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ABSTRACT: Semiempirical,ab initio and DFT investigations on the mechanism of the Diels–Alder reactions of a set
of masked dienes (ring-fused dienes), viz.o-quinodimethane, anthracene anda-vinylnaphthalene, with ethylene, and
reactions ofa-vinylnaphthalene with maleic anhydride andp-benzoquinone were performed with a view to under-
standing the role of masking factors on the activation and reaction energies. The reactions were found to occur in a
concerted fashion through synchronous transition states (TSs) in the first two reactions and through asynchronous TS
in the other case. Of the compounds studied,o-quinodimethane is the most reactive diene both in a kinetic and a
thermodynamic sense.a-Vinylnaphthalene reacts faster with maleic anhydride thanp-benzoquinone, as expected, and
two possible stereoselective TSs, oneendo and the otherexo, have been located for the reactions ofa-vinyl-
naphthalene with the above dienophiles. Calculations show that the relative gain or loss of aromatic stabilization of
the benzonoid ring in the transition state and in the product seems to play a major role in the kinetic and thermo-
dynamic control of these reactions. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Diels–Alder reactions play an important role in organic
synthesis. Its mechanism1 remained obscure for a long
time but now the regio- and and sterochemistry of these
reactions is well understood.2 The synthetic utility of
Diels–Alder reactions has expanded continuously ever
since they were devised, by introducing new kinds of
dienes and dienophiles. The wide range of dienes and
dienophiles used have brought various factors that in-
fluence the reaction mechanism into focus and sophisti-
cated theoretical models had to be developed to account
for the mechanism and stereochemical outcome of the
reactions. The dienes and dienophiles known thus far can
be broadly classified as simple, substituted and masked
dienes and dienophiles.3,4 While simple and substituted
addends have expressed functionality, the masked dienes
or dienophiles have hidden functionality. The mechan-
isms of the reactions involving the latter type of addends
are complicated in the sense that, as the reacting group is
a part of the whole system, the remaining part of the
system reacts to changes in the functionality during the

reaction and can thus influence the reaction course to a
larger extent. Therefore, in such reactions, the changes in
both the functionality and the rest of the molecule are
important and the final outcome depends on whether
these changes reinforce or offset each other. Further, if
the changes are significant before the transition state (TS)
the changes affect the barrier considerably, and if they are
significant after the TS the reaction energies are mostly
affected.

Masked dienes and dienophiles of various kinds have
been the subject of several experimental reports3,4 and
have been studied particularly with regard to various
stereochemical aspects. Masked dienes and dienophiles
can be of cumulated, ring-fused, cage-fused types, etc.
We selected a set of three simple masked dienes, viz.o-
quinodimethane (QDM),5,6 anthracene (ANT)5,7 and a-
vinylnapthalene (VN),5,8 which are ring-fused dienes,
and reacted them with ethylene to investigate factors that
control the reactions. In addition to the above, the
reactions of VN with maleic anhydride (MA) and p-
benzoquinone (BQ) were also studied to observe the most
preferred stereoselective TS in the reaction. A common
factor in these dienes is the gain or loss aromaticity by the
remaining part of the molecule when the diene reacts.
The reactions selected for the investigation here have
been thoroughly studied experimentally5–8 and the rela-
tive reactivities of the above dienes are known.

Our objective in this work was to locate the TSs of the
above reactions and through them to look at the factors
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that are responsiblefor the reactivity trends observed
with selecteddienes. Especially the gain or loss of
aromaticstabilizationby thesystemin theTS andin the
productwasinvestigated.Thesystemswerechosensuch
that QDM, ANT and VN are outer–outerring, inner–
inner ring and inner–outer ring conjugated dienes,
respectively,and thereforeare suitablefor studyingthe
influenceof theabovefactorson the reaction.

Diels–Alderreactionsof simpledienesanddienophiles
have beenstudied9–12 extensivelyat various levels of
theory, but investigationson the mechanismof the
reactionsinvolving suchmaskeddienesarerare.It should
be mentionedthat a kinetic isotopiceffectsstudyof the
retro-Diels–Alder reactionof ethanoanthracenehasbeen
carriedout at theHF/3–21Glevel.9g We employedAM1
andPM3 methodsto investigatethoroughlythemechan-
ism of the title reactions and, for comparison,we
performedab initio andDFT calculations.Higher level
calculationsare restrictedto lower basissetsand for a
selectedsetof reactionsin view of the reasonablylarge
sizeof thechemicalsystemsinvestigatedhere.

COMPUTATIONAL METHODOLOGY

AM1 andPM3 calculations13 wereperformedusingthe
MOPAC 6.0 program14 implementedon a Micro Vax II
systemandusingthe INSIGHT II packageimplemented
onaSiliconGraphicsworkstation.For theselectedsetof
reactions,ab initio and DFT computationswere per-
formedusingtheGaussian94W program.15 Equilibrium
andTS structuresof a setof typical reactions,involving
ethyleneasdienophile,wereadditionallyoptimizedatthe
HF/3–21G16 level andsingle-pointenergycomputations
wereperformedon themwith the 6–31G* basisset17 at
theDFT level with theBecke3LYPfunctional.18 Single-
point DFT calculationswith the6–31G*basissetonHF/
3–21Ggeometryare consideredto be the most reliable
for suchsituations.19 Baker’seigenvectorfollowing (EF)
routine19 hasbeenextensivelyusedfor the location of
stationarypointsat the semiempiricallevel but both EF
and Berny algorithm has been used in HF/3–21G
optimizations.In recentyears,the EF routine hasbeen
extensivelyused11c,d,12,20for geometryoptimizationsand
hasbeenfound to be significantlybetterthanthe BFGS
procedure.Stationarypointswerecharacterizedthrough
FORCE calculations; equilibrium and TS geometries
were found to havezero and one imaginaryfrequency,
respectively,in the diagonalizedHessianmatrix. The
deformation energies of dienes and dienophiles we
calculatedasreportedearlier.12b,20

Generally,in theDiels–Alder,reaction,threep bonds
undergocleavageandonep andtwo � bondsarenewly
formed,and the bondingchangesare thereforeremark-
able only in thesebondscomparedwith the changesin
the other parts of the reactants.For this reason,the
changesin thesebondsalone were quantitatively fol-

lowed throughbond order analysisto monitor the pro-
gressof thereaction.Thepercentagesof bondformation
(BFi) and cleavage(BCj) at the TS are defined20 as
follows:

BFi or BCj �
BOi=j

TSÿ BOi=j
R

BOi=j
Pÿ BOi=j

R
� 100

BFCAVe �
1=ni

Xforming bonds

i

BFi � 1=nj

Xcleavingbonds

i

BCj

2

whereBFCAVe is anotherindex that is indicativeof the
early/latenatureof theTSsfor thesereactions.

RESULTS AND DISCUSSION

A reactionschemewith TS geometriesfor the typical
reactions,viz. ANT–ethylene,VN–ethyleneandQDM–
ethylene, is shown in Figure 1. The degrees of
asynchronicity,frontier orbital energy(FOE) gaps,qCT

values,activationentropiesand activation,deformation
and reactionenergiesfor the abovereactionsare also
given in Figure1. ComputedAM1 andPM3 TSsfor the
reactionsof VN with MA andBQ areshownin Figure2
with the degreesof asynchronicity,selectedgeometric
parameters,qCT valuesanddeformationenergiesof the
reactants.

Table1 givestheFOEgaps,activationentropies,acti-
vationandreactionenergiesfor thereactionsof VN with
MA and BQ. Correspondingdata for the butadiene–
ethylenereactionsaregivenfor comparisonandto show
that the AM1 andPM3 methodsgive reliableactivation
energies.The percentagesof bond making/breakingat
the TS for the reactionsstudiedherearesummarizedin
Table2. Ab initio andDFT computationswererestricted
to FOEgaps,qCT values,activationandreactionenergies.

Reactions of QDM, ANT and VN with ethylene

ANT andQDM reactwith ethyleneto form stableDiels–
Alder adducts,9,10-dihydroethanoanthraceneand aro-
matictetralin,respectively,whereasVN formsanadduct
that quickly isomerizes to 1,2,3,4-tetrahydrophenan-
threne(Figure 1). QDM is a highly reactivedieneand
is usuallygenerated6 in situ from thermalring openingof
benzocyclobutane.In QDM, thereare two dieneunits,
oneendocyclicandtheotherexocyclic,andtheoretically
both units can take part in the Diels–Alder reaction.
However, the exocyclic diene unit is known to react
preferablyovertheother6 andit canalsobeverifiedfrom
thefrontierorbitalsof QDM thattheexocyclicdieneunit
formstheHOMO. Similarly in ANT,7 althoughdifferent
dieneunitsareavailablefor thereaction,it is thedienein
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the centralring that is the mostactive;5 HOMO vectors
alsopredict the same.In VN, both experimentalobser-
vations8 and HOMO vectorsshow that the ring inner–
outerdieneis the mostactive in Diels–Alder reactions.
Experimental reports5–8 suggest that, of these three
reactions,the QDM reactionis considerablyfasterand
the other two are relatively slow. Of ANT andVN, the

latter is found to react less readily than the former in
Diels–Alderreactions.

Transition state geometry. Owing to the symmetrical
nature of the dienesQDM and ANT and dienophile
ethylene,theTSsA1 andA2 aresynchronous;VN, being
asymmetric,forms an asynchronousTS. The degreesof

TS a C1—C2 C2—C3 C3—C4 � 1 � 2 f

A1 0.000(0.000) 1.384(1.377) 1.434(1.436) 1.384(1.377) 99.2(99.3) 99.2(99.3) ÿ0.0 (0.0)
[0.000] [1.371] [1.439] [1.371] [100.3] [100.3] [0.0]

A2 0.000(0.000) 1.431(1.426) 1.418(1.411) 1.431(1.426) 94.5(94.5) 94.5(94.5) ÿ0.0 (0.0)
[0.000] [1.423] [1.400] [1.423] [94.6] [94.6] [0.0]

A3 0.048(0.026) 1.390(1.381) 1.403(1.407) 1.413(1.407) 98.4(99.0) 102.2(101.3) ÿ1.0 (0.0)
[0.020] [1.378] [1.396] [1.406] [100.4] [102.7] [0.0]

Figure 1. Reaction scheme with TS geometries, frontier orbital energy gaps (eV), activation and reaction energies (kcal molÿ1)
and activation entropy (cal Kÿ1) for the Diels±Alder reactions of QDM, ANT and VN with ethylene along with degrees of
asynchronicity (a) at the TS, bond lengths (AÊ ) and bond and torsion angles (*). D E1 = EHOMO (diene)ÿ ELUMO (dienophile) and D
E2 = ELUMO (diene)ÿ EHOMO (dienophile). The results are presented in the format AM1 (PM3) [HF/3±21G] {Becke3LYP/6±31G*//
3±21G}
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asynchronicity(a) listedin Figure1 showthis very well.
The terminalcarbonatomof thevinyl unit in VN reacts
first, ascanbe seenfrom the bondlengthsof the newly
formingbondsin theTSA3 (Figure1). This is dueto the
fact that the terminal carbonatom is morenucleophilic
than the ring carbonatom of the diene,as reportedby
Bachmannandco-workers.8b,cAlso, theAM1 (PM3)[HF
/3–21G] {Becke3LYP/6–31G*//3–21G} chargeson the
terminal and ring carbonatomsof ca ÿ0.209(ÿ0.154)

[ÿ0.407] {ÿ0.345} and ÿ0.119 (ÿ0.101) [0.235]
{ÿ0.199}, respectively,indicate clearly the increased
nucleophilicity of the former than the latter. The glide
angles�1 and�2 (Figure1) in thepresentsetof reactions
arecloseto thosereportedfor the typical reaction;9a the
slightly greatervaluefor �2 in theTSA3 is dueto thefree
vinyl groupinvolved in thereaction.In all casesthereis
no twist from the Cs plane,as can be seenfrom the f
valuesin Figure1.

TS aa C1—C2 C2—C3 C3—C4 � 1 � 2 f

A4 0.057(0.039) 1.390(1.381) 1.405(1.410) 1.412(1.405) 96.5(97.3) 100.3(99.9) ÿ1.9 (ÿ3.0)
A5 0.077(0.039) 1.391(1.382) 1.406(1.410) 1.410(1.404) 98.1(99.2) 103.9(103.0) 2.1 (1.7)
A6 0.079(0.043) 1.395(1.386) 1.401(1.405) 1.413(1.408) 97.4(98.4) 101.7(100.6) ÿ7.8 (ÿ5.4)
A7 0.086(0.043) 1.396(1.386) 1.402(1.405) 1.412(1.407) 98.8(99.8) 104.8(103.6) ÿ1.6 (2.0)

a a = j r4–5ÿ r6–1 j/(r4–5� r6–1).

Figure 2. AM1 (PM3) optimized TSs for the reactions of MA and BQ with VN along with degrees of asynchronicity, bond lengths
(AÊ ) and bond and torsion angles (°)
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Energetics. TheFOEgapsandquantaof chargetransfer
at the TS presentedin Figure 1 suggestthat these
reactionsareneutralelectrondemandreactions.Thehigh
negative entropy of activation for these reactions is
characteristicof concertedprocesses.TheAM1 andPM3
activationenergiespresentedin Figure1 showthatQDM
is themostreactiveof thedieneschosenandin theother
two ANT is slightly morereactivethanVN, which is in
full conformitywith theexperimentalobservations.6–8 It
shouldbe noted that the ab initio and DFT barriersin
Figure1 predicta trendin thereactivityof ANT andVN
thatis oppositeto boththeexperimentalobservationsand
semiempiricalpredictions,but theypredictthereactivity
of QDM correctly.This hasto be viewedin the light of
earlier reportsthat AM1 and PM3 barriers10a,10f,11,12,20

arecloseto theexperimentalbarrierbut3–21G9abarriers
are unreasonablyhigh and Becke3LYP barriers19 are
comparativelylow. At the sametime, AM1, PM3 and
DFT calculations predict the same trend in reaction
energyherewhereasthe 3–21Gtrenddiffers. In sucha
situation, we consider semiempirical activation and
reactionenergiesto be more reliable and thereforewe
baseour discussionon AM1 andPM3 values.

The highestreactionenergyobtainedfor the QDM–
ethylenereaction shows that it is the most favorable
thermodynamically. This is in accordancewith Ham-
mond’spostulate.21 The computedreactionenergiesfor
the ANT–ethyleneand VN–ethylenereactionssuggest
that the former reaction is thermodynamically less
favouredthan the latter; this shouldbe contrastedwith

our observationfrom the activation energy that the
former reaction is kinetically more favoured than the
latter, andthis is an exceptionto the abovepostulate.21

Theconsiderabledifferencein activationenergiesof the
reactionof QDM andtheothertwo reactionsis dueto the
gain in aromaticity in the former and decreasein
aromaticityin the latter. In the QDM–ethylenereaction,
the ring becomespartially aromaticin the TS and this
resultsin considerablestabilizationof the TS. Owing to
this extra stabilization,the activation energyis signifi-
cantly reduced.The ring becomesfully aromaticin the
productand this gain in aromaticityfrom the TS to the
productmakesthe reactionhighly exothermic.

In the ANT-ethylenereaction,the central ring loses
aromaticityandat the sametime the sidering becomes
fully benzenoid.Thesetwo opposingfactors influence
both the TS andthe productstability. It appearsthat the
decreasein aromaticity increasesthe activation energy
and the gain in aromaticity increases22 the reaction
energy.

In theVN–ethylenereaction,asoneof thenaphthalene
ring doublebondsis part of a diene,there is a loss of
aromaticityduring the reaction.Although theproductin
theVN reactionis metastableandquickly isomerizesby a
1,3-shiftto tetrahydrophenanthrene,thisreactionis found
to have a slightly higher reactionenergy than that of
ANT. It should be noted that in 9,10-dihydroethano-
anthracenethe conjugationis lost and the two benzene
ringsareisolatedby thecentralbicyclic ring, whereasin
the other the double bonds are conjugatedand this

Table 1. Calculated AM1 (PM3) frontier orbital energy gaps (eV), energy (kcal molÿ1) and entropy (cal Kÿ1) of activation and
reaction energy (kcal molÿ1) for the reactions of VN with MA and BQ

Reaction D E1 D E2 TS D E≠ D S≠ D Er

BD� ETa 10.8(10.7) 11.0(10.9) 23.2(27.0) ÿ40.9(ÿ41.1) ÿ58.0(ÿ54.0)

VN �MA, exo 6.9 ( 7.1) 11.6(11.2) A4 25.5(29.8) ÿ39.9(ÿ39.8) ÿ40.0(ÿ34.3)
VN �MA, endo A5 28.3(31.6) ÿ39.6(ÿ40.1)
VN � BQ, exo 6.8 ( 6.9) 10.5(10.3) A6 31.2(32.8) ÿ38.9(ÿ38.7) ÿ25.4(ÿ24.5)
VN � BQ, endo A7 34.0(34.3) ÿ38.7(ÿ39.1)

a TheprototypeDiels–Alderreactionbetweenbutadieneandethylene;experimentalbarrier:27.5kcal molÿ1.23

Table 2. Percentages of bond cleavage and formation in the TS of the Diels±Alder reactions involving QDM, AN and VN with
ethylene and that of VN with MA and BQ

Bondcleavage(BCj) at theTS (%) Bond formation(BFi) at theTS (%)

TS 1–2 3–4 5–6 2–3 4–5 6–1 BFCAVe

A1 42.2(35.8) 42.2(35.8) 40.4(33.9) 46.9(39.5) 31.8(26.0) 31.8(26.0) 39.2(32.8)
A2 49.0(40.3) 49.0(40.3) 50.9(41.3) 85.6(71.6) 41.5(32.6) 41.5(32.6) 52.9(43.1)
A3 54.1(46.5) 38.6(33.6) 51.5(46.7) 38.8(33.7) 34.7(32.1) 44.6(38.2) 43.7(38.5)

A4 54.3(46.6) 37.5(32.4) 52.5(46.9) 37.5(31.8) 30.2(28.3) 44.0(38.1) 42.7(37.4)
A5 55.2(47.2) 35.7(32.6) 52.0(47.0) 36.3(31.8) 26.9(27.8) 43.8(38.6) 41.7(37.5)
A6 58.7(50.8) 38.7(35.3) 55.3(50.5) 39.7(35.2) 29.9(30.6) 48.3(41.6) 45.1(40.7)
A7 58.8(50.8) 38.0(35.4) 54.5(50.2) 39.0(35.1) 28.8(30.6) 48.4(41.4) 44.6(40.6)
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delocalizationmay have led to a comparativelylower
reactionenergy.

Stabilization/destabilization of the TSs and products
on accountof a gain/lossof aromaticitycan be clearly
observedif theactivationandreactionenergies(Figure1)
of the title reactionsare comparedwith those of the
prototypebutadiene–ethylenereaction(Table1).

Deformationenergyanalysisshowsthatboththediene
and the dienophile deforms to a lesserextent in the
QDM–ethylenereaction and the deformation of both
reactantssignificantly increasesin the ANT and VN
reactions.While differential extentsof deformationin
dienes(DE1) are characteristicof the molecular size,
rigidity and aromaticity of the dienes,that in ethylene
(DE2) in all thesereactionsis interestinglydifferent.The
lower deformationenergyof thedieneDE1 in theQDM
reactionandthehigherDE1 in theothertwo reactionsis
indicativeof a loweractivationenergyfor theformerand
a higheractivationenergyfor the latter reactions.

Bond order analysis. Bondorderanalysisbasedon the
BCj, BFi andBCFAVe valueslisted in Table2 showsthe
following. In theQDM reaction,thedoublebonds(C1—
C2 andC3—C4)of the dienecleaveslightly morethan
theethylenedoublebond(C5—C6)andanewly forming
p bond(C2—C3)forms to a considerablygreaterextent
than the other forming � bonds(C4���C5 and C6���C1).
Suchchangesindicatethetendencyof thesix-membered
ring to become aromatic. In the ANT reaction, the
differencein cleavageis still lower and this showsthat
the loss of aromaticstability due to the loss of double
bondsof thecentralring is less.However,thenewp bond
is 85.6% formed and this highest value shows the
tendencyof thesidering to becomefully benzenoid.The
new� bondsareformedto the extentof ca 40%.In the
VN reaction,the terminaldoublebondcleavesconsider-
ablygreaterthantheinner-ringdoublebondin theTSand
consequentlythe newly forming � bond from the
terminal carbonatomis preferentiallyformed.This can
be seenfrom the BCj andBFi values(Table 2) and the
correspondingbond lengths shown in Figure 1. The
BFCAVe valuesindicatethat the TS A1 occurs‘earlier’
comparedwith the other two and an ‘early’ TS would
havea relatively lower activationenergy.20

Reactions of VN with MA and BQ

VN undergoesDiels–Alder reactions with electron-
deficientdienophiles,viz. MA andBQ, morereadily to
form cycloadductsthat are further used to synthesize
steroidcompounds.5 Two TSs (Figure 2), one an endo
selectiveTSandtheotherexoTS,wereobtainedin these
reactionsand both TSs led to a single product (tetra-
hydrophenanthrenederivative).The high negativeacti-
vationentropies(Table1) indicatethatthesereactionsare
concerted reactions. The TSs obtained here are all

asynchronous,as would naturally be the casewith an
asymmetricdiene.TheBFi valuelistedin Table2 for the
newly forming C6���C1 bond is higher than that for the
C4���C5 bond as discussedin the previous section.
Similarly, the outer p bond C1—C2 is found to have
cleavedto a greaterextent than the inner doublebond
C3—C4.Thisis explainedasfollows.Theinnerp bondis
partof thearomaticsystemandwouldthereforenormally
resist cleavagewhereasthe outer p bond is free and
connectsthe terminal atomthat is highly reactive.This
makesthe outer p bond cleavefaster than the inner p
bond.

The BFi, BCj, BFCAVe valuesin Table2 for the VN–
MA and VN–BQ reactionsindicate that the TS for the
formerreactionoccursslightly ‘early’ comparedwith the
latter.An ‘early’ TS indicates,in this case,lessaromatic
destabilizationand will thus lead to a lower activation
energy.This also supportsthe observationthat MA is
relativelymorereactivethanBQ. A notabledifferencein
thegeometryof theendoandexoselectiveTSsis in the
glide angle�2 andtwist anglef, andthis changeseems
partially to offset the crowdingstrainin the endomode.
Thedistortiondueto crowdingstrainis greaterin �2 and
f astheyareassociatedwith themoreflexible endof the
reactingsite.

The FOE gaps(Table 1) and qCT values(Figure 2)
show that the above reactions are normal electron
demandreactions.The reactionof VN with MA is pre-
dictedto befasterthanthatwith BQ, asexpected,andin
agreementwith theexperimentalobservations.1 Also, the
former reactionis foundto bemoreexothermicthanthe
latter,ascanbeseenfrom thereactionenergiesin Table
1. Of theendoandexoTSs,theendoselectiveTSshould
befavouredovertheexoselectiveTSowingto secondary
orbital stabilization. Deformation energy (Figure 2)
analysis shows that the dienophile has to undergo
deformation to a slightly greater extent during the
formationof theendoTS, andthis happensastheatoms
are crowded on one side in the endo approach.This
difference in deformation energy could marginally
increase the activation energy in the endo mode.
Secondaryorbital stabilization should be greater than
this deformationenergy difference and the net effect
shouldbe the stabilizationof the endoTS over the exo
TS. However,the AM1 andPM3 activationenergiesin
Table2 predicttheoppositeto betrue,asit did onearlier
occasions.10c,e,f,12TheBFCAVe (Table2) andqCT values
(Figure 2) indicate that the endo selectiveTS in both
reactionsoccursslightly ‘earlier’ than their correspond-
ing exoTSs.An ‘early’ TSwouldnormallycorrespondto
aloweractivationenergy,butheretheactivationenergies
showtheoppositetrend.

CONCLUSIONS

QDM, ANT and VN act as dienesand undergoDiels–
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Alder cycloadditionswith ethylene through concerted
processes.AM1 andPM3 calculationspredictthatQDM
reactsmorereadilythantheothertwo, in agreementwith
experimentalobservations,and the deformationenergy
analysisshowsthat the lower extentof deformationof
QDM andethyleneresultsin a loweractivationenergyin
this case.Of ANT and VN, ANT reactsslightly faster.
HF/3–21GandBecke3LYPcalculationspredicta higher
reactivity of QDM reliably, but their predictionsfor the
relativereactivity of ANT andVN is theoppositeof the
experimentalobservations.Also, the QDM reaction is
predicted to be more exothermic than the other two
reactions.The reactionpatternandexothermicityof the
reactionsobservedhavebeenexplainedasbeingdueto
the following changesin theTSsandproducts:(1) there
is againin aromaticstabilizationof thebenzenoidring in
theQDM reaction;(2) thereis asimultaneousdecreasein
thearomaticityof thecentralring in ANT andamarginal
gain of aromatic stabilization by making the adjacent
benzenering of theANT fully benzenoid;and(3) thereis
a loss of aromaticstabilizationof one of the benzene
ringsof naphthalenein theVN reaction.Thegainor loss
of aromaticstabilizationcontributespartly to the barrier
and partly to the reactionenergy.In VN reactions,the
terminalcarbonis found to reactbeforethe ring carbon
atom of the dieneunit, as expectedand in accordance
with experimentalobservations.Calculationspredictthat
in theVN reactionwith MA andBQ theexoselectiveTS
is slightly favouredover the endo form and this is in
contrastwith thenormalexpectations.

Acknowledgements

We thankCSIR,India, for a SeniorResearchFellowship
to oneof us(M. M.) andfor financialassistanceto P.V.,
througha major researchgrant [01 (1378)/95/EMR-II].
Wethanktheauthoritiesof theSiliconGraphicsNational
Facility at the BioinformaticsCentre,MaduraiKamaraj
University, for providing computerfacilities. We also
thank ProfessorMiquel Solà (Universitat de Girona,
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andJ. Mestres.J. Am.Chem.Soc.118, 8920(1996).

12. (a) M. ManoharanandP.Venuvanalingam.J. Fluorine Chem.73,
171 (1995);(b) M. ManoharanandP. Venuvanalingam.J. Chem.
Soc.,Perkin Trans.2 1423(1996).

13. M. J.S.Dewar,E. G. Zeobisch,E. F. HealyandJ.J.P.Stewart.J.
Am. Chem.Soc. 107, 3902 (1985); M. J. S. Dewar and E. G.
Zeobisch.J. Mol. Sruct.(Theochem)180, 1 (1988);J.J.P.Stewart.
J. Comput.Chem.10, 221 (1989).

14. J. J. P. Stewart.MOPAC6.0, QCPENo. 455. IndianaUniversity,
Bloomington,IN (1990).

15. M. J. Frish, G. W. Trucks,H. B. Schlegel,P. M. W. Gill, B. G.
Johnson,M. A. Robb,J.R. Cheeseman,T. Keith, G. A. Petersson,
J. A. Montgomery,K. Raghavachari,M. A. Al-Laham, V. G.
Zakrzewski, J. W. Wong, J. L. Andres, E. S. Replogle, R.
Gomperts,R. L. Matin, D. J. Fox, J. S. Binkley, D. J. Defrees,J.
Baker,J. J. P. Stewart,M. Head-Gordon,C. Gonzalezand J. A.
Pople. Gaussian94, Revision B. 3. Gaussian,Pittsburgh, PA
(1995).

16. J.S.Binkley, J.A. PopleandW. J.Hehre.J. Am.Chem.Soc.102,
939 (1980).

17. P.C. HariharanandJ.A. Pople.Theor.Chim.Acta28, 213(1973).
18. A. D. Becke.J. Chem.Phys.98, 5648(1993).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 133–140(1998)

AROMATICITY IN DIELS–ALDER TRANSITION STATES 139



19. J.Baker.J.Comput.Chem.7, 385(1986);J.Baker,F.Jensen,H. S.
RzepaandA. Stebbings.QuantumChem.Prog.Exch.Bull. 10, 76
(1990).

20. M. Manoharanand P. Venuvanalingam.J. Mol. Struct. (Theo-
chem).394, 41 (1997);M. ManoharanandP.Venuvanalingam.J.
Chem.Soc.,Perkin Trans.2, 1799(1997).

21. (a) A. Pross. Theoretical Physical Principles of Organic

Reactivity, 136–1390 J Wiley New York (1995); (b) G. S.
Hammond.J. Am.Chem.Soc.77, 334 (1955).

22. M. J.S.DewarandD. deLlano.J. Am.Chem.Soc.91, 789(1969).
23. D. RowleyandH. Steiner.Discuss.FaradaySoc.10, 198(1951).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 133–140(1998)

140 M. MANOHARAN AND P. VENUVANALINGAM


