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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 listen. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Reasons for the estrangement, good or bad

That industrial chemistry has had little influence on
academic research in the area of heterogeneous catalysis
of organic reactions has both objective and subjective
determinants. We shall examine the latter one by one
since they are responsible ultimately for the present
chasm. In so doing, we shall evoke in passing the
attendant underlying reasons for the near-absence of a
dialog.

Most often, such communication as exists does not go
from chemical industry to chemical science: the informa-
tion transfer travels in the opposite direction. There is a
widespread notion that scientific discovery is the
exclusive province of academia, and that it may
subsequently lead to industrial applications, that these
will ‘follow’—both the noun ‘applications’ and the verb
‘to follow’ are meaningful here. The same mindset
dichotomizes—as indeed, catching the reader unaware,
we just did in one of the above statements—chemistry
into a science and an industry as two related but separate
activities, a division of labor and a segregation that does
disservice to both, and that unfortunately tends to
underestimate contributions to the science, including
fundamental breakthroughs, from the industrial quarter.

Of course, such stereotypes as the academic ivory

tower and industrial empiricism are rooted in sociological
realities: tenure versus the risk and the reality of an abrupt
termination; academic freedom versus mandatory suc-
cess and the pressing immediacy of set goals; university
salaries versus more comfortable incomes.

Also, as a second reason for the lack of better
industrial–academic communication, industrial secrecy
is a deterrent. Although it is well justified owing to the
requirements of patent law, it prevents the quick
dissemination of exploratory results that is so essential
to the advancement of science, in the competitive context
of scientific research. Furthermore, when several years
have elapsed until the individual industrial scientist is
allowed to communicate his or her results, the initial
enthusiasm, inevitably, will have wilted with the passage
of time.

One of the referees of this paper wrote, ‘The per-
ceptions presented in this section do not agree with this
reviewer’s view of reality, at least in the US; namely that
communication between industry and academia is more
active than ever—out of necessity for both. Today’s
industry with its short-range focus has to rely on
academia for fundamental research and science, but then
industry plays the predominant role in defining the
relevant, fundable areas for the scientific research.’ He is
right, and I could not agree more. I was right too. To put it
in a nutshell: at zero order, there is estrangement between
the science and the industry. At first order, the two
entertain close collaboration. At second order, industry
farms out to academia only topics of marginal or
relatively minor interest, such as ‘defensive’ research,
strategic long-term research,….
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The outstanding record of industrial research

The organicchemicalindustry is unthinkablenowadays
without the benefit of heterogeneouscatalysis.A full
100%of thenewunitsput into productionmakeuseof it.
We shall mentionherea few of the catalyticprocesses,
both homogeneousandheterogeneous,that industryhas
implemented.Following the discoveryby Sir Geoffrey
Wilkinson of the homogeneousenantioselectivehydro-
genationcatalystthatbearshisname,Monsantobasedon
it theindustrialproductionof L-DOPA,themostefficient
drug availableagainstParkinson’sdisease.Eantioselec-
tive catalytichydrogenationis alsothe key to preparing
bothnaturalandnon-naturalaminoacids,usinga variety
of transition metals and ligands.1 The use of carbon
dioxide asa feedstockwould be a way of recyclingthis
productof automotiveandindustrialemissionsandthus
wouldmakeacontributionto theslowingdownof global
warming:Noyori, probablythe world leaderin the field
of enantioselectivecatalysis,2,3 hasprovidedpromising
exploratoryexperimentson the homogeneoushydroge-
nationof carbondioxideinto formic acidandderivatives,
suchasestersandamides.4

From the viewpoint of a rationalunderstanding,such
examplesof homogeneouscatalysisarevaluablebecause
by andlargeweknowthemechanismof thereactionand
of the processesthat have been based on it. With
heterogeneouscatalysis,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.It is important to
makedirectstudiesof thecatalystin actualoperation,in
situ, rather than relying on extrapolations from a
simplified model.5 A caseat handis the hydrogenation
of carbonmonoxideon copper-basedcatalysts:it is not
knownif theactivesurfaceis metalor oxide! As Schögl
wrote,‘if thechemicalnatureof theactivespeciesis not
known.6,7 the mechanismof this reaction cannot be
worked out scientifically.’ He proceededto show from
EXAFS evidencethat neithercrystallinenor amorphous
oxideis presentin thecatalyst,whichconsistsof metallic
atoms.

Whatarethetechniquesavailableat presentfor study-
ing at atomic resolutionthe changesundergoneby the
surfaceof a catalystduringchemicalreaction?Scanning
tunneling microscopy and sum frequency generation
vibrationalspectroscopyareonesuchtechnique.8 Infared
imaging is also a non-perturbativetechnique,offering
relatively high spatialresolutionandenablingtheobser-
vation of restructuringandof spatiotemporalpatternsin
exothermic catalytic surface reactionsat atmospheric
pressure.It hasbeenappliedto the oxidationof carbon
monoxideon platinum.9 Also, gas-phaseNMR spectro-
scopy is well suited to follow the relative kinetics of
volatile reactionproductsover a catalystand to study
competitiveadsorptionof a numberof volatile compo-
nentsover a variety of adsorbents.10 Transientresponse

techniquesalso assistthe design of gas-phasehetero-
geneouscatalysts.11

Arguably, oxidation reactions are the most active
sector of heterogeneouscatalysisnowadays.We shall
mention just a handful of examples.Using vanadium
phosphorusoxides,with tracesof other compounds,as
catalysts,at temperaturesof 360–460°C, atpressuresjust
aboveambientand for very short reactiontimes (a few
seconds),n-butaneis oxidizedto maleicanhydride,and
subsequentlyhydrated to the acid prior to catalytic
hydrogenationto THF. A 108 1b yrÿ1 plant went into
operationfor Du Pontin the Asturiasregionof Spainin
1995.12

The oxidative coupling of methaneto ethane,con-
vertedin situ into ethylenewith 90%selectivityand40%
methaneconversion,is an extremelyattractivegoal (so
far unattained)given the enormousproven reservesof
natural gas. Likewise, ethylene is by far the largest
volumeorganicchemical:its globalproductionis of the
orderof 60Mt yrÿ1. Forthispurposemethaneis activated
on a metaloxidesurface—stronglybasicoxidesthatare
p-typesemiconductorsat high temperaturesanddisplay
oxygenanionmobility, suchasmagnesiaor lanthanum
oxide—priorto free-radicalchemistryin thegasphase.13

OVERVIEW OF OUR WORK

The seminalconceptcamefrom prebiotic chemistry.It
goesback to 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 advantagesthat we found in clays for
catalysis of organic reactions were the reduction in
dimensionality, that ensuredultrafast diffusion of the
reactants;the very high Brønstedacidity, that reached
routinely surfaceaciditiesplacingour catalystsbetween
concentratednitric and sulfuric acids; the easewith
which onecouldmodify theclay chemically,by anchor-
ing additionalLewis acidic sitesvia the surfacesilanol
groups (impregnation)or by taking advantageof the
polyelectrolytecharacterof theanionicsilicatesheetsto
replacethe naturalcounterions (Na�, K�, Ca2�, Mg2�,
NH4
�, etc.)with highervalentmetallic ions,suchasFe3�

(ion exchange).In thismannerwecouldtailor catalyststo
a numberof importantorganicreactions.

The Diels–Alder reaction is well known to be
catalyzedby Lewis acids.Dopedclays also catalyzeit
fairly successfully.14–16Even‘toughnuts’canbecracked
in this manner:with furansasdienes,cycloadditionsare
normally sluggishon accountof the lossof aromaticity
betweenthe initial and transition states.Nevertheless,
usingmodifiedclaysascatalysts,reactionscouldbe run
at ambienttemperatureandpressure,insteadof requiring
15 kbar of appliedpressurefor usefulyields of reaction
products,asthe late William G. Daubenhadshown.

Anotherareafor catalysisby claysandmodifiedclays
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is thatof electrophilicaromaticsubstitution.Nitration of
aromatichydrocarbonssuchastolueneis performedwith
high selectivity for mononitration,as opposedto poly-
nitrationgiving riseto explosivematerials,andwith high
regioselectivity favoring the para product, as the late
William G. Daubenhadalsoshown.17

Likewise,wewereableto chlorinatetoluenewith high
selectivity for either ring or side-chain chlorination,
making use of zeolite catalyststo direct, through the
natureof theoutersurface,thesilicon-to-aluminumratio
in particular,andthe reactionmodeeitherto the radical
or the ionic type.18

A majorreactionin organicchemistry,whetherindus-
trial or academic,is theFriedel–Craftsreaction.Weteach
students,over-enthusiastically,that it is catalyzedby
Lewis acids such as aluminum chloride. Actually,
secondaryproductssuchas chloride ions from alkyl or
acyl chloridespoisonthe catalystthroughcoordination
with the vacantp orbital on aluminum.Hencestoichio-
metric rather than catalytic amounts are required.
Recourseto Lewis acidicsitesin clays,eitherexchanged
or impregnatedwith Lewis acidic cations, provides
extremely efficient catalysis of Friedel–Craftsalkyla-
tions19,20 and acylations21 with the environmentalasset
of vastly reduced,by factorsof up to 1000,amountsof
catalystascomparedwith thestandardproceduresusing
aluminum chloride. At least one industrial plant takes
advantageof this breakthrough,that we pioneered.

We have also designedand implementedheteroge-
neouscatalystsfor oxidations under mild conditions.
Catalysisof the epoxidationof ethylenicdoublebonds
becamean urgentpracticalproblemwhen the standard
reagentm-chloroperbenzoicacid (MCPBA) becamean
outcastowingto therisksin storageandin transportation.
Efficient catalysts are derived from phyllosilicates
through ion exchangeand impregnationby transition
metals.Air oxygenservesastheoxidantin thepresence
of a sacrificialauxiliary.22

REMARKS ON METHODOLOGY

Setting-up experiments

Chemistryis avoluntaryscience:wewantto makenature
answerour questions.Hence,this self-evidentassertion
hasto be implemented:designthe experimentalsystem
so that (i) simple questionscan be put to it and (ii)
answersto thesequestionscanlegitimatelybeexpected.

Reproducibility is all-important.The areaof hetero-
geneouscatalysisby clays posestwo problemsin this
respect.Thefirst, giventhevastdiversityof naturalclays
and the rangeof variation of compositionwithin each
clay type—forinstancetheamountof iron asanimpurity
within the montmorillonite family of clays is highly
variable,dependingon theorigin of thesampleandeven
on its locationin themineddeposit—isobviouslynot to

useclay dug-upfrom your garden!For this reason,we
relied heavily on industrial clay catalysts,producedin
boxcar amounts for the petrochemicalindustry, with
applicationssuch as hydrocarboncracking. The K10
montmorillonite,manufacturedby Süd-Chemie(Munich,
Germany)by acid treatmentand calcinationof a clay
from a mine in Bavaria,is a primeexample.Thesecond
problem,with respectto reproducibleresults,is control
of themoisturelevel. It is imperativethattheclayandthe
ensuingcatalystbekeptatall timeseitherin adry boxor
in anoven.If andwhentheclaypowderabsorbshumidity
abovea certainlevel, it may well becomeinactivatedin
an irreversiblemanner.

A caseat handcanbe quoted.We hadrecruitedtwo
newco-workersin theLiègegroup,ateamconsistingof a
post-doctorateworker andof 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 used to working with very small
samples.He was preparingthe ‘clayzic’ catalyst(clay-
supportedzincchloride)in toosmallbatchesof ca10g in
crucibles. As soon as we changed the scale for
preparationof the catalyst,boostingit by a factor of 10
to about 100g, in capsules,the resultsbecamerepro-
ducible.

Soundexperimentaldesign(just like driving a car or
living aninterestinglife) admitsto threerules:anticipate,
anticipate and anticipate. Try to think up all the
parametersthat might be relevant to your experiment.
The work we did with ‘clayzic’ providesan illustrative
example.A rival group in 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.23 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
reasoned(andobserved)that thin-layeringthesampleto
be thermallyactivatedensuredmuchgreateruniformity
of temperaturewithin the sample.Ceramicsare made
from clays,it shouldberecalled,andtheymakeexcellent
thermalandelectric insulators.24,25

The art of data analysis

Whateverthe experimentalsystemunderstudy, one is
providedeasily with massesof data.In the areaof the
heterogeneouscatalysisof organic reactions,suchdata
consist,typically, of the reactionyield as a function of
time;of therateof reactionasafunctionof theamountof
catalyst;andof the productdistributionasa function of
time, monitoredtypically by gasor liquid chromatogra-
phy. Many other typesof datacanbe andaregathered.
My first observation,very mundanebut worth restating
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sincefew peopletakeheedof it, is not to undertakean
experimentwithoutfirst makingsurethatyouwill beable
to comeupwith amodelandwith theattendantnumerical
simulationto analyzethedata.Thesecondrecommenda-
tion is to plan also datacollection with a view to data
reduction:colleaguesin statisticswill be helpful in this
respect.A goodrule of thumbis that,if N parametersare
to be extractedfrom the data and determinedreliably,
thentheminimumnumberof datapointsis 3N. Third, in
generalone shouldanalyzedata using two completely
independentmethodsso that their convergencegives
some guaranteeas to reliability of the results. Such
advice,howevertrite, also goesunheededmost of the
time. Rememberthat the uncertaintiesin the results,as
the computerspitsthemout, reflectonly randomerrors.
In general, systematic errors are (much) worse. In
general,the sourcesof systematicerror areunidentified.
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 thesystematicerror, if theexperimentshave
beenperformedwith greatcare.

In my experience,graphicalrepresentationis themost
helpful tool in dataanalysis.Theappropriatechoiceof a
plot type,andof theparametersto beplottedcanleadto
many a discovery.Often, suchchoicesare routine.For
instance, in our work on chlorination of substituted
toluenes,recourseto a Hammettreactivity–structureplot
(asa functionof the�� parameter)wasobvious.18 It was
lessobviousthatwe would beableto makeaninference
aboutthecoexistenceof two populationsof activecenters
on the catalyst—identifiedwith edge sites and with
surfacesiteson clay platelets—fromplotting theproduct
yield asa functionof theamountof inhibitor introduced
in to the reactionmedium.18

Claysenrichedwith metallic ionsthroughexchangeor
impregnationbecomeoutstandingFriedel–Craftscata-
lysts.19 This 1987 report19 was the seed for K10
montmorillonite-impregnatedzinc chloride, known as
‘clayzic.’26 The lamb turns into a lion. Somehow,once
impregnatedon the surfaceof a solid aluminosilicate,
zinc chloride,normally a weakLewis acid27 anda poor
Friedel–Craftscatalyst,28 turns upon thermalactivation
into oneof themosteffectivecatalystsfor bothFriedel–
Crafts alkylations24,29 and acylations.We note here in
passingthat Liège ‘clayzic’ is activatedat 120°C only,
whereasYork ‘clayzic’ is activatedat 280°C, a higher
temperaturelikely to destroymoreof theremainingclay
structure.21 In addition to its high activity, this hetero-
geneouscatalyst, ‘clayzic’, displays enzyme-likesub-
strateselectivity.24,30–33 Since the amountof ‘clayzic’
neededfor a Friedel–Craftsreactionis catalytic29 rather
than stoichiometric,33 it is environmentfriendly, hence
its commercializationas an ‘Envirocat’ by Contract

Chemicals.Onthesecounts,it is anexcitingcatalyst,and
indeeda few reportshaveappearedon its properties.30–40

A recentreview article is devotedmostly to ‘clayzic.’23

Making connections

A simpleideawill go a long way. The singleexampleI
shall quote is not very original; numerouspeoplehave
takena leaf from thealbumof bio-inorganicchemistryin
orderto deviseefficient newprocesses.Thecytochrome
P-450enzymaticsystemoxidizeshydrocarbonsto 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=FeIV

form. Vanadiumoxide (V2O5), alone, supportedor in
combination,is apotentoxidationcatalyst,that inter alia
effects alkane activation. The active centers on the
surfaceof vanadiumoxideareV=O doublebonds.These
vanadiumoxoactivesitesbelongto asquarepyramid;the
four corners of the square are also oxygen atoms.
Catalystssuchas vanadylpyrophosphateoften operate
by oxo transfer, followed by regenerationfrom an
oxidantof the V=O doublebond.Natureoffers therea
firm andcompellinganalogy.By following it, we were
ableto devisea novelandefficientprocedurefor alkene
epoxidationwith tert-butyl hydroperoxide,with selectiv-
ities routinely in the range80–90%.41

Cutting to the chase

Ten years ago we devised,among other Lewis acids
impregnatedon K10 montmorillonite clay, ‘clayzic’.19

BesidesBrønstedacidic sitesthatpre-existin thehighly
acidicK10 clay, impregnationsuppliesadditionalLewis
acidicsites(ZnII) to theFeIII sitespre-existingalsoin the
clay:astudybelaboredandconfirmedthisobviousfact.34

Thisnewcatalyst,‘clayzic’, wassurprisinglyefficient,as
indicatedabove, in Friedel–Craftsalkylations. Thus it
becameof industrial interestasan environmentfriendly
catalystbecauseit could be usedin catalytic ratherthan
stoichiometricamounts.20

Thiswasremarkable,andit hintedthat‘clayzic’ might
displayotherunusualproperties.Welookedfor them,out
of intuition that this inorganic material would display
enzyme-likebehavior[just like the numerousmetallo-
enzymes based upon zinc(II)]. Indeed, addition of
benzenewas found to improve significantly the alkyla-
tion of a competitive co-reactant such as toluene,
mesityleneor p-xylene.24 In additionto suchsynergism,
the presenceof a co-reactantcanalsoinvert the relative
reactivities: whereastoluene was more reactive than
mesitylenein separatealkylations, a one-pot reaction
favoredmesitylene.31 Likewise,mesitylenewasbenzoy-
lated faster/slowerthan anisole in separate/jointreac-
tions.42 Yet anotherobservationwasbeguiling:whereas
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benzyl chloride is normally more reactivethan benzyl
alcoholtowardsaromatichydrocarbonsasFriedel–Crafts
substrates,at 20°C alkylation of tolueneis totally inhi-
bited in thepresenceof anequimolarmixtureof the two
benzylatingagents,with ‘clayzic’ alsopresent.At 80°C,
all thealcoholmoleculeswerefirst converted.Then,and
only then, 45min after the onset of the reaction, the
chloridemoleculesstartedto reactin turn.32

In otherwords,‘clayzic’ displaysanenzyme-likesub-
strateselectivityandthis is probablyits mostnoteworthy
feature.We did not contentourselveswith discovering
the remarkablephenomenon,we also looked for the
explanation.In themostenigmaticoccurrence,thatof the
apparentpartial inactivation of benzyl chloride in the
presenceof benzlalcohol,we showedthat poisoningof
the active ZnII centersby the alcohol moleculeswas
responsibleand,asbefitsphysicalorganicchemistry,we
determinedquantitativelyadsorptionconstantsof alcohol
moleculesandof benzylchlorideon thecatalyst.33,43

Stultifying preconceptions

The task of physical scienceis to gain a betterunder-
standingof phenomena.Thereis no betterway than to
observethemwith care,to listen to what naturetells us
about itself. To bring to any such study a preformed
notionof what theobservedphenomenonshouldconsist
of is an obviousmistake.I shall mentionherea single
concept,thelock-and-keymodelthatwasintroducedfirst
by Emil Fischerto accountfor the specificity of inter-
action betweenan enzymeand its substrate.Suchcon-
gruenceof molecularshapeshasbecomean immensely
influential and prolific paradigm.It has spawnedsub-
disciplinesthat are thriving, suchasmolecularrecogni-
tion and the whole part of supramolecularchemistry
devotedto inclusioncomplexesof varioustypes.

However,the conceptof the congruenceof comple-
mentaryshapescanalsobecomeimperialistic,whenever
it is adoptedwith uncritical enthusiasm.To apply it to
zeolite catalystswhenthe sizeof the substrateprevents
entry into the channelsand supercagesis a clear self-
contradiction,a pitfall into which many an investigator
hasfallen headlong.The sameconceptservedto justify
thesynthesisof numerouspillaredclaysin thehopethat
the chambersandgalleriesthusdefinedwould serveas
microreactorsproducinghigh selectivity. By and large,
anddespiteconsiderableactivity in this field during the
last two or threedecades,not muchhascomeout of it.44

We cameup againstthe samekind of prejudicein our
work with ‘clayzic’ True, it is a mesoporoussolid anda
variety of reliabletechniquescandeterminethe average
sizeof thepores.However,theexistenceof suchporosity
in the structuredoesnot guaranteethat it be relevantto
reactivity, and the logical link has failed to be
established.34,39,45,46

Leaders and followers

Breakthroughsare aptly named; they becomequickly
avenuesof ‘research.’Perhapsthe greatestproblem in
science nowadays,tightly coupled with the bureau-
cratization of researchfunding and management(an
activity that tendsto be performedmore and more by
sciencedropoutswithout enoughexperiencein many
yearsof researchat theleadingedge),is thecrowdingout
of creativeresearchby imitative research.In this areaof
heterogeneouscatalysis,the effort mustgo with priority
to the design and invention of new catalysts.Their
subsequentcharacterization using 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
sterilepursuit.

CONCLUSION

Onemight definephysicalorganicchemistrynot only as
a hybrid from organic and physical chemistriesbut
perhapsmoreaccuratelyasthemindsetseekingexplana-
tions of organic structureand reactivity, without pre-
conceivednotions,througha combinationof rationally
devisedexperiments,of recourseto well chosenmodels,
and of the interplay of experiment, spectroscopic
observationand theory in building logical strings of
testablepropositions.Despitehastyconclusionsasto its
demiseat the endof the 1960s,whensyntheticorganic
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 ashes.Therearemanysignsof 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,47 to theubiquityof physicalorganicchemistry,48

or converselyto its relevanceto the seeminglyarcane
topic of carbon–hydrogenbond activation in the gas
phase,49 or even to the continued impact of physical
organicchemistryon free-radicalchemistry.50

I submitthat surfacechemistry,asexemplifiedby the
heterogeneouscatalysisof organic reactions,offers a
choice terrain for physicalorganicconceptsand meth-
odologies.
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