JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 133-140 (1998)

Gain or loss of aromaticity in Diels-Alder transition states
and adducts: a theoretical investigation’

Mariappan Manoharan and Ponnambalam Venuvanalingam*
Department of Chemistry, Bharathidasan University, Tiruchirappalli-620 024, Tamil Nadu, India

Received 10 May 1997; revised 22 June 1997; accepted 4 August 1997

ABSTRACT: Semiempiricalab initio and DFT investigations on the mechanism of the Diels—Alder reactions of a set

of masked dienes (ring-fused dienes), @wxjuinodimethane, anthracene ansinylnaphthalene, with ethylene, and
reactions ofx-vinylnaphthalene with maleic anhydride apédenzoquinone 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 studeduinodimethane is the most reactive diene both in a kinetic and a
thermodynamic sense-Vinylnaphthalene reacts faster with maleic anhydride fixéenzoquinone, as expected, and

two possible stereoselective TSs, omedo and the otherexg have been located for the reactions oefinyl-
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 reactioris. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION reaction and can thus influence the reaction course to a
larger extent. Therefore, in such reactions, the changes in
Diels—Alder reactions play an important role in organic both the functionality and the rest of the molecule are
synthesis. Its mechanismemained obscure for a long important and the final outcome depends on whether
time but now the regio- and and sterochemistry of these these changes reinforce or offset each other. Further, if
reactions is well understoddThe synthetic utility of the changes are significant before the transition state (TS)
Diels—Alder reactions has expanded continuously everthe changes affect the barrier considerably, and if they are
since they were devised, by introducing new kinds of significant after the TS the reaction energies are mostly
dienes and dienophiles. The wide range of dienes andaffected.
dienophiles used have brought various factors that in- Masked dienes and dienophiles of various kinds have
fluence the reaction mechanism into focus and sophisti-been the subject of several experimental repdrend
cated theoretical models had to be developed to accounhave been studied particularly with regard to various
for the mechanism and stereochemical outcome of thestereochemical aspects. Masked dienes and dienophiles
reactions. The dienes and dienophiles known thus far cancan be of cumulated, ring-fused, cage-fused types, etc.
be broadly classified as simple, substituted and maskedwe selected a set of three simple masked dienespviz.
dienes and dienophilés! While simple and substituted quinodimethane (QDMJ;? anthracene (ANT)” and a-
addends have expressed functionality, the masked dienesinylnapthalene (VNY,® which are ring-fused dienes,
or dienophiles have hidden functionality. The mechan- and reacted them with ethylene to investigate factors that
isms of the reactions involving the latter type of addends control the reactions. In addition to the above, the
are complicated in the sense that, as the reacting group iseactions of VN with maleic anhydride (MA) and p-
a part of the whole system, the remaining part of the benzoquinone (BQ) were also studied to observe the most
system reacts to changes in the functionality during the preferred stereoselective TS in the reaction. A common
factor in these dienes is the gain or loss aromaticity by the
*Correspondence toP. Venuvanalingam, Department of Chemistry remalnlng_part of the molecule When -the- diene reacts.
Bharathidasan Univeréity, Tiruchirappalli’-620 024, Tamil Nadu,lndié. The reactions SeleCt_ed for th(:j' investigation here have
This paper was presented at the Satellite Meeting on Structural andbeen thoroughly studied experimentdif§yand the rela-
Mech_anistic Organic Chemistry: A Tribute to Norman L. Allinger, tjye reactivities of the above dienes are known.
held in Athens, GA, USA, June 3-7, 1997. Our objective in this work was to locate the TSs of the

Contract/grant sponsor: CSIR India; contract grant number: h
01(1378)/95/EMR-1. 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 the systemin the TS andin the
productwasinvestigatedThe systemsaverechosersuch
that QDM, ANT and VN are outer—outerring, inner—
inner ring and inner—outer ring conjugated dienes,
respectively,and thereforeare suitablefor studyingthe
influenceof the abovefactorson the reaction.

Diels—Alderreactionsof simpledienesanddienophiles
have been studied*? extensivelyat various levels of
theory, but investigationson the mechanismof the
reactionsnvolving suchmaskedlienesarerare.It should
be mentionedthat a kinetic isotopic effectsstudy of the
retro-Diels—Alde reactionof ethanoanthracerntgasbeen
carriedout at the HF/3—21Glevel °® We employedAM1
andPM3 methoddo investigatethoroughlythe mechan-
ism of the title reactions and, for comparison,we
performedab initio and DFT calculations Higher level
calculationsare restrictedto lower basissetsand for a
selectedsetof reactionsin view of the reasonablyarge
sizeof the chemicalsystemsnvestigatedhere.

COMPUTATIONAL METHODOLOGY

AM1 and PM3 calculation$® were performedusing the
MOPAC 6.0 progrant* implementedon a Micro Vax |l
systemandusingthe INSIGHT Il packagemplemented
onasSilicon Graphicsworkstation Forthe selectedsetof
reactions,ab initio and DFT computationswere per-
formedusingthe Gaussiar94W program*® Equilibrium
andTS structuresof a setof typical reactions,jnvolving
ethyleneasdienophile wereadditionallyoptimizedatthe
HF/3-21G?® level andsingle-pointenergycomputations
were performedon themwith the 6-31G*basisset’ at
the DFT level with the Becke3LYPfunctional® Single-
point DFT calculationswith the 6—31G*basisseton HF/
3-21Ggeometryare consideredo be the mostreliable
for suchsituations'® Baker'seigenvectofollowing (EF)
routine®® has beenextensivelyusedfor the location of
stationarypoints at the semiempiricallevel but both EF
and Berny algorithm has been used in HF/3-21G
optimizations.In recentyears,the EF routine hasbeen
extensivelyused'®9*%2%or geometryoptimizationsand
hasbeenfound to be significantly betterthanthe BFGS
procedure Stationarypoints were characterizedhrough
FORCE calculations; equilibrium and TS geometries
were found to have zero and one imaginaryfrequency,
respectively,in the diagonalizedHessianmatrix. The
deformation energies of dienes and dienophiles we
calculatedasreportedearlier2°-2°

Generally,in the Diels—Alder,reaction,threer bonds
undergocleavageandoner andtwo o bondsare newly
formed, andthe bondingchangesare thereforeremark-
ableonly in thesebondscomparedwith the changesn
the other parts of the reactants.For this reason,the
changesin thesebondsalone were quantitatively fol-

0 1998JohnWiley & Sons,Ltd.

lowed throughbond order analysisto monitor the pro-
gressof the reaction.The percentagesf bondformation
(BF) and cleavage(BG) at the TS are defined® as
follows:

BOy; " —BO; "
BO, " - BG; R

BFi or BG = x 100

forming bonds cleavingbonds

1/m Z BF + 1/n; Z BG

BFCave = ' > '

whereBFCaye is anotherindex that is indicative of the
early/latenatureof the TSsfor thesereactions.

RESULTS AND DISCUSSION

A reactionschemewith TS geometriesfor the typical
reactionsyiz. ANT—ethylene,VN—ethyleneand QDM—
ethylene, is shown in Figure 1. The degrees of
asynchronicity frontier orbital energy (FOE) gaps,gcr
values,activation entropiesand activation, deformation
and reaction energiesfor the abovereactionsare also
givenin Figurel. ComputedAM1 andPM3 TSsfor the
reactionsof VN with MA andBQ areshownin Figure2
with the degreesof asynchronicity,selectedgeometric
parametersgct valuesand deformationenergiesof the
reactants.

Tablel givesthe FOE gaps,activationentropiesacti-
vationandreactionenergiedor thereactionsof VN with
MA and BQ. Correspondingdata for the butadiene—
ethylenereactionsaregivenfor comparisorandto show
thatthe AM1 and PM3 methodsgive reliable activation
energies.The percentage®f bond making/breakingat
the TS for the reactionsstudiedhereare summarizedn
Table2. Abinitio andDFT computationsvererestricted
to FOEgapsgct valuesactivationandreactionenergies.

Reactions of QDM, ANT and VN with ethylene

ANT andQDM reactwith ethyleneto form stableDiels—
Alder adducts,9,10-dihydroetharemthraceneand aro-
matictetralin, respectivelywhereas/N formsanadduct
that quickly isomerizesto 1,2,3,4-tetrahydrophenan-
threne(Figure 1). QDM is a highly reactivediene and
is usuallygeneratedin situfrom thermalring openingof
benzocyclobutanein QDM, there are two diene units,
oneendocyclicandthe otherexocyclic,andtheoretically
both units can take part in the Diels—Alder reaction.
However, the exocyclic diene unit is known to react
preferablyoverthe othef andit canalsobeverifiedfrom
thefrontier orbitalsof QDM thatthe exocyclicdieneunit
formsthe HOMO. Similarly in ANT,” althoughdifferent
dieneunitsareavailablefor thereactionit is thedienein
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Al 0.000(0.000) 1.384(1.377) 1.434(1.436) 1.384(1.377) 99.2(99.3) 99.2(99.3) 0.0(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) 0.0(0.0)
[0.000] [1.423] [1.400] [1.423] [94.6] [94.6] [0.0]
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Figure 1. Reaction scheme with TS geometries, frontier orbital energy gaps (eV), activation and reaction energies (kcal mol™")
and activation entropy (cal K=") for the Diels—Alder reactions of QDM, ANT and VN with ethylene along with degrees of
asynchronicity (x) at the TS, bond lengths (A) and bond and torsion angles (®). A £; = Eyomo (diene) — £ umo (dienophile) and A
E> = ELumo (diene) — Eqomo (dienophile). The results are presented in the format AM1 (PM3) [HF/3-21G] {Becke3LYP/6-31G*//

3-21G}

the centralring thatis the mostactive® HOMO vectors
also predictthe same.In VN, both experimentalobser-
vation€ and HOMO vectorsshow that the ring inner—
outerdieneis the mostactive in Diels—Alderreactions.
Experimental reportS® suggestthat, of these three
reactions,the QDM reactionis considerablyfasterand
the othertwo are relatively slow. Of ANT andVN, the
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latter is found to reactlessreadily than the former in
Diels—Alderreactions.

Transition state geometry. Owing to the symmetrical
nature of the dienesQDM and ANT and dienophile
ethylenethe TSsA1 andA2 aresynchronousyN, being
asymmetricforms an asynchronoud'S. The degreeof
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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) —1.6(2.0)
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Figure 2. AM1 (PM3) optimized TSs for the reactions of MA and BQ with VN along with degrees of asynchronicity, bond lengths

(A) and bond and torsion angles (°)

asynchronicity(e) listedin Figurel showthis very well.
The terminal carbonatomof the vinyl unit in VN reacts
first, ascanbe seenfrom the bondlengthsof the newly
forming bondsin the TS A3 (Figurel). Thisis dueto the
fact that the terminal carbonatomis more nucleophilic
than the ring carbonatom of the diene, as reportedby
Bachmanrandco-worker<®€Also, theAM1 (PM3)[HF
/3-21G]{Becke3LYP/6-31@3//3-21G} chargeson the
terminalandring carbonatomsof ca —0.209(—0.154)
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[-0.407] {-0.345} and —0.119 (—0.101) [0.235]
{—0.199}, respectively,indicate clearly the increased
nucleophilicity of the former than the latter. The glide
anglesf, andd, (Figurel) in the presentetof reactions
arecloseto thosereportedfor the typical reaction®® the
slightly greatewaluefor 6, in the TS A3 is dueto thefree
vinyl groupinvolvedin thereaction.In all caseghereis
no twist from the Cs plane,as can be seenfrom the ¢
valuesin Figurel.
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Table 1. Calculated AM1 (PM3) frontier orbital energy gaps (eV), energy (kcal mol~") and entropy (cal K1) of activation and
reaction energy (kcal mol™") for the reactions of VN with MA and BQ

Reaction AE; AE, TS A E* AS A E,

BD +ET? 10.8(10.7) 11.0(10.9) 23.2(27.0) _40.9(-41.1)  —58.0(—54.0)
VN + MA, exo 6.9(7.1) 11.6(11.2) A4 25.5(29.8) -30.9(—39.8)  —40.0(—34.3)
VN + MA, endo A5 28.3(31.6) ~39.6(—40.1)

VN + BQ, exo 6.8(6.9) 10.5(10.3) AG 31.2(32.8) -38.9(-38.7)  —25.4(—24.5)
VN + BQ, endo A7 34.0(34.3) ~38.7(—39.1)

2 The prototypeDiels—Alderreactionbetweerbutadieneand ethylene;experimentabarrier: 27.5kcal mol~*.2*

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

Bondcleavagg(BG) atthe TS (%)

Bond formation(BF;) atthe TS (%)

TS 1-2 3-4 5-6 2-3 4-5 6-1 BFCave
Al 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) 30.7(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)

Energetics. The FOE gapsandquantaof chargetransfer
at the TS presentedin Figure 1 suggestthat these
reactionsareneutralelectrondemandeactionsThehigh
negative entropy of activation for these reactionsis
characteristiof concertecorocessesThe AM1 andPM3
activationenergiepresentedn Figurel showthatQDM
is the mostreactiveof the dieneschoserandin the other
two ANT is slightly morereactivethanVVN, which is in
full conformity with the experimentabbservation§=2 It
should be notedthat the ab initio and DFT barriersin
Figurel predictatrendin thereactivityof ANT andVN
thatis oppositeto boththe experimentabbservationand
semiempiricalpredictions but they predictthe reactivity
of QDM correctly. This hasto be viewedin the light of
earlier reportsthat AM1 and PM3 barrierg®2-10711.12.20
arecloseto theexperimentabarrierbut 3—21G?barriers
are unreasonablyhigh and Becke3LYP barriers® are
comparativelylow. At the sametime, AM1, PM3 and
DFT calculations predict the same trend in reaction
energyherewhereashe 3-21Gtrend differs. In sucha
situation, we consider semiempirical activation and
reactionenergiesto be more reliable and thereforewe
baseour discussioron AM1 andPM3 values.

The highestreactionenergyobtainedfor the QDM—
ethylenereaction showsthat it is the most favorable
thermodynamicajl. This is in accordancewith Ham-
mond’s postulate’* The computedreactionenergiesfor
the ANT—ethyleneand VN—ethylenereactionssuggest
that the former reaction is thermodynamically less
favouredthan the latter; this shouldbe contrastedwith
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our observationfrom the activation energy that the
former reactionis kinetically more favouredthan the
latter, and this is an exceptionto the abovepostulate’*
The considerablalifferencein activationenergiesof the
reactionof QDM andtheothertwo reactionss dueto the
gain in aromaticity in the former and decreasein
aromaticityin the latter. In the QDM—ethylenereaction,
the ring becomegpartially aromaticin the TS and this
resultsin considerablestabilizationof the TS. Owing to
this extra stabilization,the activation energyis signifi-
cantly reduced.The ring becomesdully aromaticin the
productandthis gain in aromaticityfrom the TS to the
productmakesthe reactionhighly exothermic.

In the ANT-ethylenereaction,the centralring loses
aromaticityand at the sametime the sidering becomes
fully benzenoid.Thesetwo opposingfactors influence
boththe TS andthe productstability. It appearghatthe
decreasan aromaticity increaseghe activation energy
and the gain in aromaticity increase¥ the reaction
energy.

In the VN—ethylenereactionasoneof thenaphthalene
ring doublebondsis part of a diene,thereis a loss of
aromaticityduring the reaction.Although the productin
theVN reactionis metastablendquickly isomerizedby a
1,3-shiftto tetrahydrophenantkne this reactionis found
to have a slightly higher reaction energy than that of
ANT. It should be noted that in 9,10-dihydroethano-
anthracendhe conjugationis lost and the two benzene
ringsareisolatedby the centralbicyclic ring, whereasn
the other the double bonds are conjugatedand this
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delocalizationmay have led to a comparativelylower
reactionenergy.

Stabilization/destabilizatn of the TSs and products
on accountof a gain/lossof aromaticity can be clearly
observedf theactivationandreactionenergiegFigurel)
of the title reactionsare comparedwith those of the
prototypebutadiene—ethyleneeaction(Table 1).

Deformationenergyanalysisshowsthatboththediene
and the dienophile deformsto a lesserextentin 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 thesereactionss interestinglydifferent. The
lower deformationenergyof the dieneDEL in the QDM
reactionandthe higherDEL1 in the othertwo reactionss
indicativeof alower activationenergyfor theformerand
a higheractivationenergyfor the latter reactions.

Bond order analysis. Bond orderanalysisbasedon the
BG, BFi andBCFay. valueslistedin Table2 showsthe
following. In the QDM reaction the doublebonds(C1—
C2 and C3—C4) of the dienecleaveslightly morethan
theethylenedoublebond(C5—C6)anda newly forming
7 bond(C2—C3)formsto a considerablygreaterextent
than the other forming ¢ bonds(C4---C5 and C6---C1).
Suchchangesndicatethe tendencyof the six-membered
ring to becomearomatic. In the ANT reaction, the
differencein cleavageis still lower andthis showsthat
the loss of aromaticstability due to the loss of double
bondsof thecentralring is less. However thenewr bond
is 85.6% formed and this highest value shows the
tendencyof the sidering to becoméfully benzenoidThe
new o bondsareformedto the extentof ca 40%. In the
VN reaction the terminaldoublebondcleavesconsider-
ablygreatetthantheinner-ringdoublebondin theTSand
consequentlythe newly forming o bond from the
terminal carbonatomis preferentiallyformed. This can
be seenfrom the BG and BF; values(Table 2) andthe
correspondingbond lengths shown in Figure 1. The
BFCave valuesindicatethatthe TS Al occurs‘earlier’
comparedwith the othertwo andan ‘early’ TS would
havea relatively lower activationenergy?®

Reactions of VN with MA and BQ

VN undergoesDiels—Alder reactions with electron-
deficientdienophilesyiz. MA and BQ, morereadily to
form cycloadductsthat are further usedto synthesize
steroid compounds. Two TSs (Figure 2), one an endo
selectiveTS andtheotherexoTS, wereobtainedn these
reactionsand both TSs led to a single product (tetra-
hydrophenanttene derivative). The high negativeacti-
vationentropieqTablel) indicatethatthesereactionsare
concertedreactions. The TSs obtained here are all
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asynchronousas would naturally be the casewith an
asymmetriddiene.The BF; valuelistedin Table2 for the
newly forming C6:--C1 bondis higherthanthat for the
C4---C5 bond as discussedin the previous section.
Similarly, the outer = bond C1—C2 is found to have
cleavedto a greaterextentthan the inner double bond
C3—C4.Thisis explainedasfollows. Theinnern bondis
partof thearomaticsystemandwould thereforenormally
resist cleavagewhereasthe outer = bond is free and
connectghe terminal atomthatis highly reactive.This
makesthe outer = bond cleavefasterthan the inner
bond.

The BF;, BG;, BFCaye valuesin Table 2 for the VN-
MA and VN-BQ reactionsindicatethat the TS for the
formerreactionoccursslightly ‘early’ comparedvith the
latter. An ‘early’ TS indicates,n this caseessaromatic
destabilizationand will thusleadto a lower activation
energy. This also supportsthe observationthat MA is
relativelymorereactivethanBQ. A notabledifferencein
the geometryof the endoandexoselectiveTSsis in the
glide angled, andtwist angle¢, andthis changeseems
partially to offset the crowdingstrainin the endomode.
Thedistortiondueto crowdingstrainis greaterin 6, and
¢ astheyareassociatedvith themoreflexible endof the
reactingsite.

The FOE gaps(Table 1) and gct values(Figure 2)
show that the above reactions are normal electron
demandreactions.The reactionof VN with MA is pre-
dictedto befasterthanthatwith BQ, asexpectedandin
agreementvith theexperimentabbservations.Also, the
formerreactionis foundto be more exothermicthanthe
latter,ascanbe seenfrom the reactionenergiesn Table
1. Of theendoandexoTSs,theendoselectiveTS should
befavouredoverthe exoselectiveT S owingto 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 happensasthe atoms
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 greaterthan
this deformation energy difference and the net effect
shouldbe the stabilizationof the endo TS over the exo
TS. However,the AM1 and PM3 activationenergiesin
Table2 predictthe oppositeto betrue,asit did onearlier
occasiong®®®"12The BFCaye (Table2) andqcr values
(Figure 2) indicate that the endo selective TS in both
reactionsoccursslightly ‘earlier’ thantheir correspond-
ing exoTSs.An ‘early’ TSwould normallycorrespondo
aloweractivationenergy butheretheactivationenergies
showthe oppositetrend.

CONCLUSIONS

QDM, ANT and VN act as dienesand undergoDiels—
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Alder cycloadditionswith ethylene through concerted
processesAM1 andPM3 calculationspredictthat QDM
reactsmorereadilythanthe othertwo, in agreementvith
experimentalobservationsand the deformationenergy
analysisshowsthat the lower extentof deformationof
QDM andethyleneresultsin alower activationenergyin
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 the oppositeof the
experimentalobservations Also, the QDM reactionis
predictedto be more exothermicthan the other two
reactions.The reactionpatternand exothermicityof the
reactionsobservechavebeenexplainedas beingdueto
thefollowing changesn the TSsandproducts:(1) there
is againin aromaticstabilizationof thebenzenoiding in
the QDM reaction;(2) thereis asimultaneousiecreas@
thearomaticityof the centralring in ANT andamarginal
gain of aromatic stabilization by making the adjacent
benzeneing of the ANT fully benzenoidand(3) thereis
a loss of aromatic stabilizationof one of the benzene
ringsof naphthalenén the VN reaction.Thegainor loss
of aromaticstabilizationcontributespartly to the barrier
and partly to the reactionenergy.In VN reactions,the
terminal carbonis found to reactbeforethe ring carbon
atom of the diene unit, as expectedand in accordance
with experimentabbservationsCalculationgpredictthat
in theVVN reactionwith MA andBQ theexoselectiveTS
is slightly favouredover the endo form and this is in
contrastwith the normalexpectations.
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