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ABSTRACT: A decade’s worth of work is reviewed: building on the demonstrated prowess of heterogeneous
catalysis in industrial organic chemistry, the author’s laboratory devised efficient catalysts for a number of organic
reactions, based on aluminosilicates such as clays and zeolites. This review also spells out, at a time when creative
research is overshadowed by imitative research, some of the methological musts that also happen to characterize
physical organic chemistry: the devising of experiments so that accurate numerical data can be obtained; the
importance of remote, interdisciplinary connections; the need for estrangement from stereotypic preconceptions that
may obscure the true explanations for the phenomena; and the over-riding need for concerning oneself only, or at least
predominantly, with the important facts that nature tells, if one cares to lister®@98 John Wiley & Sons, Ltd.
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INTRODUCTION tower and industrial empiricism are rooted in sociological
realities: tenure versus the risk and the reality of an abrupt
Reasons for the estrangement, good or bad termination; academic freedom versus mandatory suc-

cess and the pressing immediacy of set goals; university

That industrial chemistry has had little influence on salaries versus more comfortable incomes.
academic research in the area of heterogeneous catalysis Also, as a second reason for the lack of better
of organic reactions has both objective and subjective industrial-academic communication, industrial secrecy
determinants. We shall examine the latter one by oneis a deterrent. Although it is well justified owing to the
since they are responsible ultimately for the presentrequirements of patent law, it prevents the quick
chasm. In so doing, we shall evoke in passing the dissemination of exploratory results that is so essential
attendant underlying reasons for the near-absence of ao the advancement of science, in the competitive context
dialog. of scientific research. Furthermore, when several years

Most often, such communication as exists does not gohave elapsed until the individual industrial scientist is
from chemical industry to chemical science: the informa- allowed to communicate his or her results, the initial
tion transfer travels in the opposite direction. There is a enthusiasm, inevitably, will have wilted with the passage
widespread notion that scientific discovery is the of time.
exclusive province of academia, and that it may One of the referees of this paper wrote, ‘The per-
subsequently lead to industrial applications, that theseceptions presented in this section do not agree with this
will ‘follow'—both the noun ‘applications’ and the verb  reviewer’s view of reality, at least in the US; namely that
‘to follow’ are meaningful here. The same mindset communication between industry and academia is more
dichotomizes—as indeed, catching the reader unawareactive than ever—out of necessity for both. Today's
we just did in one of the above statements—chemistry industry with its short-range focus has to rely on
into a science and an industry as two related but separateacademia for fundamental research and science, but then
activities, a division of labor and a segregation that does industry plays the predominant role in defining the
disservice to both, and that unfortunately tends to relevant, fundable areas for the scientific research.’ He is
underestimate contributions to the science, including right, and | could not agree more. | was right too. To put it
fundamental breakthroughs, from the industrial quarter. in a nutshell: at zero order, there is estrangement between

Of course, such stereotypes as the academic ivorythe science and the industry. At first order, the two

entertain close collaboration. At second order, industry

*Correspondence toP. Laszlo, Laboratoire de Chimie Fine aux farm_s out FO a(.:ademla only tOp‘ICS of .mf,:\rglnal or
Interfaces B6, Universitele Ligge au Sart-Tilman, B-4000 Lie, relatively minor interest, such as ‘defensive’ research,
Belgium. strategic long-term research,....

00 1998 John Wiley & Sons, Ltd. CCC 0894-3230/98/050356—-06 $17.50



HETEROGENOUSCATALYSIS OF ORGANIC REACTIONS 357

The outstanding record of industrial research

The organicchemicalindustryis unthinkablenowadays
without the benefit of heterogeneousatalysis.A full
100%o0f thenewunitsputinto productionmakeuseof it.
We shall mentionherea few of the catalytic processes,
both homogeneouand heterogeneoushat industry has
implemented.Following the discoveryby Sir Geoffrey
Wilkinson of the homogeneougnantioselectivéiydro-
genationcatalystthatbearshis name Monsantdasecn
it theindustrialproductionof L-DOPA, the mostefficient
drug availableagainstParkinson’sdisease Eantioselec-
tive catalytic hydrogenatioris alsothe key to preparing
bothnaturalandnon-naturabminoacids,usinga variety
of transition metals and ligands® The use of carbon
dioxide asa feedstockwould be a way of recyclingthis
productof automotiveandindustrialemissionsandthus
would makea contributionto the slowingdownof global
warming: Noyori, probablythe world leaderin the field
of enantioselectiveatalysis>® has provided promising
exploratoryexperimentson the homogeneous$iydroge-
nationof carbondioxideinto formic acidandderivatives,
suchasestersandamides?

From the viewpoint of a rational understandingsuch
exampleof homogeneousatalysisarevaluablebecause
by andlargewe know the mechanisnof thereactionand
of the processesthat have been basedon it. With
heterogeneousatalysis,asa rule ‘black magic’ is more
prevalent. The best catalysts and promoters were
discoveredempirically and the field has remained,to
this day, more an art than a science.lt is importantto
makedirect studiesof the catalystin actualoperation,n
situ, rather than relying on extrapolations from a
simplified model® A caseat handis the hydrogenation
of carbonmonoxideon copper-basedatalysts:it is not
knownif the activesurfaceis metalor oxide! As Schgl
wrote, ‘if the chemicalnatureof the activespeciess not
known®’ the mechanismof this reaction cannot be
worked out scientifically.” He proceededo show from
EXAFS evidencethat neithercrystallinenor amorphous
oxideis presentn the catalystwhich consistof metallic
atoms.

Whatarethetechniquesvailableat presenfor study-
ing at atomic resolutionthe changesundergoneby the
surfaceof a catalystduring chemicalreaction?Scanning
tunneling microscopy and sum frequency generation
vibrationalspectroscopgreonesuchtechnique® Infared
imaging is also a non-perturbativetechnique,offering
relatively high spatialresolutionandenablingthe obser-
vation of restructuringand of spatiotemporapatternsin
exothermic catalytic surface reactionsat atmospheric
pressurelt hasbeenappliedto the oxidation of carbon
monoxideon platinum? Also, gas-phas&MR spectro-
scopy is well suitedto follow the relative kinetics of
volatile reactionproductsover a catalystand to study
competitiveadsorptionof a numberof volatile compo-
nentsover a variety of adsorbent$® Transientresponse
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techniquesalso assistthe design of gas-phaséhetero-
geneougatalysts:*

Arguably, oxidation reactions are the most active
sector of heterogeneousatalysisnowadays.We shall
mention just a handful of examples.Using vanadium
phosphorusoxides,with tracesof other compoundsas
catalystsattemperaturesf 360-460C, at pressurefust
aboveambientandfor very shortreactiontimes (a few
seconds)n-butaneis oxidizedto maleic anhydride,and
subsequentlyhydrated to the acid prior to catalytic
hydrogenationto THF. A 1% 1b yr~* plant went into
operationfor Du Pontin the Asturiasregionof Spainin
19952

The oxidative coupling of methaneto ethane,con-
vertedin situinto ethylenewith 90%selectivityand40%
methaneconversion,s an extremelyattractivegoal (so
far unattained)given the enormousproven reservesof
natural gas. Likewise, ethyleneis by far the largest
volumeorganicchemical:its global productionis of the
orderof 60 Mt yr 1. Forthis purposemethands activated
on a metaloxide surface—stronglyasicoxidesthatare
p-type semiconductorst high temperaturesand display
oxygenanion mobility, suchas magnesiaor lanthanum
oxide—priorto free-radicakchemistryin thegasphase*?

OVERVIEW OF OUR WORK

The seminalconceptcamefrom prebiotic chemistry. It
goesbackto J. DesmondBernal who pointedout, in a
lecture in 1945, the numerousassetsof clays for the
production and protection of the first formed biomol-
ecules.The main advantageshat we found in clays for
catalysis of organic reactions were the reduction in
dimensionality, that ensuredultrafast diffusion of the
reactantsithe very high Brgnstedacidity, that reached
routinely surfaceaciditiesplacing our catalystsbetween
concentratednitric and sulfuric acids; the ease with
which one could modify the clay chemically,by anchor-
ing additional Lewis acidic sitesvia the surfacesilanol
groups (impregnation)or by taking advantageof the
polyelectrolytecharactef the anionicsilicate sheetdo
replacethe naturalcounterions (Na*, K*, C&", Mg?*,
NH;, etc.)with highervalentmetallicions, suchasFe*"
(ion exchange)ln thismanneme couldtailor catalystgo
a numberof importantorganicreactions.

The Diels—Alder reaction is well known to be
catalyzedby Lewis acids. Doped clays also catalyzeit
fairly successfully:*'°Even‘toughnuts’ canbecracked
in this manner:with furansasdienescycloadditionsare
normally sluggishon accountof the loss of aromaticity
betweenthe initial and transition states.Nevertheless,
usingmodified claysascatalystsreactionscould be run
atambienttemperature@ndpressureinsteadof requiring
15 kbar of appliedpressurdor usefulyields of reaction
products,asthe late William G. Daubenhadshown.

Anotherareafor catalysisby claysandmodifiedclays
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is thatof electrophilicaromaticsubstitution Nitration of
aromatichydrocarbonsuchastolueneis performedwith
high selectivity for mononitration,as opposedto poly-
nitrationgiving riseto explosivematerials andwith high
regioselectivity favoring the para product, as the late
William G. Daubenhadalsoshown?’

Likewise,we wereableto chlorinatetoluenewith high
selectivity for either ring or side-chain chlorination,
making use of zeolite catalyststo direct, through the
natureof the outersurface the silicon-to-aluminunratio
in particular,andthe reactionmodeeitherto the radical
or theionic type®

A majorreactionin organicchemistry whetherindus-
trial or academicis theFriedel-Craftseaction Weteach
students,over-enthusiasticallythat it is catalyzedby
Lewis acids such as aluminum chloride. Actually,
secondaryproductssuchas chloride ions from alkyl or
acyl chloridespoisonthe catalystthrough coordination
with the vacantp orbital on aluminum.Hencestoichio-
metric rather than catalytic amounts are required.
Recoursdo Lewis acidicsitesin clays,eitherexchanged
or impregnatedwith Lewis acidic cations, provides
extremely efficient catalysis of Friedel-Craftsalkyla-
tions*?° and acylation$* with the environmentalasset
of vastly reduced by factorsof up to 1000, amountsof
catalystascomparedwith the standardoroceduresising
aluminum chloride. At least one industrial plant takes
advantagef this breakthroughthat we pioneered.

We have also designedand implementedheteroge-
neous catalystsfor oxidations under mild conditions.
Catalysisof the epoxidationof ethylenic doublebonds
becamean urgentpractical problemwhen the standard
reagentm-chloroperbenzoiacid (MCPBA) becamean
outcasbwingto therisksin storageandin transportation.
Efficient catalysts are derived from phyllosilicates
through ion exchangeand impregnationby transition
metals.Air oxygenservesasthe oxidantin the presence
of a sacrificial auxiliary 22

REMARKS ON METHODOLOGY
Setting-up experiments

Chemistryis avoluntarysciencewe wantto makenature
answerour questionsHence, this self-evidentassertion
hasto be implemented:designthe experimentakystem
so that (i) simple questionscan be put to it and (ii)
answerdo thesequestionscanlegitimately be expected.
Reproducibility is all-important. The areaof hetero-
geneouscatalysisby clays posestwo problemsin this
respectThefirst, giventhevastdiversity of naturalclays
and the rangeof variation of compositionwithin each
clay type—forinstancehe amountof iron asanimpurity
within the montmorillonite family of clays is highly
variable,dependingon the origin of the sampleandeven
onits locationin the mineddeposit—isobviouslynot to
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useclay dug-upfrom your garden!For this reasonwe
relied heavily on industrial clay catalysts,producedin

boxcar amountsfor the petrochemicalindustry, with

applications such as hydrocarboncracking. The K10

montmorillonite,manufacturedby Std-Chemig(Munich,

Germany)by acid treatmentand calcinationof a clay
from a minein Bavaria,is a prime example.The second
problem,with respectto reproducibleresults,is control
of themoisturelevel. It is imperativethattheclay andthe
ensuingcatalystbekeptatall timeseitherin adry boxor

in anoven.If andwhentheclay powderabsorbshumidity
abovea certainlevel, it may well becomenactivatedin

anirreversiblemanner.

A caseat handcan be quoted.We had recruitedtwo
newco-workerdn thelLiégegroup,ateamconsistingof a
post-doctoratevorker and of a technicianto assisthim.
For severalmonths,all their resultswereirreproducible.
The origin of the problemwasthat the former hadbeen
trained initially in synthetic organic chemistry and
accordingly he was usedto working with very small
samplesHe was preparingthe ‘clayzic’ catalyst(clay-
supportedinc chloride)in toosmallbatchesofcalOgin
crucibles. As soon as we changed the scale for
preparationof the catalyst,boostingit by a factor of 10
to about100gq, in capsulesthe resultsbecamerepro-
ducible.

Soundexperimentaldesign(just like driving a car or
living aninterestindife) admitsto threerules:anticipate,
anticipate and anticipate. Try to think up all the
parameterghat might be relevantto your experiment.
The work we did with ‘clayzic’ providesanillustrative
example.A rival groupin the UK (that of Dr JamesH.
Clark at the University of York and of Dr TonyW.
Bastock at Contract Chemicals) was performing the
activationof this catalystby calcinationin air at 280°C
overnight?®> We were able to perform adequateand
similar activation of the catalyst also by calcination
overnight in air, but at a much lower temperature
(120°C), less likely to alter the clay structure: we
reasonedandobserved}hatthin-layeringthe sampleto
be thermally activatedensurednuch greateruniformity
of temperaturewithin the sample.Ceramicsare made
from clays,it shouldberecalled andtheymakeexcellent
thermalandelectricinsulators?*2°

The art of data analysis

Whateverthe experimentalsystemunder study, one is
provided easily with masseof data.In the areaof the
heterogeneousatalysisof organicreactions,suchdata
consist,typically, of the reactionyield as a function of
time; of therateof reactionasafunctionof theamountof
catalyst;and of the productdistributionasa function of
time, monitoredtypically by gasor liquid chromatogra-
phy. Many othertypesof datacanbe andare gathered.
My first observationyery mundanebut worth restating
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sincefew peopletake heedof it, is not to undertakean
experimentvithoutfirst makingsurethatyouwill beable
to comeupwith amodelandwith theattendanhumerical
simulationto analyzethe data.The secondecommenda-
tion is to plan also datacollection with a view to data
reduction:colleaguesn statisticswill be helpful in this
respectA goodrule of thumbis that,if N parametersire
to be extractedfrom the data and determinedreliably,
thenthe minimumnumberof datapointsis 3N. Third, in
generalone should analyzedata using two completely
independentmethodsso that their convergencegives
some guaranteeas to reliability of the results. Such
advice, howevertrite, also goesunheedednost of the
time. Remembethat the uncertaintiesn the results,as
the computerspitsthemout, reflectonly randomerrors.
In general, systematic errors are (much) worse. In
generalthe sourcesof systematicerror are unidentified.
Therefore,as an elementaryprecaution,an estimateof
the systematicerror should be made lest you delude
yourself with the quality of your results:it is actually
significantlyworsethanyou think. A goodrule of thumb
is to multiply the standarddeviationof your numerical
result by a factor two or three in order to make an
estimateof the systematicerror, if the experimentdave
beenperformedwith greatcare.

In my experiencegraphicalrepresentatiofis the most
helpfultool in dataanalysis.The appropriatechoiceof a
plot type,andof the parameters$o be plottedcanleadto
many a discovery.Often, suchchoicesare routine. For
instance, in our work on chlorination of substituted
toluenesrecoursdo a Hammettreactivity—struatire plot
(asafunctionof the" parameterjvasobvious*® It was
lessobviousthatwe would be ableto makeaninference
aboutthe coexistencef two populationsf activecenters
on the catalyst—identifiedwith edge sites and with
surfacesiteson clay platelets—fronplotting the product
yield asa function of the amountof inhibitor introduced
in to the reactionmedium?®

Claysenrichedwith metallicionsthroughexchangeor
impregnationbecomeoutstandingFriedel-Craftscata-
lysts® This 1987 report® was the seed for K10
montmorilloniteimpregnatedzinc chloride, known as
‘clayzic.’?® The lamb turnsinto a lion. Somehow,once
impregnatedon the surfaceof a solid aluminosilicate,
zinc chloride, normally a weak Lewis acid®’ anda poor
Friedel—Craftscatalyst?® turns upon thermal activation
into oneof the mosteffective catalystsfor both Friedel—
Crafts alkylationg*2° and acylations.We note herein
passingthat Liege ‘clayzic’ is activatedat 120°C only,
whereasYork ‘clayzic’ is activatedat 280°C, a higher
temperaturdikely to destroymoreof the remainingclay
structure? In additionto its high activity, this hetero-
geneouscatalyst, ‘clayzic’, displays enzyme-like sub-
strate selectivity?*3°=33 Since the amountof ‘clayzic’
neededor a Friedel-Craftseactionis catalytic® rather
than stoichiometric®® it is environmentfriendly, hence
its commercializationas an ‘Envirocat’ by Contract
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ChemicalsOnthesecounts,t is anexciting catalyst,and
indeeda few reportshaveappeareanits properties’®°
A recentreview article is devotedmostly to ‘clayzic.’?®

Making connections

A simpleideawill go alongway. The singleexamplel
shall quoteis not very original; numerouspeoplehave
takenaleaffrom thealbumof bio-inorganicchemistryin
orderto deviseefficient new processesrlhe cytochrome
P-450enzymaticsystemoxidizeshydrocarbongo make
them more hydrophilic and water soluble, and hence
more easily excreted. it also converts alkenes into
epoxides.The active speciesis an oxo iron O=Fé&"
form. Vanadiumoxide (V,Os), alone, supportedor in
combinationjs a potentoxidationcatalyst thatinter alia
effects alkane activation. The active centerson the
surfaceof vanadiumoxideareV=0 doublebonds.These
vanadiunoxoactivesitesbelongto asquargyramid;the
four corners of the square are also oxygen atoms.
Catalystssuch as vanadyl pyrophosphateften operate
by oxo transfer, followed by regenerationfrom an
oxidantof the V=0 doublebond. Natureoffers therea
firm and compellinganalogy.By following it, we were
ableto devisea novel andefficient procedurefor alkene
epoxidationwith tert-butyl hydroperoxidewith selectiv-
ities routinely in the range80-90%"**

Cutting to the chase

Ten years ago we devised,among other Lewis acids
impregnatedon K10 montmorillonite clay, ‘clayzic’.*®
BesidesBrgnstedacidic sitesthat pre-existin the highly
acidicK10 clay, impregnationsuppliesadditionalLewis
acidicsites(zZn") to the F€" sitespre-existingalsoin the
clay: astudybelaboredandconfirmedthis obviousfact3*
Thisnewcatalyst, clayzic’, wassurprisinglyefficient,as
indicated above, in Friedel-Craftsalkylations. Thus it
becameof industrialinterestasan environmentfriendly
catalystbecauseét could be usedin catalyticratherthan
stoichiometricamounts*®

Thiswasremarkableandit hintedthat‘clayzic’ might
displayotherunusuapropertiesWe lookedfor them,out
of intuition that this inorganic material would display
enzyme-likebehavior[just like the numerousmetallo-
enzymes based upon zinc(ll)]. Indeed, addition of
benzenewas found to improve significantly the alkyla-
tion of a competitive co-reactantsuch as toluene,
mesityleneor p-xylene?* In additionto suchsynergism,
the presenceof a co-reactantanalsoinvert the relative
reactivities: whereastoluene was more reactive than
mesitylenein separatealkylations, a one-potreaction
favoredmesitylene®! Likewise, mesitylenewasbenzoy-
lated faster/slowerthan anisolein separate/jointreac-
tions?? Yet anotherobservationvasbeguiling: whereas
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benzyl chloride is normally more reactivethan benzyl

alcoholtowardsaromatichydrocarbonsisFriedel—Crafts
substratesat 20°C alkylation of tolueneis totally inhi-

bitedin the presencef an equimolarmixture of the two

benzylatingagentswith ‘clayzic’ alsopresentAt 80°C,

all thealcoholmoleculeswerefirst convertedThen,and
only then, 45min after the onsetof the reaction, the

chloride moleculesstartedto reactin turn3?

In otherwords,‘clayzic’ displaysanenzyme-likesub-
strateselectivityandthisis probablyits mostnoteworthy
feature.We did not contentourselveswith discovering
the remarkablephenomenonwe also looked for the
explanationln themostenigmaticoccurrencethatof the
apparentpartial inactivation of benzyl chloride in the
presenceof benzlalcohol,we showedthat poisoningof
the active Zn'" centersby the alcohol moleculeswas
responsibleand,asbefitsphysicalorganicchemistry,we
determinedjuantitativelyadsorptiorconstant®f alcohol
moleculesandof benzylchloride on the catalyst®®#3

Stultifying preconceptions

The task of physical scienceis to gain a betterunder-
standingof phenomenaThereis no betterway thanto
observethemwith care,to listen to what naturetells us
aboutitself. To bring to any such study a preformed
notion of whatthe observedhenomenorshouldconsist
of is an obviousmistake.l shall mentionherea single
conceptthelock-and-keymodelthatwasintroducedirst
by Emil Fischerto accountfor the specificity of inter-
action betweenan enzymeand its substrate Suchcon-
gruenceof molecularshapeshasbecomeanimmensely
influential and prolific paradigm.It has spawnedsub-
disciplinesthat are thriving, suchas molecularrecogni-
tion and the whole part of supramolecularchemistry
devotedto inclusioncomplexesf varioustypes.

However,the conceptof the congruenceof comple-
mentaryshapeg<analsobecomemperialistic,whenever
it is adoptedwith uncritical enthusiasmTo apply it to
zeolite catalystswhenthe size of the substrateprevents
entry into the channelsand supercagess a clear self-
contradiction,a pitfall into which many an investigator
hasfallen headlong.The sameconceptservedto justify
the synthesiof numerousillared claysin the hopethat
the chambersand galleriesthus definedwould serveas
microreactorgproducinghigh selectivity. By andlarge,
anddespiteconsiderablectivity in this field during the
lasttwo or threedecadesnot muchhascomeout of it.**
We cameup againstthe samekind of prejudicein our
work with ‘clayzic’ True,it is a mesoporousolid anda
variety of reliable techniqgueandeterminethe average
sizeof thepores However theexistencef suchporosity
in the structuredoesnot guarantedahatit be relevantto
reactivity, and the logical link has failed to be
established?39:4>4¢
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Leaders and followers

Breakthroughsare aptly named;they becomequickly
avenuesof ‘research.’Perhapsthe greatestproblemin
science nowadays, tightly coupled with the bureau-
cratization of researchfunding and managementan
activity that tendsto be performedmore and more by
sciencedropouts without enoughexperiencein many
yearsof researclattheleadingedge),s thecrowdingout
of creativeresearctby imitative researchin this areaof
heterogeneousatalysis the effort mustgo with priority
to the design and invention of new catalysts. Their
subsequentcharacterizationusing all the available
routine techniquesis a necessity.However, to let it
becomethe only activity in a ‘researchgroup’ is to
condemnsucha groupto at bestan ancillary andrather
sterile pursuit.

CONCLUSION

Onemight definephysicalorganicchemistrynot only as
a hybrid from organic and physical chemistriesbut
perhapsnoreaccuratelyasthe mindsetseekingexplana-
tions of organic structure and reactivity, without pre-
conceivednotions,througha combinationof rationally
devisedexperimentspf recourseo well chosenmodels,
and of the interplay of experiment, spectroscopic
observationand theory in building logical strings of
testablepropositions Despitehastyconclusionsasto its
demiseat the end of the 1960s,when syntheticorganic
chemistry came to the fore after physical organic
chemistry had exhaustedand perhapsto some extent
ridiculed itself with the classical-non classical 2-
norbornyl cation controversy, the sub-discipline has
undergonea renaissanceand has, phoenix-like, risen
from its ashesTherearemanysignsof this revival. That
a recent issue of Pure and Applied Chemistry was
devotedto it is onethem,with papersdevotedinter alia
to physical organic chemistry applied to materials
science’’ to theubiquity of physicalorganicchemistry?®
or converselyto its relevanceto the seeminglyarcane
topic of carbon-hydrogerbond activation in the gas
phase®® or even to the continuedimpact of physical
organicchemistryon free-radicalchemistry>°

I submitthat surfacechemistry,asexemplifiedby the
heterogeneousgatalysis of organic reactions,offers a
choiceterrain for physical organic conceptsand meth-
odologies.
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