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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-[8] cycloaddition with so-called extended stereochemistry. With
hydroxyallyl cation, the stepwise process is preferred and subsequent second bond closures generate product
equivalent to those that would arise from concerted [3] or [3 + 2] cycloadditions. For lithium and sodium oxyallyl
cations, concerted, asynchronous processes are predicted to be preferred over stepwise processes2with [3
cycloaddition to generate &3dihydrofuran 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 fpi3dcycloadditions, concerted pathways

are preferred over stepwise pathways provided that the separation between the electrophilicity of the allyl component
and the electrofugacity of therdcomponent 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. Copy2§h0 John Wiley &

Sons, Ltd.

KEYWORDS: cycloaddition; [4+ 3]; [3 + 2]; allyl cation; seven-membered ring; oxyallyl; Claisen rearrangement

INTRODUCTION For the intermediata generated from initial attack on
1,3-butadiene (X=H,H in Scheme 1), subsequent steps
The preparation of seven-membered carbocycles remaingompleting [3+ 2] cycloaddition reactions are favored,
an important goal in many synthetic endeavors, and but, when closure forms a C—O bond, the resulting
[4 + 3] cycloaddition reactions constitute one powerful intermediate b can undergo a low-energy Claisen
technique for their constructioh® In a previous paper, rearrangement to form a seven-membered ring product
we examined computationally the mechanistic details of ¢ identical with that expected from so-called ‘compact’
seven-membered ring-forming reactions between the 2-[4 + 3] cycloaddition (‘compact’ [4+ 3] transition
hydroxyallyl cation and a series of dienes—in particular states place the 2-position of the allyl catiendo to
1,3-butadiene, cyclopentadiene, furan and pyrrole—thatthe diene whereas ‘extended’ §43] transition states
were chosen to span a broad range of electrofugécity. place that positionexa). For cyclopentadiene as a
We found that the highly electrophilic hydroxyallyl substrate (X=CH in Scheme 1) this preference is
cation tends to react with dienes in a stepwise fashion sodiminished, and [3- 2] ring-closure barriers in this
as to generate either [43] or [3+ 2] cycloadducts  system are similar to [4- 3] ring-closure barriers. The
(Scheme 1). The relative barrier heights associated withintermediate catioa generated from attack on furan has
ring closure steps (i.e., the second step after initial bond substantial oxonium ion character and charge localiza-
formation) are controlled by the distribution of positive tion favors direct [4+ 3] bond closure tec (X=0 in
charge in the substituted allyl cation that is generated by Scheme 1). When pyrrole is the diene component (X =N
the first C—C bond formation. in Scheme 1), the 1-azabutadienyl catenoreated after
*Correspondence toC. J. Cramer, Department of Chemistry and initial C-C bond formation -IS S0 stable thao bond
Supercomputer Institﬂté, Universityl of Minnesota, 207 Pleasant StreetCIOSljIre steps are energe?'?a”y fa_vor_able, and thepry
SE, Minneapolis, Minnesota 55455-0431, USA. predicts that only electrophilic substitution products will
Mr?rfggotlg &?;tnégngngagg\;& S. E., Ph.D. Thesis, University of pe observed. Thus, over a range of electrofugacity,
Contract/g’rant sponpson\iationél Science Foundation. Cha,”ges in d'e.ne reaCt'V'_ty can be rathna_llzeq as
Contract/grant sponsorAlfred P. Sloan Foundation. deriving from differences in the charge distributions
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found for the first intermediatesformed along the
cycloaddition pathways. These computational predic-
tions provedconsistentvith resultsobtainedfrom many
different experimentaktudies.

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-cis1,3-butadiendl) 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
decreasinglectrophilicity.

COMPUTATIONAL METHODS

Molecular geometriedor all specieswere optimized at
the Hartree—Fock(HF) and second-ordermperturbation
(MP2) levels of theory using the 6-31G* basisset®*!
Local minima and transition state structures were
verified by calculationsof analytical force constantsat
the HF level, and at the MP2 level when warrantedby
large changesn geometryuponreoptimization.Transi-
tion stateswere further characterizedy calculation of
intrinsic reaction coordinate¥’ (IRC) to identify the
minima on either side of the saddle point; such

Copyrightd 2000JohnWiley & Sons,Ltd.

calculationswere typically at the HF/3-21Glevel. The
HF/6-31G* frequencieswere used to compute zero-
point vibrational energies(ZPVE) and 298K thermal
contributions (Hoog—Hg and S99 for all species.
CompositeG°,gg is definedto be the sum of the gas-
phaseelectronicenergiescalculatedat the MP2/6—-31G*
level andthermalfree energycontributionsfrom the HF/
6—-31G*level.

DFT calculations were also carried out for the
reactionsof 1 with 2, 3 and5; theseemployeda mixture
of exactexchangewith the gradient-correcteéxchange
functionalof Becké" andthe gradient-correctedorrela-
tion functionalof Lee et al.** accordingto the adiabatic
connectionschemefirst proposedby Becké® and as
implemented in  Gaussian 94'° (B3LYP). Reaction
coordinatesat the MP2 and B3LYP levels were found
to be qualitatively similar in each case. As noted
previously! we havereasorto considerthe MP2 results
to be of higherquality, soin the interestsof brevity the
B3LYP resultsare not reported.Since MP2 resultsare
alsoexpectedo be superiorto HF predictions,only the
formerlevel of theoryis discussedelow.

In our previouswork,” we alsoconsideredhe effectof
solvationon the reactionof 1 with 2 usingthe aqueous
SolvationModel 2'7 (SM2). As qualitativefeaturesof the
gas-phaseeactionpotential energysurfaceafter initial
bondformationwereunchangedy solvation,we did not
carry out suchcalculationshere.

J. Phys.Org. Chem.2000;13: 176-186
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Figure 1. Resonance structures for oxyallyl

RESULTS AND DISCUSSION
Oxyallyl vs cyclopropanone geometries

The valencetautomerismbetweenoxyallyls and cyclo-
propanonegFig. 1) hasbeenthe subjectof considerable
discussionjn partowing to proposalghat oxyallyls are
reactive intermediatesin cyclopropanone/allee oxide
tautomerizations®'° Favorskii rearrangement&2* and
[4 + 3] cycloadditionreactions>®22 Oxyallyls are typi-
cally considerablylessstablethantheir cyclopropanone
(or allene oxide) valencetautomers® Table 1 presents
computeddifferencesin energybetweenthe cyclopro-
panoneandoxyallyl tautomersof 2-5.

As noted previously! the two tautomersare only
slightly different in energywhen protonated,although
solvationwould be expectedo favor the greatercharge
localization found in the cyclopropanoneAs the atom
coordinatedto oxygenbecomesncreasinglyelectropo-
sitive, the preferencefor the cyclopropanondgautomer
increasesubstantiallyWhenthereis no coordinationof
apositively chargedatomto oxygen,asis the casefor 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
alternativelyenvisionedas having either zwitterionic or
diradical character.Experimentalobservationsof rela-
tively small solvent effects on reactions involving
putative oxyallyl intermediate® have beeninterpreted
to indicatethatthe diradicaldescriptionof oxyallyl is to

Table 1. Relative energies (kcal mol™") of cyclopropanone
and oxyallyl valence tautomers at the MP2/6-31G* level.

~X X
H\_z' \«H —_— H H
H HoH
Compound Cyclopropanon& 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(E;), —191.28280, —198.58716, —352.99204,
—191.57990.

Copyrightd 2000JohnWiley & Sons,Ltd.
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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 angstroms

be preferred?® Theoreticalstudiesof 5 similarly indicate
the diradical descriptionto be more accurate®2° The
oxyallyl diradical, which is isoelectronicwith the non-
Kekule hydrocarbon trimethylenemethan&’ %3 has
substantiamultireferencecharacteiandassuchis found

to be unrealisticallyhigh in energyat the MP2 level. A

moreaccurateestimateof the energydifferencebetween
thecyclopropanonandoxyallyl tautomersf 5 hasbeen
providedby Lim etal.,?® who computedhedifferenceto

be 32.4kcalmol~ (1 kcal= 4.184kJ) at the multirefer-

enceCASPT2N/6-31G*LASSCF/6—-31Gtevelusinga

four-electronin four-orbital active space.

In this paperwe arenotinterestedn 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
presencef alkyl groupsor halogenatomsassubstituents
at the allylic termini (asis typical for substratesisedin
experimental[4 + 3] reactions),strongly increasesthe
degreeto which the zwitterionic mesomeircontributesto
the oxyallyl wavefunction.As the zwitterionic mesomer
is well describedy a single configuration andthuswell
suited for treatmentat the MP2 level of theory, the

J. Phys.Org. Chem.2000;13: 176-186
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Table 2. Relative energies (kcal mol~") of stationary points for the reaction of 1 and 2

Reactantsjnitial C— C TSstructures,andintermediatecommorto all stepwisgpathways

Reactants TS1 (concerted4 + 3]) TS2 (stepwise) 11

MP2/6-31G* 90.7 79.1 72.3 41.7
CompositeG°®,gg 102.3 69.0 61.3 35.7
Subsequenr + 3] closureto extendecdcycloadduct:

TS3 P1
MP2/6-31G* 46.2 -2.4
CompositeG°,gg 43.9 -1.3
SubsequerfB + 2] cycloaddition/Claisemearrangement:

TS4 12 TS5 p2
MP2/6-31G* 41.1 255 36.8 0.0
CompositeG°o9g 36.9 23.6 31.2 0.0
Subsequerdill-carbon[3 + 2] cycloaddition:

TS6 P3
MP2/6-31G* 38.7 3.9
CompositeG°®,gs 37.7 2.7

@ Absoluteenerges(Ey,), —347.13757, —346.80740.

multireferencecharacterof the parentdiradical 5 is not
expectedto adverselyaffect the remainingcalculations
describechere.

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

As this reactionhasalreadybeensummarizedn some
detail in a prior publication! we recapitulatehere only
thoseaspectsnostcritical for comparisorto thereactions
of 1 with 3, 4 and5. Figure 2 depicts11 key stationary
points found on the reaction potential energy surface.
Relative energiesand 298K compositefree energies
associatedvith thesestructuresare providedin Table 2.

In the gasphase the separatedeactantsare at very
high energy (although solvation effects, which are not
detailedhere, reducethe energyof the reactantsto be
well belowbond-formingTS structured). An exhaustive
searchfor transitionstate (TS) structuresprovidedtwo
unique geometriesinvolving C—C bond formation.
Structure TS1 is the saddlepoint for a concertedbut
highly asynchronoug4 + 3] processthat leadsin the
forwarddirectionto extendedroductPl. StructureTS2,
which is about8 kcalmol™ lower in free energy,is the
saddlepoint for a single C—C bondformationthatleads
to flexible intermediatell (intermediatea in Schemel
for X =H,H).

As describedabove intermediatd1 canfollow any of
three different pathways.Immediate C—C closure to
form P1in astepwisesensgasopposedo the concerted
pathway associatedwith TS1) proceedsthrough TS3.
Closurein a [3 + 2] sensecan alsotake place,forming
eithera C—O bondto createO-protonated3H-dihydro-
furanintermediatd2 via TS4 or a C—C bondto create

Copyrightd 2000JohnWiley & Sons,Ltd.

O-protonated 3-vinylcyclopentanoneproduct P3 via
TS6. Relativeto commonstarting intermediatell, the
gas-phasdree energief activationfor theseprocesses
are8.2,1.2,and2.0kcalmol 3, respectivelyIntermedi-
atel2 is anallyl vinyl etherandClaisenrearrangemenb
produce P2 (the same product expectedfrom direct
[4 + 3] cycloadditionin a compactsenseproceedswith
anactivationfree energyof about7.6 kcal mol~* through
TS5. Repeatedattemptsto characterizeransition states
for concerted [3 + 2] processesof any kind were
unsuccessful.

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

Figure3illustratesthecritical stationarypointsassociated
with the potentialenergysurfacefor reactionsof 1 and3.
Relative energiesand 298K compositefree energies
associatedvith thesestructuresaregivenin Table3.

Substitutionof lithium for hydrogenin theelectrophile
hasa largeeffecton therelativeenergiesassociatedvith
stepwise vs concerted processes.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
latter pathwayproduceslithiated 3H-dihydrofuranasan
intermediate(13). StructureTS9 is the lowest energy
transition state structure, with TS8 and TS7 lying,
respectively2.8and5.6kcal mol~ higherin freeenergy
at298K.

As TS7 corresponddo the least favorable reaction
pathway betweenl and 3, further characterizationof

J. Phys.Org. Chem.2000;13: 176-186
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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 dngstroms

stepwiseprocessesvas not undertakenConcerted but
very asynchronousf4 + 3] reactionthrough TS8 leads
directly to extendedproduct P4, which representghe
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
compaci4 + 3] cycloaddition.The298K free-energyof
activationfor this process24.5kcal mol~! via structure
TS10, is considerablyhigher than was found for the
analogouseactionwith a protonin placeof lithium, but
is not so high that Claisen rearrangemenimight be
expectedto becomethe rate determiningstep for this

pathway. With lithium coordinationto the carbonyl,
stereocisomeP5 is slightly disfavoredrelative to P4, in

contrastto the weakpreferencdor the oppositeordering
with a proton for P2 vs P1 The intrinsic reaction
coordinatefor the [3 + 2])/Claisenprocesswhich is the
lowestenergypathfor seven-memberetihg construction
in this system|s illustratedin Fig. 4.

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

Figure 5 illustrates the critical stationary points
associatedvith the potentialenergysurfacefor reactions
of 1 and4. Relativeenergiesand 298K compositefree

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

Reactantsand TSfor stepwiseC—Cbondformation:

Reactants TS7

MP2/6-31G* 78.6 88.0
CompositeG°,gg 59.3 79.2
Concerted4 + 3] reactionpathin extendedsense:

TS8 P4
MP2/6-31G* 85.6 0.0
CompositeG°,gs 76.4 0.0
Concerted3 + 2] cycloaddition/Claisemearrangement:

TS9 13 TS10 P5
MP2/6-31G* 81.0 19.2 45.5 0.7
CompositeG°,gg 73.6 19.7 44.2 1.3

& AbsoluteenergieqEp), —354.13091, —353.99586.

Copyrightd 2000JohnWiley & Sons,Ltd.
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Energy (kcal/mol)
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Reactants
59.3
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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°,9g level

energiesassociatedwith thesestructuresare given in
Table 4.

Substitutionof sodiumfor lithium hasrelatively little
effect on the energeticsassociatedwith any of the
bimolecularreactionsAgain, thelowestenergystructure
for formationof a singleC—C bond, TS11, is higherin
energythan are transition statestructuresfor concerted
[4 + 3] closure (TS12 or concerted[3 + 2] closure
(TS13), wherethe [3 4 2] pathwaydeliversa sodium-
complexed3H-dihydrofuranasanintermediatgl4). The

TS structureassociatedvith this [3 + 2] closureis again
the lowestenergyTsS, but the rangeof energiesspanned
by TS11-TS13is reducedto 4.4kcalmol~* (composite
G°599), Whichis slightly smallerthantheanalogousange
foundfor lithium.

Since stepwisebond formation again corresponddo
the least favorable reaction pathway betweenthe two
reactantsfurther characterizatiorof stepwiseprocesses
was not considered. The concerted, asynchronous
[4 + 3] reaction leadsto extendedproduct P6, which

14

P7

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 angstroms

Copyrightd 2000JohnWiley & Sons,Ltd.
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Table 4. Relative energies (kcal mol~") of stationary points for the reaction of 1 and 4

Reactantsand TSfor stepwiseC—Cbondformation:

Reactants TS11

MP2/6-31G* 76.3 91.5
CompositeG°,gg 58.8 83.6
Concerted4 + 3] reactionpathin extendedsense:

TS12 P&
MP2/6-31G* 88.5 0.0
CompositeG°sgg 80.0 0.0
Concerted3 + 2] cycloaddition/Claisemearrangement:

TS13 14 TS14 P7
MP2/6-31G* 90.4 211 47.4 0.6
CompositeG°®,gg 79.2 20.1 455 0.0

& Absoluteenerges(Ep,), —508.53218, —508.39874.

structureis the global minimum of those considered.

The 3H-dihydrofuranintermediatd4 canagainundergo
exergonicClaisenrearrangemengndthis processhasa
free-energyof activationquite similar to that found for
thelithium analog(25.4kcal mol™2, via structureTS14).
The product of Claisen rearrangement,P7, is the
stereoisomenf sodium-complexeaycloheptenonea-
tion expectedfrom compact[4 + 3] cycloaddition.The
intrinsic reaction coordinate for the [3 + 2]/Claisen
process,which is the lowest energy path for seven-
membereding formation,albeit by only a small margin
compared with extended [4 + 3] cycloaddition, is
illustratedin Fig. 6.

Energy (kcal/mol)

20.1

Oxyallyl + s-cis-1,3-butadiene (1 + 5)

Figure 7 illustratesthe critical stationarypoints asso-
ciatedwith the potentialenergysurfacefor reactionsof 1
and 5. Relative energiesand 298K composite free
energiesassociatedwith these structuresare given in
Table5.

For this uncharged potential energy surface, no
transitionstatestructurescorrespondingo formation of
only one C—C bond could be found—optimizatios
inevitablyled to cycloadditiontransitionstatestructures.
Becauseremoval of the coordinating cation renders
oxyallyl symmetric, we first attemptedto characterize

Reactants
58.8

Reaction Coordinate

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°,9g level

Copyrightd 2000JohnWiley & Sons,Ltd.
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P9

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 dngstroms

synchronoug$4 + 3] cycloadditiontransitionstatestruc-
tures,i.e. structuresconstrainedto Cs symmetry.Such
structures, however, always correspondedto hilltops
(e.g.,atthe MP2/6—-31G*level, a synchronoud'S struc-
ture for extended[4 + 3] cycloaddition having C—C
bond lengths of 2.900A was characterizedby two
imaginaryfrequencie®f magnitude§’5 and395 cm™1).
Relaxation of symmetry constraintsin synchronous
extendedstructurededto a TSfor ahighly asynchronous
butstill concerted4 + 3] cycloaddition(TS15leadingto
productP8; seeFig. 8 for IRC correspondingo this TS
structure). In the compact mode of cycloaddition,
relaxation of symmetry constraints led to [3 + 2]
cycloaddition TS structureTS16, which produces3H-
dihydrofuranintermediatd5. As observedor its charged
analogsabove, |5 can undergoClaisenrearrangement
with a moderatefree energy of activation to deliver
productP9 (seeFig. 9 for the correspondingdRC). All
attemptsto find all-carbon [3 + 2] cycloaddition TS
structureded smoothlyto enol[3 + 2] structureTS16.

Qualitative trends and comparisons with experi-
mental data

Thechangesn reactivityevidencedor reactionof 1 with
increasinglyless electrophilic 2-5 are in keepingwith
intuition andprior experimentahnalysis® With the most
electrophilic reactant2, single C—C bond formation
proceedsat lower energythanis the casefor concerted
cycloadditions,even though the latter are predictedto
havehighly asynchronousgransitionstates Whenmetal
atoms better able than a proton to carry a significant
portion of the formal positive chargeare coordinatedo
oxygenin thecase®f 3and4, theconcertedtycloaddition
pathways become preferred over single C—C bond
formation. Finally, in weakly electrophilic5, the forma-
tion of a singleC—C bondwould resultin a zwitterionic
structureandthisis sounfavorablen thegasphasehatno
correspondingtransition state could be found—only
cycloadditiontransitionstatesareaccessible.

Some insight into the relative energeticsof the

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

Reactantsand concerted4 + 3] reactionpathin extendedsense:

Reactants TS15 pg
MP2/6-31G* 71.2 100.5 0.0
CompositeG°,gg 51.7 94.0 0.0
Concerted3 + 2] cycloaddition/Claisemearrangement:
TS16 15 TS17 P9
MP2/6-31G* 102.0 22.9 49.5 0.7
CompositeG°,gs 94.7 21.3 43.9 0.3

& Absoluteenerges(E), —346.81466, —346.67824.

Copyrightd 2000JohnWiley & Sons,Ltd.
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Energy (kcal/mol}

Reactants
51.7

Reaction Coordinate

Figure 8. IRC (mass scaled internal coordinates) for concerted [4 + 3] cycloaddition of oxyallyl with 1,3-butadiene. Energies are

at the composite G°,05 level

transition statesfor single C—C bond formation vs
[4 + 3] cycloadditioncanbe gainedfrom analysisof the

geometriesof the respectivetransition state structures.

Thelengthof the forming C—C bondin structuresTS2,
TS7 and TS11 is not very sensitive to the cation
coordinatedto oxygen, the gbservedlengths for this
bond,of theorderof 2.4+ 0.1 A, indicatethatamoderate
degree of covalent characteris presentin the TS
structure.For the concerted[4 + 3] cycloadditions,on
the otherhand,the more electrophilicallyl cationshave

Energy (kcal/mol)

15
213

muchlooserTS structures.The shorteronesof the two
forming C—C bondshavelengthsof 3.014,2.609,2.508
and 2.272A in structuresTS1, TS8, TS12 and TS15
respectively. The same ordering is observedfor the
longer onesof the two forming C—C bonds,wherethe
lengthsare4.067,3.621,3.534and3.239A, 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-

Reactants
51.7

Reaction Coordinate

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°,9g level

Copyrightd 2000JohnWiley & Sons,Ltd.
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creasedeactantelectrophilicity, and thus the concerted
[4 + 3] transitionstateswhich involve the formation of

two C—C bonds, are stabilized relative to competing
singleC—C bondformation.For 3 comparedwvith 2 asa

reactant, the stabilization is sufficient to invert the

energeticorderingof the two TS structuresalthoughin

the former casea concerted3 + 2] pathwayalso exists
with still lower activationfree energy.

The situationdescribedabovefor the[4 + 3] cycload-
dition TS structuresmay at first glance seemto be
somethingof a paradox.Cycloadditionreactionsof the
stronger electrophilesare more exothermic and thus,
consistent with the Hammond postulate’® the TS
structuresare more reactantlike (i.e. looser).However,
while morereactant-likeT S structureshouldhavelower
barriers, the preferencefor 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
statesThe barrierheightsfor the cycloadditionselative
to the separatedeactantsarein perfectaccordwith the
Hammondpostulatejncreasingn theorder2—-5(asnoted
above, solvation will increaseall of the barriers for
this reaction but thatis not our focushere).Sincesingle
C—C bond formation is much less exothermic than
concertedcycloaddition, the Hammond postulate pre-
dicts a smaller variation as a function of reactant
structure andhencetheinversionin therelativeenergies
of the two kinds of transitionstatess rationalized.

Henceonly thereactionof 1 and2 favorstheformation
of an open-chainallyl cationasan intermediate As the
subsequentreactions of this intermediate have been
analyzedin some detail elsewher€, we shall consider
hereprimarily trendsfor the differentconcertectycload-
ditions. With respecto reactionof 11, we noteonly that
the weak preferencdor C—O closurein a[3 + 2] sense
via TS4 (which presumably goes on via Claisen
rearrangementltimately to deliver [4 + 3] products)vs
C—C closurein a [3 + 2] sensevia TS6 is entirely
consistentwith the observationof analogousall-carbon
[3 + 2] productsin reactionsof the highly electrophilic
zinc oxyallyl cationwith isoprene®®

In classifyingthe[4 + 3] reactionsof oxyallyl cations
with dienes, Hoffmanr® ascribed the formation of
furanoid productsto stepwisereactionsanalogousto
closureof 11 via TS4 (Hoffmannrefersto suchstepwise
pathwaysas ‘Class C’ pathways).However, structures
TS9, TS13andTS16 suggesthat suchproductsmayin
somecasesalternativelyderive from concerted[3 + 2]
cycloadditionsindeed thesefuranoidcycloadductsnay
be intermediatesn many [4 + 3] cycloadditions;how-
everthethermochemicadriving forcefor thesespecieso
undergo Claisen rearrangemenis such that they are
unlikely to be observedunless analysis of product
mixtures is undertakenat an intermediate stage of
reaction.
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Hoffmanr? also suggestedthat concerted [4 + 3]
cycloadditionin a compactsensebecomesncreasingly
lessfavorablerelative to cycloadditionin an extended
senseasreactantelectrophilicity increasesQur 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]/Claisen processesso the relevant
comparison of barrier heights is between extended
[4 4 3] barriersand correspondind3 + 2] barriers(the
Claisenbarrieris neverpredictedto beratedetermining).
For reactants3, 4 and 5, the energy of the extended
[4 + 3] TSstructurerelativeto the[3 + 2] TS structureis
2.8,0.8and —0.7kcalmol™, i.e. the extendedstructure
is increasingly preferred with weaker electrophilicity.
However, the narrow separation between the free
energiesof activation for the two alternativereaction
pathssuggestshatstericeffectsmayplay atleastaslarge
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 experimentatonditions[e.g. alkali metal cations
in highly coordinatingethereakolventsprtheverybulky
Lewis acid Fe,(CO)], and in such systemsincreased
preferencefor the less sterically crowded extended
transitionstatemaybe manifestedn 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 strongpreferenceor a
stepwiseclosuremimicking the [3 4 2]/Claisenprocess
and generatinga compactcycloadductcomparedto a
stepwise closure mimicking the [4 + 3] processand
generatingan extendedcycloadduct.

CONCLUSIONS

The highly electrophilic hydroxyallyl cation prefersto
reactwith 1,3-butadienein a stepwisefashion; subse-
guent secondbond closurescan proceedto generate
products equivalent to those that would arise from
concerted4 + 3] and[3 + 2] cycloadditionsIn the less
electrophilic casesof lithium and sodium allyl oxide,
however transitionstatestructuresor concertedhighly
asynchronousycloadditionsarelowerin energythanare
transitionsstatedor closureof asingleC—Cbond.In the
caseof theveryweakelectrophileuncharge®-oxyallyl,
notransitionstatefor singleC—C bondformationcanbe
found—only transition state structuresfor concerted
cycloadditionswerelocated.Thesedata,consistentvith
resultsfrom a prior studyof hydroxyallyl cationreacting
with dienes of varying nucleophilicity, indicate that
concerted cycloaddition pathways are preferred over
stepwiseonesfor [4 + 3] cycloadditionswhenthe ‘gap’
betweenthe electrophilicity of the allyl componentand
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the electrofugacityof the 4n componenis nottoo large.
The Hammondpostulaterationalizesvariationsin free
energie®of activationfor differentprocesseasafunction
of allyl electrophilicity.

Although transition states for concerted [4 + 3]
cycloadditionin an extendedsensewerefound for each
allyl electrophile examined here, in no case was a
transitionstatestructurdocatedfor [4 + 3] cycloaddition
in acompactsenselnsteadjrial geometrieglwaysledto
transitionstatestructuresfor concerted3 + 2] cycload-
ditions to form 3H-dihydrofuran intermediates.These
intermediatesupon Claisenrearrangemenprovide pro-
ductsindistinguishake from compact4 + 3] cycloaddi-
tions; Claisen rearrangementbarriers are sufficiently
small (about25kcalmol™t) andrearrangemeris more-
over sufficiently exergonicthat a significantbuildup of
the intermediatesmay not occur under many sets of
experimentalconditions. Finally, small differencesin
barrier heightsfor stereochemicallydivergentreaction
pathssuggesthat the role of stericinteractionsin these
cycloadditionscanbesignificantwhenbulky substituents
arepresent.
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