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ABSTRACT: The gas-phase reactivity of the classical ionideédor C-methylpyrazoles and the corresponding
distonic pyrazoliumN-methylide ionsa and distonic-like pyrazoliunC-methylide ionsb, generated from several
pyrazole derivatives, was investigated through the use of mass spectrometric techniques and a density functional
theory (B3LYP DFT) approach. The calculations performed at the B3LYP/6+3&{3df, 2p)//B3LYP/6—
31G(d,p)+ ZPE level showed the higher stability of the isomaendb ions compared with the classical ionizisd

or C-methylpyrazoles. In the light of the theoretical results, the loss of a neutral methylene group frearaiwhs

was predicted to be energetically disfavoured, in agreement with experimental findings. lon—molecule reactions
performed in a new hybrid mass spectrometer of sectors—quadrupole—sectors (EBEgQEBE) configuration, were used
for the characterization of the J8¢N,] " ions studied. The targets used were nitric oxide, dimethyl disulphide,
dimethyl diselenide, pyridine and acetonitrile. In the specific case ofapgenerated fronN-acetylpyrazole, the
presence in the mass spectra (or in the collisional activation mass spectra of mass-selected ion—molecule reactior
products) of CHNO™, CH;SCH," or CH;CNCH, * fragment ions confirms the presence of the,Ghbiety and
therefore their distonic character. The most stable ibngroposed to be produced from 3(®)N-dimethyl-
aminopyrazole do not show the same reactivity (i.e. the @idiety transfer). Because all the JdsN,] " ions are

able to protonate pyridine and not acetonitrile, and because these ions do not react with pyridine by charge exchange.
the deprotonation energies of the ionized and distonic species and the ionization energies of neutral methylpyrazoles
were also calculated. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: pyrazoleN-methylide radical cation; ion—molecule reactions; mass spectrometry; DFT molecular
orbital calculations

INTRODUCTION Some ions analogous b have also been generated

The distonic

by transfer of CH'" (from ionized oxacyclopropane) to
pyridineN-methylide radical catiod " has pyrazole: the distonic structuBs™ (denoteda hereafter)

been extensively studied in recent years.General has been proposed on the basis of collisional activation

methods of

production were based on the transfer of experiments:® The molecular ions oN-acetylpyrazole

ionized methylene (CK™) to neutral pyridine by using  (4) have been shown to undergo decarbonylation upon
various experimental methods, such as chemical ioniza-electron ionization and the distonic struct@é (a) has
tion™? and ion-molecule reactions in a pentaquadrupolar been proposed (see Scheme 2) for these fragment fons.

instrument or in a Fourier transform ion cyclotron In the present work, the4fCO] ™ ions were reinves-
resonance spectromefeDissociative ionization of the  tigated by using ion-molecule reactions in a new hybrid
stable betain® was another convenient source for mass spectrometer of sectors—quadrupole—sectors con-

ion production under electron ionization conditions figuration (see Experimental Details section). The

(Scheme 1).

reactivity of these ions with some neutral species was
compared with that of reference ions, namely the

*Correspondence taR. Flammang, Laboratoire de Chimie Organique, Molecular ions of the 1-methyl-, 3(5)-methyl- and 4-
Universite de Mons-Hainaut, Avenue Maistriau 19, B-7000 Mons, methylpyrazoless—7 and ionsb which can be the ions

Belgium. E-mail: robert.flammang@umh.ac.be
T This work is dedicated to Professor Jdsguero, Madrid, on the

resulting from CH=NH loss from ionized 3(5)-

occasion of his 65th birthday. dimethylaminopyrazole8) (see Scheme 3). The forma-
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tion of b ionsfrom 8" is proposedoy analogywith the
caseof ionized 2-(N,N-dimethylamino)pyridinewhich
generateghe tautomerof ionized 2-picoline by losing
CH,=NH.*

EXPERIMENTAL RESULTS
Collisional activation at low kinetic energy

Before discussing the nature of the ion—molecule
products between the [C4HgN,] " ions and various
neutral reagents,we will first describethe results of
collisional activation(CA) with argonin the low kinetic
energyregime(ca20-30eV). Therelativeabundancesf
thefragmentions,excludingm/z81 (lossof H', basepeak
in all cases)which is by far the mostintenseunimol-
eculardissociationarecollectedin Table1.

A commonfragmentatioryieldsm/z55ions. Thisloss

Copyrightd 2000JohnWiley & Sons,Ltd.

of CHN is alreadydetectedevenin the absenceof the
collision gasand may thereforeimply a rearrangement
reactionbefore cleavage.Although important intensity
differencesare seenin these CA spectra,significant
structuralinformation arisesonly from the presenceof

Table 1. CA (argon) mass spectra [m/zand relative intensities
(%)] of the [C4HgN5]" ions?

m/z
lon 68 67 56 55 54 53 52 42 41 40 39 28
a 7 — — 10094 47 19 18 9 — — b5
b — 38 1610 5 — — 51 5 — 5 —
5t — — — 7968 19 9 10012 10 5 —
6t — 5 510061 54 — 3213 6 — —
7t — — — 100588 8 — — — — — 5

&Spectraof a andb ionsgeneratedby (dissociative)onizationof 4 and
8, respectively arealsoincluded.Peaksof intensitylessthan5% are
disregarded.

J. Phys.Org. Chem.2000:13; 13-22
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m/z67 and68ions.A lossof 14 Da(CH,) is only present
in thecaseof the[C,HgN] " ionsderivedfrom 4 (ionsa).
This fragmentationhas also been detectedin the CA
spectrumat high kinetic energy,reportedpreviously® It
is worth noting that the m/zion 68 is not presentin the
caseof the [M —CH,NH]* ionsof 8 (ionsb), the losses
of 15, 26 and40 Da beinginsteadthe major fragmenta-
tion processe¢Schemet).

Fromtheseresults,we canconcludethatthe lossof a
methylene (CH,) from ions b would be a process
energeticallyhigherthanthatarisingfrom ionsa or even
thations b generatedrom 8 * do not havethe distonic
structureproposedn Schemes.

lon—-molecule reactions with nitric oxide
Nitric oxide has been used in some casesfor the

characterizatiorof distonic or distonic-like species.In
fact, severalreactionshave beenobserved,namely (a)

42
41
CH,NO*
J 44
@) (O — L/\ A
42
41
0 43
(b) —= A A ] Jl\ A

miz

Figure 1. Mass spectra (part) of the ions produced in the
reaction of nitric oxide with ions (a) a and (b) b. The inset in
(a) shows the CA (O,) spectrum of the m/z 44 ions recorded
in the linked scan mode. Peaks marked with asterisks are due
to a not yet defined interference

Copyrightd 2000JohnWiley & Sons,Ltd.

formationof CH,NO™ ions(m/z44) from ‘CH,—X*t—R
ions? (b) formationof XNO™ ions(X = S, Se)from R—
C=N"—X" ions'®** and (c) formation of [M + NOJ"
cations™?

In Fig. 1, we presentpartsof the massspectraof the
ions producedin the r.f.-only quadrupolecollision cell
betweerdeceleratedn/z82ions(a or b) andnitric oxide.
Only in the specificcaseof theionsa doesa peakat m/z
44 correspondingo CH,NO™ ions appear.This peak,
which is not observedor ions b or for the conventional
5% and 6'" ions, confirms the presenceof the CH,
moietyin a, andtherefordts distoniccharacterAlthough
the intensity of the m/z44 peakwasvery low (lessthan
0.5% of the most intense CA peak at m/z 55), we
succeededh recordingthe high-energyCA spectrumof
theseions, which is shownasaninsetin Fig. 1 (a). The
basepeakat m/z30 for NO* ions clearly indicatesthat
these ions result from the transfer of an ionized
methyleneto nitric oxide. This spectrumis moreover
almostidenticalwith thatof the m/z44 ionsgeneratedby
reactingionized cyclopropanewith nitric oxide.

lon—-molecule reactions with dimethyl disulphide

Stirk et al.*® have shown that dimethyl disulphide
(DMDS) can efficiently indicate the distonic nature of
radical cations. The distonic ions frequently react by
methylthioradicalabstractionIn contrasttheirisomeric
conventional structuresreact preferentially by charge
exchangée? when suchtransferis of courseallowed by
theionizationenergies.

All the [C4HgN,] " ions studiedin this work react
mainly with DMDS by chargeexchangeproducingvery
intensepeaksat m/z 94 for CH;SSCH'* ions. For the
distonicionsa andb additionalsmallerpeaksareseenat
m/z 129 correspondingto the abstractionof a CHsS
radical. This is exemplifiedin Fig. 2 in the caseof the b
ions.

After reacceleratiorat 8 keV, the m/z 129 ions were
submitted to collisional activation and the fragments

82
X200 =

94

129

81

96

mz

T

Figure 2. Mass spectrum (magnet scan) of the ions produced
in the r.f.-only quadrupole collision cell after reaction of ions
b with DMDS. The peak at m/z 82 is off-scale

J. Phys.Org. Chem.2000:13; 13-22
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Figure 3. CA (0,) spectra (linked-scan mode) of (a) the
[a + CHsS]t ions and (b) the [b + CHsS]™ ions (m/z 129)

collectedby a linked scanningof the fields of the last
three sectors(see Experimental Details section). The
resulting spectraare shownin Fig. 3. Interestingly,the
basepeakof the[a+ CH3S]" ionsis observedat m/z61
for CH;SCH, " ions(lossof neutralpyrazole) Thesdons
are not observedfor the [b + CH5S]" ions; instead,an
intenseloss of thioformaldehyde(m/z 83) is observed.
Theoccurrencef apeakatm/z61is notexpectedn this
last caseasit shouldresultin the elimination of a less
stableylid isomerof pyrazole(Schemeb). Similar results
havebeenobtainedfor pyridine N-sulphide(selenide):*

lon—-molecule reactions with dimethyl diselenide

It hasbeenreportedthatdimethyldiselenidgDMDSe)is
moreefficientthanDMDS concerninghe determination
of the distonic characterof radical cations'> However,
DMDSe is more difficult to handleowing to its lower
vapourpressureln addition, the large numberof stable

isotopesof seleniummultiplies the peakson the spectra,
makinginterpretationdifficult.

When experimentsare performed using DMDSe,
charge exchangeis predominant(m/z 190, 100%) for
all the [C4HgN,] " ions, and abstractionof the CH;Se
radicalis only observedor aandb ions(m/z176,4%and
2%, respectively) asexpectedn the basisof the results
with DMDS.

lon-molecule reactions with pyridine

The reactivity of the isomeric [C4HeNo] " ions with

pyridine was also studiedin orderto detectan eventual
transferof ionizedmethylenein the specificcaseof ions
a. Apart from the spontaneousand collision-induced
reactiong(yielding mainly m/z81 and55 ions), the only

reactivity observedis of a proton transfer giving

protonatedpyridine (m/z 80). Thus, all the [C4HgN,]

isomersreactasBrgnstedacidswith pyridine becausef

its high proton affinity [220.4kcalmol™ (1kcal=

4.184kJ)].*® Sincechargeexchangds not observedthe

ionizationenergyof the [C,HgN,] " ions mustbe lower

thanthatof pyridine (9.25eV*").

The abundanceratios between the m/z 80 ions
(protonation) and the m/z 81 (fragmentation) were
measuredo be betweenca 0.2 and0.8. Therefore these
ratios cannot be used for the characterizationof the
variousisomers.

lon-molecule reactions with acetonitrile

Comparedwith pyridine, acetonitrile has a reduced
proton affinity (191kcalmol*).1® Therefore, it is
expectedthat the proton transfer reaction could be
disfavouredwith respectto that of ionized methylene
startingfromionsa. In fact, acetonitrileN-methylideions
can be preparedby reacting distonic ions with aceto-
nitrile, ashasalreadybeenreported-®

Figure 4 showspartsof the massspectraof the ions

/f DMDS
y-N \ o\ £ o cHsCH,
\N H/ ~
| ) /z 61
. m/z
. CHh CH,SCH;
m/z 82 m/z 129
. H,C
H,C H3CSH,C 3
7—'/\ ) \
1 DMDS ! CA N
/N\ \ — /N\ \ -CH—2=S> H® SN m/z 83
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Scheme 5
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Figure 4. Mass spectra (part) of the ions produced in the
reaction of CD5CN with ions (a) a, (b) b and (c) 5°F

producedin the r.f.-only quadrupolecollision cell when
deceleratedonsa, b or 5" ionsreactwith perdeuterated
acetonitrile.Theuseof labelledacetonitrileis requiredin
order to avoid interferencebetweenthe ion—molecule
product CH;CNCH, ™ and the collision-inducedfrag-
ment(both CsHsN, m/z55). Althoughof low intensity,a
peakat m/z58 (CD;CNCH, ") is only seenin the caseof
ions a, againin agreementvith their distoniccharacter.

THEORETICAL RESULTS

In order to elucidate the experimentally observed
reactivity, we performedDFT calculationsusinga basis
setwith sufficientflexibility to ensurereliableresults.

Classical and distonic structures

The optimizedgeometriesf the classicalstructureg5
and 6'") and their distonic counterpartga and b) are
displayedin Fig. 5. We alsoshowthe geometrief the
transition statescorrespondingo 1,3-hydrogentransfer
and which connectthe aforementionedminima. The
energieof thesesystemsarepresentedn Table2 at our
highestlevel of calculation(including ZPE corrections).
Thefirst conspicuousbservatiors thatdistonicforms
are approximately16kcalmol~* more stable than the

Copyrightd 2000JohnWiley & Sons,Ltd.

correspondingclassicalstructures,the speciesb being
about10kcalmol~* morestablethana. The barriersfor
the formation of distonic ions from the classical
structuresare about40kcalmol™*. The inversebarrier
is about60 kcal mol~*. Thermodynamicallythesevalues
suggeshaneasiefformationof distonicionswhenstarting
from ionized speciess’t and 6 *. The inversereaction
will thenbe moredifficult.

The Mulliken analysisof distonic structuresa andb
revealsthat the positive charges(see Scheme6) are
mainly concentratedn the carbonatoms.The unpaired
electronis locatedby more than 80% over the carbon
correspondingo the CH, moiety. Thefinal structurexan
be describedas the sum of the contributions of the
different resonantforms presentedn Scheme6. From
thesedescriptionswe can seethat ion a hasa - or y-
distoniccharactercontrastingwith ion b which hasonly
oneminor y-distonicform.

Theabsenceén the CA spectrunof theb structureof a
peak correspondingo the loss of CH, promptedus to
analyseherelativeenergief the productgyeneratedby
sucha loss.We canseein Table 2 that the dissociation
energyfor awill require136.4kcalmol* whereasn the
case of b this value is 158.4kcalmol™!. An easier
transfer of the CH, group in a than in b speciesis
therefore expected,which is in accordancewith the
experimentaresults.

The carbenic ion ¢

Taking into accountthatthe CA spectrum(seeTable 1)
showsa loss of 15Da (assignedo a CHs loss),we can
assumehattheion havingthe proposedstructureb may
isomerizeinto the classicalion 6'" beforefragmenting,
or even that this ion has other structures. This is
supportedby the fact that their respectiveCA spectra
aredifferent. We thenconsideredhe possibleformation
of acarbenidon c which mayalsobe generatedrom the
precursor8 ", asdepictedin Scheme7. The stability of
some heterocyclic carbeneshas been convincingly
demonstratedecently™®

The structurec is displayedin Fig. 5. This carbenic
speciesis lessstablethan the distonicion isomerb by
38.6kcalmol™t. The Mulliken analysisshowsthat the
unpaired electron is almost entirely located at the
carbenic carbon atom. The positive chargeis shared
betweentwo carbon atoms, as shownin the relevant
resonanformsdisplayedin SchemeB.

The loss of a CHjs radical starting from ¢ could be
favouredby the fact thatit would makepossiblethering
resonancef the resultingcation.

lonization energies

In orderto checkthe energeticsnvolvedin the possible
J. Phys.Org. Chem.2000:13; 13-22
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Figure 5. Optimized geometries of the [C4HgN,]"t ions. Bond lengths are given in angstroms and bond angles in degrees

chargeexchangereactionsobservedexperimentally we
optimized,atthe samelevel of theory,the corresponding
neutralstructuresb, 6 and13. the speciesl4 thatwould
correspondo the neutralform of the distonic speciesa
will not be consideredsinceit would have a diradical
characterThe ionizationenergieqIEs) of thesespecies
(presentedh Table2) wereestimatedatthehighestievel
of theory used,to be around8.8eV. Thesevaluesare
lowerthantheionizationenergyof pyridine (9.25eV), in
agreementwith the experimentallynot observed(see
above)charge-transfereactionbetweerpyridineandthe
otherspeciesgnvolvedin this study.

Copyrightd 2000JohnWiley & Sons,Ltd.

From the structuresdisplayedin Fig. 6, one can see
that the ionization of 5 and 6 givesrise to a significant
shorteningof the N—N bond whereaghe two adjacent
C—N bondsaresignificantlyelongatedThe ionizations
of 5 and 6 are also accompaniedy the rotation of the
methyl group.

The correspondingneutral form of b, namely the
species13, is not a planar structure,the two N—H
moietiesareout of the planeandin atransconfiguration,
sothe resonanceffectsconcernonly the carbonatoms,
in contrasto whatis observedor ion b, whichis planar.
In addition,we cannotethatthe calculated E (6.59eV)

J. Phys.Org. Chem.2000:13; 13-22
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Table 2. Calculated B3LYP total energies (in hartrees) and relative energies (in kcal mol™"), ionization energies (/Es in eV) of
neutral compounds and proton affinities (PAs in kcal mol™") of radical species

Species 6-31G** ZPE 6-311+ (3df,2p) 6-311+ (3df,2p)+ ZPE  E, (kcalmol™) IE PA
lons

b —265.242100 0.098224 —265.320768 —265.222544 0.0

a —265.225606 0.097938 —265.304261 —265.206323 10.2

c —265.183318 0.099282 —265.260334 —265.161052 38.6

5+ —265.202396 0.097132 —265.278048 —265.180916 26.1

6" —265.215214 0.097160 —265.291465 —265.194305 17.7

TS6T —b —265.140702 0.092347 —265.217829 —265.125482 60.9

TS5 —a —265.133174 0.092558 —265.209722 —265.117164 66.1

b - CH, —225.857941 0.071208 —225.925587 —225.854379

a— CH, —225.876373 0.069174 —225.942481 —225.873307

Radicals

1lla —264.874336 0.085447 —264.960898 —264.875451 0.0 217
11b —264.878869 0.085507 —264.964863 —264.879356 —-2.5 215
10 —264.862024 0.084702 —264.947988 —264.863286 7.6 215
9 —264.852754 0.083523 —264.935576 —264.852053 14.7 214
12 —264.823069 0.086166 —264.906861 —264.829605 34.3 213
Neutrals

6 —265.530489 0.098952 —265.615695 —265.516743 0.0 8.77

5 —265.522340 0.099087 —265.606733 —265.507646 5.7 8.89

13 —265.473701 0.098693 —265.563063 —265.464370 329 6.59

CH, —39.131752 0.016512 —39.149858 —39.133346

is lower thanthoseof 5 and 6, reflectingits instability.

This ionization energybeing lower than the ionization

energyof dimethyl disulphide(8.18eV),?° the observa-
tion of a charge-exchangprocess(seeearlier) mustbe

due to the occurrenceof a mixture of structuresin the

dissociativeionization of dimethylaminopyrazie (8).

Proton affinities

Finally, becausethe ions 5%, a and b are able to
protonatepyridine but not acetonitrile,we investigated
theradicalstructuregesultingfrom the possibleossof a
proton from nitrogen atoms of theseions in order to
evaluatethe correspondingproton affinities (PAs). The
valuesreportedin Table 2 are in agreementwith the

0.01
0307 04
018N—N

H2C 0.04

033 a
(0.8)

H,¢”

(0.8)
014 001

H,C
2 Om 0.4

N—N
p 003 0.07

experimental findings; the PAs of all the radicals
consideredhere are indeed surroundedby those of
pyridine and acetonitrile. The structuresof the radicals
9, 10, 11a and11b aredisplayedin Fig. 7.

Thedeprotonatiorof ion b cangive bothradicalslla
and11b, the latter beingmore stablethan10a by only
2.5kcalmol™t. The isomers9 and 10 are less stable
thanlla by 14.7and7.6kcalmol™?, respectivelyFrom
the Mulliken analysisthe unpairedelectronis locatedin
the CH, moietyfor 10, 11a and11b'. In the caseof the
radical9’, comingfrom the classicalionizedion 5, the
unpairedelectronis sharedbetweenthe carbonatoms
composingthering.

It is worth noting that, in all the ionized distonicand
radical structuresinvestigatedin this study, neitherthe
chargenor theradicalis localizedon nitrogenatoms.

Q0O

H,¢”

1t H,¢”

Hzé\*(% Hzé%_F H2C%+
N—N N—-N N—NH

Scheme 6
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CONCLUSION

Althoughthe reactivity of ions a towardthe targetsused
in the presentwork is generallylow, the resultsclearly
indicatetheir distonic characterjn excellentagreement
with the CA datain the high or low kinetic energy
regimes. In particular, ion—molecule reaction with
dimethyl disulphide coupled with the high-energyCA
spectrumof the ions producedby abstractionof CH;S
leaveslittle doubt abouttheir pyrazolium N-methylide
structure.

Formally, ions b, tautomersof 3-methylpyrazoleare
not distonicions. Theseions are the moststableamong
the [C4HgN,] " speciesstudiedin the presentwork and
areproposedo be producedn thedissociativdaonization
of dimethylaminopyraole (8). Theintenselossof 15Da
in the low-energyCA spectrumis neverthelessot yet
understoodndfurtherexperimentge.g anunambiguous
synthesisof ions ¢) arerequiredin orderto clarify this
peculiarbehaviour.lt is neverthelessvorth noting that
the tautomericion of 2-picoline behavessimilarly.*

EXPERIMENTAL DETAILS

All the spectrawere recordedon a large-scaletandem
massspectrometéf which hasbeenrecentlymodifiedto
allow the study of ion—-molecule reactions®> The
spectrometerhas been schematically presentedelse-
where?* Briefly, it consistsof a combinationof sectors
and an r.f. only quadrupolecollision cell giving the
sequenceEBEQEBE (E = electric sector, B = magnetic
sectorand g = quadrupolecollision cell). Typical condi-
tions were acceleratingvoltage 8keV, trap current
200pA andionizing electronenergy70eV.

In the ion—moleculeexperiments,a beam of mass-
selectedons(EBE) is deceleratedo a few electronvolts
beforeenteringthe quadrupolesollisioncell in to whicha
neutralreagentis introducedat a pressureestimatedas

13

Figure 6. Optimized geometries of three C4HgN, neutrals.
Bond lengths are given in angstroms and bond angles in
degrees

103 Torr (1Torr=133.3Pa) The ion—-molecule pro-
ducts,reacceleratect 8 keV, canthen be separatedy
scanning the field of the second magnet (B scan).
Moreover the high-energyCA spectreof theionspresent
in thequadrupoleanberecordedy alinked scanningpf
the fields of the last threesectorg(EBE, resolvedmode)
or a scanningof the field of the last electric sectorafter
mass selectionwith the secondmagnet.In these CA
experiments,a collision gas is introducedinto cells

H H g
(0.99) C_ 041 C
on¢” NcH 3 NCH  ——s (/ “CH
/ / /
N—N N—N N—N
7 020 \ / A H c/ >
H,C 020 'y H,;C H 3 H
0.39
Scheme 8
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1.091

Figure 7. Optimized geometries of the C4HsN, radicals. Bond lengths are given in angstroms and bond angles in degrees

situatedin front of the third and the fourth electric

sectors.
Thesamplesverecommerciallyavailable(Aldrich) or

preparedaccordingto literatureprocedure$42® andg?®).

THEORETICAL DETAILS

The theoretical treatment of the different systems
included in this work was performed by using the
B3LYP densityfunctionalapproactin the Gaussian-9%
seriesof programs.The B3LYP approachis a hybrid
methodwhichincludesthe Becke’sthree-parametaron-
local exchangepotentiaf® with the non-localcorrelation
functionalof Lee, YangandParr?® This methodhasbeen
found to be fairly reliable as far as the descriptionof
closed- or open-shell species is concerned® The
geometriesof the different speciesunder consideration

Copyrightd 2000JohnWiley & Sons,Ltd.

were optimized using the 6-31G (d,p) basis set. The
harmonic vibrational frequenciesof the different sta-
tionary pointsof the potentialenergysurface(PES)were
calculatedat the samelevel of theory as usedfor their
optimizationin orderto identify thelocal minimaandthe
transitionstates(TS) andto estimatethe corresponding
zeropoint energieZPE).

In orderto takeinto accountpossibleshortcomingof
the basis set used, the final energiesof the different
species under study were obtained in B3LYP/6—
311+ G(3df,2p) single-point calculationsat the afore-
mentionedB3LYP/6-31G(d,poptimizedgeometrices.
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