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ABSTRACT

Green Chemistry is placed in the frontier areas of research and has been focused for considerable recent research.
Green Chemistry, the design of chemical products and processes that reduce or eliminate the use and generation of
hazardous substances is an overarching approach that is applicable to all aspects of chemistry. From feedstocks to
solvents, to synthesis and processing green chemistry actively seeks ways to produce materials in a way that is
more begin to human health and the environment. The current emphasis on green chemistry reflects a shift away
from the historic “command-and-control” approach to environmental problems that mandated waste treatment,
control and clean up through regulation and towards preventing pollution at its source rather than accepting
pollution at its source. Rather than accepting waste generation and disposal as unavoidable, green chemistry seeks
new technol ogiesthat are cleaner and economically competitive. Utilizing green chemistry for pollution prevention
demonstrates that power and beauty of chemistry : through careful design, society can enjoy the products on which
we depend while benefiting the environment. The economic benefits of green chemistry are central driversin its
advancement. Industry is adopting green chemistry methodologies because they improve the corporate bottom
line. A wide array of operating costs are decreased through the use of green chemistry. When less waste is
generated, environmental compliance casts go down. Treatment and disposal become unnecessary when waste is
eliminated. Decreased solvent usage and fewer processing steps lessen the material and energy costs of manufac-
turing and increase material efficiency. The environmental, human health, and the economic advantages realized
through green chemistry are serving as a strong incentive to industry of adopt greener technologies. Solvents
represent the single largest challenge to green chemistry. They are widely and intensively used in chemical and
pharmaceutical processes, in formulation, cleaning and other sectors that the part of the modern industrial con-
sumer society. Unfortunately many of the solvents are used in industry and retail are volatile organic compounds
whichinevitably lead to environmental damage, through pollution, risksto human health and to resource depletion,
we need to develop and apply more environmentally friendly approaches. The fundamentally attractive concept of
green chemistry is solvent free reactions. Solvent free reactions can be accel erated by microwave activation and this
combined clean technology approach to “greening” chemical reactions. A solvent-free approach has been de-
scribes for organic synthesis which involves microwave (MW) exposure of neat reactants (undiluted) either in the
presence of acatalyst or catalyzed by the surfaces of inexpensive and recyclable mineral supports such asalumina,
dlica, clay, or “doped” surfaces, namely, Fe(NO3)3-clay (clayfen), Cu(NO3)2-clay (claycop), NH20H-clay, Phl(OACc)2-
alumina, Nal O4-silica, MnO2-silica, and NaBH4-clay. A variety of deprotection, condensation, cyclization, oxida-
tion, and reduction reactions are presented including the efficient one-pot assembly of heterocyclic moleculesfrom
in situ generated intermediates such as enamines and (-tosyloxyketones. The application of this solvent-free MW
approach to multicomponent reactions is highlighted that can be adapted for high-speed parallel synthesis of the
library of dihydropyrimidine-2(1H)-onesand imidazo 1,2-alannulated pyridines, pyrazines, and pyrimidines.
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INTRODUCTION

Thepresent day indudtridization hasledtoimmense
environmentd deterioration. Theincreasing environmen-
tal consciousnessthroughout theworld hasput apressng
need to devel op an aternate synthetic approach for bio-
logically and synthetically important compounds. This
requiresanew approach, which will reducethe mate-
rid and energy intengty of chemica processesand prod-
ucts, minimize or eliminate the dispersion of harmful
chemicalsintheenvironment in away that enhancesthe
industrialy benign approach and meetsthe challenges
of green chemistyt™.

Green Chemistry isthe utilization of aset of prin-
ciplesthat reducesor eliminatestheuse or generation
of hazardous substancesin thedesign, manufactureand
application of chemical products. Our environment,
which is endowed by nature, needs to be protected
from ever increasing chemicd pollution associated with
contemporary lifestylesand emerging technologies. De-
velopmentsin water treatment, waste disposal meth-
ods, agricultura pesticidesand fungicides, polymers,
materia s science, detergentsand so forth haveall con-
tributed to theimprovement in our qudity of life, but all
these advances comewith pricetag-of pollution?. In
recent times, with the environmental degradation be-
ginning to takeaarming proportions, thechemica in-
dustriesworldwideisfacing thechdlengesof stringent
environmental regul ation and unprecedented economic,
environmental and societd pressurefor innovation of
new efficient protocol sthat circumvent thehazardsdue
to waste effluentsand by productsarising from manu-
facturing processes, With the preservation of environ-
ment being amajor concern, the chemical industries
hasto now seek to wean users away from the conven-
tional methodol ogiesby driving towardsmoreefficient
and Eco-friendly processeswhich can harmoniously
connect synthesisand environment.

Hence, theneed of new millenniumto develop such
procedureswhich canincrease synthetic efficienciesas
well asminimizeenvironmentaly hostilewastes, led to
the concept of anew, cleaner, enviro-economic branch
of chemistry i.e. ‘Green Chemistry’ to crystallizein
1990’s. By definition, ‘Green Chemistry®¥, isthede-
sgn, development and implantation of chemicd, prod-
ucts and processes to reduce or eliminate the use of
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substances hazardous to human health and environ-
mentt9, It includes modification of engineering prac-
tices, bioremediation and promotes Eco-friendly reac-
tion mediaas well as the concept of atom economy
leading to dmost zero waste. Thefundamentd issues of
“Green Chemistry” are:
Reduction or replacement of vol atileorganic solvents.
Pollution and waste prevention
Atom economization
Toxicity reduction

Green chemistry by thedesign® of environmental ly
compatible chemicd reactions, offerstoolsto gpproach
pollution and sustainability concernsat the source. En-
vironmenta ly benign synthesis, also known as““Green
Chemistry”, seekstoincorporate environmental and
toxicol ogical awarenessat the design phase of asyn-
thesisprocess. Thebasic conceptisthat itisfar better
to devel op asynthetic strategy that avoidsthe use of
hazardous materia inthefirg phasethanto faceclean-
ing-up, containment and wastedisposal .

The combination of solvent free proceduresand
microwaveirradiation can be used to carry out awide
rangeof reactionswithin short reactiontimesand with
high conversionsand selectivity. Yieldsand purity of
the productsas proved by GC analysisare generally
improved when compared to those obtained by con-
ventional heating. Thisapproach isefficient, easy-to-
perform, economic and less polluting asavoiding sol-
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vents. Somespecific, non-purely thermd, effectsof the
radiation are often evidenced depending on the reac-
tion mechanism and enhancement in polarity during the
reaction progress.

Among themoast promising waysin proceduresfor
Green Chemigtry, solvent freetechniqueshold astrate-
gic position assolventsare very often toxic, expensive,
and problematic to useand to remove. It isthemain
reason for the devel opment of such modern technolo-
gies. These approaches can al so enabl e experiments
avoidingtheuseof strongminerd acids(i.e. HCl,H,SO,
for instance) that can in turn cause corrosion safety,
mainpulation and pollution problemsaswastes. These
acids can be replaced advantageously by solid, recy-
clableacidssuch asclays(montmorillonites).

Reactivity

Accelerationsof reactionscan result fromincress-
ing concentrationsin reactants when adiluting agent
such asasolvent isavoided. Asconcentrationsin reac-
tive speciesare optimal, reactivity isnotifceably in-
creased and only mild conditions can berequired. In
severd casesdifficult reactionsusing solventscan be
easily achieved under sol vent free conditions. Another
important advantagelied in thefact that higher tem-
peratures, when comparedto classical conditions, can
be usedin open vessd swithout thelimitationimposed
by solvent boiling points.

Selectivity

Thelayout of reacting systems can beincreased
when high concentrations/aggregation of charged spe-
ciesareinvolved. It canlead to somemodificationsin
mechanismsresultingin adecreasein molecular dy-
namicsand induce subsequent pecid sdlectivities(ste-
reo - regio - or enantiosel ectivity). Weak interactions
can appear (such as T-stacking) which are usually
masked by solvents, inducing further benefic conse-
guenceson selectivity.

Reactionson solid mineral supports”

Reactantsare previously impregnated onto solid
mineral supportssuch asauminas, silicasand claysas
neet liquidsor viatheir solutionsinan adequateorganic
solvent and further solvent removal. Reactionin “Dry
media” isthen performed betweenindividuadly impreg-
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nated reactants, possibly under heating. At theend of
reaction, organic productsare easily removed by elu-
tionwithdiethyl ether or dichloro-methaneandasmple
filtrationtodiminatethesolids.

Solid-liquid phasetransfer catalysis(PTC)®

Reactions occur between neat reactant sin quasi-
equivdent amountsin the presence of acataytic quan-
tity of tetraalkylammonium saltsor cation complexing
agents. When thereactionisperformedin theabsence
of solvent, theliquid organic phase congastsof theelec-
trophilic reagent then possibly thereaction product (Fig-
ure 1). Nucleophilic anionic species can be generated
ingtuby reacting their conjugated acidswith solid bases
of increased strength dueto ion-pair exchange with
R,N*X".

Reactions without any solvent support, or cata-
|ySt[9’1°]

The heterogeneousreactionsare carried between
nest reactantsin quas equiva ent amountswithout any
adduct. Inthe case of solid-liquid mixtures, thereac-
tionimplieseither solubilization of thesolidintheliquid
phase or adsorption of theliquid onthesolid surfaceas
aninterfacia reaction.

Sriking examplesof solvent-freesynthesisunder
micr owavesi1d

Alkylation :
CH3COO-K+ + nC8H 17X W CH3COO”H 17
2Us3
98% 2 min. (186°C), b < % 2 min. (186°C)

Oxodation:
COOEt EtO0C COOEt
M nO
bentonlls

EtO0C

HANTZSCH D.H.P. 100% 6 min.
Deacetylation:
(CH2)30AC  (CHR)30AC  (CH,)30H

_AlLO; A0
730 Sec: 25m
OH OH

Synthesis of fused anthraquinones using clay under
microwaves
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cl COOH dry media S
Classical method : PCI o
5(1.5 eq) AlCI,

1.5 eq Nitrobenzene

Classical method

PCl (1.5eg)AlCl,
4 Hrs.

15
140°C

Nitrobenege
0%

Dry mediacondition

3200C MW
320C A

92%
4.1%

3min.
1hr.

Solvent-fr ee ester s saponification(429

. Time Fina . Time Final Yidd

R R (min.) temp.°C Yield % (min.) temp°C (%)
Ph Me 1 205 96 1 205 90
nOct 2 210 94 2 210 72
Ph Me 2 240 87 2 240 38
nOct 4 223 82 4 223 0

- Easy Saponification of Hindered Estersdueto sol-
vent free PTC* MW coupling
- M.W. specific effect isclearl y substrate dependent

Difficult reaction (lateTS) with Polar TS

Classical 200- o
method 240°C 100mgHqg 20Hrs 20-30%
Microwaves
R=R=Ph  (A)120W 20min. 187°C 80%(A - 2%)
(B)60W 30min. 202°C  99%(A - 3%)
R=Ph, :
R'=CH,Ph = (B) 60W 30min. 210°C 95%(A -12%)

L euckart reduction amination of ketong

In the el ectromagneti ¢ radiation spectrum, micro-
waves (0.3 GHz-300 GHz) liebetweenradiowave (Rf)
andinfrared (IR) frequencieswithrd aively largewave-
length. Microwaves, anonionizing radiationincapable
of breaking bonds, are aform of energy and not heat
and aremanifested asheet throughtheir interaction with
themedium or materiad swherein they can bereflected
(metds), transmitted (good insulatorsthat will not heat)
or absorbed (decreasing the available microwave en-
ergy and rapidly heating the sample).

Microwave (MW) irradiation, an unconventional
energy source, hasbeen used for avariety of applica
tionsincluding organic synthesig*®, wherein chemical
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reactions are accel erated because of selective absorp-
tion of MW energy by polar molecules, nonpolar mol-
eculesbeinginert tothe MW didectricloss. Heteroge-
neous reactionsfacilitated by supported reagentson
inorganic oxidesurfaces havereceived attentioninre-
cent years. Thegpplication of microwaveirradiaionin
conjunction withthe use of catalystsor mineral-sup-
ported reagents, under solvent-free conditions, enables
organic reactionsto occur expeditioudy at ambient pres-
surel'62-23 ' thus providing unique chemica processes
with specid attributes such asenhanced reactionrates,
higher yields, and the associ ated ease of mani pulation.
Theresultsfrom our |aboratory onthisMW-expedited
approach are described for the synthesisof avariety of
industrialy significant compounds and intermedi ates,
namely, imines, enamines, enones, nitroakenes, oxidized
sulfur species, and heterocycles. Thismethodology is
exemplified by aconcise synthesisof flavones, tetrahy
droquinol ones, 2-aroylbenzofurans, and thiazolederiva
tivesand demonstratestheexplaitation of in Situgener-
ated reactiveintermediatesin one-pot synthesisof het-
erocyclic compounds. The adaptability of the proto-
colstorapid and paralel synthesisin solvent-freemul-
ticomponent reactionsisdemonstrated inthe assembly
of imidazo[ 1,2-a]annul ated pyridines, pyrazines, and
pyrimidines(Ugi reaction) and dihydroprimidine-2(1H)-
ones(Bigindli reaction).

Functional group transformations

Synthesisof thioketones, thiolactones, thicamides,
thionoester s, and thioflavonoids

Cleavagereactions are expedited by MW expo-
sure of protected moleculeson mineral oxidesor be-
nign “doped” reagents, as has been showninthere-
generation of alcohals, acids, and carbonyl com-
pounds?+21, Among several expeditious chemical
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Clayfen, 15-60 sec
Oxone-Alumina, 2-3 min
IBD-Alumina, 1.5-2 min\

Carbonyl

Alcohols

MnO,_Silica, 20-60 sec

CrO3-Alumina, <40 sec ////

CuSOy4-Alumina, 2-3.5min

Ri—S—R3
ompounds Sulfideg
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IBD-Alumina, 40-90 sec
i \ 0
NalO,-Silica Il
17e9,0525min b1 > Re
. ,0.5-25 min
« /Sulfoxid

o)
NalO,4-Silica I
13 R~

es

Clayfen, 15-60 sec

Figure 4: Oxidation of alcoholsto carbonyl compoundsand oxidation of sulfidesto sulfoxidesand sulfones

transformationsthat can be accomplished under these
solvent-freeconditions, theconversion of carbonyl com-
poundsto the corresponding thio analogsisespecialy
useful. Theusual synthesisof thioketonesinvolvesthe
reaction of substrateswith hydrogen sulfidein the pres-
ence of acid, phosphorous pentasulfide under basic
conditions, or Lawesson’sreagent.Using our gpproach,
the carbonyl compoundsare s mply admixed with neat
Lawesson’sreagent (0.5 equiv.) and irradiated under
solvent-free conditionsthat do not requireany acidic
or basic media. Thisbenign approachisgenera andis
applicableto thehigh-yield conversion of ketones, fla-
vones, isoflavones, lactones, amides, and estersto the
corresponding thio analogs. Thiseco-friendly, solvent-
free protocol usescomparatively much smaler amount
of Lawesson’sreagent and avoidsthe use of large ex-
cess of dry hydrocarbon solvents such asbenzene, xy-
lene, triethylamine, or pyridinethat are conventionaly
used(,

Oxidation reactions

Theintroduction of metallic reagentson solid sup-
ports have solved someof theassociated toxicity prob-
lemsand providesan attractive dternativeto the con-
ventiona oxidation reactionsin view of the selectivity
and ease of manipulation. We have devel oped severd
MW-assi sted oxidative protocol §2°-*2 using an array
of supported reagents applicableto both alcoholsand
aulfides(Figure4).

Reduction reactions

Thesolid-state selectivereduction of carbonyl com-
pounds occursreadily with alumina-supported sodium
borohydride (NaBH4) in areaction that isaccel erated
by moisture’®. The aluminasupport can bereused re-
peatedly by ssmply washing off the product aprocess

Ri R
CH=N_
RS H MW, 2min | Clay
R1
H.N—R Clay c—N—R
2 ¥ MW, 2min _/ 3
R>
R
. NaBH4-AL,O, \IN
C=0 $ CH—OH
/ MW

R /

2 R3

Figure5: Borohydridereduction of carbonyl compounds
and reductiveamination reactions

that hydratesthea uminasurfacetofacilitate subsequent
reduction reactions. Our earlier optimized imine-form-
ing (Schiff bases) reaction using catal ytic amount of
clay!® can be adapted for the borohydride reduction
inthe same pot, thus providing asimpleroute to sec-
ondary and tertiary amines™®!. Clay servesthedud pur-
pose of aLewisacid and aso provideswater fromits
interlayers, which enhances the reducing ability of
NaBH4(Figure5).

Synthesisof heterocyclic compounds

A variety of heterocyclic compounds can berap-
idly assembled employing this sol vent-free approach
asdemonstrated by the synthesis of flavonoidsusing
Baker—Venkataraman rearrangement and rel ated cy-
clization of 2'-aminochalcones to 2-aryl-1,2,3,4-
tetrahydro-4-quinoloneson clay™™. A concise onepot
method can be used to synthesi zeisofl av-3-enes bear-
ing basic amino subgtituentsat 2 position viatheinter-
mediacy of in situ generated enaminederivativesfol-
lowed by reaction with o-hydroxya dehydes®. This
convergent strategy has been extended tothe synthesis
of naturally occurring and pharmacol ogically active 2-
aroylbenzo[ b]furansthat proceedsrapidly viathe con-
densation of in Situ generated oi-tosyl oxyketoneswith
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OoH HN_ NH
= Ar @ b
| N CH,OH S
R ﬁ
X"T0 O MW,KF- Ng /MW, Clay
2-Aroythenzo  Al,O3 |
[b]furans OTs
o Mw R7 1 7s
R CH, HTIB
* Mw,clay] & NHz
Ar N
T
H S

Figure6: Synthesisof thiazolesand ar oylbenzofuransvia
a-tosyloxyketones, Microwave-accel erated multicompo-
nent reactions

NH, R
R——n-Bu Ny Clay

N
—
Arylaldehydes, “\/\'( Microwave RlxNj:N)\x
H

- (Heterocyclic
Ry NC Amines)
(Isonitriles) X =Y =C X=Y=C
X=C,Y=N X=C,Y=N
X=N,Y=C X=N,Y=C

Figure7: Three-component condensation reaction using
micr owaves

avariety of salicyladehydes on potassium fluoride
“doped” dumina(Figure4), the processavoidsthe use
of lachrymatory starting materid $%8. Similarly, thiaz-
olescan bereedily obtained by thereaction of thioamides
with a-tosyloxyketonesin aclay-catalyzed reaction
(Figureb). Atypical experimental procedureentails
mixing thioamidesin an open glasscontainer within
Situ generated a-tosyl oxyketonesand montmorillonite
K 10clay. Thereaction mixtureisirradiated inamicro-
waveovenfor 3-6 minwithintermittent irradiation to
afford subgtituted thiazolesin 88-96% yields. Thever-
satility of the MW approach becomes apparent inthe
synthesi s of bridgehead heterocycles when reactants
arecyclicthioureas(Figure6).

Combinatoria chemistry hasgained significantim-
portance asatool for the synthesis of awidevariety of
useful compounds, including pharmaceuticals. Inthis
context, the multiple component condensation (M CC)
gpproachisespecidly appedinginview of thefact that
productsareformedinasinglestep, and thediversity
can bereadily achieved smply by varying thereacting
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components. Thegeneration of small-moleculelibrar-
iesrequiresthedeve opment of efficient methodologies
with special emphasison manipulative easeof thereac-
tion. Such afacile protocol isdeveloped whichisame-
nable to the generation of alibrary of imidazo[1,2-
a pyridines, imidazo[1,2-a] pyrazinesand imidazo[ 1,2-
alpyrimidines® under solvent-free conditionsusing
MW irradiation (Figure5). Theconventiona two-com-
ponent synthesi srequiring lachrymatory o-hal oketones
and 2-amino-heterocyclesrestrictsthe generation of a
diverselibrary of thesemolecules. Thissolvent-freeone-
pot method involvesMW irradiation of mixtureof a-
dehydesand corresponding 2-amino-pyridine, pyrazine,
or pyrimidinein presence of acatalytic amount of clay
(50mg) togenerateiminiumintermediate. Subsequently,
isocyanideisadded to the same container, and there-
actantsarefurther exposedto MW at areduced power
level (50%) to afford the corresponding imidazo[ 1,2-
apyridines, imidazo[ 1,2-apyrazines, and imidazo[ 1,2-
a|pyrimidines (Figure7). Further, the protocol isgen-
eral for all thethree componentsinvolved, e.g., ade-
hydes (diphatic, arométic, and vinylic), isocyanides (di-
phatic, aromatic, and cyclic) and amines (2-amino
pyridine, 2-aminopyrazine, and 2-aminopyrimidine).
Thus alibrary of imidazo[ 1,2-g] pyridines, imidazo[ 1,2-
alpyrazines, and imidazo[ 1,2-a] pyrimidines can be
readily obtained by simply varying the three compo-
nentg“d,

Vermd*! and co-workers have reported the syn-
thesis of 4-aryl-3,4-dihydropyrimid-2(1H)-ones
(DHPM), employing asol vent-free Biginelli multicom-
ponent condensation reaction. The method uses neat
mixturesof aryl aldehydes, 3-ketoesters, and ureade-
rivativesin presence of polyphosphate ester (PPE) asa
reaction mediator. Inview of thereadily availablearo-
matic a dehydes, 3-keto esters, and ureaderivatives, a
large collectionsof DHPM scan bepotentialy prepared,
applying the recently developed automated, high-
throughput robotic technol ogiesfor performing micro-
wave-assisted combinatorid synthesig#2.

Miscellaneous reactions

Severd other reagents can be used under these sol -
vent-free conditionsto expedite organi c reactions; for
example, hydroxylamineon clay directly convertsd-
dehydesto nitriles*?l. A general protocol that isappli-
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cableto the oxidation of dihydropyridine derivatives
utilizes elemental sulfur*l. Several nonmetallic
hyperval ent i odine oxidants can be used without sol -
vents*l, and the crossed Cannizzaro reaction can be
accomplished with paraformal dehyde on barium hy-
droxidesurface®,

Incondusion, thiseco-friendly, solvent-freemicro-
wave gpproach opensup numerous possibilitiesfor con-
ducting rapid organic synthesisand functional group
transformationsmoreefficiently. Additionaly, thereare
distinct advantages of these sol vent-free protocolssince
they providereduction or dimination of solventsthereby
preventing pollutionin organic synthesis“at source”.
Thechemo-, regio- or tereosd ectivesynthesis® of high-
vauechemica entitiesand parald synthesisto gener-
aealibrary of smal molecules®*will addtothegrowth
of microwave-enhanced reactionsin the near future.

CONCLUSIONS

When coupling to microwaveirradiation, sol vent
freetechniquerevea ed to be of special efficiency as
furthermore clean and economic procedures. Serious
improvementsand simplifications over conventional
methods originate from therepidity, the enhancements
inyieldsand puritiesof products.

Non-purely thermal specific MW effects can be
involved essentialy when non-polar solvents, or better
solvent freeconditions, areconcerned with polar mecha
nisms(more polar transition stateswhen compared to
their ground states) and for difficult reactions, which
necesstatehigh energy of activation (latetrangtion sate
according to Hammond postulate). Inall cases, accu-
rate controls of temperature and microwave emitted
power are necessary to ensure reproducible and safe
reactions.
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