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ABSTRACT: Hydroxyallyl cation and lithium and sodium oxyallyl cations are predicted to react with 1,3-butadiene
both in a stepwise fashion and via concerted [4� 3] cycloaddition with so-called extended stereochemistry. With
hydroxyallyl cation, the stepwise process is preferred and subsequent second bond closures generate products
equivalent to those that would arise from concerted [4� 3] or [3� 2] cycloadditions. For lithium and sodium oxyallyl
cations, concerted, asynchronous processes are predicted to be preferred over stepwise processes, with [3� 2]
cycloaddition to generate a 3H-dihydrofuran followed by Claisen rearrangement of that intermediate being the lowest
energy pathway for formation of a seven-membered ring. In the case of uncharged 2-oxyallyl, only transition state
structures for concerted cycloadditions appear to exist. We infer that for [4� 3] cycloadditions, concerted pathways
are preferred over stepwise pathways provided that the separation between the electrophilicity of the allyl component
and the electrofugacity of the 4p component is not too large. The Hammond postulate is shown to rationalize
variations in free energies of activation for different processes as a function of allyl electrophilicity. Factors
influencing the stereochemical outcome of different cycloadditions are discussed. Copyright 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

The preparation of seven-membered carbocycles remains
an important goal in many synthetic endeavors, and
[4� 3] cycloaddition reactions constitute one powerful
technique for their construction.1–6 In a previous paper,
we examined computationally the mechanistic details of
seven-membered ring-forming reactions between the 2-
hydroxyallyl cation and a series of dienes—in particular
1,3-butadiene, cyclopentadiene, furan and pyrrole—that
were chosen to span a broad range of electrofugacity.7

We found that the highly electrophilic hydroxyallyl
cation tends to react with dienes in a stepwise fashion so
as to generate either [4� 3] or [3� 2] cycloadducts
(Scheme 1). The relative barrier heights associated with
ring closure steps (i.e., the second step after initial bond
formation) are controlled by the distribution of positive
charge in the substituted allyl cation that is generated by
the first C—C bond formation.

For the intermediatea generated from initial attack on
1,3-butadiene (X = H,H in Scheme 1), subsequent steps
completing [3� 2] cycloaddition reactions are favored,
but, when closure forms a C—O bond, the resulting
intermediate b can undergo a low-energy Claisen
rearrangement to form a seven-membered ring product
c identical with that expected from so-called ‘compact’
[4� 3] cycloaddition (‘compact’ [4� 3] transition
states place the 2-position of the allyl cationendo to
the diene whereas ‘extended’ [4� 3] transition states
place that positionexo.). For cyclopentadiene as a
substrate (X = CH2 in Scheme 1) this preference is
diminished, and [3� 2] ring-closure barriers in this
system are similar to [4� 3] ring-closure barriers. The
intermediate cationa generated from attack on furan has
substantial oxonium ion character and charge localiza-
tion favors direct [4� 3] bond closure toc (X = O in
Scheme 1). When pyrrole is the diene component (X = N
in Scheme 1), the 1-azabutadienyl cationa created after
initial C-C bond formation is so stable thatno bond
closure steps are energetically favorable, and theory
predicts that only electrophilic substitution products will
be observed. Thus, over a range of electrofugacity,
changes in diene reactivity can be rationalized as
deriving from differences in the charge distributions
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found for the first intermediatesformed along the
cycloaddition pathways.These computationalpredic-
tionsprovedconsistentwith resultsobtainedfrom many
different experimentalstudies.

The purpose of this paper is to focus on the
mechanisticeffects of variation in the electrophilicity
of the other componentof the cycloaddition, i.e. the
oxyallyl component,with diene electrofugacity held
constant.To that end, we computationallycharacterize
the reactionsof s-cis-1,3-butadiene(1) with 2-hydroxy-
allyl cation(2), lithium 2-oxyallyl cation(3), sodium2-
oxyallyl cation (4) and uncharged 2-oxyallyl (5).
Compounds 2–5 are numbered, then, in order of
decreasingelectrophilicity.

COMPUTATIONAL METHODS

Molecular geometriesfor all specieswere optimizedat
the Hartree–Fock(HF) and second-orderperturbation
(MP2) levels of theory using the 6–31G* basisset.8–11

Local minima and transition state structures were
verified by calculationsof analytical force constantsat
the HF level, and at the MP2 level when warrantedby
largechangesin geometryuponreoptimization.Transi-
tion stateswere further characterizedby calculationof
intrinsic reaction coordinates12 (IRC) to identify the
minima on either side of the saddle point; such

calculationswere typically at the HF/3–21Glevel. The
HF/6–31G* frequencieswere used to compute zero-
point vibrational energies(ZPVE) and 298K thermal
contributions (H298ÿH0 and S°298) for all species.
CompositeG°298 is definedto be the sum of the gas-
phaseelectronicenergiescalculatedat theMP2/6–31G*
level andthermalfreeenergycontributionsfrom theHF/
6–31G* level.

DFT calculations were also carried out for the
reactionsof 1 with 2, 3 and5; theseemployeda mixture
of exactexchangewith the gradient-correctedexchange
functionalof Becke13 andthegradient-correctedcorrela-
tion functionalof Lee et al.14 accordingto the adiabatic
connectionschemefirst proposedby Becke15 and as
implemented in Gaussian 9416 (B3LYP). Reaction
coordinatesat the MP2 and B3LYP levels were found
to be qualitatively similar in each case. As noted
previously,7 we havereasonto considertheMP2 results
to be of higherquality, so in the interestsof brevity the
B3LYP resultsare not reported.SinceMP2 resultsare
alsoexpectedto be superiorto HF predictions,only the
former level of theoryis discussedbelow.

In ourpreviouswork,7 wealsoconsideredtheeffectof
solvationon the reactionof 1 with 2 using the aqueous
SolvationModel217 (SM2).As qualitativefeaturesof the
gas-phasereactionpotentialenergysurfaceafter initial
bondformationwereunchangedby solvation,wedid not
carryout suchcalculationshere.

Scheme 1.
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RESULTS AND DISCUSSION

Oxyallyl vs cyclopropanone geometries

The valencetautomerismbetweenoxyallyls and cyclo-
propanones(Fig. 1) hasbeenthesubjectof considerable
discussion,in part owing to proposalsthat oxyallyls are
reactive intermediatesin cyclopropanone/allene oxide
tautomerizations,18,19 Favorskii rearrangements20,21 and
[4� 3] cycloadditionreactions.22,23 Oxyallyls are typi-
cally considerablylessstablethantheir cyclopropanone
(or alleneoxide) valencetautomers.24 Table 1 presents
computeddifferencesin energybetweenthe cyclopro-
panoneandoxyallyl tautomersof 2–5.

As noted previously,7 the two tautomersare only
slightly different in energywhen protonated,although
solvationwould be expectedto favor the greatercharge
localization found in the cyclopropanone.As the atom
coordinatedto oxygenbecomesincreasinglyelectropo-
sitive, the preferencefor the cyclopropanonetautomer
increasessubstantially.Whenthereis no coordinationof
a positivelychargedatomto oxygen,asis thecasefor 5,
the computed energy difference becomesvery large
indeed.

This large energydifferencefor 5 partly reflectsthe
poor ability of the MP2 level of theory to describe
accurately the electronic structure of neutral, planar
oxyallyl. As illustrated in Fig. 1, oxyallyl may be
alternativelyenvisionedashavingeitherzwitterionic or
diradical character.Experimentalobservationsof rela-
tively small solvent effects on reactions involving
putative oxyallyl intermediates25 havebeeninterpreted
to indicatethat thediradicaldescriptionof oxyallyl is to

bepreferred.26 Theoreticalstudiesof 5 similarly indicate
the diradical descriptionto be more accurate.26–29 The
oxyallyl diradical, which is isoelectronicwith the non-
Kekulé hydrocarbon trimethylenemethane,27,30,31 has
substantialmultireferencecharacterandassuchis found
to be unrealisticallyhigh in energyat the MP2 level. A
moreaccurateestimateof theenergydifferencebetween
thecyclopropanoneandoxyallyl tautomersof 5 hasbeen
providedby Lim etal.,26 whocomputedthedifferenceto
be 32.4kcalmolÿ1 (1 kcal= 4.184kJ) at the multirefer-
enceCASPT2N/6–31G*//CASSCF/6–31G*levelusinga
four-electronin four-orbital activespace.

In this paper,we arenot interestedin isolatedoxyallyl
per se, but ratherin qualitativetrendsin reactivity asa
function of oxyallyl electrophilicity. Moreover,coordi-
nation of oxygen by cations (as in 2–4) and/or the
presenceof alkyl groupsor halogenatomsassubstituents
at the allylic termini (asis typical for substratesusedin
experimental[4� 3] reactions),strongly increasesthe
degreeto which thezwitterionicmesomercontributesto
the oxyallyl wavefunction.As the zwitterionic mesomer
is well describedby a singleconfiguration,andthuswell
suited for treatmentat the MP2 level of theory, the

Figure 1. Resonance structures for oxyallyl

Table 1. Relative energies (kcal molÿ1) of cyclopropanone
and oxyallyl valence tautomers at the MP2/6±31G* level.

Compound Cyclopropanonea Oxyallyl

2 (X = H�) 0.0 3.3
3 (X = Li�) 0.0 21.6
4 (X = Na�) 0.0 28.1
5 (X = lone pair) 0.0 46.4

Absolute energies(Eh), ÿ191.28280, ÿ198.58716, ÿ352.99204,
ÿ191.57990.

Figure 2. MP2/6±31G* optimized structures of stationary
points on the potential energy surface for the reaction of 1,3-
butadiene with hydroxyallyl cation. Forming and breaking
heavy atom bond lengths are shown in aÊ ngstroms
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multireferencecharacterof the parentdiradical 5 is not
expectedto adverselyaffect the remainingcalculations
describedhere.

Hydroxyallyl cation� s-cis-1,3-butadiene (1� 2)

As this reactionhasalreadybeensummarizedin some
detail in a prior publication,7 we recapitulatehereonly
thoseaspectsmostcritical for comparisonto thereactions
of 1 with 3, 4 and5. Figure2 depicts11 key stationary
points found on the reactionpotential energysurface.
Relative energiesand 298K composite free energies
associatedwith thesestructuresareprovidedin Table2.

In the gasphase,the separatedreactantsare at very
high energy(althoughsolvation effects,which are not
detailedhere, reducethe energyof the reactantsto be
well belowbond-formingTS structures7). An exhaustive
searchfor transitionstate(TS) structuresprovidedtwo
unique geometries involving C—C bond formation.
StructureTS1 is the saddlepoint for a concertedbut
highly asynchronous[4� 3] processthat leads in the
forwarddirectionto extendedproductP1. StructureTS2,
which is about8 kcalmolÿ1 lower in free energy,is the
saddlepoint for a singleC—C bondformationthat leads
to flexible intermediateI1 (intermediatea in Scheme1
for X = H,H).

As describedabove,intermediateI1 canfollow anyof
three different pathways.ImmediateC—C closure to
form P1 in a stepwisesense(asopposedto theconcerted
pathway associatedwith TS1) proceedsthrough TS3.
Closurein a [3� 2] sensecanalso take place,forming
eithera C—O bondto createO-protonated3H-dihydro-
furan intermediateI2 via TS4 or a C—C bondto create

O-protonated 3-vinylcyclopentanoneproduct P3 via
TS6. Relative to commonstarting intermediateI1, the
gas-phasefree energiesof activationfor theseprocesses
are8.2,1.2,and2.0kcalmolÿ1, respectively.Intermedi-
ateI2 is anallyl vinyl etherandClaisenrearrangementto
produce P2 (the same product expectedfrom direct
[4� 3] cycloadditionin a compactsense)proceedswith
anactivationfreeenergyof about7.6kcalmolÿ1 through
TS5. Repeatedattemptsto characterizetransitionstates
for concerted [3� 2] processesof any kind were
unsuccessful.

Lithium oxyallyl cation� s-cis-1,3-butadiene (1
� 3)

Figure3 illustratesthecritical stationarypointsassociated
with thepotentialenergysurfacefor reactionsof 1 and3.
Relative energiesand 298K composite free energies
associatedwith thesestructuresaregivenin Table3.

Substitutionof lithium for hydrogenin theelectrophile
hasa largeeffecton therelativeenergiesassociatedwith
stepwise vs concertedprocesses.The lowest energy
structurelocatedfor formation of a single C—C bond,
TS7, remains higher in energy than transition state
structures associatedwith concerted [4� 3] closure
(TS8) and concerted[3� 2] closure(TS9), where the
latterpathwayproducesalithiated3H-dihydrofuranasan
intermediate(I3). StructureTS9 is the lowest energy
transition state structure, with TS8 and TS7 lying,
respectively,2.8and5.6kcalmolÿ1 higherin freeenergy
at 298K.

As TS7 correspondsto the least favorable reaction
pathway between1 and 3, further characterizationof

Table 2. Relative energies (kcal molÿ1) of stationary points for the reaction of 1 and 2

Reactants,initial C—C TSstructures,and intermediatecommonto all stepwisepathways
Reactants TS1 (concerted[4� 3]) TS2 (stepwise) I1

MP2/6–31G* 90.7 79.1 72.3 41.7
CompositeG°298 102.3 69.0 61.3 35.7

Subsequent[4 � 3] closureto extendedcycloadduct:
TS3 P1

MP2/6–31G* 46.2 ÿ2.4
CompositeG°298 43.9 ÿ1.3

Subsequent[3 � 2] cycloaddition/Claisenrearrangement:
TS4 I2 TS5 P2a

MP2/6–31G* 41.1 25.5 36.8 0.0
CompositeG°298 36.9 23.6 31.2 0.0

Subsequentall-carbon [3 � 2] cycloaddition:
TS6 P3

MP2/6–31G* 38.7 3.9
CompositeG°298 37.7 2.7

a Absoluteenergies(Eh), ÿ347.13757,ÿ346.80740.
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stepwiseprocesseswas not undertaken.Concerted,but
very asynchronous,[4� 3] reactionthroughTS8 leads
directly to extendedproduct P4, which representsthe
global minimum of the structuresconsidered.As was
found for the reactionof 1 and 2, the 3H-dihydrofuran
intermediatecan undergoexergonicClaisenrearrange-
ment to producein this casethe samelithium cyclo-
heptenonecation, P5, that would be expectedfrom
compact[4� 3] cycloaddition.The298K free-energyof
activationfor this process,24.5kcalmolÿ1 via structure
TS10, is considerablyhigher than was found for the
analogousreactionwith a protonin placeof lithium, but
is not so high that Claisen rearrangementmight be
expectedto becomethe rate determiningstep for this

pathway. With lithium coordination to the carbonyl,
stereoisomerP5 is slightly disfavoredrelative to P4, in
contrastto theweakpreferencefor theoppositeordering
with a proton for P2 vs P1. The intrinsic reaction
coordinatefor the [3� 2]/Claisenprocess,which is the
lowestenergypathfor seven-memberedring construction
in this system,is illustratedin Fig. 4.

Sodium oxyallyl cation� s-cis-1,3-butadiene (1
� 4)

Figure 5 illustrates the critical stationary points
associatedwith thepotentialenergysurfacefor reactions
of 1 and4. Relativeenergiesand298K compositefree

Figure 3. MP2/6±31G* optimized structures of stationary points on the potential energy surface for the reaction of 1,3-
butadiene with lithium oxyallyl cation. Forming and breaking heavy atom bond lengths are shown in aÊ ngstroms

Table 3. Relative energies (kcal molÿ1) of stationary points for the reaction of 1 and 3

ReactantsandTSfor stepwiseC—Cbondformation:
Reactants TS7

MP2/6–31G* 78.6 88.0
CompositeG°298 59.3 79.2

Concerted[4 � 3] reactionpath in extendedsense:
TS8 P4a

MP2/6–31G* 85.6 0.0
CompositeG°298 76.4 0.0

Concerted[3 � 2] cycloaddition/Claisenrearrangement:
TS9 I3 TS10 P5

MP2/6–31G* 81.0 19.2 45.5 0.7
CompositeG°298 73.6 19.7 44.2 1.3

a Absoluteenergies(Eh), ÿ354.13091,ÿ353.99586.
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energiesassociatedwith thesestructuresare given in
Table4.

Substitutionof sodiumfor lithium hasrelatively little
effect on the energeticsassociatedwith any of the
bimolecularreactions.Again,thelowestenergystructure
for formationof a singleC—C bond,TS11, is higherin
energythan are transitionstatestructuresfor concerted
[4� 3] closure (TS12) or concerted [3� 2] closure
(TS13), where the [3� 2] pathwaydelivers a sodium-
complexed3H-dihydrofuranasanintermediate(I4). The

TS structureassociatedwith this [3� 2] closureis again
the lowestenergyTS, but the rangeof energiesspanned
by TS11–TS13is reducedto 4.4kcalmolÿ1 (composite
G°298), whichis slightly smallerthantheanalogousrange
found for lithium.

Sincestepwisebond formation againcorrespondsto
the least favorable reaction pathway betweenthe two
reactants,further characterizationof stepwiseprocesses
was not considered. The concerted, asynchronous
[4� 3] reaction leads to extendedproduct P6, which

Figure 4. IRC (mass scaled internal coordinates) for concerted enol [3� 2] cycloaddition of lithium oxyallyl cation with 1,3-
butadiene and subsequent Claisen rearrangement. Energies are at the composite G°298 level

Figure 5. MP2/6±31G* optimized structures of stationary points on the potential energy surface for the reaction of 1,3-
butadiene with sodium oxyallyl cation. Forming and breaking heavy atom bond lengths are shown in aÊ ngstroms
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structure is the global minimum of those considered.
The3H-dihydrofuranintermediateI4 canagainundergo
exergonicClaisenrearrangement,andthis processhasa
free-energyof activationquite similar to that found for
thelithium analog(25.4kcalmolÿ1, via structureTS14).
The product of Claisen rearrangement,P7, is the
stereoisomerof sodium-complexedcycloheptenoneca-
tion expectedfrom compact[4� 3] cycloaddition.The
intrinsic reaction coordinate for the [3� 2]/Claisen
process,which is the lowest energy path for seven-
memberedring formation,albeit by only a smallmargin
compared with extended [4� 3] cycloaddition, is
illustratedin Fig. 6.

Oxyallyl� s-cis-1,3-butadiene (1� 5)

Figure 7 illustrates the critical stationarypoints asso-
ciatedwith thepotentialenergysurfacefor reactionsof 1
and 5. Relative energiesand 298K composite free
energiesassociatedwith thesestructuresare given in
Table5.

For this uncharged potential energy surface, no
transitionstatestructurescorrespondingto formationof
only one C—C bond could be found—optimizations
inevitably led to cycloadditiontransitionstatestructures.
Becauseremoval of the coordinating cation renders
oxyallyl symmetric,we first attemptedto characterize

Table 4. Relative energies (kcal molÿ1) of stationary points for the reaction of 1 and 4

ReactantsandTSfor stepwiseC—Cbondformation:
Reactants TS11

MP2/6–31G* 76.3 91.5
CompositeG°298 58.8 83.6

Concerted[4 � 3] reactionpath in extendedsense:
TS12 P6a

MP2/6–31G* 88.5 0.0
CompositeG°298 80.0 0.0

Concerted[3 � 2] cycloaddition/Claisenrearrangement:
TS13 I4 TS14 P7

MP2/6–31G* 90.4 21.1 47.4 0.6
CompositeG°298 79.2 20.1 45.5 0.0

a Absoluteenergies(Eh), ÿ508.53218,ÿ508.39874.

Figure 6. IRC (mass scaled internal coordinates) for concerted enol [3� 2] cycloaddition of sodium oxyallyl cation with 1,3-
butadiene and subsequent Claisen rearrangement. Energies are at the composite G°298 level
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synchronous[4� 3] cycloadditiontransitionstatestruc-
tures, i.e. structuresconstrainedto CS symmetry.Such
structures,however, always correspondedto hilltops
(e.g.,at theMP2/6–31G*level, a synchronousTS struc-
ture for extended[4� 3] cycloaddition having C—C
bond lengths of 2.900Å was characterizedby two
imaginaryfrequenciesof magnitudes75i and395i cmÿ1).
Relaxation of symmetry constraints in synchronous
extendedstructuresled to aTSfor ahighly asynchronous
butstill concerted[4� 3] cycloaddition(TS15leadingto
productP8; seeFig. 8 for IRC correspondingto this TS
structure). In the compact mode of cycloaddition,
relaxation of symmetry constraints led to [3� 2]
cycloadditionTS structureTS16, which produces3H-
dihydrofuranintermediateI5. As observedfor its charged
analogsabove, I5 can undergoClaisen rearrangement
with a moderatefree energy of activation to deliver
productP9 (seeFig. 9 for the correspondingIRC). All
attempts to find all-carbon [3� 2] cycloaddition TS
structuresled smoothlyto enol [3� 2] structureTS16.

Qualitative trends and comparisons with experi-
mental data

Thechangesin reactivityevidencedfor reactionof 1 with
increasinglyless electrophilic 2–5 are in keepingwith
intuition andprior experimentalanalysis.3 With themost
electrophilic reactant2, single C—C bond formation
proceedsat lower energythan is the casefor concerted
cycloadditions,even though the latter are predictedto
havehighly asynchronoustransitionstates.Whenmetal
atoms better able than a proton to carry a significant
portion of the formal positivechargearecoordinatedto
oxygenin thecasesof 3and4, theconcertedcycloaddition
pathways become preferred over single C—C bond
formation.Finally, in weakly electrophilic5, the forma-
tion of a singleC—C bondwould resultin a zwitterionic
structure,andthisissounfavorablein thegasphasethatno
correspondingtransition state could be found—only
cycloadditiontransitionstatesareaccessible.

Some insight into the relative energetics of the

Figure 7. MP2/6±31G* optimized structures of stationary points on the potential energy surface for the reaction of 1,3-
butadiene with oxyallyl. Forming and breaking heavy atom bond lengths are shown in aÊ ngstroms

Table 5. Relative energies (kcal molÿ1) of stationary points for the reaction of 1 and 5

Reactantsandconcerted[4 � 3] reactionpath in extendedsense:
Reactants TS15 P8a

MP2/6–31G* 71.2 100.5 0.0
CompositeG°298 51.7 94.0 0.0

Concerted[3 � 2] cycloaddition/Claisenrearrangement:
TS16 I5 TS17 P9

MP2/6–31G* 102.0 22.9 49.5 0.7
CompositeG°298 94.7 21.3 43.9 0.3

a Absoluteenergies(Eh), ÿ346.81466,ÿ346.67824.
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transition states for single C—C bond formation vs
[4� 3] cycloadditioncanbegainedfrom analysisof the
geometriesof the respectivetransition statestructures.
The lengthof theforming C—C bondin structuresTS2,
TS7 and TS11 is not very sensitive to the cation
coordinatedto oxygen; the observedlengths for this
bond,of theorderof 2.4� 0.1Å, indicatethatamoderate
degree of covalent character is present in the TS
structure.For the concerted[4� 3] cycloadditions,on
the otherhand,the moreelectrophilicallyl cationshave

much looserTS structures.The shorteronesof the two
forming C—C bondshavelengthsof 3.014,2.609,2.508
and 2.272Å in structuresTS1, TS8, TS12 and TS15,
respectively.The same ordering is observedfor the
longeronesof the two forming C—C bonds,wherethe
lengthsare4.067,3.621,3.534and3.239Å, respectively.
In TS1, then, very little covalent interaction has
developedbetween the bonding atoms, and the TS
structure is, as a result, not well stabilized. The
developmentof covalent characterincreaseswith de-

Figure 8. IRC (mass scaled internal coordinates) for concerted [4� 3] cycloaddition of oxyallyl with 1,3-butadiene. Energies are
at the composite G°298 level

Figure 9. IRC (mass scaled internal coordinates) for concerted enol [3� 2] cycloaddition of oxyallyl with 1,3-butadiene and
subsequent Claisen rearrangement. Energies are at the composite G°298 level
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creasedreactantelectrophilicity,and thus the concerted
[4� 3] transitionstates,which involve the formationof
two C—C bonds,are stabilized relative to competing
singleC—C bondformation.For3 comparedwith 2 asa
reactant, the stabilization is sufficient to invert the
energeticorderingof the two TS structures,althoughin
the former casea concerted[3� 2] pathwayalsoexists
with still lower activationfreeenergy.

Thesituationdescribedabovefor the[4� 3] cycload-
dition TS structuresmay at first glance seem to be
somethingof a paradox.Cycloadditionreactionsof the
stronger electrophilesare more exothermic and thus,
consistent with the Hammond postulate,32 the TS
structuresaremore reactantlike (i.e. looser).However,
while morereactant-likeTSstructuresshouldhavelower
barriers, the preference for concerted cycloaddition
decreasesfor stronger electrophiles. The distinction
which must be made in this analysis is that the
comparison being made is between two different
transition states,not betweenreactantsand transition
states.Thebarrierheightsfor thecycloadditionsrelative
to the separatedreactantsare in perfectaccordwith the
Hammondpostulate,increasingin theorder2–5(asnoted
above, solvation will increaseall of the barriers for
this reaction,but that is not our focushere).Sincesingle
C—C bond formation is much less exothermic than
concertedcycloaddition, the Hammondpostulatepre-
dicts a smaller variation as a function of reactant
structure,andhencetheinversionin therelativeenergies
of the two kindsof transitionstatesis rationalized.

Henceonly thereactionof 1 and2 favorstheformation
of an open-chainallyl cationasan intermediate.As the
subsequentreactions of this intermediate have been
analyzedin somedetail elsewhere,7 we shall consider
hereprimarily trendsfor thedifferentconcertedcycload-
ditions.With respectto reactionof I1, we noteonly that
theweakpreferencefor C—O closurein a [3� 2] sense
via TS4 (which presumably goes on via Claisen
rearrangementultimately to deliver [4� 3] products)vs
C—C closure in a [3� 2] sensevia TS6 is entirely
consistentwith the observationof analogousall-carbon
[3� 2] productsin reactionsof the highly electrophilic
zinc oxyallyl cationwith isoprene.33

In classifyingthe [4� 3] reactionsof oxyallyl cations
with dienes, Hoffmann3 ascribed the formation of
furanoid products to stepwisereactionsanalogousto
closureof I1 via TS4 (Hoffmannrefersto suchstepwise
pathwaysas ‘Class C’ pathways).However,structures
TS9, TS13andTS16suggestthat suchproductsmay in
somecasesalternativelyderive from concerted[3� 2]
cycloadditions.Indeed,thesefuranoidcycloadductsmay
be intermediatesin many [4� 3] cycloadditions;how-
ever,thethermochemicaldriving forcefor thesespeciesto
undergo Claisen rearrangementis such that they are
unlikely to be observed unless analysis of product
mixtures is undertakenat an intermediate stage of
reaction.

Hoffmann3 also suggestedthat concerted [4� 3]
cycloadditionin a compactsensebecomesincreasingly
less favorablerelative to cycloadditionin an extended
senseasreactantelectrophilicity increases.Our calcula-
tions do not necessarily provide support for that
hypothesis.The calculationsindicate that, at least for
model systems3, 4 and 5, compact [4� 3] products
derive from [3� 2]/Claisenprocesses,so the relevant
comparison of barrier heights is between extended
[4� 3] barriersand corresponding[3� 2] barriers(the
Claisenbarrieris neverpredictedto beratedetermining).
For reactants3, 4 and 5, the energy of the extended
[4� 3] TSstructurerelativeto the[3� 2] TSstructureis
2.8, 0.8 andÿ0.7kcalmolÿ1, i.e. the extendedstructure
is increasingly preferredwith weaker electrophilicity.
However, the narrow separation between the free
energiesof activation for the two alternativereaction
pathssuggeststhatstericeffectsmayplayat leastaslarge
a role as electronic effects in realistic situations.The
steric bulk of the metal atomscoordinatingthe oxygen
atom would be expectedto be fairly large undermany
setsof experimentalconditions[e.g.alkali metalcations
in highly coordinatingetherealsolvents,or theverybulky
Lewis acid Fe2(CO)9], and in such systemsincreased
preferencefor the less sterically crowded extended
transitionstatemaybemanifestedin spiteof acompeting
electronicpreference.

It is important to note, however, that if strong
electrophilescan accesssingle C—C bond forming TS
structures,as is the casefor reactionof 1 and 2, then
indeedour calculationspredicta strongpreferencefor a
stepwiseclosuremimicking the [3� 2]/Claisenprocess
and generatinga compactcycloadductcomparedto a
stepwise closure mimicking the [4� 3] processand
generatinganextendedcycloadduct.

CONCLUSIONS

The highly electrophilic hydroxyallyl cation prefersto
react with 1,3-butadienein a stepwisefashion; subse-
quent secondbond closurescan proceedto generate
products equivalent to those that would arise from
concerted[4� 3] and[3� 2] cycloadditions.In the less
electrophilic casesof lithium and sodium allyl oxide,
however,transitionstatestructuresfor concerted,highly
asynchronouscycloadditionsarelower in energythanare
transitionsstatesfor closureof asingleC—Cbond.In the
caseof theveryweakelectrophile,uncharged2-oxyallyl,
notransitionstatefor singleC—Cbondformationcanbe
found—only transition state structures for concerted
cycloadditionswerelocated.Thesedata,consistentwith
resultsfrom a prior studyof hydroxyallyl cationreacting
with dienes of varying nucleophilicity,7 indicate that
concertedcycloaddition pathways are preferred over
stepwiseonesfor [4� 3] cycloadditionswhenthe ‘gap’
betweenthe electrophilicity of the allyl componentand
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theelectrofugacityof the4p componentis not too large.
The Hammondpostulaterationalizesvariationsin free
energiesof activationfor differentprocessesasafunction
of allyl electrophilicity.

Although transition states for concerted [4� 3]
cycloadditionin an extendedsensewerefound for each
allyl electrophile examined here, in no case was a
transitionstatestructurelocatedfor [4� 3] cycloaddition
in acompactsense.Instead,trial geometriesalwaysledto
transitionstatestructuresfor concerted[3� 2] cycload-
ditions to form 3H-dihydrofuran intermediates.These
intermediatesupon Claisenrearrangementprovide pro-
ductsindistinguishable from compact[4� 3] cycloaddi-
tions; Claisen rearrangementbarriers are sufficiently
small (about25kcalmolÿ1) andrearrangementis more-
over sufficiently exergonicthat a significantbuildup of
the intermediatesmay not occur under many sets of
experimentalconditions. Finally, small differencesin
barrier heights for stereochemicallydivergent reaction
pathssuggestthat the role of steric interactionsin these
cycloadditionscanbesignificantwhenbulky substituents
arepresent.
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