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ABSTRACT: Structure–reactivity relationships are usually investigated within relatively narrow classes of com-
pounds, where structural variation can unequivocally be assigned to certain electronic and steric effects. We present a
novel, semiquantitative approach to predict possible reactions of cationic electrophiles (carbenium ions, metalp-
complexes, diazonium ions) with neutral nucleophiles (alkenes, alkynes, arenes, hydrides, organometallics andn-
nucleophiles). It is shown that the rate constants for these reactions are given with a precision better than a factor of
10–100 by the linear free enthalpy relationship logk(20°C) = s (E� N), whereE characterizes the strengths of the
electrophiles,N characterizes the strengths of the nucleophiles ands is a nucleophile-dependent slope parameter,
usually close to 1. This deviation appears tolerable in view of the reactivity range extending over more than 30 orders
of magnitude, the large structural variety of compounds included and the neglect of solvent and steric effects. The
simultaneous treatment of aliphatic, aromatic and organometallic compounds, which becomes possible in this way,
provides new qualitative insights, and it is shown how the rule of thumb that reactions proceed at 20°C if E� N>ÿ5
can be used for rationalizing and designing organic reactions. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Linear free enthalpy relationships (LFERs) are not
considered a popular topic nowadays. Thirty years ago,
when I (H.M.) was an undergraduate student, the situa-
tion was quite different. I was fascinated when I was
taught the Hammett equation.1 The possibility of calcu-
lating relative rate and equilibrium constants on the basis
of s andr greatly intrigued me. It gave me the feeling of
understanding organic reactions which before had
appeared to be a relatively unrelated bundle of facts.

Nowadays, as our students grow up with mechanistic
thinking from the very beginning, everybody seems to be
familiar with inductive and mesomeric effects, and the
excitement about the Hammett treatment has gone.
LFERs are often considered as a playground for pedants
who are elaborating exact numbers for facts which in
principle everybody already knows.

As a consequence, most contemporary general text-
books on organic chemistry, e.g. those by Vollhardt,
Streitwieser–Heathcock–Kosower, Solomon and Ege, do
not even mention the Hammett equation. Mechanistically
oriented texts such as the Lowry–Richardson, the Carey–
Sundberg and the March, do discuss the Hammett
approach, but even these do not treats�areneconstants,
in our view the most efficient way of comparing
reactivities of benzenoid and non-benzenoid arenes.2

With this background, it is not surprising that many
synthetic chemists are not familiar with LFER concepts
and are reluctant to accept approaches to organic reac-
tivity of that type, e.g. our Eqn (1), which calculates the
rates of reactions of carbocations and related electro-
philes with non-charged nucleophiles on the basis of the
electrophilicity parameterE, the nucleophilicity par-
ameterN and the nucleophile-specific slope parameters:3

logk�20�C� � s�E� N� �1�

While synthetic chemists prefer qualitative concepts of
reactivity, physical organic chemists strive for exact
numbers. They search for structure–reactivity correla-
tions within well-defined, usually rather narrow, classes
of compounds, where the consequences of structural
variation can clearly be assigned to a single factor, elec-
tronic or steric. In this community, the three-parameter
Eqn (1) is often met with scepticism, because it includes
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reactantsof largestructuralvariety,furthermoreneglects
solventandstericeffectsandthusobviouslyignoreswell
known facts of organic reactivity. We realize these
deficits,but think that owing to the simplicity andlarge
varietyof reactionscoveredby Eqn(1), this semiquanti-
tative treatment of electrophile–nucleophile combina-
tions opensup a new andvaluableapproachto organic
reactivity. In view of the more than 30 ordersof mag-
nitudecurrentlycoveredby Eqn(1), deviationsof factors
of 10–100in thepredictedrateconstantsappeartolerable
to us,andjustify thesimultaneoustreatmentof aliphatic
andaromatic,of organicandorganometalliccompounds
as well as of n-, p-, and s-nucleophileswith a single
equation.Advantagesand deficienciesof this concept
comparedwith previousapproachesto electrophilicity
andnucleophilicityhavebeendiscussedin detail.3

LINEAR FREE ENTHALPY RELATIONSHIPS AND
REACTIVITY SCALES

Let usfirst reflectwhy theHammettequationhasbeenso
successful.In the reaction seriesconsideredin Fig. 1
substituentsarevariedin meta- andpara-positionsof the
aromaticring, while thevicinity of thereactioncenteris
kept constant. As a consequence,only the electron
density at the reactioncenter is modified within each
reactionseries,while thedifferentstericrequirementsof
the substituentsdo not affect the transition structures:
linear correlationsresult.

A closelyrelatedprocedurewasusedfor developinga
reactivityscalefor p-nucleophiles.Whentheratesof the
reactionsof benzhydrylcationswith alkenes,allylsilanes

andarenesweremeasured,only thepara substituentsof
thebenzhydrylcationswerealtered.As thesurroundings
of the reaction center remain constant within each
reaction series, linear correlations are also obtained,
whichareby nomeansworsethanmosttypicalHammett
correlations.5,6

By accident,all correlationlines in Fig. 2 areparallel,
implying that the relativereactivitiesof thesep-systems
are independentof the electrophile. Methylenecyclo-
pentaneappearsto be 12 times more nucleophilic than
allyltrimethylsilane,which is generallyfollowed by iso-
butylene,isopropeneandstyrene.6

In analogywith Ritchie’s N� scale,7 an electrophile-
independentnucleophilicityscalefor p-systemsappears
feasible(Scheme1). Benzhydrylcationscanbe usedas
referenceelectrophilesto determinenucleophilicitiesof
p-systems(alkenes,6,8–11dienes,11–13alkynes,14 arenes,15

organometallics16), n-nucleophiles17,18 (amines,19 al-
cohols20) andhydrides(silanes,21,22 stannanes,23 hydro-
carbons,24 amineboranes25).

Althoughtheslopesof thecorrelationlinesfor all these
nucleophilesaresimilar, theyarenotalwaysidentical(as
in Fig. 2), andtherelativereactivitiesof thenucleophiles
listedin Scheme1 varyslightly whenthereactivityof the
electrophileis altered.A changeof thesolventinfluences
theratesof thereactionsof carbocationswith uncharged
nucleophilesonly slightly (lessthana factorof 5),8,9,16,21

andthe natureof the counterionusuallydoesnot affect
the ratesof thesereactions.A rationalizationfor these
phenomenahasbeengiven.9,26

Beforethe1970s,mostinformationonnucleophileand

Figure 1. Hammett correlations hold because the variation
of substituents occurs remote from the reaction center ~,
Ref. 4a; *, Refs 4b and 4c; &, ^, Ref. 4d

Figure 2. Constant selectivity relationships of the reactions
of benzhydryl cations with p-nucleophiles. An = p-
MeOC6H4; Tol = p-MeC6H4; for de®nition of E, see text
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electrophilereactivitieshadbeenderivedfrom competi-
tion experiments.While this methodhasbeenemployed
successfullyfor determiningrelativearenereactivities,27

thedeterminationof therelativereactivitiesof theshort-
lived electrophilicintermediatesin electrophilicaromatic
substitutionsis lessstraightforward.

Figure 3 illustratesthe Stock–Brownrelationship,28a

the best known approachto relative electrophilereac-
tivities. It is basedon competitivestudiesof the relative
reactivitiesof tolueneandbenzenein electrophilicaro-
matic substitutions.As shownin Fig. 3 thereis a linear
correlationbetweenintermolecularselectivities(partial
ratefactorof thepara positionof toluene,log pf

Me) and
intramolecularselectivities [relative reactivities of the
paraandmetapositionsof toluene;Sf = log (pf

Me/mf
Me)],

although the high quality of this correlation has been
shownto bedueto a statisticalerror.28b

On thebasisof thereactivity–selectivityprinciple29,30

it wasthenconcludedthatthoseelectrophileswhichwere
highly selective were the less reactive ones, and the
unselectiveelectrophileswere the highly reactiveones.
Although obviouscontradictionshadbeennoted,30d the
validity of this approachhad generallybeenaccepted
until theearly 1970s.

Evenif the linearcorrelationbetweeninter- andintra-

molecularselectivitiesillustratedin Fig. 3 is acceptedas
real, it only reflectsthat theelectrophilicsubstitutionsin
metaandparapositionsof tolueneobeythesameLFER,
asoutlinedat thetopof Fig.3. It is notpossible,however,
to conclude that selective electrophiles possesslow
reactivity and vice versa,sincenumerousviolations of
the reactivity–selectivity principle havebeenpublished
sincetheearly1970s.7,30,31Figure4 illustrateshow con-
tradictory resultsconcerningrelative reactivitiesmight
be derived if selectivitieswere the only experimental
basis.

Imaginethatwe haveno ideaaboutsubstituenteffects
and their influence on the electrophilic reactivities of
benzhydryl cations.Let us now assumethat someone
has determinedthe relative reactivities of (2-methyl-
allyl)trimethylsilane and prenyltrimethylsilane
[(CH3)2C=CHCH2SiMe3] towards benzhydryl cations
by competitionexperiments.He or shewould find that
the carbenium ions on the left differentiate better
betweenthesetwo silanesthan the carbeniumions on
the right, i.e. he or she would observea decreasein
selectivity (S= log kaÿ log kc) from left to right. Em-
ploying the reactivity–selectivityprinciple, he or she
would have come to the (correct) conclusionthat the

Scheme 1. Relative reactivities of p-nucleophiles towards
carbocations and related electrophiles. De®nition of N see

text. Figure 3. The Stock±Brown selectivity relationship: log
pf = bSf.

28a
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reactivitiesof the carbeniumions increasefrom left to
right.

However,if this worker hadselectedthe pair prenyl-
trimethylsilane–allylchlorodimethylsilanefor thecompe-
tition experiments,he or she would have observedan
increasein selectivity (S= log kcÿ log kd) from left to
right (until kc approachesthe diffusion limit). Applying
the reactivity–selectivityprinciple he or shewould now
havecometo the opposite(wrong) conclusion,namely
that the reactivities of the carbeniumions in Fig. 4
decreasefrom left to right.

Finally, if theworkerhadselectedallyltrimethylsilane
andprenyltrimethylsilane in thecompetitionexperiments
he or she would have encounteredthe crossingof the
correlationlines,i.e.heor shewouldfirst haveobserveda
decreasein the selectivities(S= log kbÿ log kc) when
moving from left to right, a selectivity of zero for
An2CH�, andthenanincreasein theselectivities(S= log
kcÿ log kb; selectivities are always positive) when
turning to the carbeniumions further right. Application
of thereactivity-selectivityprinciplewould haveled him
or herto a third (wrong)orderof carbocationreactivities.

Theseexamplesclearlyshowthatchangesin selectiv-
ity alonedo not give any indication of relative electro-
philicities of the carbeniumions. Reactivity orderscan
only bederivedfrom competitionexperiments,whenone
of thecompetitionpartnersis knownto reactwith diffu-
sion control.32 Measurementsof absoluterateconstants
are, therefore,neededto determinereactivitiesof elec-
trophiles.

Figure5 comparesthe rateconstantsfor the reactions

of some a-methoxybenzylcations (carboxoniumions)
and aldehyde–Lewisacid complexeswith allylsilanes
and alkeneswith the correspondingrate constantsfor
benzhydryl cations.33 It can be seenthat the relative
reactivities of these p-systems determined towards

Figure 4. Rate constants for the reactions of carbenium ions with allylsilanes. Dots correspond to directly measured rate
constants and shaded bars to the results of competition experiments. In part from Ref. 32

Figure 5. Rate constants for the reactions of benzhydryl
cations, carboxonium ions and aldehyde±Lewis acid com-
plexes toward allylsilanes and alkenes
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carboxoniumionsandaldehydecomplexesarethesame
as those previously determined towards benzhydryl
cations.34 It is thusprovedthat the nucleophilicityscale
in Scheme1 is not restrictedto reactionswith benzhydryl
cations.Furthermore,it is now possibleto comparethe
electrophilic reactivities of carboxonium ions and
aldehyde–BX3 complexes with those of benzhydryl
cations. Figure 5 shows that the electrophilicity of
Ph(MeO)CH� is betweenthose of (PhOC6H4)PhCH�

and Tol2CH�, whereasthe electrophilic reactivity of
Tol(MeO)CH� is similar to that of AnPhCH�.

Quantitativeevaluationof Fig. 5 givesthenumbersin
Scheme2 whichshowthatthea-methoxybenzylcationis
100timesmorereactivethanits phenylogueon theright.
The relative electrophilic reactivities of the benzalde-
hyde–BX3 complexesandof thea-methoxybenzylcation
canbe interpretedin termsof increasingcationstabiliz-
ing effectsof thesubstituentsMeO<Cl3BOÿ< F3BOÿ

onthecarbeniumcenter.It is remarkablethatthegenuine
carbocationon the right of Scheme2 andtheuncharged
benzaldehyde–BCl3 complexdiffer only by afactorof 14
in reactivity.

In orderto obtainaconsistentsetof averagedreactivity
parametersfor electrophilesand nucleophiles,reaction
seriesas depictedin Figs 2 and 5 were subjectedto a
correlationanalysis.Equation(2) is a typical analytical
expressionfor theLFERsshownin thesefigures:

logk�20�C� � Nu� sE �2�
In the plot of log k against the electrophilicity

parameterE, the slopesof the correlationlines for the
different nucleophilesare given by s, and the nucleo-
philicity parametersNu are given by the interceptsof
theselineson theordinate(E = 0).

It is a disadvantageof this treatment that the Nu
parametersthus defined often do not have any direct
significance.Imaginethecomparisonof two very strong
nucleophiles,e.g.phosphanesandenamines.Onewould
needveryweakelectrophilesfor their characterizationin
orderto obtainrateconstantswhich canconvenientlybe
measured(10ÿ2 to 103 L molÿ1 sÿ1), and the Nu
parameterswould beobtainedby extrapolationfrom the
experimentalrange(e.g.E =ÿ15 to ÿ9) to the point of
intersection with the ordinate (E = 0). Since not all
correlationlines areparallel, the probability of crossing
will behigh if awide-rangingextrapolationis needed.As
a consequence,the relative magnitudesof Nu do not
necessarily represent the relative strengths of these
nucleophilesin the experimentallyrelevant range.An

Scheme 2. Comparison of the electrophilicities of carbox-
onium ions and aldehyde-BX3-complexes.

Figure 6. Linear free enthalpy relationships for the reactions of carbenium ions with nucleophiles
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analogoussituation is encounteredwhen very weak
nucleophilesarecompared.We thereforesubstitutedNu
by sN and thus obtainedEqn (1), where N equalsthe
negativevalueof E at the intersectionof the correlation
lineswith theabscissa(log k = 0, seeFig. 6).3

Although Eqns (1) and (2) are mathematically
equivalent,i.e, applicationof eitheronewould give log
k with the same precision, Eqn (1) is preferablefor
qualitative discussions,becauseN, in contrast to Nu,
gives direct information on the relative reactivities of
nucleophilesin the reactivity range most relevant in
practice(k� 1 L molÿ1 sÿ1). WhereastheNuscalerefers
to An2CH� as the standardelectrophile,the N scaleis
basedonafloatingreferencescale,i.e.weaknucleophiles

aregaugedwith strongelectrophiles,andstrongnucleo-
philesaregaugedwith weakelectrophiles.

With E andN thusdefined,a simplesemiquantitative
treatmentof electrophile–nucleophilereactionsbecomes
possible.3 For this purpose,nucleophilesand electro-
philes are ordered according to increasing N and
decreasingE parameters,respectively, as shown in
Scheme3.

Onecanseethat the two scalesareadjustedin sucha
way that at any place E� N =ÿ5. This arrangement
implies that for combinations of electrophiles and
nucleophileslocated at the samelevel a second-order
rate constantof log k =ÿ5s is calculatedby Eqn (1),
correspondingto k-values between10ÿ6 and 10ÿ3 L

Scheme 3. Nucleophilicity and electrophilicity scales.
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molÿ1 sÿ1 (20°C), sincefor mostnucleophiless values
between0.6 and1.2 havebeenfound. Assuming1 mol
Lÿ1 asa typical concentrationfor synthetictransforma-
tions, theserate constantsimply half-times of reaction
between10min and200h, thebasisof our rule of thumb
that at room temperatureelectrophileswill react only
with thosenucleophileswhich arepositionedat thesame
level or below themselvesin Scheme3.3 Somerecent
examplesdemonstratingtheapplicability of this scheme
will now bediscussed.

HETEROSUBSTITUTED CARBOCATIONS

In order to define the syntheticpotential of dithiosub-
stitutedcarbeniumions,we studiedthe kineticsof their
reactions with suitable nucleophiles,i.e. allylsilanes,
allylstannanesand silylated enol ethers.35 For the 2-
phenyl-1,3-dithiolan-2-ylium cation, for example,reac-
tionswith five nucleophileswerestudied(Scheme4).

AssandN wereknownfor thesenucleophiles,3 eachof
theserateconstantscouldbeusedto calculatetheE value
of the 2-phenyl-1,3-dithiolan-2-ylium ion (E =ÿ6.25
� 0.42)by substitutinglog k, N ands into Eqn (1). The
coincidenceof observedandcalculated[by Eqn(1) using
the averagedE parameter]rateconstantswithin a factor
of 2.5(Scheme4) indicatesthevalidity of theLFER[Eqn
(1)] for thesereactions.In asimilarway,E parametersfor
other dithiocarbenium ions were determined, which
allow their positioningin Scheme3. Publishedreactions
of theseelectrophilesare collected in Scheme5 and

readersmay convincethemselvesthat all nucleophiles
reportedto reactwith thesecationsarelocatedbelowthe
correspondingelectrophilesin Scheme3.

Oneproblemis thatStahl36areportedthefailure of the
2-phenyl-1,3-dithianylium ion to react with 1,3,5-
trimethoxybenzene,althoughScheme3 predictsa slow
reaction at room temperature.We repeated Stahl’s
experiment,and indeeddid not find any reactioneven
upon warming. We thereforeassumethat in this case
stericeffectscannotbeneglected.

REACTIONS OF METAL p-COMPLEXES

Alreadyin 1984,Kane-MaguireandSweigart37 summar-
ized their extensivekinetic studieson the reactionsof
electrophilic metal p-complexes with amines, phos-
phanesand other nucleophilesand demonstratedthat
Ritchie’s constant-selectivity relationship7 was applic-
ableto thesereactions.Their datarepresentan essential
basisfor our descriptionof thereactionsof electrophiles
with nucleophiles.Therefore,it wasto be expectedthat
Eqn(1) andScheme3 shouldalsobeusefulfor thedesign
of organicsynthesesvia organometallics.Let us turn to
the questionof which nucleophilesand electrophilesto
use for realizing the reaction sequenceillustrated in
Scheme6.

Thesystematicapproachis describedin Schemes7, 8
and9. Accordingto Scheme7 the tricarbonylirontropy-
lium complex is too electrophilic to allow the kinetic
determinationof its reactionwith thehighly nucleophilic

Scheme 4. Rate constants (20°C, CH2Cl2, L molÿ1 sÿ1) of the 2-phenyl-1,3-dithiolan-2-ylium cation with various nucleophiles.36
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silylated keteneacetal (Scheme7 left). The reactions
with allylsilanesand allylstannanescould be followed,
however,and the closely similar value of E =ÿ3.86�
0.19derivedfrom reactionswith threedifferent nucleo-
philes again indicatesthe applicability of Eqn (1). The
magnitudeof E suggeststhat the tropylium complex

shouldreactwith all nucleophilesfor which N>ÿ1, i.e.
with all nucleophiles stronger than anisole or 1,3-
butadiene(Scheme3).38a

Now turnto thesecondstepof thereactionsequencein
Scheme6. Which electrophilescanattackat tricarbonyl-
iron-coordinatedcycloheptatrienecomplexes?In accord
with Dauben’sandBertelli’s report39 on thereactionsof
tritylium ions with tricarbonylironcycloheptatriene,
benzhydryl cations do not abstracthydride from this
complex but add to its triene system (Scheme 8).
Müller38a measuredrateconstantsfor its reactionswith
four differentbenzhydrylcations,andthe linearcorrela-
tion with a slope close to unity (Scheme8) again
demonstratesthevalidity of Eqn(1). ThevalueN = 3.58
(, -E for log k = 0) identifies the cycloheptatriene
complexasarelativelystrongnucleophile,comparableto
allylsilanes or 1,3-dimethoxy- and 1,3,5-trimethoxy-
benzene.FromE�N�ÿ5 onederivesthat tricarbonyl-
(cycloheptatriene)ironshouldreactwith thelargevariety
of electrophilescharacterizedby E�ÿ8.5.

Thefinal stepof thereactionsequencein Scheme6 is
the reaction of a nucleophile with a tricarbonyliron-
cycloheptadienyliumcation.Scheme9 showsthat such
complexesare considerablyless electrophilic than the
correspondingtropylium complexdescribedin Scheme
7. While thesilylatedketeneacetal,derivedfrom methyl
isobutyrate,reactstoo fastwith thetropyliumcomplexto
be followed with our kinetic device (Scheme7), the
reactionof this keteneacetalwith the cycloheptadieny-
lium complexis relativelyslow(Scheme9 upperleft38b).
Therateconstantsfor thereactionsof thetwo complexes
with (2-methylallyl) tributylstannaneare directly com-
parable:the cycloheptatrienyliumcomplexin Scheme7
is 105 timesmorereactivethanthecycloheptadienylium
complexin Scheme9.

FromE =ÿ9.9 it is obviousthat tricarbonylironcyclo-
heptadienylium cations are very weak electrophiles,
which can only be attacked by strong nucleophiles
(N� 5).

Until now, the discussionof Scheme6 has only
consideredthe questionof whether the reaction of a
certainelectrophilewith acertainnucleophilewill befast
enoughto besyntheticallyuseful.A secondquestionis of
similar importancefor thesuccessof a synthesis:canthe

Scheme 5. Reactions of dithiocarbenium ions with nucleo-
philes.36

Scheme 6. Design of synthetically useful reaction sequences.38
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productsbeisolated?Considerthefirst stepof Scheme6:
thereactionof thetropylium complexwith Nu1X givesa
tricarbonylironcycloheptatrienecomplex.Thisproductis
nucleophilicandmay,therefore,reactwith its precursor,
the electrophilic tropylium complex. This consecutive
reactioncanonly besuppressedwhenNu1X is astronger
nucleophilethantricarbonyl(cycloheptatriene)iron.Since
for thelatterN = 3.5hasbeenderived,Nu1X shouldbeat
leastasnucleophilic,i.e. N� 3.5.

There are no problems with the following two
reactionsin Scheme6! Cycloheptadienyliumions are

very weakelectrophiles(E�ÿ9.9), andthe subsequent
reactionswith their nucleophilic cycloheptatrienepre-
cursors(N� 3.5)will beveryslowandcanbeneglected.
Finally, the cycloheptadienecomplexesproducedin the
last stepof Scheme6 arevery weaknucleophiles,since
electrophilicattackat thedienesystemwouldyield a 16-
electroncomplex.Consecutivereactionsthereforecannot
take place.Sincethe electrophilicand the nucleophilic
additionsto the tricarbonylironcomplexesin Scheme6
generally take place at the site opposite to the
tricarbonyliron group, the stereoselectiveformation of
5,6,7-trisubstitutedcycloheptadienescan be expectedif
the criteria describedat the bottom of Scheme6 are
fulfilled. Control of the regioselectivityin the final step
still hasto besolved,however.

The examplesdiscussedin Schemes6,7,8 and 9, as
well asourrecentstudiesonferrocenylmethyliumions,40

hexacarbonyldicobaltcoordinatedpropargylium ions41

and palladium-coordinatedallyl cations42 and the
extensivework of Kane-MaguireandSweigart37 indicate
thatEqn(1) is applicablenotonly to reactionsof ordinary
carbeniumions but also to reactionsof electrophilic
metalp-complexes.

The questionarisesof whether hetero-electrophiles
also follow this equation.In previouswork9,43 we had
already shown that bridging electrophiles, such as
halogens,sulfenyl and selenylhalides,or mercuryions
showdifferent selectivitiesthancarbocationsandthere-
fore cannotbe expectedto follow the LFER [Eqn (1)].
The situation should be different for diazonium ions,
however,which havepreviouslybeenreportedto follow
Ritchie’s constantselectivityrelationships.44

DIAZONIUM IONS

Whereasazocouplingswith arenesrepresentoneof the

Scheme 7. Rate constants (20°C, CH2Cl2, L molÿ1 sÿ1) for the reactions of the tricarbonylirontropylium ion with various
nucleophiles.38a

Scheme 8. Determination of the nucleophilicity parameters
N and s for tricarbonylironcycloheptatriene.38a
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most important processesin industrial organicchemis-
try,45 reactionswith non-aromaticp-systemshavebeen
much lessinvestigated.45,46 About 30 yearsago,Marx-
meier and Pfeil47 reported the reactions of the 2,4-
dinitrobenzenediazoniumion with alkenes,andwe have
recently reportedon an efficient synthesisof allylazo
compoundsby reactionsof diazoniumions with allylsi-
lanesandallylstannanes(Scheme10).48

Figure 7 shows a moderatecorrelation of the rate
constantsfor the reactionsof the 2,4-dinitrobenzene-
diazonium ion with arenes,alkenesand allylsilanes49

with the rateconstantsof thecorrespondingreactionsof

thep-methoxybenzhydryl cation.9,11,15,16,50Althoughthe
quality of this correlation may be disappointing,the
generalinformationgiven by Fig. 7 is very relevant:m-
methylanisole, allyltrimethylsilane and 2-methyl-2-
butene,threearbitrarily selectedrepresentativesof three
different classesof compounds,which havebeenfound
to showsimilar reactivitiestowardcarbeniumions (the
basisof thenucleophilicityscalein Scheme1), alsoshow
similar reactivities towards diazonium ions, i.e. in a
semiquantitative analysis of electrophile–nucleophile
combination reactionsdiazonium ions can be treated
simultaneouslywith carbeniumions.

Correlationanalysis,asdescribedin Ref. 49, gaveE

Scheme 9. Rate constants (20°C, CH2Cl2, L molÿ1 sÿ1 for the reactions of the tricarbonylironcycloheptadienyl cation with
various nucleophiles.38

Scheme 10. Reaction of the 2,4-dinitrobenzenediazonium
ion with prenyltrimethylsilane.

Figure 7. Correlation of the reactivities of various p-
nucleophiles towards An2CH� (CH2Cl2, ÿ70°C) and the
2,4-dinitrobenzenediazonium ion (CH3CN, 20°C)

Scheme 11. Azo-coupling of benzenediazonium ions.
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parametersfor 14 diazoniumions, coveringa reactivity
range of eight orders of magnitude from the highly
electrophilic 2,4-dinitrobenzenediazonium ion (E =
ÿ2.5) to 4-(dimethylamino)benzenediazonium ion
(E =ÿ10.4),theweakestelectrophileinvestigatedin this
series.The generaltextbook statementthat diazonium
ions are weak electrophilesand, therefore,only couple
with phenolatesand aromatic amines can now be
specified.

Scheme11 summarizessomeazocouplingsreported
in theliterature,whichmayberationalizedby inspection
of Scheme3. In accordwith its positionbelow the 2,4-
dinitrobenzenediazonium ion, anisole was reported to
react with this electrophile.51 The less electrophilic 4-
nitrobenzenediazonium ion, which is located below
anisolein Scheme3 was found not to couplewith this
arene,butwith 1-methoxy-3-methylbenzene,52whichsits
at thesamelevel asthis electrophile.

The unsubstitutedbenzenediazoniumion hasbeenre-
ported not to react with 1,3-dimethoxybenzene51

althoughthe reactionpartnersare locatedat the same
level in Scheme3. The borderline situation for this
electrophile–nucleophile combinationis illustratedby the
fact that the p-chlorobenzenediazonium ion, only a
slightly stronger electrophile than the unsubstituted
benzenediazoniumion (DE = 0.5)49 wasfoundto couple
with this arene.51

Becauseof its high nucleophilicity,1,3,5-trimethoxy-
benzenenot only reacts with the parent benzenedi-
azonium ion51 but also with the highly stabilized p-
methoxybenzenediazoniumion. The latter reactionwas
reportedto beveryslow,53however,asexpectedfrom the
positionof thecorrespondingreactantsat thesamelevel
in Scheme3.

Reactionswith non-aromaticp-nucleophileshavebeen
analyzedanalogously.49 It should be considered,how-
ever,thatdiazoniumionscaneasilybereduced54with the
consequencethat the expectedazocouplingsaresome-
timesoutstrippedby SETprocessesandsubsequentloss
of nitrogen.

LIMITATIONS OF THE LINEAR FREE ENTHALPY
RELATIONSHIP AND PERICYCLIC REACTIONS

The feasibility of fast alternativereactionsis a general
problem.Althoughonecangeneralizethatelectrophile–
nucleophilecombinationreactionsarereasonablyfastat
room temperatureif the nucleophilesare locatedbelow
the correspondingelectrophilesin Scheme3, one can
never exclude the occurrence of faster competing
reactions.

A relatedsituationis encounteredwhena nucleophile
is locatedabovea certain electrophile.Scheme3 only
predictsthat the ordinaryelectrophile–nucleophilecom-
bination with formation of onenew s-bondwill be too

slow to be observableat room temperature.Onecannot
excludealternativereactionpathways,however.

Inspectionof Scheme3 indicatesthat thebenzenedia-
zonium ion should not react with 2,3-dimethyl-1,3-
butadiene.Applicationof Eqn(1) predictsa rateconstant
of 10ÿ6 L molÿ1 sÿ1, correspondingto a half-time of
reaction of 200 days (c = 1 mol Lÿ1). However, the
calculationrefersonly to the upperreactionin Scheme
12. This reactionindeeddoesnot takeplace,but nature
finds an alternative pathway, the concerted (4� 2)-
cycloadditionformulatedat the bottomof Scheme12,55

the rateof which cannotbepredictedby Eqn(1).
For N,N-dialkyliminium ions, E parametersbetween
ÿ7 andÿ8 havebeendetermined.56 If theyreactedwith
p-systemsin the samemannerasothercarbeniumions,
Eqn(1) andScheme3 wouldpredictthat1,3-dimethoxy-
benzeneand a-methylstyreneare among the weakest
nucleophilesto be attacked.It was observed,however,
that iminium hexachloroantimonates alsoreactwith less
nucleophilicalkynes.57

Although slowly, the N,N-diethyliminium ion even
reactswith 2-methyl-1-buten-3-yne,a nucleophilewhich
wecouldnotcombinewith anyof thebenzhydrylcations
usedto characterizeother p-nucleophiles.9,58 An alter-
nativereactionmechanismis againindicated.

Scheme 12. (4+2)-Cycloaddition reaction of the benzene-
diazonium ion with 2,3-dimethylbutadiene.

Scheme 13. Stepwise and concerted ene reactions of
alkynes with the diethylmethyleneammonium ion.
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Whereasboth the concertedand the stepwiseene
reactionformulatedin Scheme13 may accountfor the
stereoselective(with respectto the CC double bond)
formationof theN-allyliminium ions,only theconcerted
mechanismis in accordwith the fact that evenweakly
nucleophilicalkynesundergothisreaction.Thedeviation
the betweencalculatedandobservedrateconstantsmay
beconsideredasa measureof theconcertednessof these
reactions.

CONCLUSIONS

TheLFER [Eqn (1)] andthegraphicalapproximationin
Scheme3 can be used for designing synthesesvia
reactionsof cationic electrophileswith neutral nucleo-
philes.It is thiscombinationwhichkeepsthetotal charge
constant(�1), from reactantsthroughtransitionstatesto
products,andthuseliminatessignificantsolventeffects(a
factor of <5 in reactions of carbocations).Only in
reactionswith diazoniumions, which undergospecific
interactionswith donor solvents,can the influence of
solventson reactionratesnot beneglected.49

The wide reactivity rangecoveredby Eqn (1) andby
Scheme3 permits steric effects to be ignored in most
cases.While theycanusuallybeconsideredasthenoise
of these correlations,specific considerationof steric
effectsis necessarywhenbulky reactantsareinvolved.

It is obviousthatthesecorrelationscanholdonly when
related mechanismsare involved. In all reactions
considered,s-bondsare not brokenin the electrophile,
andonly onenewbondis formedin therate-determining
step. SN2-type and pericyclic reactions are therefore
excluded, but it seemsprobable that the difference
between calculated and observed rate constants of
pericyclic reactionsrepresentsa measureof theconcert-
ednessof thesereactions.
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