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INTRODUCTION compounds. Various substituted enynes were shown to
undergo intramolecular cycloaddition reactions providing a
Recently, a wide class of [4 2] cycloaddition reactions  new pathway to bicyclic products?
was enriched with a new example, where enynes and diynes  The proposed mechanism of the reaction is interesting.
may be used as four-electron dorfors The simplest  The six-membered allene (1,2,4-cyclohexatriene and its
reactions of this type are depicted in Scheiéntermol- derivatives) were suggested as reaction intermediates
ecular reaction was not recognized as a valuable synthetic(Schemel). The formation of such species was shown
method whereas in contrast, intramolecular{2] enyne experimentally using various trapping techniqads.
cycloaddition (Schemé#) has found substantial application However, six-membered ring allenes have never been
in experimental synthesis as an efficient and general routeisolated or directly observed, which is usually explained
for ring construction of aromatic and dihydroaromatic on the basis of a large predicted strain energy (see
review?). An experimental enthalpy of formation of
A¢H° =105.1 kcal moi* (1 kcal =4.184 kJ) for 1,2,4-

Intermolecular [4+2] cycloaddition reaction CyCIOhexatriene has been I’epor?ed;ompal’ed with
o 19.81 kcal mof* for benzené, one may assume the
= \ [@} @ compound to be only a highly reactive intermediate.

+ — —_— The electronic structure and stability of 1,2,4-cyclo-
= hexatriene are of much interest and have been studied

with different theoretical methods. AM1 semiempirical
calculationd  result in  A{H°=93.7 kcal mol?*
(22.0 kcal mol* for benzene), and recerab initio

N\ investigations at the G2(MP2) lev8lreport a similar
<j\_> <:© — . C(@ value of A{H°=96.2 kcal mol* (21.1 kcal moi* for
= benzene). In both cases the energy is considerably higher

than that of benzene, in agreement with the experimental
Scheme 1. Inter- and intramolecular [4 + 2] cycloaddition estimation discussed above. The energetic plausibility of
reactions cycloaddition reactions leading to allene intermediates

was investigated at the MP4//MP2 level of thebrgnd

gCorre_Spgﬂdean toR-V- P. ARan:jkovy Nf SD-_ Zelinsliy InstEutg of tparticularly for 1,2,4-cyclohexatriene the reaction was
rganic emistry, Russian Acaaemy or Sciences, Leninsky FProspec H - 1. H

47 Moscow 117913, Russia. found to be exothermicAG = %3.4 kcal mor™; this
E-mail: val@cacr.ioc.ac.ru value is half that—29.7 kcal mol', estimated earliet.

Intramolecular [4+2] cycloaddition reaction
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Scheme 2. Mechanism of intermolecular [4 + 2] cycloaddition reaction

An activationbarrierof AG* = 42.0kcal mol~* for allene
formationhasalsobeenreportedz. Muchinterestin 1,2,4-
cyclohexatrienehas been shown in theoretical studies
devotedto benzeneisomersand related isomerization
processes 2

Although somepartial dataon stability andformation
of ring-alleneintermediatess available to the bestof our
knowledge neither transition state structuresnor the
reaction mechanism of enyne to aromatic system
conversionhave beenreportedat the ab initio level for
both intermolecularandintramoleculaf4 + 2] cycload-
dition reactions.

Herewe presenthefirst detailedab initio studyof the
mechanismof both intra- and intermolecular[4 + 2]
enynecycloadditionreactionsincluding two alternative
ring allene isomerizationpathwaysin each case.AG
potential energysurfacesof the reactionsare presented
anddiscussedn thelight of availableexperimentatiata.
All reactantsandtransitionstateswere optimizedat the
MP?2 level of theory and energyevaluationwith high-
levelelectroncorrelationmethodsupto MP4(SDTQ)and
CCSD(T) was performed. The solvent effect was
investigatedusing the polarization continuum model
(PCM). The potentialenergysurfacesof both reactions
weretracedwith IRC calculations.

CALCULATION PROCEDURE

The geometriesf all reactantsintermediatestransition
statesand productswere optimized using the second-
order Mgller—Plesset(MPR method*3'* Standard 6—
31G* and 6-31H1+G** basissetswere usedthrough-
out*>*® Normal coordinateanalysiswas performedfor

all stationarypointsto verify the transition states(one
imaginary frequency) and equilibrium structures (no
imaginary frequencies)and to calculatethe zero-point
energy correction and Gibbs free energy. The latter
values were used to construct AG potential energy
surfaces. All transition states were confirmed with

forward andbackwardIRC calculations:’

The solvent effect was studied with the PCM
method'®2° The MP2/6-31G* optimized geometry

Copyright0 2001JohnWiley & Sons,Ltd.

was usedto run single-pointPCM calculations sinceit

has beenshown that the free energy hypersurfacesn

solution are very flat and reoptimization has a very
limited effect? This approach has been tested in

numerouscasesand providesa reliable descriptionof

the solvent effect’®2° For a set of neutral molecules,
which includessomeof thereactantandproductsof the
intermoleculareactionstudiedhere,the meanerrorwith

respecto experimentabkolvationenergywasfoundto be
<0.2kcalmol %' To determine the relative free
energiesin solution for the studied potential energy
surfaces,the relative free energiesof solvation were
addedto therelativefree energiedn the gasphase.

To estimatethe accuracyof geometryoptimization,
MP2/6-31G*optimizedstructuref theinitial reactants
and products of the intermolecular reaction were
comparedwith availableliteraturedata®* The compari-
son revealedmeandeviationsabout0.01A and 1° for
bond lengths and bond angles, respectively, thus
confirmingan adequategeometrydescription.

High-levelelectroncorrelationmethodssuchasMP3,
MP4(SDQ) MP4(SDTQ)?*4°*cCSDandCCSD(T}?"
31 wereappliedto the MP2 optimizedgeometry.

All MP2, MP3, MP4(SDQ)and MP4(SDTQ) calcula-
tions wereperformedusingthe PC-GAMESSversior?? of
the GAMESS/USprogram®>3 Thecalculationsverecarried
out on a laboratory-maddntel CPU-based.inux cluster.
UMP2, PCM, CCSD and CCSD(T) calculations were
performedwith the Gaussiar®8** packageMOLDEN was
usedfor moleculargraphicsvisualization®®

RESULTS

Intermolecular [4 + 2] cycloaddition reaction of
conjugated enyne and acetylene

In this sectionthe potentialenergysurfaceof the [4 + 2]
cycloaddition reaction is described. Two alternative
pathwayof alleneisomerizatiorareconsideredn detail.
The detailedreactionschemeis shownon Scheme2
and optimized structuresand geometryparametersare
given in Fig. 1. Energy data are summarizedlater in

J. Phys.Org. Chem.2001;14: 109-121
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Figure 1. MP2 optimized structures of initial compounds, transition states, intermediates and products of intermolecular
reaction. Displacement vectors corresponding to imaginary frequency are shown for each transition state

Tablel. The AG potentialenergysurfaceis presenten
PES1 A (seeFig. 3).

The mechanismof the reactionwill be considered
usingthe AG potentialenergysurfaceasthemostreliable
one. A separatediscussionof the energy and ZPVE
correctecenergysurfaceswill begivenin the Discussion
section.

The cycloaddition step. The [4 + 2] cycloaddition
reactionof enyneand acetylenetakesplacethroughthe
transitionstate2-TS. Normal-modeanalysisshowsthat
the structure has only one imaginary frequency of
469.7cm % IRC calculations were carried out to
confirmthat 2-TS really connectgeactantsl to product
3. Both acetyleneand enyne geometriessignificantly
perturbuponthe transitionstateformation. The carbon-
carbon triple bonds becomelonger by about 0.04A,
while the lengthof the doublebondincreasedy 0.03A.
The acetyleneunit is no longer linear in the transition
state,the H—-C—C bond angledecreasefrom 18C to
148.0 andto 154.9 for H—C,—C3; and H—C5;—C,,
respectively The sametrendsare observedn the enyne
fragment,wherethe H—C,—Cg and C;—Cs—Cs bond
anglesdeviatefrom a linear form by 33.5 and 39.7,

Copyright0 2001JohnWiley & Sons,Ltd.

respectivelylt shouldbe notedalsothat carbon—carbon
bondformation betweensp-hybridizedatomsrequiresa
much shorter distance in the transition state than
between sp—sp Lcarbon atoms, C,—C,=2.071A and

Transition state 2-TS leads to the non-planar six-
membereding allene3. The moleculecontainstwo 1,2-
cumulenedouble bondswith very close lengths,C;—
Cs=1.337A and Cs-C5;=1.336A and an additional
double bond is formed betweencarbonatomsC, and
Cs. The changesn C—H bond lengthscomparedwith
theinitial compoundsl arein goodagreementvith the
expectedvaluessinceall atoms,exceptCs, adopta new
hybridization.

The geometry of the C=C=C unit in non-cyclic
allenesis in most caseslinear, whereasin the six-
membereding 3 the Cs—Cs—C; angleis 131.0. This
leadsto a significantincreasein strain energy and is
believedto be the main cyclic alleneinstability factor.

To reachtransitionstate2-TS an activationenergyof
39.2kcalmol™t is requiredithereactionis exothermicoy
13.2kcalmol ™.

Allene isomerization through Pathway I. Experimen-

J. Phys.Org. Chem.2001;14: 109-121
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Scheme 3. Mechanism of intramolecular [4 + 2] cycloaddition reaction

tal studiesindicated an aromatic system as the final

productof the cycloadditionreaction.The easiesivay to

form the benzenel 0 from the allene3 canbea C, - Cg

hydrogenshift asdenotedn Scheme2. The correspond-
ing transition state 4-TS has been located and the

imaginarymodeof 1437.8icm™* representthehydrogen
shift reaction path. An activation energy of

45.6kcalmol™ is neededto reachthe transition state.
The high activationenergyreflectsincreasedstrainin 4-

TS, sincethe C,—Cs—Cg bondanglehasto bereduced
to 93.6 comparedwith 111.9 in 3. The reactionis

endothermidoy 20.3kcalmol™ and,in agreementvith

the Hammond postulate, the transition state has
more product-like character: the breaking C—H

bond is significantly longer than the forming bond,
C,—H=1.436A andCs—H =1.381A.

Surprisingly forward IRC calculationdeadto cis, cis,
trans-1,3,5-cyclohexatrien®, ratherthanbenzeneasa
final productof this step.Compounds is not planarand
the necessargonditionsfor aromaticelectrondelocali-
zation cannot be met. According to the geometry
parametersn 5 the six-membereding is formed from
threesingle andthreedoublecarbon—carbomondswith
lengths in the range 1.487-1.489and 1.372-1.373,
respectively.cis, cis, trans-1,3,5-cyclohexatrien® is a
subjectof muchattentionin view of its possibleexistence
and after electronic structureelucidationit was finally
referredasa ‘Mdbius benzene®®

The MP2 optimizedgeometryof 5 is shownin Fig. 1
andit agreesvery well with availableliterature predic-
tions®® for ‘Mo bius benzene’.The non-planarbenzene
isomer may form an aromatic system through the
transition state 6-TS; normal-modeanalysisgives one
imaginary frequencyof 683.3 cm *. The IRC calcula-
tions confirm this isomerization step. An activation
energy of 21.2kcalmol™ is required to form the
transition state 6-TS and the step is exothermic by
103.4kcal mol~* relativeto 5. Suchalargeexothermicity
is not surprisingsince a conjugatedaromaticsystemis
formedfrom the highly strainedprecursor.

Thereis someexperimentakvidencehatsuchtransto
cis isomerizationmay proceedthrougha diradical-type
transitionstate Surprisingly while trying to calculatethe

Copyright0 2001JohnWiley & Sons,Ltd.

single—tripletgap,it wasfoundthatattemptdo UMP2/6—
31G* optimization of a triplet stateof 5 starting from
differentinitial geometrieded to spontaneousomeriza-
tion of the trans double bond. Such behavior of the
systemis in excellentagreementvith the predictedvery
shallow minima for ‘Mdbius benzene’, which may
interconvertto benzenewith an extremelylow barrier
of AG* =0.9kcalmol* calculatedat the CASSCF(6,6)/
6—31G*//CASSCF(683-21G level 3® We recalculated
the activation barrier at the CASSCF(6,6)/331G*//
CASSCF(6,6)/6—31Gtevel and found a value of only
AG” =1.5kcalmol™t. Dihedral H—C,—C,—H angles
in ‘Mdbius benzene’andthe conversiontransitionstate
are 179.2 and 150.6, respectively;optimized at the
CASSCF(6,6)/6—31Gtevel, the anglefinally decreases
to zeroin benzeneAn early characterof the transition
state agrees with a relatively small barrier height.
Therefore, the energy minimum for 5 is really very
shallow and can be easily overcomeduring geometry
optimization, especially taking into accountthe high
exothermicity of the process.The resultsindicate that
isomerizationof cis, cis, trans1,3,5-cyclohexatrien®
maytakeplacethroughadiradicalmechanisnmatherthan
throughthe singletstate6-TS. The activationbarrier at
the CASSCF(6,6)/6—31G1evel is very small and the
barrieris negligibleatthe UMP2/6—-31G*evel of theory,
soit wasnot possibleto obtaintransitionstatestructures
at the latter case.

Finally, the rate-determiningtageof the Pathwayl is
the first 1,3-hydrogen shift leading to cis, cis,
trans—1,3,5-cyclohexatrienayhich may interconvertto
benzenewithout a noticeableactivationbarrier.

Allene isomerization through Pathway Il. The alter-
native pathwayto form benzendrom the cyclic allene3
may proceedvia two subsequentl,2-hydrogenshifts
insteadof a single 1,3-shift describedabove. Starting
from allene3 a C, - Cs hydrogershift occursthroughthe
transition state 7-TS with an activation energy of
31.1.kcalmol™t. The point on the reactionpath which
correspondso the product8 lies 16.3kcalmol™* higher
comparedwith reactant3. The hydrogenshift transition
statehasa three-memberedtructurewith very similar

J. Phys.Org. Chem.2001;14: 109-121
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C,—H and Cs—H bond lengths, 1.288 and 1.281,&,
respectively. The calculations show that a relatively
small activation energyis requiredto breakthe allene
systemandto isomerizedoublebonds.Thefinal product
of this step,compound8, containstwo doubleand four
single carbon—carbomondsanda carbenecenteron the
former allene center at Cs. The compound is
4.0kcalmol™* more stable than ‘Mdbius benzene’5s
(seePathwayl). Accordingto previousexperimentabnd
theoreticalinvestigationsintramolecularearrangements
in carbenegroceedvia the singleststatéd*%3"3%nd
therefore the further mechanistic considerationsare
restrictedto the singleststateof 8.

The secondCs - Cg hydrogenshift takes place via
transition state 9-TS with an imaginary frequency of
285.3 cm ! almost without a barrier (preciserelative
MP2 energieson the surfaceare E(8) = —14.230kcal
mol~* and E(9-TS)=—14.15lkcalmol™!, giving a
barrierof only 0.079kcalmol™?, which vanisheson the
free energy surface). The very small barrier reflects
internalinstability of the parentcompoundB. Consistent
with the large exothermicity of this step (99.4kcal
mol™%) the transition state has a very early character,
Cs—H =1.140A, Cc—H =79.8. Benzends foundasa
final productof the secondhydrogenshift. A seriesof
IRC calculationghroughthetransitionstates’-TS and9-
TS wereperformedo confirmthePathwayl from allene
3 to thereactionfinal product10.

As in the previously examined pathway, the rate-
determining stage is the first hydrogenshift process,
which, similarly, leadsto a very unstableintermediate
compound followed by its final interconversionto
benzenalmostwithout a barrier.

Intramolecular [4 + 2] cycloaddition reaction

The potential energy surface of the intramolecular
[4 + 2] cycloadditionreactionwith both alleneisomer-
ization pathwayss describedn this section.The process
representsa real chemical systemwith no simplifying
approximationsGeometryand energychangesutlined
for the modelintermolecularreaction(seethe previous
section)will notberepeatedere;the mainattentionwill
bepaidinsteado thedifferencesetweenntermolecular
andintramolecularreactions.

The detailedreactionschemeis shownin Scheme3
and optimized structuresand geometryparametersare
given on Fig. 2. Energy data are summarizedater in
Table3. The AG potentialenergysurfaceis presenteen
PES1B (seeFig. 3).

Again the mechanism of the reaction will be
consideredusingthe AG potentialenergysurfaceanda
separatediscussionof the energyand ZPVE corrected
energysurfaceswill be given later.

The cycloaddition step. The intramolecularcycloaddi-
Copyright0 2001JohnWiley & Sons,Ltd.

tion reactionstartsfrom compoundl (Fig. 2) in which
acetyleneandenyneunitsareconnectedo eachothervia
the bridging —(CH,)s— fragment. The molecule may
adoptdifferent conformationgdueto rotationaroundthe
carbon—carbomonds;the appropriateconformationwas
found usingbackwardIRC calculationsfrom cycloaddi-
tion transition state2-TS. The geometryparameterof
acetylene and enyne units are very close to those
observedn the free molecules(cf. Fig. 1); the units are
connectedvia four C—C bondswith slightly different
lengths: Csp—Cgp=1.462-1.468A and Cgp—
Cse=1.535-1.536A.

The cycloaddition reaction takes place through the
transition state2-TS; normal-modeanalysisshowsone
imaginary frequency of 399.8 cm . An activation
energy of 27.9kcalmol™! is requiredto reach 2-TS,
whichis 11.3kcal mol~* lower thanthe modelintermol-
ecularreactionresult. In agreementvith the tendencies
mentionedearlier, all unsaturatedZ—C bondsbecome
longerin thetransitionstateandthebondanglesdecrease
significantly. Thechangeén 2-TS geometryconcerralso
methylene groups, where the smallest bond angle
decreaseis found for C,—Cs—Cs A =5.5°, and the
largest for Cs—Cs—C; A =36.8. In contrastto the
intermolecularmodel reaction,C—C bond information
in the intramoleculartransition state takes place with
much smallerdifferencein distancesC4—Cg=2.127A
and Cl—Cg =2.175A (Cf Cl_CZ =2.017A and Cg—
C,4=2.327A. Fig. 1).

Transitionstate2-TS leadsto the bicyclic compound
3. Thelargerring is asix-membereding allene thesame
asformedin the modelintermoleculareaction;thefive-
memberedring contains all the bridging methylene
groups. The cycloaddition reaction is exothermic by
14.2kcalmol~. Accordingto the IRC calculationspoth
rings in 3 have non-planar conformations (see side
view).

Allene isomerization through Pathway I. A 1,3-
hydrogenshift (from C; to Cs) takesplacethroughthe
transition state 4-TS and the imaginary mode of
1451.8 cm* representshe reactionpath. The presence
of the seconding doesnot introducesignificantchanges
into the structure of the transition state, hence the
activation  energy is almost  unaffected,
AG” = 45.1kcalmol™! (cf. AG*=45.6kcalmol™ for
theintermoleculamprocess)Again, forward IRC calcula-
tionsfrom 4-TS do not leadto the aromaticsystemasa
final productof ring allene isomerizationvia the 1,3-
hydrogenrshift. A substitutedMo biusbenzenestructure
with atransC;=C, doublebondis formedinstead.The
formationof 5 from 3 is endothermidy 16.5kcalmol 2,
the appropriatevalue from the model intermolecular
processs 20.3kcalmol™?, suggestingomestabilization
from the five-membereding.

The last isomerizationstep of Pathway| proceeds
through 6-TS and requires 21.1kcalmol™* activation

J. Phys.Org. Chem.2001;14: 109-121
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Figure 2. MP2 optimized structures of initial compounds, transition states, intermediates and products of intramolecular
reaction. Displacement vectors corresponding to imaginary frequency are shown for each transition state

energy (cf. 21.2kcalmol™* for the intermolecular
process).Aromatic systemformation is exothermicby
101.3kcalmol™* compared with 5 and by
99.0kcal mol™* comparedwith the initial compoundi.
The IRC calculationswererun to confirm the natureof
transitionstatesA-TS and6-TS.

Applying UMP2/6—31G* calculationsto the triplet
state of 5 initiates spontaneoussomerization,as was

Copyright0 2001JohnWiley & Sons,Ltd.

already found for the intermolecular reaction, thus
showingvery shallowminimafor 5.

Allene isomerization through Pathway Il. In contrast
to isomerizationPathwayl, wherethe activationbarriers
are almost unaffected, addition of the second ring
significantlylowersthe barrierof the 1,2-hydrogershift
of Pathwayll, AG*=26.1kcalmol™ (cf. AG*=31.1

J. Phys.Org. Chem.2001;14: 109-121



[4+2] ENYNE CYCLOADDITION REACTIONS 115

Table 1. Relative energy at different theory levels, ZPVE corrected energy and Gibbs free energy AG at the MP2/6-31G*//MP2/
6-31G* level of intermolecular acetylene and enyne reaction (in kcal mol?)

MP2/6-31G*//

MP2/6-31G*//

MP2/6-31*// MP2/6-31G* MP2/6-31G* MP2/6-31H-+G**// MP2/6-314-+G**//
Species MP2/6-31G* +ZPVE AG MP2/6-31H-+G** MP2/6-31G*
1 0.0 0.0 0.0 0.0 0.0
2-TS 25.7 28.9 39.2 23.6 23.7
3 -31.6 —24.3 —-13.2 —29.8 —29.8
4-TS 16.8 211 324 13.7
5 -10.3 -35 7.1 -10.3
6-TS 10.9 171 28.3 6.6
7-TS 13 6.7 17.9 -1.9 -18
8 —14.2 —7.6 3.1 — -14.1
9-TS —-14.2 —-8.2 2.9 —-14.8
10 —116.3 -107.5 —96.3 -112.4 —-112.4

& Absoluteenergiedor 1 (in a.u.)for the datafrom the first throughthefifth column,respectively:—231.2724194;-231.1857794-231.2312656,

—231.4142781-231.4142535.

kcalmol™* for the intermolecularprocess) The stepis
endothermicby AG=10.9kcalmol™* (cf. AG=16.3
kcalmol™* for the intermolecular process).Both the
activationenergyand endothermicityof the first stepof
Pathway Il are significantly reduced comparedwith
intermolecularreaction. However, since geometrypar-
ametersdo not show significantdifferences(cf. Figs 1
and 2), one may concludethat the stabilization effect
comesmainly from electronicfactors.

The secondhydrogenshift of the pathwaytakesplace
via 9-TS, for which oneimaginarymodeof 470.1 cm™*
was calculated According to the H—C,—C; angle of
75.7°, thetransitionstateof theintermoleculareactionis
more product-like comparedwith the intermolecular
modelreaction(H:—C,—C5 = 79.8). In agreemenivith
the Hammond postulate,the activation energy of the
former is higher, AG* = 0.7kcalmol~. Obviously, the
valueis sosmallthatthe barriercanbe easilyovercome
underthe reactionconditions.

The IRC calculationsconfirmthatthe final product10
and the ring allene 3 really are connectedvia the
transitionstates/-TS and9-TS.

Reliability evaluation of the calculations with
respect to basis set, high-level electron correla-
tion and solvent effects

Basis set effect study. To checkthe reliability of the
calculationmethodsmployed the basisseteffectswere
studied in more detail. The questionis of particular
importancesincethecalculationsonthemodelintermol-
ecular reaction are followed by the investigationof a
larger intramolecular chemical system, for which a
choice of an accurateand computationally adequate
methodis of vital importance.

Full geometryoptimizationof the initial compounds,
transitionstatesandproductsfor the two mostimportant

Copyrightd 2001JohnWiley & Sons,Ltd.

stepsof the intermolecularreaction,namely cycloaddi-
tion and first hydrogen shift of pathway IlI, were
performedat the MP2/6-31}%+G** level. The final
energieg(Table 1) showvery good agreementvith the
results obtained from MP2/6-31G* calculations. The
activation energy of the cycloaddition reaction is
23.6kcalmol™* and the reaction is exothermic by
29.8kcalmol™t. Comparisorwith the respectivevalues
attheMP2/6—-31G*evel 25.7and31.6kcal mol~* shows
agreementvithin 10%.

The hydrogenshift throughthe transitionstate 7-TS
requires27.9 and 32.9kcalmol~* accordingto MP2/6—
3114++G** andMP2/6—31G*calculationsyespectively.
Hence basis set enhancementslightly decreasesthe
barrier. An attemptof reoptimizingcompound8 at the
MP2/6-31%+G** level led to a spontaneousecond
hydrogen shift during geometry optimization forming
benzeneThe energydifferencebetween8 and 9-TS is
very small at the MP2/6—-31G*level (seeearlier),hence
therearrangemeris notsurprising especiallytakinginto
accounthatbasissetenhancemenmnaylowerthebarrier
of the hydrogenshift further.

At the MP2/6-311+G** level, benzendormationis
112.4kcalmol™* exothermic compared with initial
compoundl1, which deviatesfrom the MP2/6-31G*
valueby <5%.

Single-point MP2/6-31%+G** calculations with
MP2/6—-31G* optimized geometry give energy values
whicharein totalagreementvith theMP2/6—31 1 +G**
optimized values (maximum deviation 0.1kcalmol ™.
This indicatedthat the basisset effect on geometryis
really very small. MP2/6-31%+G**//MP2/6-31G*
calculations for the whole reaction potential energy
surface were performed (Table 1) and showed good
agreementwith those at the MP2/6—-31G* level. The
largestdeviationis foundfor the hydrogenshift reaction,
where increasingbasis set quality makesthe barriers
smallerby about5 kcalmol ™.

J. Phys.Org. Chem.2001;14: 109-121
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Table 2. Relative energies at different correlation energy levels of intermolecular acetylene and enyne reaction (in kcal mol~')?

X/6-31G*//MP2/6-31G*

X/6-3114-+//MP2/6-31G*

Species X=MP3  MP4(SDQ) MP4(SDTQ) CCSD CCSD(T) MP3 MP4(SDQ) MP4(SDTQ)
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-TS 36.0 37.3 28.4 37.3 31.4 35.5 37.4 27.2
3 -348 -315 -32.8 -315 ~34.2 -32.2 -28.8 -30.5
4-TS 24.8 27.8 19.8 28.4 22.0 23.7 27.0 17.6
5 ~11.6 -84 ~11.3 -8.3 -125 ~-10.3 -6.9 ~105
6-TS 13.9 18.0 13.2 17.2 12.9 11.0 15.4 9.8
7-TS 2.2 6.8 3.6 7.6 5.3 —0.2 4.8 1.1
8 ~19.7 ~16.1 ~15.8 ~15.6 ~16.2 ~19.2 ~155 ~15.3
9-TS -18.6 ~14.8 ~15.0 ~14.3 ~15.0 -18.7 -14.7 ~15.2
10 ~115.9 ~110.6 ~112.2 ~110.6 ~111.3 ~111.7 -106.1 ~107.6

#Absolute energiesfor 1(in a.u.) for X/6-31G*//MP2/6-31G*calculations:X = MP3, E=—231.3015973X = MP4(SDQ),E = —231.3171007;
X =MP4(SDTQ), E=—-231.3531150;X =CCSD, E=-231.3187159;X =CCSD(T), E=231.3533174.For X/6-311++G**//IMP2/6-31G*
calculationsX = MP3, E = —231.4426974X = MP4(SDQ),E = —231.4558446X = MP4(SDTQ),E = —231.5006985.

Finally, it shouldbe notedthatthe MP2/6—31G*level
gives fairly accurateresultsin geometry and reliable
energy for the system studied. The hydrogen shift
activationbarrierstendto decreasavith basissetquality
enhancement.

High-level electron correlation calculations. MP2 is
well establisheédsanaccurateandrelativelyinexpensive
computationalmethod. However, the questionof the
importanceof higher order terms in the perturbation
expansion may arise in many cases. The present
investigationshowedthat higher order effects are not
negligible. To answerthe questionquantitatively, MP3,
MP4(SDQ) and MP4(SDTQ¥34°*! calculations were
appliedto the MP2 optimized geometry.In addition, a
more accuratehigh-level treatmentof electroncorrela-
tion providedwith coupledclustertheory was applied,
particularly using the coupledclustersingle and double
excitation method (CCSD) and the coupled cluster
method with single, double and perturbative triple
excitations]CCSD(T)] 223! The resultsare presentedn
Table2; MP2 datais givenin Table1.

Analysisof the potentialenergysurfacegresentedn
Table 2 showsthat the MP3, MP4(SDQ) and CCSD
energysurfacesare very closeto one another.All the
activation energiesare reproducedwithin 1 kcalmol ™.
An even smaller deviation of ca 0.5kcalmol™* in
reactionenergiess found for the 3-8 and3-5 steps.
Somewhat larger differences of the order of 3-
5kcalmol™! are observedfor the 1- 3 reactionenergy
andtheexothermicityof the entirereaction(1 - 10). This
indicateshatthe MPn energiesappeato haveconverged
with respecto increasingn.

All  three methods, MP3, MP4(SDQ) and CCSD,
dramaticallyincreasethe 1 2-TS and 3- 4-TS activa-
tion barriers 36.0-37.3and 59.3-59.%calmol™*, re-
spectively)comparedwith thosecalculatedat the MP2
level (25.7 and48.4kcal mol 2, respectively) The same
tendency,but on a smallerscale,is found for 3-7-TS
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and 5-6-TS, 37.0-39.1 and 25.5-26.4«calmol

respectively for the former methods,and 32.9kcal/mol

and 21.2kcal/mol, respectively,for MP2 calculations.
The8- 9-TS barrieris smallandis influencedonly very
slightly.

Full fourth-orderMgller—Plesseperturbationtheory,
MP4(SDTQ), and CCSD(T) calculations result in
potentialenergysurfacesvhich aresimilar to eachother,
but differ substantiallyfrom thosecomputedat the MP3,
MP4(SDQ)and CCSDlevels.The comparisorindicates
thattakinginto accountriplet excitationss importantfor
the system studied. The activation energies at the
MP4(SDTQ) and CCSD(T) levels are intermediate
betweenthe MP3, MP4(SDQ)and CCSDvalues,which
are higher, and the MP2 data, which are lower. It is
generallybelievedthat the MP4(SDTQ)and CCSD(T)
levels usually provide more accurateresults,andthis is
probablytrue in the systemstudiedsince both methods
leadto the similar potentialenergysurfacesHencethese
energy surfaces should be the most reliable. MP3,
MP4(SDQ) and CCSD calculationsmay overestimate
the activation barriersby 3—10kcalmol ™%, while MP2
may underestimatethem by approximatelythe same
range,3—-8kcalmol~*. The tendencyis lessobviousin
changesin reaction energies, where the maximum
deviationdoesnot exceed5—6kcalmol™. It shouldbe
mentionedthat MP2 better reproducesexothermicity
calculatedat the MP4(SDTQ)and CCSD(T)levels.

It is well establishedhat to accountaccuratelyall of
the correlationenergy,substantiabasissetimprovement
may berequired.In the systemunderinvestigation basis
setimprovementrom 6-31G*to 6-311+G** ledto a
few kcalmol~* differencesfor the MP3, MP4(SDQ)and
MP4(SDTQ)energysurfaces(Table 2), thusindicating
the convergencavith respecto the basissetsize.

In summary,a detailedcomparisonof varioustheory
levels confirmed reasonableaccuracyof MP2/6-31G*
calculationsusedasa referencdn the presentinvestiga-
tion. MP4(SDTQ) and CCSD(T) energiesseemsto be

J. Phys.Org. Chem.2001;14: 109-121
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more accurate by 3-8kcalmol™* dependingon the
reaction type, and should be used wheneverpossible
from theavailablecomputationatesourcepointof view.
Owing to significant deviationsfrom the former MP3,
MP4(SDQ)and CCSDsingle-pointcalculationsare less
preferred.

Solvent effect study. Solvation may have a crucial
effect on reaction mechanismsSignificant changesin
solvationenergyuponchemicaltransformationsnay, in
certain casesdramatically changethe potential energy
surfaceof a reaction'®=2° Of course,this is mostly the
casewhenchargedspeciesareinvolved,while onewould
not expect a large solvent effect in hydrocarbon
cycloadditionreactions sincethey are not accompanied
by significantchargedelocalization®-2°

To investigatethe solvent effect, PCM calculations
wereappliedfor all pointsof thepotentialenergysurface.
According to experimentaldata, non-catalyzedhermal
[4 + 2] enynecycloadditionreactionis usually carried
out in toluenesolution!* The PCM approximatior®2°
wasusedio modeltoluenesurroundingand,in additionto
the former, the calculationsfor three other common
solventswereperformedchloroform,dimethylsulfoxide
(DMSO) and water]. This may allow one not only to
simulate exact experimental conditions, but also to
estimateeffect of the mediumon the mechanisnof the
reactionin moredetail andto makesomepredictions.

Theresultsof PCM calculationsappliedatthe MP2/6—
31G* optimizedgeometryarepresentedn Table4; gas-
phasedataaregivenin Tablesl and3.

The solvationeffect on thefirst 1 2-TS- 3 cycload-
dition stepis very limited in all the solventsstudied;the
activationenergybecomedower by about1 kcalmol™*
andthe exothermicityof ring alleneformationincreases
by about 3kcalmol™t. Varying the polarity of the
mediumdoesnot significantly changethe solventeffect
in this stageof the reaction.

Comparisorof gas-phasandsolvationAG surfaceof
ring allene3 conversionshowsthe largestdifferencein
thefirst 1,2-hydrogershift of Pathwayll (3-7-TS- 8)
and 5- 6-TS- 10 isomerizationin Pathwayl. For the
intermolecularreactionthe activationbarrier of the 1,2-
hydrogenshift changesrom 31.1kcal/mol ™t in the gas
phase to 28.6kcalmol™ in toluene and, finally,
decreases$o 21.6kcalmol™* in water. The endothermi-
city of carbeneB formationfrom allene3 alsodecreases
from 16.3kcalmol~t in thegasphaseto 15.1kcalmol™*
in tolueneand 12.6kcalmol™* in water. The isomeriza-
tion activationbarrierfor 5 changesn the samemanner,
decreasingoy about 7 kcalmol™t. The entire chemical
transformationto the final aromatic product becomes
morefavorableby 5 kcalmol~* uponchangingfrom the
gasphaseto a waterenvironment.

It should be noted in conclusionthat solvation by
toluene or chloroform does not lead to significant
changesn the energysurfaceof thereaction;a valuable

Copyright0 2001JohnWiley & Sons,Ltd.

PES 1A

AG, kecal/mol
2-TS

bW

10
)| benzene

-96.3
(-99.7)

AG, kcal/mol PESIB

L
C

10
y benzene

-99.0
(-102.1)

Figure 3. Top:PES 1A, intermolecular model reaction of
acetylene and enyne. Bottom: PES 1B, intramolecular
reaction. Both calculated at the MP2/6-31G* level; PCM
(toluene) MP2/6-31G* values are given in parentheses

solvent effect may be effected from a more polar
surroundingsuchas DMSO or water. Not surprisingly,
the presentalculationsdid not find a substantiakolvent
effectontherate-determinindgd + 2] cycloadditionstage
of the reaction. The resultis in good agreementwith

literature data®2° Therefore one would not expecta
large dependenceof reaction rate on the medium,
althoughsomestepsmay benefitfrom solvationin polar
surroundingsowing to lowered activation barriersand
increasecexothermicity.

DISCUSSION

The aboveresultsrepresenthe first computationof the
total potential energy surface of the [4 + 2] enyne
cycloaddition reaction mechanism.The unique feature
of the intermolecularmpotentialenergysurfacestudiedis
thatit interconnectyery interestingintermediatespecies
3, 8 and 5, which have been proposedin different
conversionand isomerizationreactions>®"9-1112:39n
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AG, kcal/mol

PES 24

10
\ benzene

-92.1
(-95.6)

AG, keal/mol PES 2B

10
y benzene

94.6
(-97.7)

Figure 4. Top: PES 2A, intermolecular model reaction of
acetylene and enyne. Bottom: PES 2B,intramolecular reac-
tion. MP4(SDTQ)/6-31G* energy and MP2/6-31G* calcu-
lated thermal correction to Gibbs free energy; PCM (toluene)
MP2/6-31G* solvent effect corrected values are given in
parentheses

addition, the potential energy surface for substituted
bicyclic derivatives(intramoleculareaction)is reported
for the first time. To the best of our knowledge,the
presentinvestigation representsa new route to the
cis,cis,transl,3,5-cyclohexatriengeferred as ‘Mdbius
benzene’starting from the parentcyclic six-membered
allene(1,2,4-cycloexatriene).

Thefollowing majorpointsareselectedor discussion.

1. High-level electron correlation calculationshave
shownthatMP2 may underestimatactivationbarriersin
the studied system by 2—6kcalmol™l. MP3 and
MP4(SDQ) energiesalso may not be accurateenough
andfull MP4(SDTQ)calculationsshouldbeusedinstead.
Thesames truefor the CCSDlevel, while the CCSD(T)
energy surface agrees well with the MP4(SDTQ)
calculatedone. Neverthelessno dramaticMP2 failures
werefoundin the systemstudiedandthe methodcanbe
acceptedasreliable quantitatively.

Copyright0 2001JohnWiley & Sons,Ltd.

PCM calculationsdo not show a significant depen-
denceof the[4 + 2] cycloadditionstagerateon the type
of mediain agreementvith expectation$or hydrocarbon
reactions.The energy parametersof the cycloaddition
stageare almost unaffectedon changingfrom the gas
phasdo apolarsolventsuchaswater.Thelargestsolvent
effectof the orderof 7—10kcal mol~* wasfoundfor the
first 1,2-hydrogenshift of Pathway Il and the last
isomerizationstepof Pathwayl.

Finally, the best potential free energy surfacesfor
intermolecular(PES 2A) and intramolecular(PES 2B)
reactionanbeconstructedisingMP4(SDTQ)energies,
thermalcorrectionto Gibbsfree energycalculatedat the
MP2 level and accountingfor the solventeffect within
the PCM approachFig. 4). We believethatthe surfaces
representone of the most accuratedescriptionsof the
systemunderinvestigation.

2. Both intermolecularand intramolecularreactions
proceedthrough similar transition statesforming a six-
memberedallene as an intermediate. However, the
activationfree energiedor the reactionsdiffer dramati-
cally, being11.3kcal mol~! smallerfor theintermolecu-
lar cycloaddition. This is a well known advantageof
intramolecularover intermolecularreactionsand canbe
attributedto lowered activation entropy in the former
caseAs shownin Tablel, for theintermoleculaiprocess
the deviationin MP2/6-31G* activation energy (AE?)
and MP2/6-31G* activation free energy (AG”) for the
first stepis 13.5kcalmol™, the samedifferencefor the
intermolecularreactionis only 3.6kcalmol~. Entropy
alsosignificantlychangesheexothermicityof ring allene
formation, which is AE = —31.6kcalmol™* and —21.2
kcalmol™* for intermolecularand intramolecular cy-
cloaddition respectively,at the MP2/6—-31G* surface.
The former value is close to the —29.7kcalmol™*
predicted using the additivity method®> On the free
energyMP2/6-31G*surfaceboth reactionshavesimilar
exothermicity(AG = —13.2and—14.2kcalmol™%), con-
sistentwith the —13.4kcalmol™* exothermicity calcu-
latedwith ab initio theory?

The calculatedrelatively high activationbarriersagree
very well with experimental observationd;®> which
indicate a non-catalyzedreaction in the temperature
rangel00-250C andvery slow reactionat 40°C.

From the abovediscussionfwo importantconsidera-
tionsdeservespecialnote.First,is thenecessityor Gibbs
free energycalculationsto constructthe total potential
energysurfaceof the entire reaction.Next, althoughan
intermolecular cycloaddition reaction correctly repro-
duces qualitative trends, it should not be used as a
simplified modelfor experimentallydevelopedntramol-
ecularsyntheticapplications.Owing to the large activa-
tion energyandtransitionstategeometrydifferencesan
explicit systemtreatmentis muchmorereliable.

On the MP4(SDTQ) energy surface (PES 2A) the
intermolecular cycloaddition step has AG” = 41.9kcal
mol ! andAG = —14.5kcalmol* (40.4and—17.4kcal
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Scheme 4. Experimental cycloaddition reaction 2

mol* in toluenesurrounding)correspondingaluesfor
the intramolecular (PES 2B) reaction are AG” =30.9
kcalmol~* andAG = —15.3kcalmol~* (28.9and —18.1
kcalmol~ on the PCM-toluenesurface).

3. Detailedexaminationof the possibleconversionof
ring allene 3 to aromatic system 10 reveals two
alternative pathways; 1,3-hydrogenshift followed by
isomerization (Pathway I) and two subsequentl,2-
hydrogenshifts (Pathwayll). The activation barrier of
the 1,3-hydrogershift (3 — 4 TS) is in bothcaseginter-
andintramoleculaiprocessed)igherthanthatfor thefirst
1,2-hydrogershift (3 » 7 TS). On the potentialenergy
surfaceof theintramoleculareactiond-TSis evenhigher
in energythanthe cycloadditionsteptransition state2-
TS. Pathwayll is dramaticallylessdemandingenerge-
tically andmostlikely is the onethat takesplacein the
real system.

Theseresults explain the difficulties in isolating or
observing six-memberedallene intermediatesin the
reactionssincel,2-hydrogershiftsrequiremushsmaller
activation energiesthan the first cycloaddition steps.
Accordingto the calculationsthe [4 4 2] cycloaddition
is the rate-determiningstageof the enyneto aromatic
hydrocarborconversion.

The first 1,2-hydrogenshift of Pathwayll on the
MP4(SDTQ) energy surface (PES 2A) intermolecular
cycloaddition step has AG*=34.7kcalmol™* and
AG =16.0kcalmol™* (32.2 and 14.8kcalmol™* on the
PCM-toluene surface); correspondingvalues for the
intramolecular reaction (PES 2B) are AG"=29.9
kcalmol™! and AG = 10.6kcalmol™* (27.7 and 9.5kcal
mol~* on the PCM—toluenesurface).

The conclusionsdrawn concerningthe mechanisnof
ring allene conversioncan be confirmedwith available
experimentabata. Thermolysisof 11 givestwo bicyclic
products 14 and 15 with 58% and 17% yields,
respectively(Schemed). The formationof bothisomers
14 and15wasunexpectedhut canbe explainedin terms
of Pathwayll. After thefirst 1,2-hydrogershift acarbene
intermediatel3 is formed (like 8, but with a CH5 group
insteadof anH atomat C, seeFig. 2). Thenextshift may
involve eithera hydrogenatomleadingto 14 of a methyl
group giving 15. The calculationsin the presentwork
show a very low activationbarrier for the secondshift
startingfrom carbene8 andthe processnayalsoinvolve
the methyl group to producethe correspondingsomer
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15. Not surprisingly, the hydrogen atom as a non-
directional migrating group shifts more easily, thus
resulting in a higher yield of 14. Theseexperimental
observationswere made using flash vacuum thermo-
lysis?.

The conversionof the ring allenethrougha 1,2-shift
with subsequentarbeneintermediategenerationis also
supportedwith otherexperimentafindings’.

To summarize,the presentinvestigationrevealsan
appropriatering allene conversionmechanismcorrect
from both experimentabndtheoreticalpointsof view.

4. It will be interesting to compare ring allene
conversionpathwaysn intermolecularandintramolecu-
lar reactionsandobviouslythe maindifferencesetween
Pathwayl and Pathwayll shouldalso be outlined. The
factorscontrollingthedirectionof theconversiorprocess
would include both steric and electronic contributions.
Energy changesaccompanyingrearrangementhrough
Pathway | reflect a high steric demand, since the
formationof 4-TS requireslarge skeletalanglebending.
The non-planarstructure of the carbonring increases
steric strain and shifts the pathwayto the top of the
potential energy surface. As a result, activation and
reactionenergyparameterfor Pathwayl arevery similar
for intermolecular and intramolecular reactions, and
neither transition state geometry shows a significant
difference.

In contrastto the former, 1,2-hydrogershifts occurin
the planarconformationof the carbonskeletornof the six-
memberedring (7-TS, 8 and 9-TS) and are not much
influencedby steric factors. Some stabilization effect
from thesecondalkyl ring maybeanadditionalsourceof
energygain. This makesPathwayl lowerin energythan
Pathwayl in all casesandthe former pathwayis more
sensitiveto the presencef substituents.

Thus,themaindifferencesetweerintermoleculaiand
intramolecular reactions are lower barriers of the
cycloadditionandthefirst 1,2-hydrogershift stagedue
to the activation entropy contribution and alky! ring
stabilizationeffects.

Intermolecularacetyleneand vinylacetylenecoupling
to benzenehas not been recognizedas a valuable
experimentalmethod, but the intramolecular reaction
hasshownsubstantiakyntheticpotential 3. This canbe
explainedin the light of the theoreticalstudy performed
andsupportshe calculationsresultsobtained.

J. Phys.Org. Chem.2001;14: 109-121
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5. Aromaticring (10) formationfrom the initial enyne
precursoi(1) is a highly exothermicprocessy 96.3and
99.0kcal mol™* (99.7and102.1kcal mol~* accordingto
PCM modelingof the tolueneenvironmentfor intermol-
ecular and intramolecular cycloaddition reactions, re-
spectively,on the MP2 energysurfaceand by 92.1 and
94.6kcalmol~* ontheMP4(SDTQ)energysurface(95.6
and97.7kcalmol~* on the PCM—-toluenesurface).Such
high exothermicityprovidesthe necessargriving force
andrenderghechemicaltransformationrreversible The
energy gain comes mostly from two effects: two
relatively strong carbon—carbons-bonds are formed
instead of a weak acetylenic n-bonds, and due to
aromaticstabilizationenergy.

CONCLUSIONS

This detailedexaminatiorof the [4+2] enynecycloaddi-
tion reaction pathwayin the light of available experi-
mental data allows the following conclusionsto be
drawn.

The rate-determiningstageof the reactionis the first
enyne+ alkyne cycloaddition step. A non-planar six-
membereding alleneintermediatecan be convertedto
an aromatic systemstarting via eithera 1,3- or a 1,2-
hydrogenshift. Thelatter pathwayhasa lower activation
energy and proceeds through intermediate carbene
generation.The calculated energy surface provides a
reliable explanationof the availableexperimentatata.

A non-catalyzedhermal cycloadditionreactionwas
studied. Further investigations of the system under
different reaction conditions and involving substituted
substratesre the subjectof ongoingwork.

Supplementary material
Coordinatesn xyzformatfor theoptimizedgeometrie®f
all structuresare availableat the epocwebsiteat http://
www.wiley.com/goc.

Acknowledgements
The author thanks Dr Alex A. Granovskyfor helpful

commentonsomePC-GAMESSeaturesandDrs Vitaly
SolkanandGeorgyZatonskyfor stimulatingdiscussions.

REFERENCES

1. DanheiseRL, GouldAE, dela PradillaRF, HelgasorAL J. Org.
Chem 1994;59: 5514.

Copyright( 2001JohnWiley & Sons,Ltd.

2.

oo~NO® abhw

11.
12.

13.
14.

29.
30.
31.

33.

34.

35.

36.
37.

38.
39.

40.
41.

121

BurrelRC, DaoustKJ, BradleyAZ, DiRico KJ, JohnsorRPJ. Am.
Chem.So0c1996;118 4218.

. Wills MSB, DanheiseiRL J. Am.Chem.Soc.1998;120 9378.
. Gilchrist TL J. Chem.Soc.Perkin Trans.1 1999;2849.
. ChristlM, BraunM, Miiller G Angew.Chem.Int. Ed. Engl. 1992;

3L 473.

. JohnsorRP Chem.Rev.1989;89: 1111.
. JanoschelR Angew.Chem.Int. Ed. Engl, 1992;31: 476.
. Hopf H, BergerH, ZimmermannG, NiichterU, JonesPG, Dix |

Angew.Chem.Int. Ed. Engl. 1997;36: 1187.

. RothWR, Hopf H, Horn C Chem.Ber. 1994;127. 1765.
10.

Li Z, RogersDW, McLafferty FJ, MandziukM, PodosenirAV J.
Phys.Chem.A1999;103 426.

Merz KM, ScottLT J. Chem.Soc.Chem.Commun1993;412.
Bettinger HF, SchreinerPR, SchaeferHF, SchleyerPvR J. Am.
Chem.Soc, 1998;120 5741.

Mgller C, PlesseMS Phys.Rev.1934;46: 618.

Frisch MJ, Head-GordonM, PopleJA Chem.Phys.Lett. 1990;
166 275.

. Ditchfield R, HehreWJ, PopleJA J.Chem Phys.1971;54: 724.

KrishnanR, Binkley JS,SeegeR, PopleJA J. Chem.Phys.1980;
72: 650.

.GonzalesC, SchlegeHB J. Chem.Phys.1989;90: 2154.
. TomasiJ, PersicoM Chem.Rev.1994;94: 2027.
. Amouvilli C,BaroneV, CammiR, Cance£, CossiM, MennucciB,

Pomelli CS Adv. Quantum.Chem.1998;32: 227.

.CramerCJ, Truhlar DG Chem.Rev.1999;99: 2161.
.BaroneV, CossiM, TomasiJ J. Chem.Phys.1997;107: 3210.
. CRCHandbookof ChemistryandPhysicg77thedn).Lide DR (ed)

CRC PressBocaRaton,FL, 1996.

.PopleJA, SeegerR, KrishnanR Int. J. Quantum.Chem.Symp.

1977;11: 149.

.HehreWJ, RadomL, SchlaerPvR, PopleJA Ab Initio Molecular

Orbital TheoryWiley: New York, 1986.

. PulayP, SaeboS, Meyer W J. Chem.Phys.1984;81: 1901.
. SaehasS, PulayP J. Chem.Phys.1987;86: 914.

27.
. PopleJA, Head-GordorM, RaghavacharfK J. Chem.Phys.1987;

KrishnanR, FrischMJ, PopleJA J. Chem.Phys.1980;72: 4244.

87: 5968.

Bartlett RJ, PurvisGD Il Int. J. Quantum.Chem.1978;14: 561.
Bartlett RJ, PurvisGD Ill Phys.Scr.1980;21: 255.
Raghavachri K, Trucks GW, PopleJA, Head-GordorM Chem.
Phys.Lett. 1989,157: 479.

. Granovsky AA PC-GAMESSversion 5.5 Moscow State Uni-

versity: Moscow,1999.

SchmidtMW, BaldridgeKK, Boatz JA, Elbert ST, GordonMS,
JensendJ,KosekiS, MatsunagaN, NguyenKA, SuS,WindusTL,
DupuisM, MontgomeryJA J. Comput.Chem.1993;14: 1347.
Frisch MJ, Trucks GW, SchlegelHB, ScuseriaGE, Robb MA,
CheesemadR, ZakrzewskiVG, Montgomery,JA Jr, Stratmann
RE, BurantJC, DapprichS, Millam JM, DanielsAD, Kudin KN,
Strain MC, FarkasO, TomasiJ, BaroneV, CossiM, CammiR,
Mennucci B, Pomelli C, Adamo C, Clifford S, Ochterski J,
PetersorGA, AyalaPY, Cui Q, Morokumak, Malick DK, Rabuck
AD, RaghavachariK, ForesmanJB, Cioslowski J, Ortiz JV,
Stefanov BB, Liu G, Liashenko A, Piskorz P Komaromi |
GompertsR, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, NanayakkaraA, GonzalezC, ChallancombeM, Gill PMW,
JohnsorB, ChenW, Wong MW, AndresJL, GonzalezC, Head-
Gordon M, Replogle ES, Pople JA Gaussian98, Revision A.7
Gaussian:Pittsbgh, PA, 1998.

Schaftenaa6, Noordik JH J. Comput.-AidedMol. Des.2000;14:
123.

JohnsorRP, DaoustkJ J. Am.Chem.So0c.1996;118 7381.
CramerCJ, Truhlar DG, FalveyDE J. Am.Chem.S0c.1997;119
12338.

Nickon A Acc.Chem.Res.1993;26: 84.

SulzbachHM, PlatzMS, SchaefeHF, HadadCM J. Am. Chem.
S0c.1997;119 5682.

HehreWJ, Ditchfield R, PopleJA J. Chem.Phys.1972;56: 2257.
KrishnanR, PopleJA Int. J. Quantum.Chem.1978;14: 91.

J. Phys.Org. Chem.2001;14: 109-121



