4. GREEN CATALYSIS & GREEN SYNTHES]g

4.1 HETEROGENEOUS CATALYSIS (USE OF ZEOLITES, SILICA, A}
SUPPORTED CATALYSIS) ’

The catalysis in which the phase of catalyst is different from phase of the regcy |

. . ) ant
or products. The history of heterogeneous catalysis began with the synthesis of sy|p, Fg‘
I'e
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acid in the 18" century, well before the word catalysis was coined and its concept defineg |

Generally heterogeneous catalysis involves gas—solid or liquid—solid systems in whic,
catalyst is in solid phase and reactants are in fluid phase (gas or liquid). It is a surfac,
phenomenon, and it involves adsorption of gaseous reactants on solid catalyst. The maiy
advantage of it is relative ease of separation of reactants/products/catalysts. Further, the
catalysts are more tolerant of extreme operating conditions than their homogeneous
equivalents.

List of Heterogeneous Catalytic Reactions

6
Typeoieaceon Reactants Catalysts Products
Ammonia synthesis N, + H, Fe Promoted NH,
(Haber Process) with Mo
) : dati NH. + O Pt-Rh NO used in
Ammonia oxidation 3 i manufacture of HNO3
Oxidation of sulfur SO; used in
oxide (Contact SO, + O, V,05 or Pt manufacture of oleum
Process) & sulfuric acid
i Unsaturated .
Hydroge.natlon of n§a rate Ni Saturated oil
oils oil + H,
Silica, alumina,
Various and :
Cracking petroleum combination Wiee rangec:i of
fractions with molecular SRREPRETES
sieves
Polymerization Ethylene AlR; + TiCly Polyethylene
Iron oxide or
Dehydrogenation Ethylbenzene | chromia Styrene
alumina
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vfechanism of Heterogeneous Catalysis
‘ -

A heterogeneous catalytic reaction involve

a) Diffusion of reactants from a fluid phase

\

s the following processes:
to solid surface.

b) Adsorption of reactants onto a solid surface (physisorption).
¢) Surface reaction of adsorbed species (chemisorption).

d) Desorption of products from the solid surface.

¢) Diffusion of products from the solid surface into the fluid phase

|
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Heterogeneous Catalysis in Green Chemistry

Heterogeneous catalysis offers many green chemistry benefits and addresses the goals
of green chemistry by providing the following:

o Use of less toxic materials (Principle No. 3).

o Easy separation of product and catalyst.

o Lower energy requirements and energy saving (Principle No. 6).

o Eliminating the need for separation of products by distillation or extraction

(Principle No. 8).

e Catalytic versus stoichiometric amounts of materials (Principle No. 9).

° Increased selectivity.

¢ Decreased use of processing and separation agents.

Applications of Heterogeneous Catalysis
In recent decades, the field of heterogeneous catalysis exp
heterogeneous catalysis has the applications in many fields. The applications are:

o ———

anded rapidly. Now,

—
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cmicals.

e Synthesis of bulk ch
ables to chemicals and materials.

o Conversion of rencw
e Oil refining process.
o Conversion of petroleum
production of alternative fuels such as hydrogen and biofuels.

Treatment of harmful gases and particles emitted into the atmosphere by hu
Map

and natural gas into cleaner and more efficient gl
0y S,

activities.
Treatment of organic pollutants present in drinking water.

Zeolites, Mesoporous Silica and Alumina Supported Catalysis

Zeolites are microporous, three-dimensional crystalline solids of hydrateq
aluminosilicate minerals made from interlinked tetrahedra of alumina (AlO,) and silicy
(Si0,). Microporous zeolites (pore size < 2nm), mesoporous silica and alumina (pore size
of 2 to 50 nm) are widely used as heterogeneous catalysts. These solids have been used g
heterogeneous catalysts in the fields of petroleum refining, cracking, isomerization, synthesis
of hydrocarbons, synthesis of fine chemicals and environmental remediation.

Zeolites are ideal heterogeneous catalysts for gas phase reactions conducted at
temperature higher than 300 °C due to their unique structure, thermal and chemical stability.
Zeolites, silica and alumina exhibit Lewis acidity due to containing bi-or trivalent cations
in the framework, Bronsted acidity is due to containing protons and Lewis basicity 1s due

to presence of oxygen on framework. Hence, these can act as solid acid and base catalysts

and are used in acid-catalyzed and base-catalyzed reactions.

Use of Zeolites, Mesoporous Silica and Alumina Supported Catalysis
1. Acid-catalyzed reactions

o Alkplation Reactions: Gas phase alkylation of benzene and ethylene in pr
seolite forms styrene. Mesoporous silica and

esence

of shape-selective acidic ZSM-5
alumina are also used as catalysts in alkylation reactions.

It is one of the most important processes |
he production of gasolne

n oll

o  Fluid Catalytic Cracking (FCC):
refining. Zeolites, silica and alumina are used in FCC nt

from petroleum by cracking.
. v . ' . oil refining
° Oligomerization Process: These catalysts play a crucial role in the oil refin -i
asticizers, am

industry in the production of oligomers such as liquid paraffins, pl
fuels.
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Fricllcl-(,‘mﬁs Acylation: These are used in acylation due to their tuned acidity
A C

[ ]
shape selectivity, and high stability.

Q.‘.l,,ad(hfmn of CO, into Epoxides: These are used in cycloaddition of CO, with
A . S~ S, . : /)
cpo,\'ldc which forms five-membered cyclic carbonates.

Ring Opening of Epoxides: These catalysts are used in ring opening of epoxides
with nucleophiles such as amines and alcohols.

, Base-catalyzed Reactions

In these catalysts, the protons and exchangeable sites are the acid sites. The oxygens
of the framework are the basic sites. These are used in base catalyzed Knoevenagel

condensation reaction of aldehyde with active methylene compounds.

3. Oxidation Reactions
These materials in their pure state can’t perform oxidation reactions. The zeolites

with transition metals on the framework have exhibited catalytic performance in oxidation
of several organic compounds using H,O, as an oxidizing agent. The redox property of
porous materials is due to containing transition metal ions such as Ti*» V4, Sn*, Zr**, Fe*

Cu*, etc. on the framework.

4. Hydrogenation
These catalysts integrated with transition metals (Ni, Pd, Pt, Ru, Ir, etc.) into their framework

are used in the hydrogenation of alkenes with molecular hydrogen.

4.2 BIOCATALYSIS
. Biocatalysis is the use of natural substances to accelerate rate of the chemical
;‘;Zt:tollls. The natural substances which speedup chemical reactions are called as
biode;:(::; eThe(sie are derived fror'n renew.able resources which are biocompatible,
ChEmistry and,fa;rlll non-hazardous. Blf)ca.talysw fits very well with the principles of green
ows 10 out of 12 principles of green chemistry.

Ad
Vantages of Biocatalysis

* M
0st of the : :
chem ST — : : , :
hemical reactions are carried out in aqueous medium at ambient

te
Mperature and pressure.
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The biocatalytic reactions generally take place in single step.

No need of protection and deprotection of functional groups in biocatalytic reactiong
The biocatalytic rcactions are very fast. '
Biocatalytic reactions are stereospecific, chemoselective, regioselectiye n

stereosclective.

Enzymes
The most commonly used biocatalysts are enzymes. Most of the CNzymes are proteip

that catalyze chemical reactions in our body. Enzymes are easily available natura] substanceg
and enzyme catalysis i1s an important tool in green synthesis.

Types of Enzymes

There are six main types of enzymes: Oxidoreductases, transferases, hydrolases

lyases, isomerases, and ligases.

y &

6. Ligases: These enzymes catalyze the formation of covalent bon

Oxidoreductases: These enzymes catalyze oxidation-reduction reactions by direct
oxidation with O, (oxidases) or by transferring hydrogen from one substrate to
another substrate (dehydrogenases).

Transferases: This group of enzymes catalyze the transfer of a functional group |

from one substrate to another substrate.

Hydrolases: These enzymes catalyze hydrolysis of a compound.

Lyases: This class of enzymes catalyzes breakdown of a covalent bond without

using water or oxidation. These can catalyze addition and elimination reaction.

. . . : r
Isomerases: These enzymes catalyze isomerization of reactants into structural 0

optical isomers.
d between WO

large molecules.
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List of Biocata
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Iytic Reactions

~fain category | Subeategory | Type of reaction catalyzed
Oxidoreductase Oxidases Oxidation of substrate o
Reductases Reduction of substrate
Dehydrogenases | Removal of hydrogens
Transferases Transaminases | Transfer amino group between
substrates
Kinases Transfer phosphate group between
substrates
Hydrolases Lipases Hydrolysis of ester linkages in
lipids
Proteases Hydrolysis of amide linkages in
proteins
Nucleases Hydrolysis of  sugar-phosphate
ester bonds in nucleic acids
Carbohydrases | Hydrolysis of glycosidic bond in
carbohydrates
Phosphatases Hydrolysis of  phosphate-ester
bonds
Lyases Dehydratases Removal of H,O from substrate
Decarboxylases Removal of CO,from substrate
Deaminases Removal of NH; from substrate
Hydratases Addition of H,O to substrate
Isomerases Racemases Interconversion of enantiomers
Mutases Transfer of a functional group from
one position to another in the same
molecule
Ligases Synthetases Formation of a new bond between
two substates
Carboxylases Formation of a new bond between

a substate and CO»
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3 PHASE TRANSFER CATALYSIS |
4.] Phase transfer catalysis is a heterogencous catalysis. A catalyst which ol
‘ ‘(HQS

o reaction by facilitating migration of a reactant from one phase o another |
) 1ag
C ‘Q

rate of th e St
ase transfer catalyst. The acceleration of a reaction by phase transfer caty]
) atq YSl

is called as ph -
is known as phasc transfer catalysis (PTC).

Quaternary ammonium salts and phosphonium salts arc Py for an;
s Mete e s e Allon;
reactants. Crown ethers and cryptands arc PTCs for cationic reactants. The PTC.: .
system has a hydrophlhc interior containing the ion and a hydrophoblc exterior Am n
Pl . ) . : Ong
PTCs, the quaternary ammonium salts are the cheapest, hence widely used i the indUStry

Typical PTCs
—

gt Cl

nBu ©
l® X Et_|
/N\ N@
nBu” | "nBu |
n Bu Et

X = Br, Tetrabutylammonium bromide (TBAB) Benzyltriethylammorium (TEBA) chicride

X =F, Tetrabutylammonium fluoride (TBAF)
X = OH,Tetrabutylammonium hydroxide (TBAH)

©
nBu o ek
[l,@ Br ®
nBu” | >nBu P
n Bu
Tetrabutylphosphonium bromide

Tetraphenylphosphonium bromide

o 0
\io oj ©[0 0:©
oS

Dibenzo-18-crown-6

18-crown-6
o(\ O/E (\O/__\O/\\
L 0O AL
7 Q K/OL_JO
Dicyl;h/e:y:irown 6 W
— ) ] /
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ransfer catalysis involves transfer of species from one phase to another

catalyst and reaction of transferred species with reactants. The PTC mechanism

ains the following steps:
-Ol | ‘ | : S « 1Y ¢ s L . .
L 1. Thedissolved catalyst quaternary ammonium halide in the aqueous phase (Q'X)

undergocs anion exchange with the anion (Y") of the reactant dissolved in the

aqueous solution.
The ion-pair formed (Q'Y") can cross the liquid-liquid interface due to its

7-
lipophilic nature and diffuses into the organic phase (phase transfer).
3. The anion (Y") in the organic phase participates in nucleophilic substitution
reaction with the organic reagent (RX) and forms desired product (RY).
4 Later, the catalyst (Q"X") diffuses into the aqueous phase through the liquid
phase boundary (phase transfer) and the cycle continues.
e - i \
Aqueous phase QY + X= QX + Y
A A
Interface
Y Y
Organic phase QY + RX > QX + RY
Fig. 4.3 Mechanism of phase transfer catalysis
Advantages of PTC

¢ Itaccelerates rate of the reaction and reduces reaction time.
¢ Itimproves yields of the reactions.
® Minimizes the formation of byproducts.

¢ It

Elfm?nates expensive and dangerous solvents.

Eliminates the need of expensive raw materials and minimizes waste.
Less side reactions.

Sollvent free synthesis is possible.

'S useful in green chemistry .

\
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Disadvantages: The main disadvantage of PTC

the product in organic phasc.

PTC in Green Chemistry: The PTC involves use of less amount organic solveng, form,

is the need to separate the ¢
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of less hazardous byproducts, good yield. The wide use of PTC in aqueous system g
more enhanced environment friendly green synthesis and solvent free synthegjg.

Applications of PTC

li()n
Ow;

PTC is particularly useful for reactions of organic anions with nonpolar Orga;

. o . ¢

reactants. It is also applicable for generating intermediates such as carbenes, nitrencg i
organometallic reagents. PTCs have synthetic application in the following reactions:

°
e Nucleophilic substitution reactions.
o Aldol and related condensations.

e (Carbenes reactions.

e Oxidations and reductions.

e Organometallic transformations.

Alkylations: The most common application of PTC is alkylations.

(
Alkylation

OH 1

o \)\ 5 TBAB OBu |

= R = O\)\ !

- 50% NaOH aq. ~ :

97% 1

TBAB: Tetrabutylammonium bromide l

1

Cyanation 1

|

|

18-Crown-6 !

CH,CN %

97% |

|

|

Oxidation |
® . © ’

{,7N-C ,

CHy(CH, ), CH==—CH, + KMnO, -8 PNC S gpy Chy)COOH |
) Benzene-H,0 91% |




-REEN CHEMISTRY & NANOTECHNOLOGY

14 GREEN SYNTHESIS

{ Synthesis of Catechol and Adipic Acid

4.4.
ntional Synthesis: Both catechol ¢ - ;
ention ) oth catechol and adipic acid are made conventionally from

Com
cinogenic benzene which causes environmental and health problems. The non- -rencwable

car
‘trodltmlﬁﬂl* are the sources of benzene. The synthesis of adipic acid generates nitrous

xide (N,O) as a by product, which is a potential greenhouse gas and ozone depletion

substance.
—

1'

CH3CH—CH2

Friedel Craft

Benzene  Alkylation Cumene Phenol |

|

OH OH |

OH |

H,0, @/ |

— +

OH 3‘

Catechol Hydroquinone 2

Conventional Synthesis of Catechol ,

Og/Co
Ni or Pt
Benzene Cyclohexane Cyclohexanone
OH
_HNS _ ooc(cH,),cooH
* CUNH,NO, Hos
Cyclohexanol Adipic acid
L Conventmn al Synthesns of Adlplc acid JJ
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Green Sy 1qe 1~ - o . .
| Synthesis: Both catechol and adipic acid arc made cnvironmentally benign syntleq:

using - & 5 s . ; . : 81§
g D-glucose as a starting material and a biocatalyst (genetically modified microy,

\ S

Escherichia coli). The starting material D-glucose is a non-{ox1c and arenewable resourg,

Further, it uses water as a solvent, which is a green solvent.

OH CO,H
: AOH
' E Coli
Genetlcally

OH altered

OH OH

D-glucose 3-dehydrosh|k|m|c acid

CO,H

= - /——\_JCOOH ;‘
HO HO/© HOOC |

OH OH o ] )
cis,cis-muconic acid

Protocatechuic acid Catechol

Halcat. HOOC(CH,)4COOH
Adipic acid

Green Synthesis of Catechol & Adipic acid ;J

4.4.2 Synthesis of Disodium Iminodiacetate (DSIDA):
The reaction of aldehyde with ammonia In presence o

sis forms amino acid. It is known as Strecker synthesis.

f cyanide followed by

hydroly
(o KN ON o 2 HN cooH |
I NHyHCN "2\, HsO 2 \./
/C\ —> AN /C\ 3
R H R H R H |
| adehyde a-aminonitrile a-amino acid J

Conventional Synthesis: Disodium iminodiacetate (DSIDA) is an intermediate in herbicide
;nezide by Monsanto. It is synthesized conventionally using formaldehyde, ammonia
o ' i I , ‘
ydrogen cyanide and sodium hydroxide. The HCN is hazardous chemical which needs

special t , Inimi '
p reatment to minimize the risk to workers and environment.



r

HEMISTRY & NANOTECHNOLOGY

ENC
g [ 2 NHgHON i
i :
Jei y = NC7 N7 en
H™ >H H
NaOH
= Na0OC~ >N~ COONa
H
& DSIDA |

n Synthesis: An alternative green synthesis was developed by Monsanto by avoiding
wr‘)‘l b . . . . . ] )
(; CNand formaldehyde. It is synthesized by treating diethanolamine with NaOH in presence
l «

of Cu catalyst.

0= 2 ofe O NEBH o e S Saimmie

H Cu cat. H
Diethanolamine DSIDA

45 MICROWAVE ASSISTED REACTIONS IN WATER

4.5.1 Hofmann Elimination
The elimination reactions of quaternary ammonium salts produce least stable alkene.
It is known as Hofmann elimination.

CHs  AROHO o ~\F , HC—N—Ch|
_— -
R e A CHy |
HiC—N—CH

CHs

Conventional Method: In conventional method, generally quaternary ammonium salts are

heated at high temperature and the yield of the product is low and are associated with long
reaction period.

Green Method: The microwave assisted Hofmann elimination reaction using two-phase
neterogencous water/chloroform system has excellent yield (97%) of product with shorter
re.acti()n period (1 min). The selective heating of solvents by microwave radiation leads to
higher yields and shorter reaction times. The temperatures of the aqueous and chloroform
Phases were [10°C and 50 °C respectively, due to differences in the diclectric properties of

¢ : . . :
Solvents, Thig temperature difference avoids decomposition of the final product in the
L&anic phage,
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O
0
.0, 110°C P
Hz0, ® o

NMo, |
E1O
ML N HNMes |
CHCly, 50 °C I
=

4.5.2 Methyl Benzoate to Benzoic Acid
The hydrolysis of methyl benzoate in aqueous sodium hydroxide under microway

conditions forms benzoic acid with good yield (84 %) and the reaction is completed i,

shorter time (2.5 min).

)
Os_ _OCHs Oy _OH |

aq. NaOH

_— |

MWI, 2.5 min

Methylbenzoate Benzoic acid

4.5.3 Oxidation of Toluene:
The oxidation of toluene with the solution of aqueous potassium permanganaf

and aqueous potassium hydroxide forms benzoic acids. In conventional method, undet
normal conditions, the reaction takes 10-12 h while in green synthesis, under microwa\
conditions it takes 5 min, and the yield of the benzoic acid is 40%.

(T )
CH, o) OH
aq.KMnOj + aq. KOH |
MWI, 5 min B
Toluene Benzoic acid

40%
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5.4 The oXi rary and secondary alcohols forms aldchydes and ketones

Method: In conventional method, metal oxides and peracids such as CrO,,

gional _
tc. are used for the conversion of alcohols into carbonyl compounds. The oxides
QC U

MinO: ; metals severe
d cracids of heavy metals
e 1. It can irritatc nosc, throat

ly impact environmental and natural sources mainly
and lungs. The contact of metal oxides may cause

o |

aq.H2804/Aoetorﬁ R /U\H

R~ OH +CrO3

°_alcohol Aldehyde
OH 0 ,
/k aq.H,SO04/Acetone /U\ !
R R' + CrOj — R R'|
°_alcohol Ketone |

metals by hydrogen peroxides

The replacement of oxides and peracids of
uct. The microwave irradiated

t forms water as a byprod
/aqueous biphasic conditions using 30% hydrogen

state (catalyst) and tetrabutylammonium hydrogen
alyst forms carbonyl compounds with high yield

Green Method:
vironmentally friendly since 1

oxidation of alcohols under organic
peroxide in the presence of sodium tung

qilfate (TBAHS) as a phase transfer cat
and short reaction times.

[ 0
Na;WO,/TBAHS /U\H

isen

R TOH*F222 i, 20 min
1°-a|00h0| Aldehyde
(75-85%)

@)

)O\H Na;WO,/TBAHS /U\R’

LIS R
R" +H02 i 10 min

R
Ketone

2°alcohol
(77-97%) »

.
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4.6 MICROWAVE ASSISTED REACTIONS IN ORGANIC SOLVENTS |

I
i

4.6.1 Diels-Alder Reactions

The Dicls-Alder reaction is a thermal [442] n cycloaddition reaction bc:lwQen
conjugated dicne and reactive alkene or alkyne (dienophile) which forms cyclohcxQne
derivative.
Conventional Method: The Dicls-Alder reaction between anthracene (diene) and male ;
anhydride (dicnophile) in presence of high boiling temperature solvent xylene forpg an
adduct of six membered ring. Under normal conditions, the reaction requires reflux perio d l

of 90 min. f

seel

Anthracene

E
B i
i

0
oo® |
0 |

\/ o}

Adduct

Xylene
A, 90 min

Maleic anhydride

.

J

Green Method: The same reaction under microwave conditions in presence of diglyme
solvent, the adduct is formed in very less tome (90 sec) with high yield (80%).

O

Anthracene

s

Dlglyme
MWI 90sec

Maleic anhydride

Adduct (80%)

4.6.2 Decarboxylation Reactions

Loss of carbon dioxide (CO,) is called as decarboxylation. Simple carboxylic acids
rarely undergo decarboxylation. Carboxylic acids or esters with carbonyl group at bet:
position readily undergo thermal decarboxylation.

I
R) ‘ /‘ “OH

( o w
I — %~ R-H+ CO,
R OH
Carhoxylic acid Alkane

fi-keto carboxylic acid

O
R ) l\\ -+ CO.)

Ketone

s ————
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1 Method: The conventi
wventional | : onventional decarboxvlng: o ‘ _
Cor lecarboxylation of indole-2-carboxylic acids

involves refluxing in quinoline in presence

: ol copper chromite and the yiclds arc low
(50—650/0)-

. \ o - ’- -
rll \L N coon 2OCrOauingine_ SN\
‘\5: P ~N A 24 pow ~

| N
H H

Indole-2-carboxylic acid Indole

R =H, 6-MeO S0:5548

e
_J

Green Metlhod: The same decarboxylation reactions in absence of copper chromite under
microwave irradiation take place in much shorter time (12 min) with high yields (90-

100%).
R.N:v = AN CEOH Quinoline RN:V S N\
~N MWI, 12 min i~

N

H H
Indole-2-carboxylic acid Indole
90-100%
R =H, 4-MeO, 5-MeO,
6-MeO, 5-F, 6-F

4.7. SONO CHEMICAL SIMMONS-SMITH REACTION:
A reaction of alkene with diiodomethane and zinc-copper couple or iodomethyl
zinc iodide (ICH,ZnI) forms cyclopropane ring. It is called as Simmons-Smith reaction.

Y

-
R1 Rs Zn-Cu R4 R3
>__< . . >A<
R> R, (C2Hs5)20 R, Ry

Alkene Cyclopropane|

.

Conventional Method: The conventional method uses activated zinc and CH,L, to form

cyclopropane ring. It has several experimental drawbacks such as sudden release of heat

after some time, formation of foam and the difficulties in removing finely divided metal
zinc is activated by using it in the form of a zinc—

from the reaction products. Generally,
The

silver or zinc—copper couple or using iodine or lithium in conjunction with the metal.
yield of the reaction is low (51%).
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CHy(CHa)HCZ—=CH(CH2);COOCHg

CHy(CH2)HC<—CH(CH,);COOCHj

1
I

CH;l2

C,Hs),0
—— (CaHs)2

(51%)

GREEN CHEMISTRY & NANOTECHNOLOGYL

Green Method: In this method, zinc is activated sonochemically by using ultrasound. The

reaction between sonochemically activated zinc and methylene iodide forms carbene which

adds on alkene and forms cyclopropane with high yield (91%). The experimental difficulties

in conventional method have been eliminated using a sonochemical procedure where no
special activation of the zinc is required, and good yields (91%) are obtained using zinc

metal in the form of rods or foil.

Vs

CHz(CH2)yHC—— CH(CH;);COOCH3
)

CH2|2/ZH

CHs(CH2)yHC<—CH(CH,)7C00CH;

(91%)

|

\

K %k ok



