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Review Commentary
Organic processes initiated by non-classical energy sources
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ABSTRACT: Non-classical energy sources such as microwave energy, ultrasound and mechanoenergy and their
combination with UV-VIS radiation are new tools in synthetic chemistry and chemical processing. Here we describe
the application of microwave treatment for selected organic reactions such as (i) enzymatic transesterification of
optically active alcohols, (ii) mercury-sensitized gas-phase photolysis of hydrocarbons in the microwave field, (iii)
environmentally benign oxidations of olefins and (iv) the application of mechanoenergy separately and in
combination with microwave irradiation for special oxidation reactions. CopyfigR000 John Wiley & Sons, Ltd.
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INTRODUCTION e alternative reagents;

e alternative solvents;
Population growth and rising living standards in e alternative products;
industrial countries and the expansion of market e alternative catalysts;
economies, necessitate an increase in production ande alternative energy stimulants.

consumption. Natural resources for the production of We have been dealing with th tools in r rch and
goods are taken from the environment. Wastes and € have been dealing €se 100is 1h research a

contaminants from production processes are dischargeadeve'()m.ent for 3 years. Here we report on alternative

into the environment. As a result, the environment is €M% sUmuIants. . .

exposed to global impact and is endangered: ‘Sustainable _A‘Ilternatlve energy stimulants or non-cla_ssmal ener-

development meets the needs of the present without¥'®> _have been used for many years to increase the

compromising the ability of future generations to meet reaction rate and to enhance _the yleld_ of_parycular

their own needs!’ (Brundtland Commissioh). reaction produ.cts. We shall review the situation in _the
Sustainability in the economic sense means thefleld of energies and report on our own illustrative

efficient allocation of scarce goods and resources. exsrgr? Ic?lz{ssical energies lead to innovative methods and
Sustainability in the environmental sense means not 9

exceeding the limits of environmental impact and ;eeChz:rgtlifr?s fOSro(r:::T(;?%Istroe:‘nrii)ori-rzg“sos?salaggerm?et:rgrle
maintaining the natural basis of life. Sustainability in P ' 9

the social sense means a maximum of equality of discussed here as follows.
opportunity, social justice and freedom. All these three
elements must be in equilibrium with each otRer.
The chemical industry can contribute significantly to Supercritical conditions
this guiding principle. Its contribution is based on the use
of environmental protection technologies. The application of high pressures and high temperatures
‘Green Chemistry is the utilization of a set of (HP-HT) results in new separation technologies,
principles that reduces or eliminates the use or generationinorganic solvent processes, milder reaction regimes,
of hazardous substances in the design, manufacture andmproved transport phenomena, higher turnover numbers
application of chemical productd'Special tools of this  in heterogeneous catalytic systems, improved hazardous
‘benign by design’ are the following: waste treatment processes and improved solubilities.

e alternative feedstocks;

Ultrasonic
*Correspondence toM. Nichter, Institut fu Technische Chemie und
Umweltchemie, Friedrich-Schiller-Universttdena, Lessingstrasse 12, o .
D-07743 Jena, Germany. Based on the phenomenon of cavitation, sonic waves can
E-mail: c8numa@co2.chemie.uni-jena.de accelerate chemical transformations, affect product
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Table 1. Microwave systems (MLS, Leutkirch, Germany), reactors and limiting conditions

Microwave system Reactor

Limiting conditionsandtools

300°C, 5 bar,300ml MW plasma-UV Useabldor batchor flow reactionsgxtraction

Refluxapparatus Boiling-point of the reactionmixture, normalpressureMW plasma—UV

300°C, 60 bar,500ml or 6 x 20ml or MW plasma-UV

ETHOS 1600 Ceramicreactor
processesjas-phaseeactions
ETHOSMR
HPR 3000/1K 250°C, 30 bar, 250ml
HPR 1000/6 280°C, 80 bar,6 x 50ml
uCLAVE
ETHOScontFlow Flow reactor 160°C, 50 bar,max.1.6 1 h™*

distributions,initiate freeradicalformationand(de)poly-
merization, induce mechanicalcleavagesof polymers
and increasethe catalytic activity of metal particlesby
factors as high as 10°.° The sonication of organic
solutionsof metal carbonylsleadsto the formation of
micro- to nanoparticlesof metals, alloys, oxides and
semiconductorsApplicationsin the synthesisof organic
fine chemicalsare numerous.especiallyin free radical

NOYORI-cat.

—mto- HOOC

Conventional:
Microwave:

9 hours,

lhour, 82%

68 % [12]

reactions.Polymersciencealso hasa stronginterestin
this field.
Microwaves

Microwavesactivatethe smallestdegreeof varianceof
polar moleculesandions, leadingto molecularfriction,

CH .CH,

COOH
-
*~cH, “~cH,

adipic acid

9,10-epoxy methyl oleate

Conventional: n. d.
Microwave: 10 min, 92 %

OH
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(o]
CH,
OH
0 [o]
-+
linalool oxide
furan- pyran-

Conventional: n.d.
Microwave: 10 min, 80 %

Figure 1. Oxidation of olefins with hydrogen peroxide on Noyori catalyst (sodium tungstate dihydrate + methyltrioctyl-

ammonium hydrogensulfate, ratio 1:10)'?
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Figure 2. Microwave-assisted transesterification in presence of Novozym 435

and therefore the initiation of chemical reactionsis
possible.Chemicalbondscannotbe cleavedby micro-
waveenergy’

Microwave radiation can acceleratechemical trans-
formationsboth in solution and in solid phasesHigh
yields of highly pureproductsarereachedwithin a short
time® The choice of solvent controls the dissipative
energytransfer.Moreover, it is not alwaysnecessaryo
work in the presencef a solvent(dry synthesis)andthis
aspectis importantfor industry.

Plasma

The application of plasma discharges offers new

possibilities for the synthesisof new materials, the
treatment of harzardousand toxic wastes and the
accelerationof radical induced chemical transforma-
tions®

Mechanochemistry

Mechanicalactivationis successfullyusedto carry out
someinorganicandorganicreactionsNaturally,therates
of the processeglependgreatly on the conditions of
mechanicaload andhenceon the designof mechanical
activators.The bestresultsare obtainedusing planetary
centrifugal mills with accelerationfactors of 50-10@
usinga 1-1C g chargeof the materialto be treated"°

Table 2. lipase-catalyzed transesterification of some optically active alcohols with ethyl acetate at different reaction
temperature in a microwave field [MW 150 W, 60 min, yield in mass %; optical purity as enantiomeric excess (ee)]

37°C 55°C 65°C 75°C
Product Yield (%) ee(%) Yield (%) ee(%) Yield (%) ee(%) Yield (%) ee(%)
(R)(-)-+(9(+)-2-Butyl acetate 78 35 23 85 20 88 17
(R)(—)-2-Pentylacetate 62 96 92 63 92 64 90
(R)(+)-1-Phenylethylcetate 48 84 84 51 85 51 86
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Figure 3. Spectral emission of an electrodeless mercury lamp. Wavelength scale in nm
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Figure 4. Examples of the dehydrodimerization of selected hydrocarbons and their derivatives with the MW-MWUV technique
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Figure 5. Cross-dehydrodimerization of cyclohexane-dy and cyclohexane-d;, in the MW-MWUV reactor system (molar ratio

1:1, reaction temperature about b.p.)

Combinations of non-classical condition

The combinationof two of the energyforms mentioned
aboveyields synergisticeffects,sothatthe overall effect
is more than the sum of the individual effects™*
Combining innovative methods and techniquesis a
challenge that can lead to unexpectedadvancesin
chemicalprocessingechniques.

EXPERIMENTAL AND DISCUSSION

All microwave-assistedeactionswere carried out in
systemdrom MLS (Leutkirch, Germany).Table1 gives
detailsof the microwavesystemsreactorsandboundary
conditions.

The mechanoreactiofexampled4) wascarriedoutin a

Pulverisette7 planetarsball mill from Fritsch (Idar-
ObersteinGermany).

The first example deals with microwave-assisted
oxidations. It illustrates how an applied electric field
(2.45 GHz) can physically modify the catalystand the
reactionsystemandthusmodify thecatalyticreaction.In
the particular example, the Noyori oxidation*?** we
used a catalyst made of sodium tungstatedihydrate—
methyltrioctylammoniumhydrogensulfatendhydrogen
peroxide as oxidant. The dielectric structure of this
agueous—organibiphasicsystemis not yet understood.
We describeheeffectof microwaveonthenatureof the
catalystin termsof a new halide-freemethodof catalyst
preparation.Selectedresults are given in Fig. 1 (M.
NichterandB. Ondruschkaunpublishedresults,1999).

The secondexampleis that of microwave-promote
lipase-catalyzedeactions.The recent developmentof

Table 3. Oxidation of oxygen derivatives with potassium permanganate on alumina in presence of water®

Educt(conversion%, after

Product(s)after

Productsafter (1) mechanochemical

No. mechanochemicakaction) mechanochemicakaction(yield, %) reaction+ (2) microwaveirradiation (yield, %)

1 Cyclohexanol(56) Cyclohexanon€7) Cyclohexanon€?7)
Cyclohexanedioné3) Cyclohexanedioné8)
Adipic acid (46) Adipic acid (57)

2 Cyclohexanong85) Cyclohexanedion€l9) Cyclohexanedion€l?2)
Adipic acid (66) Adipic acid (81)

3 Cycloheptanon€59) Cycloheptanedionél4) Cycloheptanedionél5)
Pimelic acid (45) Pimelic acid (58,5)

4 Anthrone(96) Anthraquinong(96) Anthraquinong(79)

Unknownproduct(21)

5 1-Phenylethano{79) Acetophenongl10) Acetophenong9)
Benzoicacid (68) Benzoicacid (91)

6 Acetophenong77) Benzoicacid (77) Benzoicacid (94)

7 Undecenoiacid (23) Decanedicarboxyliacid (23) Decanedicarboxyliacid (74)

& Mechanochemicateaction: Pulverisette7 (Fritsch, Idar-ObersteinGermany),10min, 400 rpm. Microwave irradiation: ETHOS MR (MLS,
Leutkirch, Germany),5 min, 300 W.
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Figure 7. Mechanochemical conversion of benzyl-type
hydrocarbons (Pulverisette 7 planet mill, Fritsch, 400 r.p.m.,
10 min)

enzyme catalysisin organic synthesisfor the kinetic
resolution of racemateshas attractedthe attention of
organic chemists becauseof their synthetic utility. **
Lipase-catalyzedransesterificatiotnasbecomea popu-
lar methodin asymmetricsynthesisA majordrawbackof
applying lipase-catalyzedeactionsin organicsynthesis
is thelow reactionrate.Immobilized Candidaantarctica
lipase (Novozym 435) catalyzedthe reaction of some
alcoholswith ethyl acetateundermultimodemicrowave
irradiationandclassicaheating(Fig. 2). Someresultsare
describedelatingto the dependencen temperaturend
on the substrate’structure(Table 2).°

Theyieldsof acetateobtainedatdifferenttemperatures
are listed in Table 2. The lipase always converted
preferentiallythe (R)-alcohol.However theselectivityof
theenzymetowardsthe substratelependstronglyonthe
molecularstructureof the latter.

1-Phenylethylacetateis producedwith good optical

Copyright0 2000JohnWiley & Sons,Ltd.

purity whichis notchangediponincreasen temperature.
The conversionalso remainsalmostunchangedOn the

otherhand,2-butanoland 2-pentanolare convertedto a

larger extent and, consequently,the reaction is less

selective.Here, the optical purity decreasest higher

reactiontemperature.

The third exampleconcernsthe first resultswith our
new coupled microwave—microwaveultraviolet (MW-
MWUYV) technique.In contrastto the ‘microwave—
ultraviolet combinedreactor** we combinethe advan-
tagesof microwave heatingwith the propertiesof the
MW-induced UV-VIS radiation in the same reactor
systemby useof electrodeleskamps.Photochemistras
beenshownto exertanoticeablesffecton manychemical
reactions.This laboratorysystemis suitablefor organic
synthesisandfor the degradatiorof watercontaminants.
In Fig. 3 the emission spectrumof an electrodeless
mercurylampis presented.

We demonstratethe productive power of the MW-
MWUV methodby the dehydrodimerizatins of selected
hydrocarbonsand their derivativesand by comparison
with well-known papersby Crabtreeand co-workerson
photochemical dimerization and functionalization of
alkanesgthersprimaryalcoholsandsilanest® Examples
one presentedin Figs 4 and 5. (B. Ondruschka,M.
Nuchterand A. Jungnickel,presentedat the 3rd Annual
GreenChemistryand EngineeringConferenceJune29—
July 1, 1999,WashingtonDC).

Crabtreeand co-workersdiscussed simplerecombi-
nationmechanisnfor this reaction.Howeverthis model
conceptdoesnot takeinto accountthe formationof side
products,e.g. cyclohexeneand cyclohexylcyclohexene
in the photolysisof cyclohexanelLikewise, the appear-
ance of other than Dg-, D11~ and D, substituted
cyclohexanesn the cross-dimerizatiorof cyclohexane
andperdeuterocyclohexarteasnot beenelucidated We
discussherea multi-stepmechanisnior this system(Fig.
6) The first step, kinetic control, is radical formation.
Then the radicals can recombine but they can also
disproportionate.Cyclohexeneis the product of this
disproportionationA new radicalnow attacksthe olefin
and gives a dimeric radical, which reactswith another
moleculeof cyclohexando theendproductdicyclohexyl
or disproportionatedo saturatedproductsand olefins.
The dimeric productscondensendsothe reactionstops
at the stageof dicyclohexyl.

Thefourth exampleis concentrateén mechanochem-
ical experimentsNumerougapershavereportedonvery
successfulMW-assisteddry synthese$®'’ but blank
tests after the sample preparation have not been
describedOurinterestwasfocusedon the understanding
of the overall procedure Therefore we repeatedexperi-
mentsin theliteratureandanalyzedhe preparedeaction
mixture after mechanicaktirring and alsoafter the MW
treatmentWe found thatin the caseof oxidationswith
potassium permanganaterelatively high yields were
alreadyachievedafter the mechanochemicatep.Some

J. Phys.Org. Chem.2000;13: 579-586
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resultsare givenin Fig. 7 and Table 3 (M. Nichter, B.
OndruschkandR. Trotzki, presentedct the Symposium
Umwelt- und ressourcenschonen@yntheserund Pro-
zesse Tubingen,August1999).

The role of waterin this reactionsystemis not well
understood.It is possible that water reacts with the
alumina surface,so the pH decreasesand the acidic
conditionsallow a fast reactionbetweenpotassiumons
on the hydratedaluminasurface.The free permanganic
acid now reactsvery rapidly with the organiceduct. A
secondpossibility is that the waterforms a thin film on
thealuminasurface wherethe permanganates partially
soluble.The organiceductis then oxidized in a liquid-
phasereaction.The mechanoenerggctivatesghe surface
andaffordsin microscopicareasa high energydensityto
initiate the reaction.

CONCLUSION

The four examplespresentedillustrate the changesin
microwave applicationsin chemistry. The diversity of
possiblemicrowaveapplicationshas beeninvestigated,
but the possiblelist is far from complete.
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