacuo to recycle it. The recyclable ionic
liquids could be used to regenerate tribromide room temperature ionic liquids 19 and 22

with the addition of bromine.

2.1.5 Conclusion

In conclusion, a new room temperature ionic liquid bromine analogue was
synthesized, characterized, which is safer, easier to use; which displayed improved
selectivity and better reaction condition, as compared to the current bromination
techniques. This new functional RTIL [BMPy]Br; and [BBIm]Br; may be classified as
“green” for the following reasons: (1) it eliminates toxic bromine vapors; (2) the bromine
carrier [BMPy]Br and [BBIm]Br can be easily recovered and recycled and (3) avoids the
use of conventional solvents such as ethyl acetate, CHCl, etc.. Furthermore, both the ILs
19 and 22 afforded good to excellent yields for a wide variety of anilines and phenols at

room temperature.
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2.1.6 Experimental Section

General procedure for regioselective monobromination of anilines and phenols:

To a stirred mixture of anilines or phenols (3.3 mmol) was added 1-butyl-3-
methylpyridinium tribromide [BMPy]Br; (3.3 mmol) or 1,3-di-n-butylimidazolium
tribromide [BBIm]|Br; (3.3 mmol) at room temperature for appropriate time. After
completion of the reaction as indicated by TLC, water (10 mL) was added into the
reaction mixture to quench IL. The resulting reaction mixture was extracted with diethyl
ether (3 x 10 mL), separated the organic layer, dried over sodium sulphate and

concentrated to afford pure monobromo anilines or monobromo phenols.

2.1.6.1 Characterization data: )

4-Bromo-N,N-dimethylaniline: HaCs N CHa

Molecular formula :  CgH;oBrN

Nature ¢ White solid

Mp . 50-52°C B

IR (CHCl3, Vmax) : 3090, 1592, 1500, 1355, 1223, 1063, 805 cm™.

'"H NMR (CDCl;,200 MHz) : 0292 (s, 6H), 6.61 (d, J=9.09 Hz, 2H), 7.32 (d,
J=9.22 Hz, 2H) ppm.

3C NMR (CDCls, 50 MHz) : 040.21, 108.50, 114.10, 131.59, 149.24 ppm.

MS (EI) (m/z) : 199 (M"), 201 (M+2).

4-Bromo-2-nitroaniline: NH,

Molecular formula :  CeHsBrN,O, NO,

Nature :  Orange solid

Mp : 111-112°C B

IR (CHCl3, Vmax) : 3472,3351, 3092, 1636, 1591, 1558, 1499, 1455,
1402, 1337, 1248, 1102, 881, 815, 762, 703, 626,
521 em™.

'"H NMR (CDCl;,200 MHz) : 0 6.06 (brs, 2H), 6.70 (d, J = 8.91 Hz, 1H), 7.41

(dd, J=8.91, 2.30 Hz, 1H), 8.25 (d, J = 2.45 Hz,
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1H) ppm.
0108.21, 120.85, 128.72, 132.99, 138.92, 144.17

ppm.
216 (M), 218 (M+2).

4-Bromo-2,6-xylidine:
Molecular formula
Nature

Mp

IR (CHCl3, Vmax)

'H NMR (CDCl3, 200 MHz)
13C NMR (CDCls;, 50 MHz)
MS (EI) (m/z)

NH»>
CngoBI'N H3C CH3

Brown solid
49-50 °C L Br
3497, 3427, 2975, 2928, 2859, 1632, 1468, 1224,
854, 682 cm’.

02.16 (s, 6H), 3.55 (s, 2H), 7.08 (s, 2H) ppm.
017.37. 109.35, 123.59, 130.49, 141.83 ppm.

199 (M), 201 (M+2).

2-Bromo-4-chloroaniline:
Molecular formula
Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;, 200 MHz)

13C NMR (CDCl;, 50 MHz)

MS (EI) (m/z)

NH,
Br
H C6H5BI'C1N
+ Pale brown solid
Cl

: 65-66 °C
: 3485, 3018, 2923, 2860, 1634, 1222, 852, 687

-1
cm .

: 54.09 (brs, 2H), 6.67 (d, J = 8.92 Hz, 1H), 7.09

(dd, J =8.92, 2.11 Hz, 1H), 7.42 (d, J = 2.11 Hz,
1H) ppm.
0108.95, 116.07, 122.68, 128.15, 131.57, 142.70

: 207 (M), 209 (M+2).

4-Bromophenol:

Molecular formula

OH

C6H5BI' O

Br
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Mp
IR (CHCl3’ l)max)

'"H NMR (CDCl;,200 MHz)

13C NMR (CDCls;, 50 MHz)
MS (EI) (m/z)
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Pinkish brown solid

61-63 °C

3340, 1885, 1588, 1487, 1433, 1240, 1217,
1173, 1068, 1005, 823, 808, 602 cm.

05.46 (s, 1H), 6.80 (d, J = 8.91 Hz, 2H), 7.40
(d, J=8.91 Hz, 2H) ppm.

0 112.79, 117.11, 132.47, 155.02 ppm.

172 (M"), 174 (M+2).

1-Bromo-2-naphthol:
Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

13C NMR (CDCls;, 50 MHz)

MS (EI) (m/z)

Br
CioH7BrO OH
Brownish crystal ]
77-80 °C
3407, 3059, 1625, 1360, 816, 749 cm’.
05.93 (s, 1H), 7.29 (d, J = 8.97 Hz, 1H), 7.39 (t,
J =8.08 Hz, 1H), 7.57 (t, J = 8.34 Hz, 1H), 7.76
(t, J = 8.08 Hz, 2H), 8.05(d, J = 8.97 Hz, 1H)
ppm.
o 106.06, 117.11, 124.05, 125.25, 127.75,
128.13, 129.23, 129.58, 132.22, 150.52 ppm.
222 (M), 224 (M+2).

2-Bromo-4-methoxyphenol:
Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

)
OH
C7H7BI‘ 02 Br
Faint yellow solid
59-60 °C OMe
k—

3420, 2927, 1652, 1497, 1209, 1032, 736 cm’".
03.70 (s, 3H), 5.26 (brs, 1H), 6.81 (dd, J = 8.91,
2.83 Hz, 1H), 6.93 (d, /= 8.91 Hz, 1H), 7.01 (d,
J=2.81 Hz, 1H) ppm.
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055.92, 110.08, 115.21, 116.35, 116.79, 146.51,
153.76 ppm.
202 (M™), 204 (M+2).

5-Bromosalicylic acid:
Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

13C NMR (CDCls;, 50 MHz)

MS (EI) (m/z)

H
: C;HsBrOs; COOH
: White solid

163-165 °C | B

: 3621, 3054, 2864, 1699 cm’.

05.74 (s, 1H), 6.96 (d, J = 8.82 Hz, 1H), 7.62 (dd,
J =28.82,2.45 Hz, 1H), 8.07 (d, J = 2.45 Hz, 1H),
10.41 (brs, 1H) ppm.

0109.72, 114.98, 119.84, 132.05, 137.90, 159.96,
170.82 ppm.

: 216 (M), 218 (M+2).

2,6-Dibromo-4-chloroaniline
Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)
3C NMR (CDCls, 50 MHz)
MS (EI) (m/z)

NH,
CsH4Br,CIN Br Br
White solid
94-96 °C \ Cl

2495, 3318, 1618, 1458, 858, 732 cm™".
05.02 (brs, 2H), 7.41 (s, 2H) ppm.
0108.94, 123.02, 132.56, 141.32 ppm.
285 (M*), 287 (M+2).

2-Amino-5-bromo-3-picoline
Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

Bra_ - CHs
C6H7BI'N2 | _
Faint white solid N NH,
92-94 °C

3467, 3296, 2924, 1635, 1582, 1469, 1440, 1379,
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1325, 1267, 1197, 1042, 886, 542 cm™.
02.11 (s, 3H), 4.48 (brs, 2H), 7.39 (d, J = 1.26
Hz, 1H), 7.97 (d, J = 2.01 Hz, 1H) ppm.
016.99, 108.25, 118.03, 139.65, 145.99, 155.90

ppm.
186 (M"), 188 (M+2).

4-Bromo-3-methylphenol:
Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

13C NMR (CDCl;, 50 MHz)

MS (EI) (m/z)

OH
C7H7BI‘ O
White solid CH 3
58-60 °C Br
—

3523, 2929, 1639, 1491, 1195, 1031, 741 cm’".
02.29 (s, 3H), 5.27 (brs, 1H), 6.56 (dd, J = 8.62,
Hz, 1H), 6.72 (d, J = 2.81 Hz, 1H), 7.32 (d, J =
Hz, 1H) ppm.

020.68, 108.91, 115.89, 130.21, 131.45, 151.04,
133.15 ppm.

186 (M), 188 (M+2).

2-Bromo-5-hydroxybenzaldehyde:

Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

13C NMR (CDCls;, 50 MHz)

MS (EI) (m/z)

OH
: C7H5BrO;
: White solid CHO
130-132 °C \Br_.i

: 3505, 1698, 1606, 1394, 1158, 1088 cm™.

07.02 (d, J = 8.89 Hz, 1H), 7.44-7.50 (m. 2H),
10.32 (s, 1H) ppm.

0114.68, 115.75, 117.61, 123.68, 134.90, 155.79,
192.48 ppm.

: 200 (M), 202 (M+2).
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6-Bromo-3-hydroxyacetophenone:

Molecular formula

Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

13C NMR (CDCl;, 50 MHz)

MS (EI) (m/z)
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Br O
C8H7B1‘02 C H3
White solid
75-76 °C OH

3498, 2990, 1697, 1360, 1157, 1059, 687 cm'.

0 2.61 (s, 3H), 6.78- 6.88 (m, 2H), 7.45 (d, J =
8.86 Hz, 1H) ppm.

0 30.19, 108.78, 115.99, 119.45, 134.76, 142.01,
155.39, 202.69 ppm.

214 (M™), 216 (M+2).

5-Bromo-4-hydroxy-3-methoxybenzaldehyde: CHO

Molecular formula CsH7BrO;

Nature White solid Br OCHs,

Mp 165-167 °C | OH

IR (CHCl3, Vmax) 3314, 2976, 2945, 2848, 1685, 1588, 1511, 1429,
1358, 1291, 1158, 1055, 682 cm'".

'"H NMR (CDCl;,200 MHz) 0 3.98 (s, 3H), 6.55 (brs, 1H), 7.35 (d, J = 1.4
Hz, 1H), 7.63 (d, J = 1.4 Hz, 1H), 9.80 (s, 1H)
ppm.

3C NMR (CDCls, 50 MHz) 056.91, 108.34, 108.40, 130.25, 130.36, 147.82,

MS (EI) (m/z)

149.01, 189.64 ppm.
230 (M), 232 (M+2).

2-bromo-1H-imidazole:
Molecular formula
Nature

Mp

IR (CHCl3, Vmax)

'"H NMR (CDCl;,200 MHz)

C;H3BrN, /:\
. . HN._ N

Off-white solid Y

198-200 °C Br

3156, 3097, 2901, 1546, 1444, 1294, 1072, 834,
756 cm’.
07.12 (d, J = 6.54 Hz, 1H), 7.66 (d, J = 6.96 Hz,
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1H), 10.52 (brs, 1H) ppm.

3C NMR (CDCls, 50 MHz) 1 §117.24,121.92, 137.66 ppm.
MS (EI) (m/z) ;146 (MY), 148 (M+2).
2.1.7 Spectral data

Table 2: 'H and >C NMR spectrum of some selected compounds are given below:

Sr. No. Spectra

"H NMR spectra of 4-Bromo-N,N-dimethylaniline
'"H NMR spectra of 4-Bromo-2,6-xylidine

'"H NMR spectra of 1-Bromo-2-naphthol

3C NMR spectra of 1-Bromo-2-naphthol

'"H NMR spectra of 2-Amino-5-bromo-3-picoline
"H NMR spectra of 2-bromo-4-chloroaniline

~N O AW =

BC NMR spectra of 2-bromo-4-chloroaniline
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1. "H NMR spectra of 4-Bromo-N