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Aromaticity of pericyclic reaction transition structures:
magnetic evidence
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ABSTRACT: The transition states of thermally allowed pericyclic reactions are aromatic. They not only have highly
delocalized structures and large resonance stabilizations (energies of concert), but also strongly enhanced magneti
susceptibilities 4) and appreciable NICS (nucleus-independent chemical shifts) values arising from the diatropic ring
currents. Aromaticity is the consequence of cyclic electron delocalization, which cam hadehybrid, and not just
characterd 1998 John Wiley & Sons, Ltd.
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INTRODUCTION found that such transition structures exhibit strongly
enhanced magnetic susceptibilities and susceptibility

The analogy between theelectrons of benzene and the anisotropies as well as abnorrtal chemical shifts.
six delocalized electrons in the cyclic transition state of As a further development, Schleyat all’ have
the Diels—Alder reaction of butadiene and ethylene was proposed recently the use of the negative of the computed
recognized by Evans and Warhurst in 1938egarding magnetic shieldings at or above the ring center, referred
the relationship between stability and reactivity, they to as ‘nucleus-independent chemical shifts’ (NICS), as a
observed that ‘conjugated molecules show on the onesimple and effective criterion for aromaticity. NICS, as
hand enhanced thermochemical stability, while on the an indicator of aromaticity, agrees well with the
other hand they show in some of their reactions greaterenergetic, geometric, and magnetic criteria, and does
reactivity than do non-conjugated substances.” E¥ans not require increment systems for other references. In a
also pointed out that ‘the greater the mobility of the  concurrent study, NICS is also an effective probe of the
electrons in the transition state the greater will be the individual rings in polycyclic systems. Most recently,
lowering of the activation energy.’ Leceaet al*® used NICS to characterize the in-plane

Generalized through the Woodward—Hoffmann réiles aromaticity of 1,3-dipolar cycloaddition transition states,
and the Hekel-Mtbius concept by zimmermdgh, and only found evidence for the in-plane delocalization;
thermally allowed pericyclic reactions are considered to the = (out-of plane) effects are negligible.
take place preferentially through concerted aromatic We have now employed the computed energetic,
transition states which are favored energeticallyn geometric properties and especially magnetic suscept-
addition to the qualitative MO theories, detailed quanti- ibility enhancements/) and NICS to characterize the
tative analysis of the structures and energies of thearomaticity of several pericyclic transition states: (a)
pericyclic transition states have been carried out with acetylene trimerization to benzene; (b) isomerization
semiempirical methoddat increasingly highab initio from diademane to triquinacene; and (c) some typical
levels’® and by using density functional theoty. aromatic transition states.

The aromaticity of pericyclic transition states has been
analyzed systematically by Jiao and Schléyen the

basis of the geometric, energetic and magnetic criteria. In COMPUTATIONAL METHODS
addition to the geometric and energetic evidence that

aromatic transition states have delocalized structures andGeometry optimizations and frequency calculations were
large resonance stabilization (energies of coriggthey carried out at HF/6—-31G*, RMP2/6—31@b initio and at
B3LYP/6-311+ G** density functional levels (for uni-
form comparisons) using the Gaussian 94 progtaithe
*Correspondence toP. v. R. Schleyer, Computer Chemistry Annex, magnetic susceptibilitieg;,; were calculated with the
University of Georgia, Athens, GA 30602-2525, USA. . 0 .
Contract/grant sponsoeutsche Forschungsgemeinschaft (OFG).  |GLO method using the recommended DZ and Il basis

Contract/grant sponsorFonds der Chemischen Industrie. sets™ The magnetic susceptibility enhancemehj for
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the transition structurewas defined as the increasein

magneticsusceptibilityfrom the reactantgo the transi-
tion state.The NICS valuesat the geometricacentersof

interestwere calculatedat the GIAO-SCF/6-31G* level

with B3LYP/6-311+ G** geometriesusing the Gaus-
sian94 program.

For the acetylenetrimerization, we examined the
changesin NICS along the reaction coordinate.As a
refinementwe employednot only the NICS(tot) but also
the separatedNICS(r) and NICS(s) contributions to
characterizehe ring currenteffects. Thesecalculations
werecarriedout at the SOS-DFPT-IGLOevel usingthe
Perdew—Wang-9Jexchange-correlan functional and
the IGLO-IlIl TZ2P basis set. The Pipek and Mezey
localization procedureused to separatethe ¢ and =
componentsof double bond$® was implemented by
Malkin etal. in the DeMon—Masteprogram®’

RESULTS AND DISCUSSION
Trimerization of acetylene to benzene

Althoughthe energeticadvantagesf aromaticdelocali-
zation in cyclic transition statesare well known, even
thermallyallowedandstronglyexothermiaeactionsmay
have substantiakctivation barriers.One exampleis the
trimerization of acetyleneto benzene.Based on the
experimentaheatsof formation of benzeneand acetyl-
ene, this trimerization is extremely exothermic,
143kcalmol™* (1 kcal=4.184 kJ)*® Although no ex-
perimentalactivationenergyis known,the barriercanbe
computedeasily.For example Houk et al.*® pointedout
that 60 kcalmol™* of the 80kcalmol™ barrierat STO-
3G is due to the energyrequiredto distort the three
acetylenego the transitionstategeometry.The remain-
ing 20kcalmol~* mustarisemainly from the electronic
interactions.In a similar study, Bachet al.*® found that
the electroniccontributionto the barrier(whichis lower,
62kcalmol™* at MP3/6-31G*) is dominated by the
closed-shell repulsions between filled orbitals and
concludedthat there is no w-aromatic stabilization in
this six-electronpericyclic transitionstate.Nevertheless,
thistransitionstatecanstill bearomatic buthow canthis
be demonstrated?

As shownin Fig. 1, the potentialenergysurfacealong
the HF/6—-31G*intrinsic reactioncoordinate(IRC) is flat
from the threeacetylenereactantdo the transitionstate,
but very steep after the transition state to benzene.
Furthermorethis processs concertecand synchronous.

At B3LYP/6-311+ G**, a D3, symmetricalstructure
is the authentictransition statewith a single imaginary
frequency§—653cm*1) and C—C separation®f 1.226
and2.295A (Fig. 2). The calculatedreactionenthalpyis
exothermic by 139.5kcalmol™ at B3LYP/6-311+
G**+ ZPE (B3LYP/6-311+ G**) (this is closeto the
experimental value of 143kcalmol™). The B3LYP
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Figure 1. Relative energies of acetylene trimerization along
the HF/6-31G* intrinsic reaction coordinate (IRC, compare
with Fig. 3)
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Figure 2. B3LYP/6-311 + G** geometries for acetylene (1),
the trimerization transition state (2) and benzene (3)

Table 1. B3LYP/6-311 + G** total energies (hartree) zero-
point energies (ZPE, kcal mol™") relative energies (kcal mol™"
and magnetic susceptibilities (y1or, ppm cgs) for the acetylene
trimerization reaction

Parameter 3 CH> TS Benzene
Eor —232.06998 —231.99227 —232.31130
ZPE 50.9 525 62.8
MP4/6-311G* —231.36891 —231.29374 —231.61033
Ere” 0.0 50.3° —139.5
Evel (MP4Y 0.0 48.¢ —-139.6

0.0 -14.1 6.4

Atot

At B3LYP/6-311+ G**.
—77.33802au for a distorted acetylenemoiety with the same
geometryasin the transition state.
¢ Single-pointenerges at MP4SDTQ/6-311G*//MP2/6—-31G*.
9 At B3LYP/6-311+ G** + ZPE (B3LYP/6-311+ G**).
€ Activation energy.
" Reactionenthalpy.
9 MP4SDTQ/6-311G*//IMP2/6—-31G* ZPE (B3LYP/6-311+ G**).
" IGLO///B3LYP/6-311+ G**.

a
b

computedbarrier of 50.3kcalmol™* agreeswell with
the highly correlated MP4SDTQ/6-311G* result of
48.8kcalmol™ ! (Table 1). To estimatethe acetylene
distortionin thetransitionstate single-pointcalculations
on the deformedacetylenegeometrygive a total strain
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energyof 35.1kcalmol™*. Thisis 70% of the activation
barrier.

In orderto assesthearomaticityof thetransitionstate,
we calculatedts magneticsusceptibilityexaltation(A, a
propertydirectly associateavith aromaticity)®1:12:20:21
Owing to ring current effects, aromatic systemsshow
magnetic susceptibility enhancementg¢more negative
values of yy than those expected from the group
incrementadditivity). In the acetylenetrimerization,the
enhancemer(t\) is definedasthedifferencein magnetic
susceptibilitybetweerthe transitionstateandthe sumof
threeacetylenesAt IGLO/II//B3LYP/6-311+ G**, the
calculatedA of —14.6ppmcgs(Tablel), comparabldo
the benzenevalue of —13.4ppm cgs, indicates its
aromatic character.This agreeswell with A valuesof
the other aromatictransition stateswith six delocalized
electrong’

In additionto A, the changeof the NICS valuesalong
the HF/6—31G*intrinsic reactioncoordinate(IRC) also
was explored.Not only the total value, NICS(tot), but
also the separatedNICS(r) and NICS(g) components
were computedwith the DeMon—Masterprogram. As
shownin Fig. 3, diamagnetidNICS(tot) hasa maximum
at the transition state geometryand the changein the
diamagneticNICS(z) is small in the beginningof the
reaction,andvariesconsiderablyonly pastthe transition
state.On the otherhand,NICS(c) is highly diamagnetic
at the transition state, but strongly paramagneticin
benzeneand zero for three separatedacetylenes.The
relatively small NICS(tot) for benzeneis due to the
diamagneticNICS(r) and paramagnetidNICS(o) com-
pensation(Fig. 3). In the transition state, the large
NICS(e) of —13.5ppmis 56% of the NICS(tot) value;
this indicatesthatthe in-planecontributionis larger, but
the out-of-planer delocalizationis alsoimportant.

Isomerization between diademane and triquina-
cene

Preparedy Woodwardet al.?? in 1964, triquinaceng4)
with threeC=C doublebondsin rigid positionshasbeen
consideredcontroversiallyas a possibleneutral homo-
aromaticcompound Spectroscopistudie$? andthe X-
ray structuré® indicated4 not to be homoaromaticThe
homoaromaticityof 4 basedon the stepwiseheatsof
hydrogenatiofi* hasnot beenconfirmedby force field,
semiempiricalAM1) andabinitio computationaswell
asby acombinedexperimentandDFT study?>° In this
paper the enthalpyof formationof triquinacenénasbeen
determinedothexperimentallyby measuringhe heatof
combustiorin amicrocalorimeteandcomputationallyat
a high level of density functional theory. Since the
enthalpyof formationof triquinacenas about4 kcal/mol
higher than the value reportedby Liebmanet al.,?® the
previouslydeducechomoaromaticstabilization(claimed
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Figure 3. SOS-DFPT-PWO1/II//HF/6-31G*  calculated

NICS(tot), NICS(z) and NICS(s) along the HF/6-31G* IRC
(see Fig. 1): IRC=—1 for three acetylene with C—C
separations of 3.052 A; IRC=0 for transition state and
IRC =1 for benzene with a C—C bond length of 1.386 A.
The core and C—H contributions are not given

to be 4.5 kcal/mol) is not present.Triquinacenes not a
neutralhomoaromatianolecule.

As shownin Figure4, our B3LYP/6-311+ G** and
MP2/6—-31G*C—C singlebondlengthsagreevery well
with the X-ray results>® but the computedC=C double
bond lengths, 1.342 and 1.333A, are longer than the
guestionablytoo shortexperimentalalue of 1.319A.

In additionto extensiveenergeticanalysis,our mag-
neticevidenceor thenon-homoaromaticityf 4 is based
on A and NICS values. We employedthe increment
systeni®to estimatethe A of 4. Generally A is definedas
the differencebetweenthe bulk magneticsusceptibility
(xm) of acompoundandthe susceptibility(yv) estimated
from an additivity scheme for the same structure,
assumingno cyclic delocalization(A = ym — yxm). Since
magneticsusceptibilitiesof non-aromaticorganicmole-
culesshowadditive behaviorof their constituengroups,
valuesof y\ canbe estimatedwithin an accuracyof a
few ppmcgsby incrementmethodsbhasedon group(e.g.
CHs, CH,, CH andC) contributions.

Therearefour methine(>CH—) groupsandthreecis
—HC=CH— unitsin 4. At IGLO/DZ/MP2/6-31G* the
A of 4 has beencomputedto be —0.2ppm cgs; this
indicatesthat 4 is definitively not homoaromatic.The
sameconclusionis deducedfrom the negligible NICS
(—2.7ppm) calculatedat the geometriccenter equally
distantfrom the threeC=C doublebonds.

In contrastthe isomerizationtransitionstate(5) from
diademang®) to 4 is highly aromatic.For example the
C—C separationf the six active carboncentersare
typical of delocalized systems.The calculated A of
—38.9ppmcgs(relativeto theincrementvaluefor 6) and
the calculatedNICSvalueof —26.8ppmatthegeometric
centerof the six-carbondelocalizedsystemindicatethe
aromaticcharacterThesevaluesarein sharpcontrastto
thosefor 4.

Furthermorediademanéd6) alsohasa larger yo; than
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1.333 (B3LYP)
1.342 (MP2(fc))
1.319 (X-Ray)

Figure 4. Optimized geometries for triquinacene (4), the cyclization transition state (5) and diademane (6)

Table 2. Computed total energies (au), ZPE (kcal mol~") and
relative energies (kcal mol~"), magnetic susceptibilities (o),
magnetic susceptibility enhancements (A, ppm cgs) and
NICS values for the isomerization of triquinacene (4) to
diademane (6)

Parameter 6 5(TS) 4
HF/6-31G* —384.39190 —384.30811 —384.45138
ZPE(NIMAG)® 103.2(0) 100.7(1) 102.4(0)

MP2(fc)/6—31G* —385.68285 —385.63584 —385.72275
Erel (MP2)° 0.0 26.9 —25.8

B3LYP/6— —387.05977 —387.01507 —387.12025
311+ G**

Ere (B3LYP)® 0.0 25.5 -38.8
%(tot) —126.2 —153.9 —103.2

A -11.2 -38.9 -0.%
NICS" —~10.9 -26.8 -23

& At HF/6-31G*,scaledby 0.89.

b At MP2(fc)/6-31G*+ ZPE (HF/6—31G*).

€ At B3LYP/6-311+ G** + ZPE (HF/6-31G*).

9 At IGLO/DZ/IMP2/6-31G*.

¢ Relativeto the >CH— groupincrementtakenfrom Ref. 26.

f Relativeto the incrementfor 6.

9 Relative to increment values of four >CH— and three cis
—HC=CH— groupstakenfrom Ref. 26.

' GIAO-SCF/6-31G*/IMP2(fc)/6—31Gtomputationat the geonetric
centerof the six active carbonatoms.

triguinacene(4). The differencebetweenthe calculated
1ot Of 6 andthe incrementvaluefor 10 methinegroups
gives an estimatedexaltation of —11.2ppm cgs. We

ascribethis to the contribution of the three-membered
ringsin 6. Cyclopropaneand substitutedcyclopropanes

0 1998JohnWiley & Sons,Ltd.

have been computed to have exaltations of ca
—4.5ppm?®

Consistentwith the Woodward—Hoffnann rules, the
thermal isomerizationfrom diademang(6) to triquina-
cene(4) is aconcertedprocessThe computedactivation
energieof 26.9[MP2/6-31+ G* + ZPE (HF/6-31G*)]
and 25.5kcalmol~ [B3LYP/6-311+ G** + ZPE (HF/
6-31G*)] (Table 2) are 1.4 and 2.8kcalmol* smaller
than the experimental activation energy of 28.3+
0.1kcalmol* in solution?’

Some typical pericyclic aromatic transition struc-
tures

In additionto the examplesliscusse@bove we consider
some of the typical aromatic transition structuresof
pericyclic reactions.Since the aromaticity of most of
thesetransitionstateshavebeeninvestigatedextensively

e
@ ® A=
090 | NICS=240
@.‘""n,.. “",-"""@ 7, Dﬁh

Figure 5. B3LYP/6-311 + G(D,3PD) Hg (7, Dg;) and the
calculated A (IGLO/II) and NICS values (SOS-DFPT-PW91/II)
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1.384 (B3LYP)
1.378 (MP2(fu))

kY i A=-193
| NICS (1,2,34) =- 23.5
2247 % NICS (1,4,5,6) =-27.2

NICS (2,3,5,6) =-21.4

8, C,

A=-177

NICS (2,34,5)=-22.4
NICS (2,5,6,7) =-29.7
NICS (3,4,6,7) =-23.0

9, C,

Figure 6. Optimized geometries for the transition state of
the Diels—Alder reaction between ethylene and butadiene (8)
and cyclopentadiene (9), and the calculated A (IGLO/I) and
NICS values (GIAO-SCF/6-31G*//B3LYP/6-311 + G**)

on the basis of geometric, energetic and magnetic
criteria® we presenthere our new NICS analysesas
additionalinformation.

Aromaticity of the Dg, Hg structure (7). The Dg,

symmetricalHg structure(7) is an authentictransition
state for the hydrogen exchangeof three hydrogen
molecules.The aromaticity of this o-delocalizedstruc-
ture is evidencedby the large ‘energy of concert’ of ca

30kcalmol™* (the difference betweenthe computed
activationandthe H—H bonddissociatiorenergies)The

A of Dgy He is —9.4ppm cgs (the benzeneA is

—13.4ppm cgs)?® Although our NICS value of

—24.0ppmis muchlargerthanthe NICS(tot) of benzene
(—8.8),it is closeto thebenzeneNICS(z) of —20.7.This

indicatesthat the six delocalizeds-electronsin 7 are
comparableto the six n-electron delocalization in

benzene.Therefore, aromaticity is associateddirectly

with cyclically delocalizecelectronswvhich canhaveas,

or hybrid character.

Diels—Alder reactions between ethylene and buta-
diene and cyclopentadiene. As a pericyclic prototype,
the Diels—Alderreactionof ethyleneand butadienehas
been studied at many computationallevels. The con-
certedand synchronousnechanisnmwith a Cg transition
structure (8) is more favorable energeticallyby 2—-7
kcalmol~* thanthe stepwisealternative?® As shownin
Fig. 6 bond length alternationsin the diene moietiesat
B3LYP/6-311+ G** (0.018A for 8 and0.001A for 9)

0 1998JohnWiley & Sons,Ltd.

A=-89
NICS =-1438

10, C,

A=-99
NICS =- 16.6

Figure 7. Optimized geometries for the 1,5-H shift transition
states in cyclopentadiene (10) and 1,3-pentadiene (11) and
the calculated A (IGLO/) and NICS values (GIAO-SCF/6—
31G*//B3LYP/6-311 + G**)

aresmallerthanat MP2(fu)/6—3lG*(0.042,& for 8 and
0.018A for 9). Evans’suggestiorthat 8 is aromaticwas
confirmedby the geometric,energeticand especiallyby
our magneticanalysisbasedon the calculated'H NMR

chemicalshifts, magneticsusceptibilityanisotropiesand
magneticsusceptibilityenhancement&. As further evi-

dence, NICS pointswere calculatedat variouspositions
in 8. For example,the NICS at the geometricalcentral
point of the cis-butadienemoietyin 8 (C-1,-2, -3, -4) is

—23.5ppmandatthecentralpointof orbital overlaparea
(C-1,-2,-5,-6) is —27.2ppm. Theselarge NICS values
indicate the high aromaticity of the transition state.
Similar results have been found for the aromatic
transition state (9) involving ethyleneand cyclopenta-
dienee.g.NICSatthecentralpoint of the orbital overlap
area(C-2, -5, -6, -7) is —29.7ppm. Note that the NICS

value at the center of the cyclopentadienesubunit of

—22.4 is much larger in magnitude than that in

cyclopentadiendéself (—4.2ppm).

Transition states for 1,5-H shifts. The transitionstates
of the degeneratel,5-H shifts in cyclopentadieng10)
andin (2)-1,3-pentadiené€ll) havealsobeenthe subject
of many theoretical calculation€®3° The B3LYP/6—
311+ G** geometriesagreewell with the MP2(fu)/6—
31G*values(Fig. 7). Both 10and11 arehighly aromatic
basednthegeometricenergetiandmagneticriteria®®
TheNICSvalues(Fig. 7) atthegeometricatentersof the
five carbonatoms,—14.8 and —16.6ppm, respectively,
supportthe aboveconclusion.The formervalueis much
more negative that the cyclopentadiene NICS
(—4.2ppm). We also have found that such degenerate
reactionscan be acceleratedelectrostaticallyby com-
plexation with lithium and other metal cations®® The
aromaticity of thesetransition state complexesis evi-
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1.400 (B3LYP)
1.399 (CISD)

A=-199 A=-194
NICS =-25.4 NICS =-22.7
12, Cyp, 13, Gy,

1378

1.391 1.279,

A=-158 A=-133
NICS =-21.2 NICS =- 18.5
14, C, 15, C,

Figure 8. Optimized geometries for the transition states of
Cope (12, 13) and Claisen (14, 15) rearrangements; the
calculated As (IGLO/I/CISD for 12 and 13 and IGLO/DZ//
B3LYP/6-311 4+ G** for 14 and 15) and the NICS values
(GIAO-SCF/6-31G*//B3LYP/6-311 + G**)

dencedby the calculatedupfield Li* chemicalshifts of
—5.7and—7.7ppm, respectively.

Cope and Claisen rearrangements. The mechanisnof
the Cope rearrangementhas been highly controver-
sial.”®¢31\Which is the pathway?Doesthis reactionhave
a stepwisemechanisnvia anintermediateor a concerted
one-stepeactionpath?Doesthetransitionstatehavediyl
(singletdiradical)or aromaticcharacter®¥ The puzzleof
the reactionmechanismwas complicatedby the inaccu-
rate experimentalreferencedata used to estimatethe
energyof the hypotheticall,4-cyclohexanediylAt first,
this was found to be isoenergeticwith the measured
activation energy>? Later, using more refined experi-
mentaldata,the 1,4-cyclohexanediyvasestimatedo be
9kcalmol™! higherin energythan the transition state,
and ‘the archetypalCope rearrangementivas restored
‘securelyto the land of concert.®®

Owing to the ‘pathological’ flat potential energy
surfacemostof the conventionatomputationamethods
donotreproducegheexperimentatesults®’ Forexample,
MP2 calculationspredicta stepwisereactionpathwith a
tight 1,4-diyl intermediatebut the very expensiveCISD
optimizations combined with QCISD(T) single-point
energy estimation reproducethe experimentalresults
excellently®" In addition, the economichybrid B3LYP
method was shown to give results close to experi-
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(€) 1394 ®LYP)
1.403 (MP2(fc))

A=-174
NICS =-25.4

16. C,

Figure 9. Optimized geometries for the transition state (16)
of hexatriene ring closure and the calculated A (IGLO/I) and
NICS values (GIAO-SCF/6-31G*//B3LYP/6-311 + G**)

ment®"3* The B3LYP/6-311+ G** geometriesagree
very well with the highly correlated CISD/6-31G*
results(Fig. 8).

Sincethe Coperearrangemerits a concertedprocess,
the transitionstate(12) shouldalsobe aromatic.This is
indicated by our energetic, geometric and magnetic
analysis’ The concertedand synchronoustransition
state is more aromatic than the ‘artificial’ stepwise
transition stateor intermediate.The aromaticityis also
indicated by our NICS values, not only for the chair
(—25.4ppm) but also for the boat (—22.7) transition
structure(13).

The [3,3]sigmatropic rearrangementof allyl vinyl
etherto form 4-pentenalthe Claisenrearrangementis
closelyrelatedto the Coperearrangemenfs reportecby
Houk and co-workers®* the B3LYP functional gives a
geometryintermediatebetweenHF and CASSCF(6,6),
andreproduceshe experimentahctivationenergywell.
In contrastto the Coperearrangementhereareno prior
magneticanalyse®f the transitionstructuresHencewe
now characterizéhetransitionstateonthebasisof A and
NICS. At GIAO-SCF/6-31G*thecomputedNICSatthe
geometrical central point of the six heavy atoms is
—21.2ppmfor the chair-like (14) and—18.5ppmfor the
boat-like (15) transitionstructures;14 is more aromatic
than 15. This conclusion is also supportedby the
calculated A values, e.g. —15.8ppm cgs for 14 and
—13.3ppmcgsfor 15.

Ring closures of hexatriene. The disrotatory ring
closure of 1,3,5-hexatriengo 1,3-cyclohexadienéhas
beeninvestigatedatvariouscomputationalevels®®3°As
shownin Fig. 9 bothB3LYP/6-311+ G** andMP2(fc)/
6—31G* geometriesagreewell. The aromaticity of the
transitionstate(16) of thehexatrienecyclizationhasbeen
studied on the basis of geometric, energetic and
especiallyon the magneticcriteria®® For example,the
magnetic susceptibility maximum along the reaction
coordinatecoincideswith the energy of the transition
state.The calculatedA of —17.4ppm,comparableo the
benzene value (—13.4ppm), indicates its aromatic
character.We also found that this reaction can be
acceleratedonsiderablelectrostaticalljoy metalcation
complexatiorf® The calculatedLi* chemical shift of
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—7.8ppm in the complexedtransition stateis another
probecharacterizingaromaticity. In addition, the NICS
of —16.3ppm computedat the centerof the six-carbon
atoms indicates the considerablearomaticity of the
transitionstate.

Pericyclic reactions with Mo6bius transition states. In
contrastto the Huickel aromatic transition stateswith
4n + 2 electronsthermally allowedtransitionstructures
with 4n delocalizedelectron are Mébius aromatics’®
The first examplesubjectedto our energetic,geometric
andmagneticanalysiswasthetransitionstate(17) of the
1,7-H shift in 1,3,5-heptatrienavith eight delocalized
electron$® The strongly delocalizedstructure(B3LYP/
6-311+ G** and MP2(fu)/6—31G*)of 17 is shownin
Fig. 10. We not only found the strongly equalizedbond
lengthsin 17, but also a large energyof concertof ca
60kcalmol~* anda significantA of —23.1ppmcgs.All
thesedata show the transition stateto be aromatic. In
addition, the calculated *"H NMR chemical shifts,
especiallyfor the two different methyleneprotons at
C-1 and C-7, are revealing. The equatorialprotonsare
computedto have 6 =5.6ppm, but the axial protons
which pointtowardto thering centerarestronglyshifted

A=-231
NICS =-14.0

17, C,

7 1,362 (MP2(fu))
1.377 (HF)

A=-12.6 (MP2)
A = - 28.4 (HF)

NICS =- 6.6 (MP2)
NICS =- 13.2 (HF)
NICS = - 12.0 (B3LYP)

18, C,

€ 1428 (B3LYP)
1.423 (MP2(f))

A=-52
NICS =-12.3

19, C,

(2137
O 2433

Figure 10. Optimized Mdbius transition structures of the
1,7-H shift in 1,3,5-heptatriene (17), the ring closure of
1,3,5,7-octatetraene (18) and the ring opening of cyclobu-
tene (19) and the calculated A (IGLO/I) and NICS values
(GIAO-SCF/6-31G*//B3LYP/6-311 + G**)

0 1998JohnWiley & Sons,Ltd.

upfield by —4.6ppm owing to the strongring current
effects.As expectedthe other C—H equatorialprotons
are shifted downfield by 8.1-9.0ppm. The Mdbius
aromaticityof this transitionstructureis alsoevidenced
by the calculatedNICS of —14.0ppm at the geometrical
centerof the sevencarbonatoms.

Our second Moébius aromatic exampleis the ring
closuretransitionstate(18) of 1,3,5,7-octatetraenashich
haseight delocalizedelectrons.However,the geometry
of 18 dependsstrongly on the computationalmethods
used®® Forexample the C-1—C-8distances 2.200A at
HF/6-31G*but 2.511A at MP2/6—-31G*and2.420A at
BLYP/6-31G*, The bond length alternationat MP2/6—
31G* of 0.072A is muchlargerthanthat of 0.034A at
HF/6—31G*.On this basis,18 is morearomaticat HF/6—
31G* than at MP2/6-31G*. The sameconclusioncan
also be deducedfrom the calculatedA, i.e. —12.6ppm
cgsfor theMP2and—28.4ppmcgsfor theHF geometry.
This indicatesthat electron correlation favors a more
localized transition state geometry, contrary to the
generalexperience . Using anotherelectron correlation
approach,we re-optimized the transition structure at
B3LYP/6-311+ G**;, the C-1—C-8distanceof 2.313A
is shorterthan2.511A at MP2 andthe otherC—C bond
lengthsarecloseto the HF/6—31G*values.In additionto
our previousgeometric,energeticand magneticanaly-
sest? we calculatedthe NICS valuesat the eight-carbon
centralpoint: NICSis —6.6 for the MP2/6—-31G*,—12.0
for theB3LYP/311+ G** and—13.2ppmfor the HF/6—
31G* geometries.Theseindicate again that the HF/6—
31G* transitionstateis morearomaticthanthatat MP2/
6-31G*.

The third exampleof a M&bius aromatic transition
state (19) involves the ring openingof cyclobuteneto
butadiene.This conrotatory electrocyclic reaction has
beenstudiedextensivelyat variousab initio*® and DFT
levels®® There are four delocalized electronsin this
transitionstate.As pointed by Houk and co-workers®®
thegeometryof thetransitionstructurehardlydependsn
the computationalmethod used, but only correlated
levels with large basis sets reproduce the known
thermochemistryThe aromaticityof this transitionstate
is indicatedby the calculatedNICS of —12.3ppm at the
four-carborcenterascomparedvith that(0.0ppm)atthe
centerof cyclobuteneand by the A of —5.2ppm cgs
relativeto cyclobutene.

In conclusion,we have characterizedhe aromaticity
of the pericyclictransitionstatesbasedon the geometric,
energetic and especially the magnetic criteria. Such
transitionstateshavenot only delocalizedstructuresand
large energiesof concert,but also significantmagnetic
susceptibilityenhancementé\) andlarge NICS values
On this basis, aromaticity is directly associatedwith
cyclic electron(o, = andhybrid character@lelocalization.
In agreementwith the energetic analysis, both A
(—0.2ppm cgs) and NICS (—2.3ppm) show that
triquinaceneds not homoaromaticThe magneticcriteria
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aromaticity are simpler to employ and often less
bitrarythanthe geometricand energeticcriteria.
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