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Abstract

Abstract of the thesis

Catalytic synthesis of dimethyl carbonate and its application as a

green reagent for the synthesis of aromatic carbamates

Introduction

Dimethyl carbonate (DMC), is an important intermediate and is widely used in industry
due to its non-toxicity, good biodegradability, and excellent solubility." DMC is used as an
alternative, to harmful phosgene for the synthesis of aromatic polycarbonates and isocyanates as
a carbonylation reagent. It is also used in methylation reaction as a safe substitute for dimethyl
sulfate, methyl halides; which are toxic and corrosive.? DMC is about 1000 times less toxic than
phosgene. Moreover, because of its versatile chemical properties, DMC is used as an electrolytic
solution in secondary lithium battery, as a flavoring agent in foodstuff and as a solvent in the
field of paints. Owing to all these properties DMC is considered as an environmentally benign
chemical and a safe reagent for many important transformations.® Future demand for DMC is
expected to grow in view of the stringent environmental regulations. Hence research work is
being carried out on the development of safer routes for DMC synthesis and it’s utilization to
value added products like aromatic carbamates by methoxycarbonylation of aromatic amines.”
Methyl N-phenyl carbamate (MPC) is the simplest aromatic carbamate and is widely used as
intermediate in the synthesis of pesticides, insecticides, herbicides, plastics and often used as
protecting groups for amine functionality.> MPC is an important precursor for preparing
methylene diphenyl diisocyanate (MDI) by condensation of MPC with formaldehyde, which is
an important intermediate for the synthesis of polyurethanes (PUs).® PUs are among the most

valuable polymers produced by the chemical industry. In 2007 the global consumption of PUs as

Xix



Abstract

raw material was about 12 million metric tons/year and the average annual growth rate is about
5%.

Aim of the present work was to develop an efficient and selective catalyst for the synthesis of
DMC by transesterification of cyclic carbonates with methanol and synthesis of methyl-N-
Phenyl Carbamate (MPC) via methoxycarbonylation of Aniline with DMC. The Thesis consists
of three chapters, Chapter 1: deals with general introduction and literature available on the
synthesis of DMC from cyclic carbonates and methanol and synthesis of aromatic carbamates
from DMC and aromatic amines, Chapter 2: DMC synthesis by transesterification of cyclic
carbonates with methanol using heterogeneous base catalysts, and Chapter 3: Synthesis of

methyl phenyl carbamate by methoxy carbonylation of aniline with DMC using solid catalyst.

Chapter 1: Catalytic synthesis of Dimethyl carbonate and its

application to value added products

Chapter 1 deals with general introduction to DMC and its application as a “Green
Reagent” for the synthesis of value added products. Conventionally DMC was synthesized via
phosgenation and presently manufactured by oxidative carbonylation of methanol; both of these
routes require corrosive and poisonous gases like chlorine, COCI;, and CO. In case of oxidative
carbonylation of methanol there is a risk associated with the explosion hazard of CO/O, mixture.
One clean and sustainable route for the synthesis of DMC is the transesterification of cyclic
carbonate [ethylene carbonate (EC)/propylene carbonate (PC)] with methanol. This
transesterification process was developed by Asahi Kasei Chemical, Japan and commercial plant
was built by Texaco in 1987. Nowadays there are several plants based on this process in China.

Transesterification process is a safe and waste less process and stochiometric amount of ethylene
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glycol is formed as a byproduct. Furthermore it implies the use of carbon dioxide as a starting
material. Considerable amount of work has been carried out on the development of
heterogeneous catalysts for the synthesis of DMC.* From the literature it was observed that there
are limited investigations on highly active and reusable catalysts for this reaction. Lower
conversion of PC to DMC than EC to DMC was observed mainly due to steric factors and
differences in the chemical structures of these alkylene carbonates. Thus there is a need to
expand the scope of catalysts and hence work is being carried out on this important route.

DMC has a potential to provide atom efficient and safer route for the synthesis of aromatic
carbamates from DMC and aromatic amines. Lot of work is being carried out on the
development of catalysts for this reaction. Among all metal based catalysts; Zn and Pb metal
salts have shown best catalytic activity.® However, catalyst/product separation is difficult
because of the homogeneous nature of these catalysts. Also, lead compounds showed high
catalytic performance, but they are not environmentally friendly. Supported zinc acetate based
catalysts were studied for this reaction (Zn(OAc)2/AC, Zn(OAc),/a-Al,Ozand Zn(OAC),/SiO,) &
however, deactivation of Zn(OAc), was observed with the formation of ZnO [reaction between
methanol and Zn(OAc),]. Thus there is a need to develop active, selective and reusable catalyst

for this important reaction.

Chapter 2: DMC synthesis by transesterification of cyclic carbonate

with methanol using heterogeneous base catalysts

Chapter 2 presents work carried out on the synthesis of DMC from cyclic carbonate and

methanol using heterogeneous catalysts. This chapter has been divided in two parts. Chapter 2A
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deals with the synthesis of DMC using Mg-Fe-Ce ternary hydrotalcite as the catalyst, while

Chapter 2B deals with DMC synthesis using Li-Al mixed metal oxide as the catalyst.

Chapter 2A: Synthesis of dimethyl carbonate by transesterification of EC with

methanol using MgFeCe ternary Layer double hydroxide (LDH) catalyst. °

Transesterification of EC with methanol to DMC was investigated in detail using
MgsFexCe;—« ternary LDH as the catalyst. The LDHs were synthesized by varying Fe:Ce molar
ratio in a range of 1:0-0:1. All synthesized LDHs were characterized by XRD, FT-IR, TEM, N,
sorption, benzoic acid titration and XPS in detail and evaluated for selective synthesis of
dimethyl carbonate by transesterification of ethylene carbonate with methanol.

o 70°C, 3h, molar ratio
)J\ of EC:MeOH=1:10 o

9~ O + CH;OH \o)l\o/ + HO__~ .

S e s
N\ AN AN AL

Ethylene  Methanol  Mgs:Fe,:Ce,, (LDH)  oimethyl

pb v carbonate Ethylene glycol

100 r

—

—m—EC conversion
—&—DMC selectivity}
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75 o 2
HE |se
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Figure 1. Schematic of transesterification of EC with methanol and Catalyst recycle study
Reaction conditions: EC: 23 mmol, MeOH: 230 mmol, Catalyst: 2.5 wt% to EC, Reaction

time: 3h, Temperature:70°C
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Both the end members of this series MgsFe; (LDH-1) and MgsCe; (LDH-6) showed lower
catalytic activity and selectivity to DMC. The significant increase in EC conversion and DMC
selectivity was observed with appropriate concentration of Ce present in LDH structure. The
activity varied in the order: LDH-6 < LDH-5 < LDH-1 < LDH-4 < LDH-2 < LDH-3. The
activity trend was found to be in good agreement with structural and surface basic properties of
the synthesized LDHs. Among the synthesized catalysts LDH-3 (Fe:Ce molar ratio: 0.85:0.15)
showed best catalytic performance (87% EC conversion with 100% DMC selectivity) under mild
reaction conditions. LDH-3 was found truly heterogeneous catalyst and was recycled seven times
without loss in catalytic activity and selectivity to DMC (Fig.1). Various trivalent metals were
also used to modify the LDH with composition MgsFeg gsMo 15 [where M** = La, Sm, Y and Cr]
and the activity trend followed in order of La = Ce > Sm > Y > Cr. The best results were
obtained with Ce modified Mgs:Fe; LDH ( MgsFeossCeois) as the catalyst. The results were
found to be in good agreement with the electro negativities of incorporated third metal cations
[M3*]. To the best of our knowledge this is the first report on the use of MgsFeggsMo1s ternary

LDH as a catalyst for this reaction.

Chapter 2B: Synthesis of dimethyl carbonate by transesterification of cyclic

carbonate (EC/PC) with methanol using Li-Al mixed metal oxide catalyst DMC

synthesis by transesterification of PC/EC with Methanol was investigated using single and
mixed-metal oxide (MMO) materials consisting of Li, Mg, Co, Ni, Zn, Al and/or Fe with distinct
acid—base properties (Scheme 2). Binary MMOs were prepared via hydrotalcite precursors to
achieve high surface area and homogeneous mixing of the resulting, typically nanosized metal

oxide phases after calcination treatment. All catalysts were characterized in detail by XRD, BET,
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TEM analysis and acid—base properties of the materials were determined by NHs/ CO,-TPD. The
acid base properties of the catalysts prepared strongly influenced the activity towards DMC
synthesis. Best results were observed with Li-Al 500 as the catalyst (86-75% of EC and PC
conversion respectively with 100% selectivity to DMC) at 70°C for 1-3h using 2.5 wt% catalyst
loading. The catalyst was highly stable and gave good performance for 5 recycle experiments

with > 99% selectivity to DMC (Fig.2). .

0 I F C conversion (%) [ DM C selectivity (%)
100
)k CHy=OH

o” Mo + 2CH,0H —» )k

HyCO "

ethylene carbonate methanol dimethyl crbonate ethylene glyeol

0

CH2—0H
OJKO + 2CH;OH ——> )k

H,c0” NOCH, C"'_O"'

50

40

20

Conversion/ Selectivity (%)

propylene carbonate methanol dimethyl crbonate propylene glycol T 2 3 4 5 i

Number of cycles
Figure 2: Catalyst recyclability test. Reaction EC:23mmol

Scheme 2: Transesterification of EC/PC with methanol EC: MeOH=1:10, Li-Al 500: 2.5 wt % relative to EC,

Reaction Time: 1h, Temperature: 70°C.

Applicability of Li-Al 500 was investigated for transesterification of EC with different alcohols
including methanol, ethanol, n-propanol, n-butanol, and n-pentanol to give corresponding dialkyl
carbonates as products. To the best of our knowledge, there are few reports on solid base
catalysts showing high activity and selectivity to DMC for this reaction with PC as reactant at
lower temperature under atmospheric pressure. Catalytic activity of Li-Al 500 was found to be

superior compared to most of the reported solid catalysts under mild reaction conditions.
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Chapter 3: Synthesis of methyl phenyl carbamate by methoxy

carbonylation of aniline with DMC using solid catalysts

Catalytic synthesis of aromatic carbamates from aromatic amines and DMC has been
investigated in chapter 3. Main aim of the work was to develop active, selective and recyclable
catalyst for this reaction. Chapter 3A presents results obtained using Zn (Proline), catalyst, while

results obtained using Ce-Zn-Zr mixed metal oxide catalyst are presented in Chapter 3B.

Chapter 3A : Synthesis of methyl phenyl carbamate by methoxy carbonylation of

aniline with DMC using Zn (Prolinge),

Methoxy carbonylation reaction of Aniline with DMC was carried out using M (amino
acid), complexes (Scheme 3). Various Zn (amino acid), complexes were prepared by
precipitation method. From which Zn (Proline), showed the best catalytic activity towards MPC
synthesis, hence detailed parametric study of reactions was carried out using Zn (Proline);
catalyst. Good results were observed with aniline: DMC ratio of 1:10, reaction temperature
170°C and reaction time of 3h (98.6% conversion with 97.8% selectivity to MPC in 3 h).

Zn(Proline), was found to be an efficient, Lewis acid catalyst for methoxycarboxylation reaction.

(0]

NH, )J\
NH OMe
Zn(proline),
+ CH;0COOCH; —————» + CH;0H
170°C/3h
Aniline DMC MPC

Scheme 3: Methoxycarbonylation of aniline with DMC
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Chapter 3 B: Synthesis of methyl phenyl carbamate by methoxy carbonylation of

aniline with DMC using Ce-Zn-Zr mixed metal oxide catalyst

Methoxy carbonylation reaction of aniline with DMC was carried out using binary and
ternary MMOs as catalysts (Scheme 4). Various MMOs were prepared by co-precipitation
method and screened for the reaction. Ternary CesZngsZri MMO catalyst showed the best
activity towards MPC and good results were observed with aniline: DMC ratio of 1:20 reaction
temperature of 180°C and reaction time of 2h (98.4% conversion with 98.7% selectivity to
MPC). Effect of Zn concentration in Ce:Zn:Zr MMO was also studied in detail. All catalysts
were characterized by various spectroscopic techniques using XRD, BET, TEM and acid
properties of the materials determined by NH3;-TPD. Zn concentration in Ce:Zn:Zr catalyst
affects the activity and selectivity to MPC. Detailed parametric study was carried out using
CesZngsZr; MMO catalyst. CesZngsZr; was recycled up to 6 recycle experiments with slight
drop in activity. CesZngsZr; catalyst was found to be an efficient, stable, inexpensive and
recyclable heterogeneous catalyst for methoxycarbonylation of aniline and DMC. XRD analysis
of fresh catalyst and catalyst recovered after six recycle experiments showed similar pattern and

did not show significant changes in the analysis (Fig.3).

After 6 recycle experiments
0 - * CeyZry Oy
E)
NH f "OMe S
’ =
CeZnZr MMO 'S
AN e
R—: + CH;0CO0CH; - + CH;0H g
y/ 10wt%,180°C/2h -
Substituted amine  DMC Aromatic carbamate

Degree (26)

Scheme 4: Methoxycarbonylation of aniline with DMC Figure 3: XRD pattern fresh and used CeaZnosZry
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Chapter 1

1.1 Introduction

Today, we cannot expect our life without science and technology and most of our daily
activities are influenced by technological advancements.® Chemical industry and Catalysis has
played an important role in the day-to-day life directly or indirectly as exemplified by the
manufacture of commodity chemicals, clothing, food-products, plastics, agrochemicals,
pesticides and pharmaceuticals.>® While the petroleum and petrochemical industry is largely
based on catalytic processes, in recent years the small volume specialty and fine chemicals are
also preferred to be produced by catalytic routes. Most of the industrial chemical processes
involve catalytic reactions and hence the subject of catalysis is considered as the backbone of
chemical industry. Catalysis is also a key to the development of entirely new technologies or
breathing new life into an otherwise, mature technology. As a result of this, the subject of
catalysis has emerged, which involved catalytic process development as also the understanding
of the chemistry of catalytic reactions and engineering aspects.

Over the past century industries utilizing chemistry and chemical engineering have been major
contributors to worldwide economic development, however, this has led to increase in generation
of toxic and hazardous wastes causing serious environmental problems. Alarmed by the increase
in pollution government agencies have passed strict environmental regulation laws. This period
saw the rise of environmental catalysis. This has led to many discoveries using catalysis for
removal of toxic wastes, replacement of hazardous stoichiometric processes and development of
environmentally compatible technologies, which generate minimum waste for conventional as
well as new materials in various fields. Some of the important examples of industrial catalytic

reactions are oxidation, hydrogenation, hydroformylation, carbonylation, metathesis,
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hydrocyanation, alkylation, esterification and polymerization etc.*® In the early 90’s the concept
of environmental catalysis was conceived as ‘Green Chemistry’ to overcome the issue of
pollution and sustainable development of chemical industry. Catalysis has played a major role in
the development of Green Chemistry and at present approximately 85-90% of the products of
chemical industry are made using catalytic processes.’

The following sections present, a brief introduction to catalysis, the background of the subject, a
review of literature and specific research problems chosen along with the scope and objectives of

this thesis.

1.2. Catalysis

Catalysis is a phenomenon by which chemical reactions are accelerated by small
quantities of foreign substances, called catalysts. The word ‘catalysis’ comes from two Greek
words, the prefix ‘cata’ meaning down and ‘lysein’ means ‘to split or break’.” The concept of
catalysis was first proposed by chemist Elizabeth Fulhame and described in a 1794 book, based
on her novel work in oxidation-reduction experiments.” The term catalysis was later used by
Jons Jakob Berzelius in 1835’ to describe reactions that are accelerated by substances that remain
unchanged after the reaction. In the 1880s, Wilhelm Ostwald at Leipzig University started a
systematic investigation into reactions that were catalyzed by the presence of acids and bases,
and found that chemical reactions occur at finite rates and that these rates can be used to
determine the strengths of acids and bases.® For this work, Ostwald was awarded the 1909 Nobel
Prize in Chemistry. Ostwald defined the catalyst, “Catalyst is a substance which increases the
rate at which chemical reaction approaches equilibrium without becoming itself permanently

involved”. Catalysts work by providing an (alternative) pathway involving a different transition
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state and lower activation energy.’ consequently, more molecular collisions have the energy
needed to reach the transition state. Hence, catalysts enable reactions that would otherwise be

blocked or slowed by a kinetic barrier.

Energy

Reaction Progress

Figure 1.1: Activation enegry diagram

The catalyst may increase reaction rate or selectivity, or enable the reaction at lower
temperatures. This effect can be illustrated with an energy profile diagram (Fig.1.1) showing the
effect of a catalyst in a hypothetical exothermic chemical reaction X + Y to give Z (Scheme
1.1).% The presence of the catalyst opens a different reaction pathway (shown in red) with lower
activation energy. The final result and the overall thermodynamics are the same.

Catalysts generally react with one or more reactants to form intermediates that subsequently give
the final reaction product, in the process regenerating the catalyst. The following is a typical
reaction scheme, where C represents the catalyst, X and Y are reactants, and Z is the product of

the reaction of X and Y:
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Y 4 XC o XYC oo )
XYC =5 CZ oo, 3)
CZ > CHZ oo, (4)

Although the catalyst is consumed by reaction (1), it is subsequently regenerated in reaction (4),

S0 it does not appear in the overall reaction equation (5):

Scheme 1.1: Mechanism of catalytic reaction
As catalyst is regenerated in a reaction, often only a small amount of the catalyst is needed to
increase the rate of the reaction. Catalysts can be heterogeneous or homogeneous, depending on
whether a catalyst exists in the same phase as the substrate. Biocataysts (enzymes) are often seen

as a separate group.

1.2.1. Types of Catalysis

Catalysis is generally categorized into three types. They are 1) Bio-catalysis, 2)
Homogeneous catalysis 3) Heterogeneous (solid) catalysis.'® Separation of homogeneous catalyst
from the reaction mixture is difficult limiting its commercial applications. In order to overcome
the drawback of homogeneous catalysts various strategies are being developed to heterogenize
homogeneous catalysts. The heterogenized homogeneous catalysts developed have advantage of
high activity and selectivity similar to homogeneous catalyst and ease of separation like
heterogeneous catalysts. This has led to Heterogenized homogeneous catalysts as separate

category in the recent past.

>  Bio-catalysis
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Bio-catalysis is homogeneous in nature and provides regioselective and stereoselective
transformations at ambient reaction conditions with almost no by-product formation.*! Natural
proteins (enzymes) or nucleic acids (RNAs or ribozymes and DNAS) are used to catalyse specific
chemical reactions outside the living cells and the process is called as bio-catalysis.®> Enzymes
are obtained from animal tissues, plants and microbes (yeast, bacteria or fungi). Significant
progress in the field of protein engineering and molecular evolution has revolutionized the world
of bio-catalysis. The industrial scale syntheses of fine chemicals by using bio-catalysis include,
active pharmaceutical ingredients (APIs)," biofuels (e.g. lipase for the production of biodiesel
from vegetable oil),***° dairy industry (e.g. protease, lipase for lactose removal, renin for cheese
preparation),’® baking industry (e.g. amylase for bread softness, glucose oxidase for dough
strengthening), detergent manufacturing (e.g. proteinase, lipase, amylase used to remove stains
of proteins, fats, starch, respectively),"” leather industry (e.g. protease for unhairing and bating),

paper industry and textile industry (e.g. amylase for removing starch from woven fabrics) etc.™®

> Homogeneous catalysis

In homogeneous catalysis, the reactants, product and catalyst are present in same phase.
Some examples of homogeneous catalysts are brgnsted and Lewis acids, alkali and alkaline earth
metal halides, ionic liquids, phase transfer catalysts, organometallic complexes and organo-
catalysts etc.”® Methanol carbonylation to acetic acid®® and hydroformylation of olefins®
represent successful applications of homogeneous catalysis on industrial scale. Homogeneous
catalysts have been used in the manufacture of important bulk and fine chemicals for the
polymer, pharmaceutical, paint and fertilizer industries. Important reactions carried out using
homogeneous catalysis include oxidation, hydrogenation, carbonylation, hydroformylation,

Heck, Suzuki and other coupling reactions, telomerization, co-polymerization and
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metathesisreactionetc.”*?* Major advantage of homogeneous catalysis is that the catalyst is
soluble in the reaction mixture, allowing a very high degree of interaction between catalyst and
reactant molecules. Homogeneous catalyst is mostly discrete molecule dissolved in liquid and
can activate the reactants under milder operating conditions (lower temperature and pressure
conditions) compared to heterogeneous catalysts.”® However, unlike with heterogeneous
catalysis, the homogeneous catalyst is often irrecoverable after the reaction. Thus the main
drawback of homogeneous catalysis is the separation of catalyst and products. This drawback has
limited the commercial applications of homogeneous catalysis.?® Thus only 15-20% of the

industrial catalytic reactions involve homogenous catalysts.

» Heterogenized homogeneous catalysts

Traditional heterogeneous catalysts (metal oxides or supported metals) exhibit lower
selectivity and reactivity compared to homogeneous catalysts.”” Homogeneous catalysts have
high activity and selectivity, however, their separation from the reaction mixture is difficult. In
order to surmount these issues, homogeneous catalyst is immobilized in to separate phase by
various techniques to prepare heterogenized homogeneous catalysts. This can be achieved by
immobilizing the catalyst in another liquid phase (biphasic catalysis) or by supporting the
homogeneous catalyst on insoluble matrix.?® Presently, biphasic catalysis and the solid supported
homogeneous catalysts are widely recognized and well exploited in the academic and industrial
research.” Thus “Heterogenized homogeneous catalyst” has emerged as a separate category in
the recent past. The aim of this approach is to overlap the positive features of both homogeneous
(selectivity and reactivity under milder reaction conditions) and heterogeneous catalyst (ease of
separation of the catalyst from reaction mixture). This can be achieved through immobilization

of catalysts such as metal complexes, organometallic compounds, ionic liquids on the different
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solid surfaces (i.e Al,O3, SiO,, CeO,, ZrO,, AC, Zeolite, mesoporous material etc.) either
through physisorption or chemisorption.*® Covalent grafting of catalytically active species on
solid surfaces is found to be most favored approach for designing heterogenized homogeneous
catalysts. Catalysts can be synthesized by different methods like anchoring, tethering®! and
encapsulation of homogeneous catalyst in inorganic matrix.*> The subject is important and has

been reviewed extensively.”> ?" %

» Heterogeneous catalysis

In heterogeneous catalysis the reactant/product and catalyst are present in different phases.*
Most heterogeneous catalysts are solids that act on substrates in a liquid or gaseous reaction
mixture. Heterogeneous catalysts are classified depending on their uses in different forms.
Various categories usually referred to are presented below:*
e Bulk catalysts
Metals and metal alloys, Metal oxides, Mixed metal oxides, Carbides, Nitrides, Carbons, lon
exchange resins, Metal organic frameworks and Metal salts.
e Supported catalysts
Supported metals, supported mixed metal oxides, Surface modified oxides, Supported sulfide
catalysts.
e Coated catalysts

Catalytically active layers of bulk or supported catalysts applied on inert structured surfaces are
called as coated catalysts. Some examples of this system are monolithic honeycombs, foams and

sponges, catalytic-wall reactors microstructured reactors with coated channels etc.*

e Nanomaterial based catalyst
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Heterogeneous catalysts broken up into metal nanoparticles (partial size 1-100 nm) in order to

increase the surface area and active sites present on the catalyst surface which increases the rate

of catalytic process. Some examples of nanocatalysts used for the important reactions are given
below,

v" Nano NiO catalyst supported on y- Al,O3 microspheres of 3 mm size developed by Johnson
Mathey Company, for Biomass gasification to produce high syngas greater than 99%
purity.®’

v" Nanocatalysis of AlygHo3PW1,04 nanotubes yields 96% of biodiesel from waste cooking

oil as compared to 42.6% with conventional HsPW,,04 catalyst.®

» Steps involve in a heterogeneous catalytic reactions

In heterogeneous catalysis reaction takes place on the surface of catalyst and significant

work has been carried out to understand mechanism of the reaction.*®
(i)

O ® diffusion
: S
- (ii)
adsorption O.

o
C'D’:regg)tlon O
- (iv) ‘ %

diffusion

(v)

desorptlon

Figure 1.2: Steps involve in a heterogeneous catalytic reactions
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The progress of catalytic reactions on active sites of heterogeneous surface can be resolved into
five distinct steps (Fig. 1.2): (i) Diffusion of the reactants to the catalyst surface (ii) Adsorption
of reactants at surface (reactant-surface interactions) (iii) Reaction on the surface (iv)
Decomposition of product from the surface and (v) Diffusion of the reaction products away from
the catalyst surface.”>*! Industrially heterogeneous catalysts have been used for many important
reactions and few examples are hydrocracking, alkylation, catalytic cracking, polymerization,
ammonia synthesis, water-gas shift reaction, hydrogenation of vegetable oils, oxidation,
reduction, oligomerization, esterification, hydrolysis and a variety of condensation reactions,
etC.42-44

Main advantage of heterogeneous catalysts is very easy catalyst / product separation as compared
to other catalysts. Thus most of the commercial processes use heterogeneous catalyst, which can
be used in column (tubular reactor) for very long time (few months to years depending on the

activity and stability).*>*®

Consequently, the chemical industry is largely based upon
heterogeneous catalysis and roughly 80-85% of all products are made using heterogeneous
catalysts, and the percentage is increasing steadily.* Hydrotalcites (HTs) and HT derived mixed
metal oxides (MMOs) are important class of heterogeneous catalysts used for many
reactions.*”*® In the past few years there has been a rapid growth in publications related to the
synthesis and application of HTs and derived mixed metal oxide catalysts and there are extensive
review articles on this subject.**>! Since significant part of the work carried out in the present
thesis is concerned with the use of HT and HT derived mixed metal oxides as catalysts, a brief

introduction and applications of HT and HT derived mixed metal oxides as catalysts is given

below.
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1.2.2. Hydrotalcites (HT5)

In recent years hydrotalcites (HTs) have received increasing attention in the search for
environmentally benign catalysts for base-catalyzed reactions.®* Replacement of the traditional
homogeneous base catalysts, such as aqueous NaOH, by heterogeneous catalysts could result in
the reduction of waste streams, facile separation of the catalyst, and reusability of the catalyst.
The catalytic activity of HTs as well as mixed metal oxides formed by calcination of HTs have
been exploited as basic catalysts in many chemical processes including Cross-aldol condensation
of aldehydes and ketones, Knoevenagel condensation, Claisen—Schmidt condensation, Michael
addition, Transesterification, and Alkylation at ambient temperature with high activity and

selectivity.>*>’

Basal spacing ¢’

region

Bruicte-like Interlayer

[M"(OH) J*

Figure 1.3: Structure of hydrotalcite
Hydrotalcite, MgeAl>(OH)16C0O3-4H,0, is a naturally occurring anionic clay. It was first
discovered in Sweden around 1842 and its name is derives from the fact that it can be easily
crushed into a white powder similar to talc.>® The structure of HT has been derived from brucite,
Mg(OH),, which exhibits layers of edge-sharing hydroxide octahedral centered by magnesium

according to Mg(OH)g/s (Fig. 1.3).
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Tablel.1: Composition and symmetry of some natural anionic clays.

Name Chemical composition Symmetry

Barbertonite MgsCr2(OH)16CO3- 4H,0 Hexagonal

Desautelsite MgsMn,(OH)16CO3- 4H,0 Rhombohedral

Hydrotalcite MgsAl>(OH)16CO3- 4H,0 Rhombohedral

Manasseite MgsAl2(OH)16CO3- 4H20 Hexagonal
Pyroaurite MgsFe2(OH)16CO3- 4.5H,0 | Rhombohedral
Reevesite NigFe2(OH)16CO3- 4H,0 Rhombohedral
Sjogrenite MgsFe,(OH)16CO3- 4.5H,0 | Hexagonal
Stichtite MgsCr2(OH)16CO3- 4H,0 Rhombohedral
Takovite NigAl,(OH),,CO;5- 4H,0 Rhombohedral

The structure of hydrotalcite has been investigated by various spectroscopic techniques like
XRD, FT-IR, TEM, SEM etc.>® The sheets are stacked one on top of the other and are held
together by weak interactions through hydrogen bonds. Isomorphic replacement of Mg?* ions by
AI®* results in an overall positive charge of the layers. The positive charge is compensated by the
intercalation of COs” in the interlayer space. Also the equilibrium products of aqueous CO3*
solutions (OH, HCOj3) are present in the interlayer space as water molecules are also
intercalated. The water molecules participate in hydrogen bonding to the hydroxide layers. In

nature many compounds are found which have composition similar to HT i.e
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M(I1)sM(111)2(OH)16C0O3-4H,O but a different stacking sequence. The details of these

compounds i.e name, composition and symmetry is listed in Table 1.1.>®

1.2.3. Hydrotalcite-like compounds

As stated earlier hydrotalcite is a solid compound with basic properties and has potential
to replace homogeneous basic catalysts like NaOH. The molecular formula of HT is
MgsAl2(OH)16CO3-4H,0. In order to modify basic properties of the HT, it is possible to replace
Mg with other divalent metal and Al can be replaced by other trivalent metal. With this idea
various compounds have been prepared with the molecular formula {[M(I);-
«M(I111)x(OH),]CO3-(A"wn).mH,0}. These materials are called as hydrotalcite like materials and
have structure similar to HT. The above formula indicates that it is possible to synthesize a
number of compounds with different stoichiometries; i.e with more than two metals and two
anions.>® Where M**represents divalent cation such as Mg?*, Ca?*, Zn®*, etc and M*'is trivalent
cation such as AI**, Cr**, Fe**, Co®, etc. in the octahedral sites within the hydroxyl layers and x
is equal to the ratio M**/(M?+ M**) with a value varying in the range of 0.17-0.50. “A” is an
exchangeable interlayer anion such as CI~, COs* and NOs etc.

Table 1.2: lonic radius of some cations, A" used in the synthesis of hydrotalcite like compounds

M(Il) | Be Mg | Cu Ni Co Zn Fe |Mn |Cd Ca
0.30 [0.65|0.69 |0.72 |0.74 | 0.74 |0.76 | 0.80 | 0.97 | 0.98

M) | Al Ga | Ni Co Fe Mn |Cr |V Ti In

0.50 | 0.62|0.62 |{0.63 |0.64 |0.66 |0.69|0.74 |0.76 |0.81

It is very important that M?*and M®* cations should have ionic radii not too different from 0.65 A

(characteristic of Mg®") to form a stable structure of HT like compounds.®® lonic radii of some
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bivalent and trivalent cations used in the preparation of hydrotalcite like materials are listed in
Table 1.2.

Acid base properties of the HTs can be tuned by using 1) various combinations of bivalent (Mg,
Zn, Ni, Cu, Co) and trivalent (Al, Fe, Cr, Ni) cations and 2) by varying their molar ratios in
brucite like structure. These types of materials have been widely studied and successfully used as
basic catalysts for several reactions.>® ®® Recently incorporation of third metal cation in parent
HT has attracted much more attention with the aim of modifying basicity of the catalyst.*® ®
Parvulescu et al.”* have prepared ternary hydrotalcite by incorporating Y** in the Mg-Al HT
(Mg:Al 3:1 ratio). They observed significant improvement in the activity and selectivity for
styrene epoxidation with hydrogen peroxide with ternary HT as the catalyst in acetonitrile. The
electronegativity of yttrium (1.22) is lower compared to that of AI** (1.61) and results in higher
basicity of the ternary HT prepared. Higher basicity of the ternary HT resulted in better
epoxidation activity of this catalyst. Similar results were observed by Angelescu et al.®? by
modifying Mg—Al HT with La and Y for cyanoethylation of ethanol.

Hydrotalcites have been used in large number of practical applications such as neutralizers
(antacids), anion exchangers, polymer stabilizers, anion scavengers, catalysts and catalyst
supports, adsorbents, filtration, electro active, photoactive materials and pharmaceuticals.®® HTs

are usually chosen over other compounds due to the versatility, simplicity, easily tailored

properties and low cost of the materials. Many HT materials show unique phenomenon called “

memory effect” which involves the regeneration of the layered crystalline structure from their

calcined form (300-600°C), when the latter is dispersed in an aqueous solution containing
suitable anion.>**® Mg(AI)O exhibits a unique reconstruction ability provided that the calcination

temperature is low (300-450°C) so as to avoid appearance of the spinel phase MgAl,O, in the
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calcined compound. This reconstructed material is known as “meixnerite” and behaves as
Bronsted base type catalyst.®”®® This reconstruction is realized when calcined HTs are rehydrated
in water or in flowing nitrogen saturated with water (to avoid contamination by COs*). The
reconstructed material is more basic than the original HTs as it contains OH" ions in the
interlayer in contrast to COs* ions in the interlayers of the original HTs (Fig.1.4). This
phenomenon of HTs allows introducing almost any kind of compensating anions that can be of

use in the catalytic process.

T i o
’,'-’.ﬁf:;_m‘r'ﬂ_‘;i*—"ﬂ—".a-_ . meconsiruction
s T e L, i
b *:,‘t;._—_-;."-_-_—.&:i_. . using memory
Crsssmr ) oten
'__r'r ¥ JQL'-':"“*%E._:-L{’J ,.:;:5"\.
oA A ) rrerr————
=t ¥ e ?
+ o it h

HT Calcined HT Reconstructed HT
Figure 1.4: Memory effect of the calcined hydrotalcite

Hydrotalcites can be prepared by different ways: Co precipitation method, hydrothermal method,
urea hydrolysis etc.”®> Co precipitation is the simultaneous precipitation of more than one
compound from a solution.

Advantages of co precipitation method over other catalyst preparation methods are:

e [tinvolves simple steps and is a time saving process

e The particle size and composition are easy to control

e |t gives high output and recovery

Because of the advantages mentioned above the cost of HT preparation is lower for co-

precipitation method. Factors that are considered important in the synthesis of HT like
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compounds include the nature of the cations, their ratio, the nature of anions, pH maintained

during synthesis, temperature, aging and the precipitation method.”

The morphology of HTs is changed by thermal treatment. Thermal decomposition of HTs up to

700°C is well-documented in the literature.”* Below 200°C, the compounds lose the interlayer

water. At 450-500 C, the HT undergoes de-hydroxylation and decomposition of carbonate into

carbon dioxide and results in the formation of corresponding metal oxides. At 660-700 C DTA—

TG analysis indicates that HT completely decomposes and FTIR analysis reveals a band of Mg—

O and AI-O attributed to the spinel and periclase phase. The hydrotalcites have been used as

brgnsted basic catalysts for many reactions. However, metal oxides obtained after calcination of

HTs are also basic in nature (Lewis basic) and have been widely used as heterogeneous basic

catalysts for variety of reactions.”>”® The most interesting properties of the oxides obtained by

calcination of HT are presented below:’* "™

e High surface area.

e Acid/Base properties.

e Formation of homogeneous mixtures of oxides with very small crystal size and stable to
thermal treatments.

Details on the application of mixed metal oxides as catalysts (industrial and environmental

importance) are discussed below.

1.2.4. Mixed metal oxides (MMOs)

Metal oxides represent one of the most important and widely employed categories of

solid catalysts, either as active phases or as supports (Fig. 1.5 and 1.6). Metal oxides are utilized
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both for their acid—base and redox properties and constitute the largest family of catalysts in
heterogeneous catalysis.”

Oxides containing two or more different kinds of metal cations are known as mixed metal
oxides. Oxides can be binary, ternary and quaternary and so on with respect to the presence of

the number of different metal cations. They can be further classified based on whether they are

Organic
Reactions

Fine ChemicalC: :D Green
Synthesis - Chemistry

|

Petroleum
Industry
\ v

Figure 1.5: Industrially important heterogeneous Figure 1.6: Applications of mixed metal

m  Zeolites

m Oxides, complex oxides
= lon-exchange resins

B  Phosphates

m  Clays

®  Other

catalysts. oxides.

crystalline or amorphous. If the oxides are crystalline the crystal structure can be determined
based on the oxide composition. For instance, perovskites have the general formula ABOj3;
scheelites, ABOy; spinels, AB,O,; and palmeirites, AsB,0s.>° The different metal cations (M,
and M,;) are present as M,"*-Ox and M,"*-Ox polyhedra, which are connected in various possible
ways, such as corner or edge sharing, forming chains M-O-M;—O, M\-O-M~-O or M;—O-M;—
O. The arrangement of cations of a given element differs by the co-ordination and the nature of
the neighbouring cations and this governs the type of bonding between the cations. Different
environment of the cation that constitutes an active centre would give rise to different reactivity

towards an approaching molecule. Oxide surfaces terminate by oxide O% anions, as their size is
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much larger than that of M"" cations. It follows that the symmetry and coordination of M"™
cations are lost at the surface. Moreover, the surface of an oxide may contain different types of
defects and environments (kinks, steps, terraces), which play a determining role in the catalytic
phenomenon.®® This surface unsaturation is usually compensated for by a reaction with water
vapour, leading to the formation of surface hydroxyls according to: O+ H,O — 20H". OH
groups are conjugated acids of lattice oxygen ions O, which are strong bases and conjugated

bases of water molecules.

Table 1.3: Some important industrial processes using metal oxide and mixed metal oxides as

catalysts
Reaction Catalyst
Steam reforming of hydrocarbons to CO + H, Ni/Al;O3
Water gas shift (CO + H,O— CO, + H,) Fe oxide or mixed oxides Zn, Cu, Cr
Methane dry reforming (CO,+ CH; = 2CO + Ni/Al,O3

2H,)

Methanol synthesis from CO + CO, + H,
Methanol oxidation to formaldehyde
SO, =+ SO; for H,SO,

H,S oxidation to SO, and H,SO4
Metathesis
Acrolein oxidation to acrylic acid
Hydrodesulphurisation of oil distillates
Alkanes (C,—Cs) dehydrogenation to olefins
Alkanes oxidative dehydrogenation to olefins
Butane to maleic anhydride
Methane oxidative coupling to ethylene
Ethylene + HCI + O, to dichloroethane

Exhaust gas elimination

Cu-Zn-0O/Al,03
Fex(MoOy)3
V,05
Fe,03/Si0; or a-Al,O3
Re-O, Ru-O &W-0O
Mo-V-0
CoMo-0, NiMo-O, Ni-W-0/-Al,03
Cr,05/Al,03 or Pt/Al,O3
V based catalysts
(VO),P,04
Doped rare earth oxides
Zn0, Cr,03, CuO
Pt-Rh-Pd alloys on oxides
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MMOs have been used as catalysts in various industrially important reactions such as reduction
of nitroarenes, NO reduction with NHgs, catalytic wet air oxidation of 2-chlorophenol, liquid
phase catalytic oxidation of alcohols, alcohol dehydration, dehydrogenation of 2-octanol,
transesterification with Na-based MMOs, destructive oxidation of (CHs),S,, solvent-free
oxidation of primary alcohols to aldehydes using Au—Pd/TiO, catalysts’ and in some other
important applications which are listed in Table 1.3.” From Table 1.3 it is clearly observed that
transition and noble group metal oxides have been frequently used as catalysts and their activity
has been attributed to the outer electron configuration. Their catalytic activity may be traced to
the presence of partially filled d-shells of the metal ion and to the influence of the oxide ligand

field on this partially filled d-shell.*

Mixed metal oxides are oxygen-containing combinations of
two or more metallic ions in proportions that may either vary or be defined by a strict
stoichiometry. Solid solutions and mixed metal oxides are classified according to their crystalline
systems.

Over the past century industries utilizing chemistry and chemical engineering have been major
contributors to worldwide economic development. This rapid development has led to serious
environmental problems. In the early seventies concerns were raised on the alarming level of
environmental pollution caused by chemical industries. Because of strict environmental regulations
this period saw the rise of environmental catalysis. Also focus of the work in last several decades
has been on the development of atom efficient routes with minimum waste generation. In the
early 90’s the concept of environmental catalysis was conceived as Green Chemistry to overcome the
issue of pollution. MMOs have played an important role in the development of Green Chemistry

by providing alternative to homogeneous acid and base catalysts and avoid generation of

significant amount of by-product salts.
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1.3. Green chemistry

1.3.1. Definition

Green chemistry has become an internationally recognized focus area of chemical science
and it is defined by IUPAC as "The invention, design and application of chemical products and
processes to reduce or to eliminate the use and generation of hazardous substances".”

Green chemistry can also be termed as “sustainable chemistry”, since it is focused on the design
of products and processes that minimize the use and generation of hazardous substances.
Whereas Environmental Chemistry focuses on the effects of polluting chemicals on nature,
Green Chemistry focuses on technological approaches to prevent pollution and reducing
consumption of non-renewable resources. Green chemistry overlaps with all sub disciplines of
chemistry but with a particular focus on chemical synthesis, process chemistry, and chemical
engineering, in industrial applications.””" To a lesser extent, the principles of green chemistry
also affects laboratory practices. The overarching goals of Green chemistry namely, more
resource-efficient and inherently safer design of molecules, materials, products, and processes
can be pursued in a wide range of contexts. In 1998, Paul Anastas (who then directed the green
chemistry program at the US EPA) and John C. Warner (Polaroid Corporation) published a set of
principles to guide the practice of Green chemistry.”” Attempts are being made not only to
quantify the greenness of a chemical process but also to factor in other variables such as
chemical yield, the price of reaction components, safety in handling chemicals, hardware
demands, energy profile and ease of product workup and purification. The twelve principles

address a range of ways to reduce the environmental and health impacts of chemical production,

and also indicate research priorities for the development of green chemistry technologies.®
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1.3.2. Twelve principles of Green Chemistry

1)
2)
3)
4)
5)
6)
7)
8)

9)

Prevent waste formation instead of treating it.
Design atom-efficient synthetic methods.

Choose synthetic routes using non-toxic compounds where possible.

Design new products that preserve functionality while reducing toxicity.

Minimize the use of auxiliary reagents and solvents.
Design processes with minimal energy requirements.
Preferably use renewable raw materials.

Avoid unnecessary derivatization.

Replace stoichiometric reagents with catalytic cycles.

10) Design new products with biodegradable capabilities.

11) Develop real-time and on-line process analysis and monitoring methods.

12) Choose feedstock’s and design processes that minimize the chance of accidents.

1.3.3. Synthetic strategy to achieve green chemistry processes

1.3.3.1.  Catalytic processes

As suggested by the ninth principle of green chemistry, catalytic processes are preferred,

when possible, because they offer several advantages compared to the stoichiometric methods

including energy minimization and reduction of wastes.®®! In fact, a catalyst lowers the

activation energy of a process and experimental conditions should be less drastic. In addition, a

heterogeneous catalyst is generally recovered and used for successive runs with economic and

environmental benefits. The industrial importance of heterogeneous catalyst and their application

in various fields we have discussed earlier in section 1.2.
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1.3.3.2.  Elimination of auxiliary reagents and solvents:

The fifth principle highlights the elimination of auxiliary substances, when possible. The
auxiliary substances take part in the manipulation of a chemical reaction but they are not integral
part of the molecule itself. ®®2 Their use should be discouraged in the development of safe
processes. When unavoidable, safer solvents and auxiliaries should be used. Traditional organic
solvents are hazardous for the human health and environment. Both halogenated solvents
(methylene chloride, chloroform, perchloroethylene, carbon tetrachloride) and aromatic
hydrocarbons are carcinogens; volatile organic compounds (VOCs) represent a wide range of
hydrocarbons and their derivatives are implicated in the atmospheric ozone generation.”
Unfortunately, these compounds are widely used in chemistry showing excellent solvency
properties. Dimethyl carbonate (DMC) is an important intermediate and is widely used in
industry and has emerged as a "Green Reagent/solvent” for synthesis of value added products.®®
8 Dimethyl carbonate (DMC) is an environmentally benign substitute for phosgene, DMS and
methyl halides since it is a well-known non-toxic reagent as compared to other carboxylating or
alkylating agents (phosgene and methyl halides, respectively). DMC is about 1000 times less
toxic than phosgene.® Dimethyl carbonate does not produce inorganic salts. In fact, the leaving
group, methyl carbonate, decomposes giving only methanol and CO, as by-products. Dimethyl
carbonate is classified as a flammable liquid, smells like methanol and does not have irritating or
mutagenic effects by either contact or inhalation. Therefore, it can be handled safely without the
special precautions required for the poisonous and mutagenic methyl halides and DMS, and
extremely toxic phosgene.® The details on DMC as a green reagent for the synthesis of value

added products are discussed in the following section.
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1.3.4. DMC as a green reagent

Reactions involving dimethyl carbonate (DMC) represent the epitome of green and
environmentally sustainable transformations. DMC based processes can take advantage of the
dual role of DMC as both solvent and (electrophilic) reagent to transform highly functionalized
bio-based chemicals into a plethora of other molecules. The reactivity of DMC is well

documented, as summarized in Fig. 1.7.%’
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R R/ \COZCH3

Figure 1.7: Typical DMC reactivity pathways.®’

DMC can act as a nucleophile either on the carbonyl carbon or on one of its methyl
groups, and the observed chemoselectivity depends on several factors, including the nature of the
nucleophile, reaction conditions and structure of the products. Some of the possible reaction
pathways of DMC are listed in Fig.1.7, clockwise from the top: with phenols to yield anisoles,
with alcohols to yield alkyl-methyl- or dialkyl carbonates or alkyl methyl ethers, with anilines to

yield methylamines, with tertiary amines or phosphines to yield — onium methylcarbonate salts,
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with esters or acids to yield methylesters, with amines and CO, to yield carbamates, with diols to
yield cyclic carbonates, with cyclic ketones to yield diacids, with hydroxylimines to yield
oxazolidinones, and with activated CH, groups to yield their methylated equivalents.®’

Dimethyl carbonate reacts selectively with a great variety of compounds as a methylating or
carboxymethylating reagent, it requires only catalytic amount of a base and produces no waste
(high atom economy). DMC can also be used to control the selectivity of the methylation and/or
methoxycarbonylation reaction both on simple (amines, alcohols and thiols etc.) and more
complex nucleophiles (hydrazines, sugars and aminoacids etc.). As a result, several industrial
procedures already use DMC as a reagent (or a solvent) and many others are under
investigation.® Ultimately, it must be stated that the exploitation of eco-sustainable reagents,
such as DMC, is a fundamental issue for our ever-evolving society, since this will pave the way
to a ‘greener’ future for the next generations.®® Main aim of the present thesis was synthesis of
DMC from cyclic carbonates and its application to the synthesis of aromatic carbamates. Hence a
brief introduction to DMC synthesis and detailed literature report on the synthesis of DMC from
cyclic carbonates and methanol and synthesis of aromatic carbamates from aromatic amines and

DMC as “Green Reagent” is presented below.

1.4. Dimethyl carbonate (DMC)

Dimethyl carbonate (DMC), is an important intermediate and is widely used in industry
due to its non-toxicity, good biodegradability, and excellent solubility.?® Worldwide demand of
DMC has been increasing continually because of its applications in polycarbonate industry, fuel
technology, pharmaceuticals, electrochemical and catalytic reactions. According to Nexant’s

Chem Systems report (Fig. 1.8) 51% of DMC produced was utilized for polycarbonate
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production, 24% was used as solvent, and the rest for other applications. From the Table 1.4 it
can be observed that the global demand of DMC speculated in 2015 will be 3 times higher than

the estimated one (2011).%

Polycarbonate

Seolvent

Other applications
Figure 1.8: Global consumption of DMC.%

Table 1.4: Global DMC demand (Thousand Tons)

Average Annual

Actual  Estimate Forecast  Speculation Growth rate (%)
2002 2005 2008 2011 2014 2015 2011-2014 2015-2025
Polycarbonate 50 112 179 218 258 516 5.8 6.5
Solvent 13 74 102 156 403 15.3 9
Other 40 43 92 109 130 452 5.9 12
Global 90 168 345 429 544 1351 8.2 8.8

Consumption

The demand for DMC is expected to grow annually by 6.5% till 2025. Hence, lots of efforts have
been made in order to find a sustainable route to produce DMC on a large scale.

Conventional process for synthesis of DMC based on the phosgenation of methanol was in
operation till 1980.% In this synthesis, HCI was produced as unwanted side product (Scheme

1.2). Use of highly toxic phosgene was the major drawback of the conventional technology.
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CcoCl, + CH,OH ———» )I\ + HCl

H;CO OCH,

Phosgene  Methanol Dimethyl carbonate
Scheme 1.2: Synthesis of DMC by phosgene and methanol
Phosgene is highly toxic in nature and also because of the formation of large excess of salts the
process is not in operation. As a result several non-phosgene routes have been explored and few

are used for commercial synthesis of DMC (Fig. 1.9).

2 CH;0H
+
[-H,0] (NH,),CO
2 NH; + CO, > 2NO + 0.50, + 2 CH;O0H
[-H,O]
[-2 NH;]
Scheme 1.7 ﬁO\ CO + 2 CH30NO
0 \'
Scheme 1.3
[-H,O]
2 CH;0H + CO, ——» H3CO OCH;,
“4,
Scheme 1.6 VXO/
[F-HOCH,CH,OH] 050, + CO + 2 CH;0H
° Scheme 1.4
° —_— )]\
i E + CO, fo) o
Scheme 1.5 +
2 CH;0H

Figure 1.9: synthesis Alternative routes of DMC.
Present commercial processes involve oxidative carbonylation of methanol using copper based
catalyst developed by Enichem® (Fig. 1.9, Scheme 1.3), the methyl nitrile carbonylation process
developed by Ube Industries™ (Fig, 1.9, Scheme 1.4) and transesterification of methanol with
ethylene carbonate (EC) developed by Asahi Kasei Chemical Company, Japan® (Fig. 1.9,

Scheme 1.5). Other alternative and safer routes being investigated for the synthesis of DMC are:
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DMC synthesis directly from CO,” (Fig. 1.9, Scheme 1.6) and Urea methanolysis* (Fig. 1.9,
Scheme 1.7). The important literature available on the synthesis of dimethyl carbonate by non-

phosgene routes are discussed below.

1.4.1. Synthesis of DMC by oxidative carbonylation of methanol

In late 1980, the Italian company Eni Chem developed a novel phosgene free route for
the production of dimethyl carbonate based on oxidative carbonylation of methanol over CuCl
catalyst with 95% DMC yield in 90 min reaction time at 100°C (Scheme 1.8).%

(o]

CuCl
2CH;0H + CO + 1120, > JL +  H0

Temp.: 100°C = OCH
Reaction time: 90min 3 3

Pco:02-30:10 atm DMC yield : 95 %

Scheme 1.8: Oxidative carbonylation of methanol®®

From the reported literature it was observed that most of the work has been carried out with
CuCl based catalysts.***® Though CuCl showed good activity towards DMC synthesis, it remains
soluble in the reaction mixture and hence catalyst/product separation is difficult. To overcome
this drawback several heterogenized CuCl based catalysts with different solid supports (silica,
SBA-15, MCM-41, zeolite, activated carbon etc.) have been investigated.”*" Cao et al.'®
reported CuCl immobilized on a diamide-modified mesoporous SBA-15 silica, which is air-
stable and reusable catalyst, which showed 22% methanol conversion with 99% selectivity to
DMC at 120°C in 5h reaction time. Though the heterogenized CuCl on different solid supports
showed better activity (methanol conversion 7-31% and DMC selectivity 80-99%), they showed
deactivation and equipment corrosion problems due to presence chlorine species in catalyst.

Yuan et al.**% developed chlorine-free Cu-exchanged MCM-41 (Cu/MCM-41) however; lower
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methanol conversion of 12.6% and 97.5% selectivity to DMC was observed. Though many

efforts have been made to prepare chlorine free catalysts unfortunately, the activity is still far

from viable for industrial application.

1.4.2. Synthesis of DMC using NO

Ube Industries developed a gas phase process for DMC synthesis from Methanol and NO

over Pd based bimetallic catalyst which is a two-step process. Fig.1.10 shows a simplified

schematic of the UBE process. % 1 The reaction section has two reactors, one for MN (methyl

nitrite) synthesis (reactor 1) and the other for DMC synthesis (reactor 2). The effluent gas from

the DMC synthesis reactor is separated into the gas fractions, NO and DMC. DMC is purified by

distillation from other by-products.

CO
nd st
2 reactor < l 1 reactor
Dialkyl carbonate Alkyl nitrite
Synthesis ‘5 Synthesis

Water removing

d=————> Product separation

> Dialkyl carbonate

ROH

Figure 1.10: Block flow diagram of UBE process for gas phase synthesis of DMC.'%

Reactor 1: In the first reactor, methyl nitrite (MN) is non-catalytically synthesized from NO, O,

and alcohol in the liquid phase at 60 °C with contact times ranging from 0.5 to 2 s (eq.1).

non-catalytic

2CH;0H + 2NO + 1/20,————» 2CH;0NO + H,0

eq. 1
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At this stage, it is necessary to remove the water formed from the reaction media in order to
perform the DMC synthesis in a fully anhydrous media, so that the activity of the catalyst could

be maintained with time on stream.

Pd base catalyst
2CH;0NO + CO » CH;0-CO-OCH; +2NO eq. 2

Reactor 2: The second step involves vapor phase catalytic reaction between methylnitrite and
carbon monoxide (both reactants with contents around 5-30 vol%) over an activated charcoal
supported palladium chloride catalyst (Pd"Cl,) in a fixed-bed reactor (eq. 2). The reaction is
performed in the presence of small amounts of chloride compounds diluted in an inert gas. The
catalytic reaction between methylnitrite and carbon monoxide at 100-120°C and at 0.5-1MPa
formed DMC according to eq. 2. The DMC production was ranging from 200 and 600 kg [m®
cat] h™* for a contact time within the 0.5-5 s range.

Synthesis of DMC via MN carbonylation can be catalyzed by various kinds of Pd containing
catalyats supported on activated carbon (AC) such as PdCI,—CuCl,/AC, PdCl,—FeCl; /AC,
PdCI,—BiCls /AC etc.*% Among them, PdCl,—CuCIl,/AC catalyst performed best (6.14 mol
DMC/I cat h), while CuCl,/AC was almost inactive (0.04 mol DMC/I cat h) at 120°C, 0.4 MPa,
GHSV 4000h™.1% These results suggest that Pd species are found to be active species for this
reaction. Manada et al.’®® observed deactivation of the catalyst because of the conversion of Pd
(11) species to Pd (0) in the presence of reactant CO. However, Pd (0) species could also be re-
oxidized to Pd (Il) species upon treatment with MN and HCI, Therefore, the catalytic
performances could be maintained by adding HCI. Safety is very important in this process since
MN and NO (laughing gas) are highly toxic chemicals and extreme care is required while

handling MeOH, NO and oxygen in the reaction.
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1.4.3. Synthesis of DMC by Transesterification of ethylene carbonate with
methanol

Asahi Kasei Chemical, Japan has developed a two-step process based on
transesterification of ethylene carbonate with methanol.? This is one of the Green processes for
DMC synthesis and was licensed to Texaco in 1987. There are several plants based on this

process in China.'®

(0]
without catalyst‘ OJkO Step 1

(0]
A +eo. -
Ethylene oxide Ethylene carbonate
0
)]\ basic catalyst 0 ?HZ-OH Sten 2
07 Yo +2CH,0H ———> )]\ + tep
H,c0” Noch, CHyOH
Ethylene carbonate Dimethyl carbonate ~ Ethylene glycol

Scheme 1.9: DMC synthesis from transesterification of ethylene carbonate with methanol.
Transesterification of ethylene carbonate and methanol consists of two steps: the reaction of
ethylene oxide with CO, affords ethylene carbonate in the first step (Scheme 1.9, Step 1);
ethylene carbonate (EC) reacts with methanol to produce DMC and Ethylene glycol (EG) in
second step (Scheme 1.9, Step 2). This process is considered as an excellent green chemical
process for DMC synthesis. Asahi Kasei® has commercialized this process as part of
polycarbonate synthesis complex. Asahi process is one of the best processes and does not
involve any toxic or hazardous chemicals, however ethylene glycol produced in stoichiometric
quantities is a major problem with this process. Manufacturer having captive use of ethylene
glycol can utilize this technology successfully. This process was primarily developed for the

polycarbonate industry specifically for the synthesis of diphenyl carbonate (DPC) without the
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use of phosgene.'*®*2 Catalyst preferred in this process are alkali or alkaline earth compounds
[such as hydroxides, carbonates, bicarbonates, alkoxides, tertiary amines, N-containing
heteroaromatics, and alkoxy metal (Sn, Ti, Zn)]*** compounds as homogeneous catalysts and
anion exchange resins having tertiary amino groups or quaternary ammonium groups as
heterogeneous catalysts. The catalyst recycle and product separation to make process commercial
feasible is major drawback of the homogeneous catalysts developed. Anion exchange resin
having tertiary amino groups has been used as heterogeneous catalyst for this reaction. The
reaction was carried out at 60°C with MeOH:EC molar ratio of 2 : 1 in a continuous tubular
reactor with the rate of LHSV= 0.33 h™ to obtain EC conversion of 39% with 99% selectivity to
DMC at steady state. Though the selectivity of DMC was observed high (99%) EC conversion
was observed low (39%) in Asahi process. Intricate recycle recovery process was developed to
make the process commercially feasible.**

Further work is being carried out on the development of heterogeneous solid base catalysts for
ease of catalyst/product separation and as a promising alternative for homogeneous catalysts.
The transesterification of propylene carbonate is also an interesting alternative for DMC
synthesis and stochiometric amount of prolylene glycol is formed as a byproduct in this reaction.

In China, more than 90% of DMC is produced by transesterification of MeOH and propylene

carbonate (PC).'*

1.4.4. DMC synthesis from urea and alcohol
Synthesis of carbonates by alcoholysis of urea was first proposed by Peter Ball***in 1980.
In this process, urea reacts with methanol to form dimethyl carbonate and ammonia. Synthesis of

DMC by urea methanolysis is a two-step process. The first step is fast and produces methyl
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carbamate (MC) with high selectivity even without any catalyst (Scheme 1.10 Step 1); the
second step (MC to DMC) is difficult and rate-determining step (Scheme 1.10 Step 2). Hence
most of the work has been carried out for find out active and selective catalyst for step 2.

(o) (o)

Non-catalytic
+ CH3;0OH > + NH; Step 1
Temp.:150°C

H,N NH, HN OCH;,3

Reaction time : 6h
Urea Methanol Methyl carbamate Ammonia

Yield : 98.7%

(o)
0 ZnCl,
)I\ + CH;0H ~=———7im™ + NH;4 Step 2
. 0,
Temp190 C H3CO 0CH3
HoN OCH, Reaction time : 10h
Methyl carbamate Methanol Dimethyl carbonate Ammonia

Yield: 33.6 %

Scheme 1.10: Two step DMC synthesis from urea and methanol**?

Zhao et al."** have investigated the reaction of MC and methanol using various zinc compounds
as a catalyst in a batch reactor. Among them, ZnCl, showed the highest catalytic activity and led
to the DMC vyield of 33.6 % under the optimal conditions (MC: 7.5 gm, MeOH: 64 gm at 190°C/
10h). FT/IR spectra and XRD characterization indicated that MC is activated by Zn* through the
coordination of the nitrogen atom with Zn(NHj3).Cl, as an intermediate in catalytic cycle after the
reaction. Based on this, a possible reaction mechanism for catalyst ZnCl, was proposed. Though
ZnCl, exhibited high catalytic activity in the reaction of MC and methanol, catalyst remains
homogeneous in reaction mixture and difficult to separate from the reaction mixture. To
overcome this various heterogenized Zn based catalyst have been explored.**** Wang et al.*®
prepared series of zinc/iron mixed metal oxides (prepared by calcination of hydrotalcite-like

compounds) as catalysts in the synthesis of DMC from MC and methanol. The MC conversion of
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46.1% was obtained with 30.7% yield of DMC at the optimal reaction conditions (MC: 7.5gm,
MeOH:64gm at 190°C/10h). Even though the yield is better the system suffers from low
selectivity due to the formation of several by-products such as N-methyl urea (NMU) and N-
methyl methyl carbamate (NNMC). Further Zhao et al.*® explored various lanthanum
compounds as novel catalysts in the reaction of MC with methanol. Among them, La(NO3)3
presented the best catalytic performance with the DMC yield of 53.7 % under suitable reaction
conditions (MC:7.5gm, MeOH:64gm at 180°C/8h). A possible reaction mechanism over
La(NOs3)3 was also proposed for this reaction on the basis of XRD, FT/IR and element analysis
which revealed that MC is activated by La>* via the coordination of the oxygen atom in carbonyl
group. Though this process starts from cheap raw materials and is environmental-friendly the
process suffers from major drawback: 1) Ammonia produced in the first step can restrict the
formation of the DMC. 2) Low selectivity of DMC due to formation of side products (NMU and
NMMC) and DMC decomposition under reaction conditions in the presence of catalyst leads to
lower DMC vyield. Further work is necessary to develop strategy for efficient removal of by-
product ammonia and product DMC to shift the equilibrium towards right side and improve the

overall yield of the reaction.

1.4.5. Synthesis of DMC directly from CO, and methanol

Synthesis of DMC from CO, and methanol provides atom efficient and Green route with
only water as the by-product. Major advantage of this route is that CO, is nontoxic, non-
corrosive, non-flammable and is abundant.?® Also CO, is a Green-house gas and there is urgent
need for utilization of the same for synthesis of value added chemicals. Thus reaction of CO, and

methanol provides greener route for the synthesis of DMC.'?° So far, several studies have been
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carried out on the development of various catalyst systems for the direct synthesis of DMC from

CO, and methanol.

(o]
CH;OK/CH;l
- + H,0
2CH;0H + CO, —
Temp.: 170°C H,CO OCH,
Reaction time : 10h Yield: 14%
PCOZ: 7.3 MPa

Scheme 1.11: Synthesis of DMC from CO, and methanol'**
Shan et al.** carried out synthesis of DMC from Methanol and CO; in the presence of CH;0K
and CH3l under optimized reaction conditions (170°C/10h /CO, pressure 7.3Mpa) with DMC
yield of 14% (Scheme 1.11). CH3OK/CHsl exhibits better efficiency however separation and
recyclability of the catalysts is difficult due to its homogeneous nature. Further many efforts
have been made for the synthesis of heterogeneous catalysts for this reaction. Catalyst studied
are mainly metal oxides, based on Ce, Zr, Si, Co and Cu and the reactions were carried out in a
temperature range of 120-180 °C and yield of DMC obtained was very poor (0.5-7%).'%'%
Water produced during the reaction deactivates the catalyst and thus many efforts have been
made in recent years to search for effective dehydrating agents under reaction conditions. Nitriles

126128 \were found to be the most

including acetonitrile, benzonitrile and 2-cyanopyridine etc.
efficient dehydrating agents for organic carbonate synthesis and to improve the methanol
conversion. Recently, 2-cyanopyridine was successfully used as dehydrating agent by Honda et
al."?" reaching high DMC yield of around 94% with 96% selectivity in the presence of CeOy, at
120°C for 12h under 5MPa CO, pressure. Major challenge in this process is the development of
water tolerant heterogeneous catalyst with high and stable activity. If such a catalyst is
developed, this will be the best and most economic route for DMC synthesis. Significant work is

being carried out on this route by leading companies showing its importance. Major problems of
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this route are thermodynamic equilibrium, moisture sensitivity of the catalyst and Kkinetic
inertness of CO,,

Thus in conclusion, many efforts have been made for the development of phosgene-free route for
DMC synthesis. Present commercial processes involve oxidative carbonylation of methanol
using copper based catalyst developed by Enichem, the methylnitrile carbonylation process
developed by Ube Industries and transesterification of methanol with ethylene carbonate
developed by Asahi Kasei. However, the Enichem process is hazardous in nature because of
explosion risk associated with the use of CO/O, mixture and difficulties in the separation of pure
DMC from DMC-water-methanol azeotropic mixture. Similarly Ube process uses toxic NO in
stoichiometric quantity and hence is environmentally unacceptable. Asahi process is
environmentally benign and does not involve any toxic chemical; however, stoichiometric
production of ethylene glycol is major drawback of this process. Asahi process is used by
polycarbonate manufacturers having captive usage of ethylene glycol formed as the by-product.
Also, significant amount of work is being carried out to develop other alternative and safer routes
for the synthesis of DMC. DMC synthesis directly from CO, suffers from thermodynamic
equilibrium and kinetic inertness of CO,. Also water form during the process deactivates the
catalyst. DMC synthesis from urea and methanol is also being looked as a promising route.
However, Ammonia produced in the first step can restrict the formation of the DMC and lower
selectivity to DMC due to formation of side products (NMU and NMMC). Because of all these
drawbacks the catalytic activity as well as yield of DMC is low. Significant work needs to be
carried out to improve stability of the catalyst and also improve yield of DMC for further

developments.
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The Transesterification process commercialized by Asahi is Green process and implies the use of
carbon dioxide as a starting material. Ethylene glycol or Propylene glycol obtained as co-
products can be converted to EC and PC respectively by reaction with Urea.'?® It is by far the
most mature commercial process for the synthesis of dimethyl carbonate. However, catalyst used
is homogeneous metal alkoxide or ion exchange resin containing tetramethyl ammonium
chloride and carbonate functionality and intricate separation process is necessary to make this
process commercially feasible. Also stability of the ion exchange resin is important for long life
of the catalyst. To overcome this issue significant work is being carried out on the development
of improved heterogeneous catalyst for transesterification of EC or PC with methanol to DMC.

The detailed literature review on transesterification process is given below.

1.4.6. Literature on Transesterification of cyclic carbonate with methanol

110-112,130 149-163

There are several patents as well as publications in recent times on the
synthesis of DMC by transesterification of cyclic carbonate with methanol, leading to the
development of new and improved catalysts for this important reaction. The reaction has been
investigated in detail using both homogeneous as well as heterogeneous catalysts. Homogeneous
catalysts investigated include soluble metal salts like carbonates, bicarbonates, alkali and
alkaline earth metal alkoxides, tin complexes and ionic liquids etc.***®**! Though the activity is
high with homogeneous catalysts, separation and reuse of the catalyst is a major problem.
Consequently, heterogeneous basic catalysts such as composite basic anion-exchange resins,

metal oxides and mixed metal oxides, hydrotalcites, supported ILs, smectite and graphitic carbon

nitride, have gained much more interest recently and the details are discussed in Table 1.5.39%2
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Table 1.5: Literature survey on the synthesis of dimethyl carbonate (DMC) from cyclic carbonate and methanol

Entry Catalyst Reaction conditions Results Remarks Ref.
Reactants | Temp | Time | EC/PC" | DMC
EC/PC":MeOH | °C h Conv. | Yield
(%) (%)
mol/mol
1 NaOCHj; 1:4 60 0.5 67 66.5 Na containing homogeneous salts studied in this system. 132
2 KOH 1:4 25 1 42 40 Activity follows in order LIOH>NaOH> KOH > K,CO; under 133
the same reaction conditions. The rate constant was estimated
LiOH 61 61
to be 0.02538 (dm*/mol)®#/min at 298 K using NaOH as
NaOH 56 55 | catalyst.
3 poly-4-vinyl 1:8 140 4 96 82 PVP was found to be highly efficient homogeneous recyclable 134
pyridine (PVP) catalyst. The catalyst was recycled by distillation for three
times with slight drop in activity (~10%)
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1,3-dimethyl- 1:10 110 0.8 81 79 The DMIC salt used in this study represented an easily 135
imidazolium-2- synthesized, cheap and environmentally benign catalyst. The
carboxylate reaction mechanism was also proposed according to
(DMIC) experimental and DFT studies (details are given below).
DABCO-based 1:15 70 6 90 81 Various DABCO-based basic ILs were screened and good 131
basic ionic results were obtained with [C,DABCO] OH. A possible
liquids reaction mechanism was also discussed, reaction initiates with
[C,DABCO]JCH activation of methanol on nitrogen of [C,DABCO]OH.
BMImCI 1:8 140 0.25 59 57 [1-n-butyl-3-methyl  imidazolium  chloride (BMImCI)] 136
Microwave activation led to high yield of DMC in just 15
(MW power
100W) minutes.
QS-MCM-41 1:8 180 4 78 76 Quaternary ammonium salt immobilized on mesoporous 137
MCM-41(QS-MCM-41) was used as heterogeneous catalyst.
Pcop = 1.17
MPa However it was observed that catalyst requires high
temperature and CO, pressure to achieve 76% DMC yield.
[SmIm]OH 1:10 65 5 85 82.4 1-(triethoxysilyl)propyl-3-methylimidazolium hydroxide 138
On MCF [SmIm] OH was grafted on the mesocellular silica foams
(MCF) to obtain [SmIm]OH on MCF catalyst. The catalytic
activity is attributed to its 3D mesoporosity with ultra-large
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pore size of MCF.
9 K-TS-1 1:4 reflux 3 68 57 Potassium present in the silanol group (Si-0-K) in the vicinity 139
of titanium is responsible for the activity.
10 Amberlyst 1:8 110 5 36 31 The kinetics for reaction was studied and the rate expression 140
Aol was found to exhibit first order dependence and the energy of
_ activation was found to be 85.8kJmol ™.
11 S-Mg-1 1:75 150 2 73 66 Smectite modified with MgO(S-MgO) results in high surface | 141
area 339m%g. Catalyst was found to be active up to two
cycles with slight decreases in the catalytic activity (66-65%)
12 MgO/g-CsN, 1:8 140 4 81 70 The incorporation of MgO has effectively enhanced the 142
overall basicity of g-C3N,4. Reaction was carried out at higher
(MgO on Pco,=0.6MPa
Graphitic temperature in presence of CO,. CO, used to avoid
carbon nitride) decomposition of EC.
13 Mesostructured 1:10 160 6 78 78 Activity of catalyst is attributed to its high surface area and 143
graphitic carbon N-containing species, Activity of PC observed low than EC
1:10* 160* 6* 16* 13.2*
nitride due to the existence of the +l effect and steric hindrance
(CN-MCF) Pco2:0.6MPa derived from the side methyl group of PC.
14 Na,WO,.2H,0 1:10 50 5 83 83 Activity was very high with Na,WO, as catalyst and 83% | 144
DMC vyield obtained at RT. Catalyst was observed less active
1:10(3.4MPa
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CO,)* 150* 4* 54* 49.6* | inthe case of PC as compared to EC.
15 Fe—Zn double 1:10 180 8* 84* 85* The Fe-Zn DMC catalyst is reusable up to 5 recycle 145
metal cyanide experiments, with little loss in activity. The Lewis-acidic sites
(DMC) of catalyst (Zn®*cations) are the possible active sites for this
reaction.
16 Mg/Al HT 2.5:1 1/4 reflux 3 54 40 Mg-Al hydrotalcite basic catalyst having large amount of OH" 146
sites showed the good activity.
17 Mg/Al HT 5:1 1:10 80 4 82 80.8 Effect of Mg-Al ratio of hydrotalcite on activity was studied 147
for this reaction. The hydrotalcite with Mg/Al= 5 showed best
1:10* 130* 4* 72* 69*
activity.
18 NiAl-SiO; 1:10 90 3 NA 58 According to author reaction is more selectively catalyzed 148
towards the desired product due to the higher basic sites (due
to Ni) and lower acidity due to interlayer silicate anion of the
NiAl-SiO;HT material.
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From Table 1.5 it was clearly observed that transesterification of cyclic carbonates with alcohols
to generate DMC follows a nucleophilic substitution mechanism. The reaction is mainly
catalyzed by basic compounds and the strength of basicity plays a crucial role in their activity.
Soluble alkali-metal bases including KOH, LiOH and NaOH provided a good catalytic activity.
Among them sodium alkoxide (DMC vyield 66.5%) was considered as the most promising
catalyst for industrial application because of its low price and excellent performance.'*®
However, considering corrosivity of sodium alkoxide, Jagtap et al.*** applied poly(4-
vinylpyridine) as a novel, homogeneous base catalyst and it could be separated from the reaction
system by distillation or phase separation and showed little loss of activity after three recycles
(Table 1.5, Entry 3). Recently, ILs have also been utilized as catalysts for DMC synthesis via
transesterification. It is noteworthy that the activity of the IL catalysts depended on the bulkiness
of the cation as well as the nucleophilicity of the anion (Table 1.5, Entries 4-6).13:1*>13¢ Zhang et
al."* studied the effect of cations and anions of ionic liquids (ILs) on catalytic activity for the
synthesis of dimethyl carbonate (DMC) and demonstrated that an easily prepared carboxylic
functionalize dimidazolium salt (DMIC) exhibited higher activity and 79% yield of DMC was
obtained under the metal-free and halogen-free conditions (Table 1.5, Entry 4). The reaction
mechanism was also proposed according to experimental and DFT studies (Scheme 1.12). As
shown in Scheme 1.12 first, CH3;OH was activated by DMIC through strong hydrogen bonding
and more easily formed CH3O" (Scheme 1.12, Step 1). Based on the DFT study the hydrogen

bond length was found to be 1.816 A°. Then, the CH30" attacked the carbonyl carbon of EC and

intermediate (1) was produced simultaneously (Scheme 1.12, Step 2).
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Scheme 1.12: Proposed reaction mechanism for DMC synthesis by Zhang et al. on DMIC-1L.**®

Subsequently, intermediate (1) (HEMC), which was a monoester product, was generated while
the proton of CH3;OH was captured by the intermediate (I) (Scheme 1.12, Step 3). Further
nucleophilic substitution of intermediate (I1) by CH3O™ produced DMC and ethylene glycol anion
(intermediate 111) (Schemel.12, step 4). Finally, EG was generated by proton transfer between
intermediate (I11) and CH3OH (Scheme 1.12, step 5). Particularly, step 4 was proposed to be
more difficult than step 2. Therefore it was reasonable that less active catalysts like ILs
especially with larger steric hindrance could give more monoester products, and low temperature

131
I

also easily led to formation of HEMC. Yang et al.”*" ascribed the decrease of activity and

selectivity to increase in alkyl chain length and reduction of hydrophilicity as well as solubility
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for DABCO-derived basic ILs (Table 1.5, Entry 5). In order to simplify the catalyst separation,
immobilization of IL has also been attempted, and is discussed below.

Immobilization of ILs onto supports can simplify the separation process, retaining catalytic
properties. Commercial silica and MCM-41 (Table 1.5, Entries 7-8) were utilized to immobilize
ILs by impregnation, and heterogenized catalysts were found to be easily recovered and reused

or allowed to continuously perform in a fixed bed reactor with slight drop in activity."®’

To date, a variety of heterogeneous catalysts, such as basic anion-exchange resins, %%

graphitic
carbon nitride'*?**® and Fe-Zn double metal cyanide DMC™ (Table 1.5, Entries 10-15) have
been developed for DMC synthesis via transesterification. As a typical solid-base catalyst,
hydrotalcite-type materials (HTs) were also investigated for DMC synthesis (Table 1.5, Entries
17-19) however very small amount of work has been carried out with the same. Bajaj et al.**’
reported that the catalyst activity was influenced by Mg—Al ratio and Mg—Al HT with molar ratio
of 5:1 showed maximum basicity and activity towards DMC. Unfortunately, significant decrease
in activity was observed after fourth recycle due to structural changes in catalyst indicating lower
stability of the catalyst. According to Watanabe et al.'* basicity (-OH sites) of HT plays an
important role in this transestrification reaction. Mg—Al HT with excess amount of —OH anions
was found to be an effective catalyst for DMC synthesis. The main function of the solid base is
to abstract H" from alcohol molecules to form alkoxy species; therefore, the strength of base
dominates the rate of reaction, while the amount of basic sites determines the reaction rate.
Additionally, well-developed porosity and high surface area usually offer more exposed active
sites and enhance their accessibility to reactants. Thus, many efforts have been carried out to find

out heterogeneous catalysts having high surface area and more active sites present on the catalyst

surface.
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Basic metal oxides (MMOs) are one of the important classes of solid catalysts having tunable acid base property, large surface area,

low cost and simple preparation process. There are various types of the MMOs studied for this reaction and the details are given in

Table 1.6.

Table 1.6: Literature serve on the synthesis of dimethyl carbonate from cyclic carbonate and methanol using metal oxide and mixed

metal oxides.
Entry Catalyst Reaction conditions Results Remarks Ref.
Reactants Temp. | Time | EC/PC" | DMC
EC/PC":MeOH °C h Conv. | Yield
(%)
mol/mol (%)
1 MgO 25:200 150 4 82 59.8 MgO was active catalyst among all metal oxides screened. 149
Reaction done at high temperature which leads to DMC
*CO,: 8MPa 150 4* 66> 66*
decomposition. CO, use to decrease the rate of DMC
decomposition.
2 Ca0 1:4* 50* 0.5* 47* 45* CaO a strong base showed good activity for PC at lower 150
temperature.
14
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3 CaO-ZrO, 1:6* 150* 2% - 55* Ca”* was uniformly doped into the lattice of ZrO, to form CaO- 151
ZrO, MMO and showed strong base properties measured by
CO,-TPD.

4 Ca0-ZnO 10:100* 25* 4* - 87* The catalyst was found to retain its activity up to 60 h and 152
thereafter, a slight decrease in the activity was observed. This

for
was due to deactivation of CaO to Ca(OH), which leaches out in
LHSV
to the product stream.
of2h

5 Na-Al,O3 14 70 6 NA 65 The activity was influence by the presence of monovalent cation 153
(NH,", Na") in aluminates.

6 Meso-CeO, 1:10 140 2 76.3 73.24 | Activity of catalyst towards PC observed was low than EC due to 154
the steric hindrance in PC. High reaction temperature was

1:10* 140* 2* 18 * 16.3*

necessary to facilitate the reaction.

7 Na-CeO,/ 1.5 65 4 NA 64 To improve the base strength, metal oxides with strong basicity | 155

K-CeO, such as Na and K oxides were introduced in to mesoporous ceria.

8 Au/CeO, 10:100* 140* 6* 63* 55* The influence of the amount of gold on the catalytic activity of 156
Au/CeO, catalyst was studied. It was observed that beyond a
certain gold loading the selectivity towards DMC decreases due
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to the decomposition of PC.

9 Cepgla0., 10:100* 170* 6* 74* 74* Activity of synthesized catalysts increases with an increase in 157
lanthanum content in the catalysts. Ceg,Lagg catalyst showed
highest activity having large amount of acid base sites.

10 Ce-Cu 1:10* 160* 4* 65* 61* Ce-Cu catalyst having highest amount of basic sites was found to 158
be most effective. Catalyst was recycled upto 3 recycle
experiments with slight drop in activity.

11 Zn-Y 30:240 65 2 70 69 Effect of calcination temperature was studied in detail. Zns-Y 159
calcined at 400°C showed best activity having maximum amount
of basic sites. The catalyst can be reused without significant loss
in activity even after six runs.

12 Mg/La 1:10 130 2 73 71 Mg/La MMOs with varying Mg/La molar ratios were synthesized 160

MMO and screened for this reaction. MMO with a ratio of 1:3 gave
1:10* 150* 2* 69* 64*
best activity.
13 Cu-zZn-Al 10:100* 160* 4* 70.6* 65.8* | Prepared CuZnAl MMO calcined at 300°C posses more amount | 161
300 of both acid and base sites, which are responsible for better
activity towards PC transesterification reaction.
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14 Mg-Al-La 1:10 80 4 89 87.2 Catalytic activities of ternary oxides derived from rare-earth 162

oxide modified hydrotalcites were studied. These -catalysts were
1:10* 100* 4* 35* 31*

reusable, with little loss in catalytic activity/selectivity.

15 Ca(OCHs), | 1.07 kmol/m®: 20* 5* 86> 85* Methanol pretreated CaO [Ca(OCHs),] significantly enhances 163
21.4kmol/m? catalytic activity and reduces induction time.
N,=0.69 MPa
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Wang et al 1%

observed good activity for reaction of PC and methanol at low temperatures
with CaO compared to MgO. The observed result was attributed to higher base strength of CaO
and larger number of basic sites (Table 1.6, Entries 1-2). Wang etal."* investigated incorporation
of Ca?* into ZrO, (prepared by co-precipitation method) as the catalyst for DMC synthesis. The
presence of Ca?* and Zr** in homogeneous CaO-ZrO, solid solution increased the basicity of
lattice oxygen on the surface and led to good activity with this catalyst. Deng et al.™*® found that
the generation of large amount of medium basic sites (7.2 < H < 9.8 as determined by Hammett
indicator method) in ZnO-Y,03 was responsible for the good catalytic activity. Amount of basic
sites depended on the elemental composition and calcination temperature. Kumar et al.'®
synthesized Cu-Zn-Al (CZA) ternary MMO from hydrotalcite precursor calcined at different
temperatures. They observed that total basicity and acidity of MMOs decreased with an increase
in the calcination temperature. CZA calcined at 300°C showed highest amount of total basic and
acid sites. Higher basic strength observed was due to the coordination of surface O*. PC
conversion of 70% with 94% DMC selectivity was observed at EC: methanol molar ratio of 1:10,
160°C for 4h. Detailed investigations showed that the surface acid and base functionalities play
major role during synthesis of DMC by transesterification of cyclic carbonate and methanol.

Rare-earth element modification of Mg—Al hydrotalcites (Table 1.6, Entry 14) resulted in the
enhancement of DMC vyield, and a linear correlation between PC conversion or TON and surface
density of basic sites was reported by Srinivas’s group.’®® Recently Chaudhari et al.**® studied
the effect of pretreated CaO with methanol (Table 1.6, Entry 15). They observed significant
difference in CO, TPD of fresh CaO, PC pretreated CaO and methanol pretreated CaO. They
observed that the amount of weak basic sites (at 380°C) on CaO decreased after methanol pre-

treatment, whereas the amount of strong basic sites (at 426 and 768 °C) increased significantly
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compared to pure CaO. Therefore, they concluded that there is a strong correlation between
strong basic sites and catalytic activity. The activity increased significantly with reduction in
induction period for the methanol pretreated CaO catalyst.

Significant work is being carried out on the development of improved catalysts for the synthesis
of DMC from EC/PC and methanol. Simple inorganic, organic bases and ionic liquids (ILs) were
found to be active catalysts for DMC synthesis; still applications are limited because of
difficulties in catalyst-product separation due to its homogeneous nature. Further Immobilization
of the IL on different supports has been explored but high cost of catalyst has limited their
application. Considerable amount of work has been carried out on the development of
heterogeneous catalysts for the synthesis of DMC. Heterogeneous catalysts based on mixed
metal oxides, smectite, anion-exchange resin, Na-dawsonite, mesoporous graphitic carbon nitride
and Binary hydrotalcites (i.e. LDHSs) etc. have been studied for transesterification reaction.
Among all heterogeneous catalysts investigated mixed metal oxides were found to be active
catalysts for this reaction, however, they require either high reaction temperature (100-160 °C)
or high catalyst loading (10-25 wt%). The catalyst was recycled four to five times, but catalyst
activation at high temperature was required in most of the cases during each recycle experiment.
This potentially may cause problem in continuous or large scale operation. In this context it is
still challenging task to develop heterogeneous catalysts exhibiting high catalyst activity and
high stability for the synthesis of DMC from EC and methanol under mild reaction conditions.
Activity of all the catalysts screened for PC and methanol to DMC reaction was found to be
lower compared to that observed for the reaction of EC and methanol to DMC. The lower
conversion of PC observed was mainly due to steric factors and differences in the chemical

structures of EC and PC and required high reaction temperature and time. Thus there is a need to
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develop highly active, selective and recyclable catalyst for this important reaction and hence lot

of work is being carried out in this direction.

1.5. Dimethyl carbonate as a methoxycarbonylating agent for aromatic

carbamates

As discussed earlier (Section 1.3.4.) DMC has emerged as a ‘Green Reagent’ for the
synthesis of various chemicals and methoxycarbonylation of aromatic amines provides phosgene
free route for the synthesis of aromatic carbamates.*®*

165166 agrochemicals,**’ and

Aromatic carbamates are important intermediates in drug synthesis,
polyurethane (PU) based polymers.'®®*7° Carbamates present stable form of isocyanates and can
be easily converted in to isocyanates at high temperatures (170°C) in the presence of a suitable
catalyst.*"* Polyurethanes are manufactured by combining diols and diisocyanates. Polyurethanes
are among the most valuable polymers produced by the chemical industry. In 2007 the global
consumption of polyurethane as raw material was about 12 million metric tons/year and the
average annual growth rate is about 5%.'"** Aromatic diisocyanates currently account for more
than 90% of the global production of diisocyanates, mainly toluene diisocyanate (TDI) and
methylene diphenyldiisocyanate (MDI).*”>*"® N-methyl phenyl carbamate (MPC) is also an
important precursor for preparing methylene diphenyldiisocyanate (MDI) by condensation of
MPC with formaldehyde.!™ '™ Conventionally aromatic carbamates are manufactured
exclusively by phosgene technology (Fig.1.11, Scheme 1.13).*>® This method poses great
concerns for both environmental and safety problems because of the toxicity and corrosion

properties of phosgene itself. So efforts have been made for the preparation of organic

carbamates using non-phosgene reagents.
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Scheme 1.13

NH,

© + CO + 120, + ROH

Scheme 1.14

NH,

-CH;O
CH;COOCH; +

Scheme 1.16

NO,
@ + ROH + 3CO

Scheme 1.15

Figure 1.11: Various routes for MPC synthesis

Therefore, less-expensive and benign alternatives to the current process have been explored by
many academic and industrial researchers over the last decades. Currently, the studies on
phosgene-free synthesis of organic carbamate is mainly focused on oxidative carbonylation of

aromatic amines (Fig. 1.11, Scheme 1.14)Y’

reductive carbonylation of nitro derivatives
(Fig.1.11, Scheme 1.15)'"° and methoxycarbonylation of amines using DMC as a reagent (Fig.
1.11, Scheme 1.16).1"® Important literature available on the synthesis of aromatic carbamates by

non-phosgene routes is presented below.

1.5.1. Synthesis of carbamates by Oxidative carbonylation of aromatic amines

Oxidative carbonylation of aromatic amine to carbamate is reported to be effectively

carried out using variety of Nobel metal catalyst such as Pd, Pt, Rh, Ir and Ru etc. in the presence
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of promoters or reoxidants such as iodide compounds or P-benzoquinone etc., under high
pressure of CO:0, (3 - 10 MPa) and high reaction temperature (100-220°C).*

Fukuoka et al.*” have reported the use of supported transition metal catalysts (2% Pd, 5% Pt, 5%
Rh, 5% Ru, 5% Ir on Carbon) for oxidative carbonylation of aniline. They found that the activity
of the catalyst decreased in the order Pd>Rh>Ru>Pt>Ir. They have screened several halogen
containing promoters and the activity was found to decrease in the order: I>Br>Cl. The best
result was observed with Pd/C using Nal as a promoter (95% conversion of aniline with 93%
yield of methyl phenyl carbamate (MPC) at 160°C in 2 h).

Liao et al.'® have reported an efficient synthesis of carbamate, using polymer-supported
palladium manganese bimetallic catalyst showing 83% vyield to corresponding carbamate

(Scheme 1.17).

NH, NHCOOCH,CH;

PVP-PdCl,-2MnCl,
+ CO+ O, + EtOH > + H,0
Temp.: 60°C

Reaction time:20h

CO0:0,:10:1 Yield : 83%
Scheme 1.17: Efficient synthesis of carbamate, using polymer-supported palladium manganese
bimetallic catalyst'®
Shi et al."®! have reported carbonylation of amines with variety of alcohols using palladium and
ionic liquid. Results showed that BMImBF, ionic liquid + Pd(phen)Cl; is an effective catalytic
system to give 99% conversion of aniline and 98%selectivity to methyl phenyl carbamate at
175°C/1h. Recently, Saliu and co-workers'’’ have reported synthesis of methyl-N-phenyl

carbamate by using Co(salen) complex catalyst. Catalysts were active and 82% aniline

conversion and 87% MPC selectivity was obtained at 100°C in12h reaction time. Though only
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water is formed as the by-product, toxicity of CO and explosion hazards associated with the use

of CO/O, mixture has limited commercial application of this process.

1.5.2. Synthesis of carbamates by the reductive carbonylation of aromatic
nitro-compounds

The reductive carbonylation of aromatic nitro-compounds to the corresponding
carbamates is an interesting approach towards synthesis of carbamates (Scheme 1.18). The
carbonylation reaction of nitro-aromatics is an exothermic reaction and is catalyzed by
palladium, ruthenium, and to a lesser extent by rhodium. Furthermore, platinum, iridium, and
iron have also been reported to be active for this reaction.*®2'®* Cenini et al.*®? studied reductive
carbonylation of nitrobenzene to give PhANHCOOMe in the presence of Rus(CO);.catalyst.
Reaction was carried out in toluene-methanol mixture in the presence of chelating ligand such as
diphenyl phosphinomethane (DPPM) and 88% conversion of nitrobenzene and 81% selectivity
to carbamate was obtained at 170°C in 3 h reaction time (Scheme 1.18)

N02 NHC02Me

Ru;3(CO)y,

p + 3CO + MeOH » p + 2€0;
NEt,"CI
R

R

Scheme 1.18: Reductive carbonylation of nitrobenzene to give carbamate

Izumi et al.®®

observed 84% aniline conversion with 97% selectivity to carbamate under the
optimized reaction conditions with PdCl,-heteropoly anion (as a modifier) catalyst system

[PdCly/modifier/solvent(DME)/MeOH/Ph-NO, = 1/0.5/400/200/100 (molar ratio), 150°C,3h].
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Karpinska et al.*®

studied reductive carbonylation of 1,3-dinitrobenzene, 1,4-dinitrobenzene and
2,4-dinitrotoluene to respective dicarbamates in the presence of PdCl,/Fe/l,/Py catalyst system
and complete conversion of dinitrobenzene to the corresponding dicarbamates was achieved with
selectivity of 87, 68, and 55% respectively at 180°C for 2h. In this process only one-third of CO
could be used efficiently with the formation of two moles of CO, as by-product. Overall
selectivity of the reaction based on CO is very low, the separation of CO from CO, would
increase the operation cost. Additionally, the presence of co-catalysts gives rise to the corrosion

problems and makes recovery of the catalyst difficult and hence the process is not investigated in

detail for further applications.

1.5.3. Synthesis of carbamates by methoxycarbonylation of aromatic amine

The aromatic carbamates can also be synthesized from amines and dimethyl carbonate using

homogeneous and heterogenoeus catalysts (Scheme 1.19).1%

/ﬁ\
NH, NTI OMe
S Catalyst(S5mol%)
R | + CH;0OCOOCH; — +  CH30H
_— 170°C, 3h
Aromatic amine DMC Aromatic carbamate

R= -OH, -CH3, -CH2CH3, -OCH3, -Br, -Cl, -NH2 etc.

Scheme 1.19: Synthesis of aromatic carbamates from various substituted amines and DMC **/

Aromatic carbamate synthesis by methoxycarbonylation of aromatic amines using DMC as a

greener reagent has emerged as promising alternative route. In this reaction methanol is formed
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as the by-product, which can be converted back to DMC by oxidative carbonylation of methanol
with CO. Thus, the route based on DMC has a potential to provide atom efficient and safer
route for the synthesis of carbamates from DMC and amines.

Several efforts have been made towards the development of environmentally friendly routes
using non-toxic reagents for the preparation of carbamate such as, reductive carbonylation of
nitro aromatics and oxidative carbonylation of amines. However, synthesis of carbamate by
reductive carbonylation of nitro compounds suffers from a lack of economic viability as it
utilizes only one-third of CO and there exists difficulty in separation of CO from CO, formed as
the by-product. In oxidative carbonylation process, although CO can be utilized effectively, the
toxicity of CO and explosion hazards associated with the use of CO/O, gas mixture has limited
the progress of this route. Also, these two processes required severe reaction conditions such as
high temperature and pressure, and a noble metal catalyst such as Pd or Ru for the carbonylation
reactions. Aromatic carbamate by methoxycarbonylation with DMC is safer route and hence is
being investigated in detail. Because of multifunctional nature of DMC achieving high
selectivity to carbamate product is challenging and development of active and selective catalyst
is important. The detailed literature survey on the methoxycarbonylation of aromatic amines with

DMC is discussed below.

1.5.4. Detailed literature on methoxycarbonylation of aromatic amine

There are several patents!®¢187:189-191

as well as publications on the synthesis of aromatic
carbamate from methoxycarbonylation of aromatic amine and DMC. The details are presented in

Table 1.7.
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Table 1.7: Literature survey on the synthesis of aromatic carbamates by methoxycarbonylation of aromatic amines with DMC

Entry Catalyst Substrate Reaction conditions Results Remarks Ref.
Reactants Temp Time | Aniline MPC
Aniline:DMC | (°C) (h) Conv. Yield
(%) (%)
mmol/mmol
1 Zn4,O(OOCNEL,)s | Aniline 15 170 2 99 98 Anhydrous Zn-N,N-diethylcarbamate complex 172
used as catalyst showed good activity for
MDA 99 62
methoxycarbonylation of both aniline and 4-4
Dimethylenedianiline (MDA)
2 Zn,O(OAC)g Aniline 1:25 180 2 99 96 Zn acetate showed good activity for aniline, 192
TDA and MDA however catalyst remains
TDA 1:25 190 4 99 97
homogeneous in reaction mixture.
MDA 1:25 180 2 99 97
3 Pb(OACc), .xH,O Aniline 15 160 1 94.7 92 Pd acetate and Zn acetate showed good activity 193
to MPC however it remains homogeneous in
Zn(OAc); .2H,0 93.7 91
reaction mixture.
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4 Pb(OAc), .xH,0 TDA 1:20 170 100 97.7 Methanol (by-product) deactivates catalyst 194
however catalyst can be regenerated by
treatment of acetic acid.

5 Zn(OAc),/AC Aniline 1:7 150 - 78 Zn(OAc), heterogenized on different solid 169
support i.e y-Al,Os, AC, ZSM-5, SiO, and MgO.

It was observed that activity was significantly
affected by support. Activity decreased from
AC> a-Al,03> ZSM-5 > SiO,> MgO.

6 Zn(OAC),/AlLO; TDA 1:20 150 - 53.3 With increase in reaction temperature decrease 170
in TDC vyield was observed due to the formation
of by-products i.e N methyl TDA and polyurea.

7 Zn(OAC),.H,0 Aniline 1:20 130 68 68 It was observed that the induction period was 195
shortened by pretreatment of the Zn(OAc), with

MDA 1:20 130 47 41
DMC
DMC pretreated Aniline 1:20 130 80 80
Zn(0OAC),.H,0
MDA 1:20 130 100 92
8 Aniline 1.5 80 - 96 Catalyst remains soluble in reaction mixture, 196
Yb(OTf);
however catalyst can be recover by adding few
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ml of CH,Cl,(by precipitation)

9 K,CO3 Aniline 1:3 180 22 - 41 Mechanism of the reaction has been investigated 197
in terms of Pearson’s Hard-Soft Acid-Base
(HSAB) theory.
10 ZnO-TiO, Aniline 1:20 180 7 96 66.9 Lewis acid sites favor MPC synthesis. 190
11 Zr0,/Sio, Aniline 1:20 170 7 98 79 Decreases in MPC vyield was observed with 198
increase in temperature due to the formation of
byproducts i.e NMA and DPU (due to
decarboxylation and condensation of MPC).
12 AISBA-15 Aniline 1:10 100 3 99 70 The acid sites inside the mesoporous cavities of 199
AISBA-15 are more accessible due to a larger
pore size leading to a high conversion of
substrate and Lewis acidity of aluminium leads
to the formation of MPC.
13 [PEmim]PbCls-IL | Aniline 1.5 160 4 87 8 Acid-base sites of [PEmim]PbCl; are important 200
(MPC) | for this reaction. [PEmim]PbCl; increases the
72 electrophilicity of DMC and the nucleophilicity
(MMPC) | of aniline by its acid and base sites.
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14 [ZnCO4],- Aniline 1:10 160 96 94 Activity of catalyst decreased after two recycle 178
[Zn(OH),]3 experiments

15 L-Proline-TBAB | Aniline 1:5 RT - 94 L-proline is insoluble in DMC and the presence 201
of a phase transfer catalyst TBAB can improve
the solubility of L-proline. This may be the
possible reason for the enhanced reaction rates
and activity at room temperature.

16 Iron — chrome Aniline 2:1 150 Trace - TZC-3/1 was found to be the most active 202

catalyst TZC-3/1 amount catalyst in case of aliphatic amines (n-
hexylamine) whereas in case of aniline no
conversion was observed.
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From the literature survey it was observed that both homogeneous and heterogeneous catalysts
have been investigated for the synthesis of aromatic carbamates, mainly methyl phenyl
carbamate (MPC). Homogeneous catalysts studied include: Zn(OAC),.2H,0, Pb(OAC),.xH,0,
K,CO3,Yb(OTF); and bifuctional IL{{[PEmim]PbCls-IL} etc. Ono et al.!** synthesized MPC
using metal salts like Zn(OAC),.2H,0, Pb(OAC),.xH,0 as catalysts and obtained 91-92% yield
of MPC at aniline: DMC ratio 1:5 in 2h at 160°C. Zn(OAC),.2H,0 was also found to be active
for reaction with other aromatic amines like toluene diamine (TDA) and methyl diphenyl amine
(MDA) and showed 96-97% yield of corresponding carbamates at a substrate: DMC mole ratio
of 1:25 at 180°C in 2h reaction time. Li et al.'®® investigated the effect of pretreatment of
Zn(OAc), with DMC for methoxycarbonylation of aniline. It was observed that the pretreated
Zn(OAc), showed good activity (80% yield at 160°C/1h) as compared to Zn(OAc); (68% yield at
160°C/1h) (Table 1.8; Entry 7). It was observed that the induction period was shortened by
pretreatment of Zn(OAc), with DMC. According to Geo et al.?® acid—base bi-functional ionic
liquid, 1-(2-(1"-piperidinyl)ethyl)-3-methyl imidazoliumtrichlorolead ([PEmim]PbCl3), is an
efficient catalyst for the reaction of aniline and DMC to methyl-N-methyl-N-phenylcarbamate
(MMPC 72% and MPC 8%yield). The high reactivity of [PEmim][PbCls] is attributed to its
ability to activate both aniline and DMC by the acidic and basic sites cooperatively. Density
functional theory (DFT) calculations were carried out to understand structure and electronic
properties of [PEmim]PbCl;, complex of [PEmim]PbCl; and aniline, and complex of
[PEmim]PbCIl; and DMC. The calculations showed that [PEmim]PbCl; can increase the
electrophilicity of DMC and the nucleophilicity of aniline by its acid and base sites respectively.
Based on these results reaction mechanism was proposed (Scheme 1.20). Steps involved in

reaction mechanism are as follows (Scheme 1.20): (i) [PEmim]PbCl; has both acidic and basic
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sites. The acidic site of Pb?* interacts with DMC to form Pb**OC(OCHs), species. In the
meanwhile, the basic site of piperidinyl group activates aniline through the formation of
hydrogen bond (N-H- - -N) (ii). The activated aniline undergoes the nucleophilic attack on the
carbonyl group of Pb**OC(OCHs), species to form methyl-N-phenyl carbamate species (iii).
Methyl-N-phenyl carbamate species undergoes the nucleophilic attack on the methyl group of
another molecular DMC to give methyl-N-methyl-N-phenylcarbamate and the species (iv).
[PEmim]PbCI;3 (i) is recycled from species (iv) with the release of methanol and carbon

dioxide.?®
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Scheme 1.20: A proposed reaction mechanism for the formation of Methyl-N-methyl phenyl

carbamate using [PEmim]PbCl;*®°
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Jain et al.?

studied reaction of amines and dimethyl carbonate (DMC) in the presence of
catalytic amounts of L-proline and tetrabutylammonium bromide (TBAB) to obtain methyl
carbamates in good yields under mild reaction conditions (94% vyield/ 3h/ RT). According to
authors, L-proline is insoluble in DMC and the presence of a phase transfer catalyst TBAB
improves the solubility of L-proline resulting in enhanced reaction rates. Good activity of
catalyst was observed at room temperature, which is contradictory to literature reports.
According to Margeti¢ and co-workers®®® aromatic amines such as aniline did not react with
dimethyl carbonate at room temperature.

Thus Zn (OACc),.2H,0 and Pb(OAc), xH,O were found to give best catalytic performance for the
synthesis of aromatic carbamates (yield of carbamates => 95%). However, catalyst/product
separation is difficult because of the homogeneous nature of these catalysts and lead compound
suffers from environmental problem. To overcome this problem Zhang et al.** have immobilized
Zn(OAc),.2H,0 on different solid supports like y-Al,O3, activated Carbon (AC), ZSM-5, SiO,
and MgO to prepare heterogenized homogeneous catalysts. It was observed that activity was
significantly affected by different supports and activity decreased in the order: AC > a-Al,03>
ZSM-5 > SiO,> MgO. Among these Zn/AC showed good activity (87% MPC yield), however
deactivation of immobilized Zn(OAc),to ZnO was observed during recycle of the catalyst [due
to reaction between methanol and Zn(OAc),].

Several other heterogeneous catalysts (Al-SBA-15, AI-MCM-41 and Zn, Ti, Zr, Si, Ce based
mixed metal oxides etc.) have been investigated for the reaction of aromatic amines and
DMC.19019819.178 7hag et al.*® studied ZrO,/SiO, MMO catalyst for the reaction and 98.6%

aniline conversion with 79.8% MPC yield was obtained at 170°C in 7h with DMC: Aniline mole
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ratio of 20 and catalyst loading of 20 wt%. However, the catalyst was deactivated after the
reaction and could not be recycled.

DMC can be act both as a methylating and methoxycarbonylating agent. Tundo and co-workers
have made significant contributions to the use of DMC as reagent for various transformations.®
8689178197 According to Tundo”® two different pathways (alkylation/ acylation) can be promoted
in parallel. Scheme 1.21 shows the mechanism of carbamoylation of aniline via DMC chemistry.
As depicted in Scheme 1.21, besides methyl N-phenylcarbamate 1, several by-products are
formed by the reaction of aniline with DMC, i.e., N-methyl aniline 4 and N,N-dimethyl aniline 5.
Furthermore, the methyl phenyl carbamate 1, once formed, can react further either with DMC to
give the methyl N-phenylcarbamate 2 or with aniline to form the diphenylurea 3. It is noteworthy
that the reactions leading to the formation of carbamate 1 and urea 3 are equilibrium reactions
(Bacz mechanism), meanwhile the reactions leading to the methyl derivatives 2, 4, and 5 are not

equilibrium reactions (Bai, mechanism).

COOCH,
H;CN

COOCH3
DMC

——> + CO, +CH;0H
B,/
_—;
+ CH;0H NH,
NH, @
| e + CH‘;OH
~——
B 2
AC

+ DMC —
+ CO, + CO, + CH;0H
———> —»
CH3OH B,

Scheme 1.21: Synthesis of the methyl N-phenylcarbamatel by reaction of aniline with DMC.

The synthetic pathways.'"®
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The selectivity between methylation (alkylation) and carbamoylation (acylation) depends on a
large number of factors besides the catalyst such as the nature of the nucleophilic species,
reaction temperature, and even the substrate-to-DMC ratio.®>®*® Therefore, the key point in this
process is the choice of catalyst and optimization of reaction parameters which can give high
selectivity to N carbamate products. The synthesis of carbamate from aromatic amine and
dimethyl carbonate (DMC) in the presence of homogeneous, supported heterogeneous, and
heterogeneous catalysts have been investigated in detail. Mostly the works have been carried out
using Zn based homogeneous and heterogeneous catalysts.

Among all metal based catalysts; homogeneous Zn and Pb metal salts showed best catalytic
activity. However, catalyst/product separation is difficult because of the homogeneous nature of
these catalysts. Also, lead compounds showed high catalytic performance, but they are not
environmentally friendly. Supported zinc acetate based catalysts were studied for this reaction
(Zn(OAC)2/AC, Zn(OAC),/a-Al,O3zand Zn(OAC),/SiO,) however, deactivation of Zn(OAc), was
observed with the formation of ZnO. Therefore, by taking into account the economic importance
of carbamates as isocyanate precursors, it is necessary to develop active catalysts which give

high yield, low amounts of by-products and are easily recycled.

1.6. Aim and Objectives of the thesis

Utilization of safer reagents and renewable feed stocks is essential for the sustainable
development of society. Much attention has been devoted to applying green catalytic processes
to convert renewable feed stocks to commodity chemicals and clean fuels. Recently dimethyl
carbonate (DMC) has emerged as “Green Reagent” and substitute for toxic phosgene, dimethyl

sulphate and organic halides in carbonylation and N-methylation reactions. Conventionally
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dimethyl carbonate is produced by phosgenation or oxidative carbonylation route however, both
the routes have disadvantages. DMC is produced by various non-phosgene routes including
oxidative carbonylation of methanol (Enichem process), the methylnitrilecarbonylation process
developed by Ube Industries and transesterification of methanol with ethylene carbonate (EC)
developed by Asahi Kasei Chemical, Japan. Asahi process is environmentally safe process and
several plants are based on this route and focus of the work is on the development of efficient
catalysts for this route. DMC has emerged as “Green Reagent” because of its non-toxic
properties and multifunctionality. With the availability of DMC from non-phosgene route focus
of the work has been on the development of new routes for the synthesis of specialty chemicals
utilizing DMC. Synthesis of aromatic amines by methoxycarbonylation of aromatic amines with
DMC is one such important example. Significant amount of work is being carried out on the
development of homogeneous as well as heterogeneous catalysts for these reactions. Based on
the brief literature reports presented in this chapter, present study was focused on the
development of heterogeneous catalysts for selective synthesis of these products. With these

objectives following specific problems were chosen for the work.

*

%+ DMC synthesis by Transesterification of cyclic carbonate with methanol

v Synthesis and characterization of hydrotalcites and hydrotalcite derived MMOs catalyst
based on Mg, Li, Al, Fe, Ce, La, Sm and other transition metals.

v Transesterification of EC/ PC with methanol

v/ Optimization of reaction conditions to achieve high selectivity to DMC

v Recycle/recovery of the catalyst.
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% Synthesis of aromatic carbamates by methoxycarbonylation of aromatic amines with DMC
v Synthesis and characterization of heterogeneous catalysts based on Zn, Ce, Zr, Co and
other transition metals.
v Methoxycarbonylation of aniline as a model substrate.
v Optimization of reaction conditions to achieve high selectivity to carbamate derivatives

v Recycle/recovery of the catalyst.
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