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ABSTRACT: The molecular mechanism for the pyrrole ring expansion to yield 3-chloropyridine, as a model of the
abnormal Reimer-Tiemann rearrangement, was characterized theordticesiguoby means of the HF/6-31G*
computational method. The electron correlation was estimated at the MP2/6—-31G* level and by calculations based on
density functional theory, B3LYP/6— 31G* and B3LYP/6—3&*. Solvent effects of the diethyl ether and ethanol
media were analyzed by using a polarizable continuum model. The stationary points were characterized with
analytical gradient techniques in the gas phase and insolvents. The topology of the potential energy surfaces
calculated at the MP2/6-31G* and B3LYP/6-31G* levels shows that the molecular mechanism corresponds to an
inverted energy profile along one intermediate, associated with the addition of dichlorocarbenk b s$iten of the

pyrrole anion, and only one transition structure related to the ring expansion associated with the breaking and forming
of Co—Cff and C—: bonds, respectively, and the Cleaving procesd.] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION of interest to undertakeb initio calculations, with the
aim of gaining further insight into the abnormal Reimer—

The Reimer—Tiemann rearrangement for the preparationTiemann reaction of the pyrrole ring system. To our
of substituted rings is a useful tool in organic synthesis knowledge, this is the first theoretical study devoted to
and an appreciable number of experimental studies onelucidating the molecular mechanism for this type of ring
this reaction have been publishkd.In particular, the expansion. We addressed the following problems: (i) the
ring expansion of the pyrrole system to form 3- nature of the reaction pathway, which requires a detailed
substituted pyridines in the presence of dihalomethanesknowledge of stationary points, i.e. reactants, transition
in a strongly basic medium is an interesting synthetic structure (TS), products and intermediates, on the
procedure in organic chemistfy® This ring enlarge-  potential energy surface (PES); (i) knowledge of the
ment is known as an abnormal Reimer-Tiemann barrier heights associated with TSs and reaction energies,
reaction™>**> The molecular mechanism reported in the for which purpose the dependence of the energies and
literature clearly establishes that the dichlorocarbene geometries of the stationary structures along the reaction
generatedn situ reacts with the deprotonated pyrrole pathway and the transition vectors associated with the
ring. We chose the reaction of the pyrrole system with transition structures upon theoretical methods were also
dichlorocarbene to yield 3-chloropyridine in strongly analyzed; and (iii) the importance of the inclusion of the
basic media as the calculation model: solvent effects in the characterization of the molecular

} cl mechanisms. To clarify the above problems, we carried
/ \ O basic l N .ot out full geometry optimization with analytical gradient
Z > + 'C\C| media - techniquesn vacuoand in a solvent at thab initio level

N of theory, including energy correlation effects.

As a part of a research program devoted to the study of N the next section, we briefly outline the computa-

solvent effects on the molecular mechanism of different tional procedures used for the quantum mechanical
chemical reaction&**%in the present study we thoughtit ~calculations. In the subsequent section, we describe and
discuss the results, analyzing the structure and energy
along the reaction path in the gas phase and in a solvent.
*Correspondence toR. Castillo, Department de Gieies Experi- The analvsis of the transition vectors allow t i
mentals, Universitat Jaume |, Box 224, 12080 Cast&|main. h'e ﬁ ay.S ks)lo etra ISh 0 ech Sa .0 S u_?ho deCIde
Contract/grant sponsomMinisterio de Educacio, DGICYT; contract which variables control the transformations. € evolu-

grant number:PB93-0661. tion of the bond breaking/forming processes help us to
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discussthe results and to explain the nature of the
chemicalrearrangement.

COMPUTATIONAL PROCEDURES

In vacuocalculationsverecarriedout with the Gaussian
94 packageof programs-’ Ab initio calculationswere
performedat the Hartree—FockHF) level. The electron
correlationwas consideredby using the MP2 perturba-
tion theory® and methodsbasedon density functional
theory (DFT).1*? The B3LYP procedurewasselected,
correspondingo Becke’s exchangefunctional (B),?>%3
which includesa mixture of HF andthe Slaterexchange
along with correctionsinvolving the gradient of the
density,andthe correlationfunctional of Lee, Yangand
Parr, which includes both local and non-local terms
(LYP).?*?*Thestandard—31G*basissetwasusedatall
levels of calculation while the inclusion of diffuse
functionswasconsideredat the B3LYP/6-31-G* level.

The PESswere calculatedin detail to ensurethat all
relevant stationary points were located and properly
characterizedThe exactlocationof the TS wasachieved
by using an algorithn?®=28 in which the coordinates
describingthe systemare separatednto two sets:the
control space, which is responsiblefor the unique
negative eigenvaluein the respectiveforce constants
matrix, and the remainingcoordinatesset that is called
complementangpace.The geometryoptimizationswere
carriedout alternativelyon eachsubspacepneat atime,
until a stationary structure was obtained. Finally, a
completeanalyticaloptimizationof the TS structurewas
achievedwith an ‘eigenvaluefollowing’ optimization
method®3° for all variablesand by meansof a normal
modeanalysis.The intrinsic reactioncoordinate(IRC)**
pathways from the TSs down to the two lower energy
structuresyeretracedusingthesecond-ordeGonZadez—
Schlegelintegrationmethod?33in orderto verify that
eachsaddlepoint links the two putativeminima.

The requiredconvergenceon the density matrix was
10 ° atomic units and the thresholdvalue of maximum
displacementvas 0.0018A andthat of maximumforce
was 0.00045hartreebohr* using the Berny analytical
gradient optimization routine®*3° The nature of each
stationary point was checked by diagonalizing the
Hessianmatrix to determinethe numberof imaginary
frequencieqzero for the local minima and one for the
TSs). The unique imaginary frequencyassociatedvith
the transition vector (TV)*® of the different TSs was
analyzed.

We included electrostaticsolvent interactionsin the
studyof the reactionmechanismstherebyattemptingto
identify the influenceof the solventon the natureof the
reactionpathway.The effect of solute—solveninterac-
tions was takeninto accountmostly via the SCRFPAC
packagé’ implementedn Gaussiard4.

In themethodsasedn continuoudistributionsof the

0 1998JohnWiley & Sons,Ltd.

solvent(for a recentoverview, seeRef. 38) this oneis

assimilatedo a continuousmedium,characterizedy the
dielectricconstan{), which surroundsa cavity in which
the soluteis placed.A dipole in the solute inducesa
dipolein themedium,andtheelectricfield appliedto the
soluteby the inducedsolventdipole (reactiondipole) in

turn interactswith the moleculardipole to leadto a net
stabilization.The solute—solveninteractionis treatedas
a perturbation of the Hamiltonian of the isolated
molecule.

In this work we employedthe continuummodel of
Rivail and co-worker§***basedon the useof cavities,
and a multipolar expansionof the solute electrostatic
potential. Calculations were made using ellipsoidal
cavitiessurroundedy a continuumof dielectricconstant
equalto 4.2 for diethyl etherand 24.3 for ethanoland
multipolar expansiorup to order6. We reoptimizedthe
stationarypointson the PESusingthe continuummodel
describedabove.The first derivativesof the electrostatic
term were obtained analytically’’ and the second
derivativeswere computednumerically. The multipole
expansiorof the potentialconvergesapidly butin some
casesnamelywhenthe molecularshapeis irregular, a
multicenter expansiofi’ may be necessaryto ensure
convergence.

RESULTS AND DISCUSSION

The energy profiles for the processin vacuo and in

solvent medium are shown in Fig. 1 and 2, respec-
tively, andthe relative energiedor the stationarypoints
along the reaction pathway are presentedin Table 1.

The structuresassociatedvith the stationarypointsand
the atoms numbering are illustrated in Fig. 3. The
calculated structures are named as follows: the
reactants(deprotanatedpyrrole+ dichlorocarbene)are
designated, the products(3-chloropyridine+ CI™) are
termedP andthe structurescorrespondingo transition
structuresand intermediatesare designatedTS and I,

respectively.

Gas-phase calculations

The mostrelevantgeometricvariablesof the stationary
points calculatedwith different methodsare reportedin
Table2. Optimizedgeometrief all structuresobtained
with differentcomputingmethodsareavailablefrom the
authorson request.The CCl, nucleophilicattackon the
p-positionof the pyrrole ring takesplacein a barrierless
fashion,with formationof anintermediate|1, atthe HF,
MP2andB3LYP calculationlevels,locatedonaveryflat
region on the PES, i.e. the lower positive vibrational
frequenciesare in the range60-100cm*. The second
stepatthe HF level is alsoa, nucleophilicattackof CCl,
onthea-positionof the pyrrolering with theformationof
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Figure 1. Schematic potential energy diagram showing the relative energies (kcal mol™") of the stationary points located on the

reactive potential energy surface in vacuo

the bicyclic intermediatel2, throughtransitionstructure
TS1 The secondstepis associateavith the cleavageof
the C-2—C-3bondof the pyrrole ring with concomitant
ring expansionand a CI~ leaving process,via TS2
However,B3LYP andMP2 calculationsshowa different
energyprofile;in bothcasespnly onetransitionstructure
TS3, is characterizedon the reactive PES, associated
with the cleavageof the C-2—C-3andC-6—CI-8bonds
andtheformationof a C-6—C-2bondvia a synchronous
mechanism.

The inclusion of the correlationenergypromotesthe
flatnessof the potential energy surface; the negative
vibrational frequenciesfor TS3 is around 200icm™*
whereador TS1andTS2, obtainedonly atthe HF level,
the correspondingvaluesare 351i and 556icm . The

force constantdor thoseselectedgeometricparameters
with non-zeracomponentén the TV andthe correspond-
ing componentsf the control spacefor TS1, TS2 and
TS3areavailablefrom theauthorsonrequestThe C-6—
C-2 distanceis the main componenbf the TV for TS1
whereaghe C-2—C-3andthe C-6—Cl-8bonddistances
make a large contributionto the correspondingl’v for
TS2 For TS3, threemaincomponent&ppeaiin TV: the
C-2—C-3, C-6—C-2 and C-6—ClI-8 interatomic dis-
tances.

All computationaimethodslescribehering expansion
processas an exothermicreaction,in the range from
—117 to —130kcalmol™* (1 kcal=4.184 KJ), and the
reactionpathwaypresentaninvertedenergyprofile. The
barrierheightfor the first activatedchemicalstepat the
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Figure 2. Schematic potential energy diagram showing the relative energies (kcal mol~") of the stationary points located on the

reactive potential energy surface in solvents
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Figure 3. Representation of the stationary points for the abnormal Reimer—Tiemann reaction.

HF level,I1 - TS1 - 12, is 23.7kcalmol~* whereaghe
barrier height correspondingo the secondstep,[2 -
TS2 — P, is only 3.4kcalmol.”* For the pathway
describedat the B3LYP and MP2 calculationlevels,the
barrier heights, 11 - TS3 - P, are 13.2 and
10.6kcalmol,* respectively The inclusionof a diffuse
function at the B3LYP/6-3H-G* level increasesthe
relative energy of 11, TS3 and P; however, the
geometrieof stationarypointsandthe maincomponents
of the TV do not change.

Our calculationshave emphasizedhat the structures
andenergiesf the stationarypoints are sensitiveto the
computional method. The qualitative featuresof the

reaction profile can be characterizedn terms of two
regionsonthe PES.Thereis awide regioncorresponding
to the initial stepassociatedvith the nucleophilicattack
of the dichlorocarbeneon the pyrrole ring system.The
resultingsurfaceis ratherflatin thisregion.Thedetailsof
thereactionpathin thesecondegionarevery sensitiveto
the inclusion of electroncorrelation.As pointedout, at
the HF/6-31G*level, we haveidentified oneintermedi-
ate,|2 defininga stepwisemechanismNeverthelesghis
shallowintermediatewasonly marginally stableandthe
presencef this stationarypointis likely to bekinetically
insignificant,i.e. the barriersfor the conversionof 12 to
P, via TS2 are low. The inclusion of electronic

Table 1. Relative energy (kcal mol~") of the stationary points obtained in vacuo and in solvents, with the energy obtained with

the diffuse function B3LYP/6-31+G* (in parentheses)®

*
HE B3LYP MP?2 HF B3LYP (6-314+-G*) MP2

(6-31+G*) Diethylether Ethanol Diethylether Ethanol Diethylether Ethanol
R 0.00 0.00 (0.00) 0.00 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00
11 —55.54 -50.77 (—44.32) -54.97 4768 —46.19 -43.37 (-35.21) -42.15 —-47.27 —45.28
TS1 -31.84 — — — —-26.32 -—-2554 — — — — —
12 —44.97 — — — -40.17 -39.75 — — — — —
TS2 -4153 — — — —-35.29 -34.02 — — — — —
TS3 — —37.58 (—29.84) -44.41 — — —-31.51 (-20.76) -30.38 —37.78 —36.36
P —130.11 —116.65 (—112.60) —122.47 —142.16 —144.35 —129.58 (—124.53) —132.15 —134.97 -137.35

2 Total energyof R=-1164.912435au (HF), —1167.946051au (B3LYP), —1167.985521au (B3LYP/6-31+-G*), —1165.970341au (MP2),
—1164.988143au (HF diethylether), —1165.009891au (HF/ethanol),—1168.019576au (B3LYP/diethylether),—1168.061080au (B3LYP/6
—31+G*/diethylether),—1168.040384u (B3LYP/ethanol),—1166.04468%u (MP2/diethylether) —1166.0658594MP2/ethanol).
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Table 2. Selected geometric parameters of the stationary points obtained with the different computing methods in vacuo, with
the values obtained with the diffuse function B3LYP/6-31+G* (in parentheses) (distances in angstroms and bond and dihedral

angles in degrees)

R 11 TS1

HF  B3LYP (6-31+G*) MP2 HF  B3LYP (6-31+G*) MP2 HF
C-2-C-6 © % (o0) % 2.529  2.574(2.568) 2.525 1.856
C-3-C-6 % % (o) % 1.541  1.577(1.565) 1.547 1.510
C-2-C-3 1.387  1.402(1.407) 1.402 1510  1.507(1.508) 1.496 1.506
C-2-N-1 1.345  1.364(1.365) 1.370 1.267  1.295(1.296) 1.304 1.325
C-6-CI-8 1.711  1.753(1.747) 1.718 1.924  1.982(1.956) 1.878 1.801
C-6-C-2-C-3 — —(—) — 112.00  113.18(113.40) 112.10 52.14
H-9-C-2-N-1-C-5 180.00  180.00(180.00) 180.00 180.74  179.41(179.21) 178.68 189.17

12 TS2 TS3 P

HF HF B3LYP (6-31+G*) MP2 HF B3LYP (6-31+G*) MP2
C-2-C-6 1.511 1.474 1.878(1.896) 1.929 1.385 1.400(1.398) 1.397
C-3-C-6 1.506 1.464 1.498(1.500) 1.497 1.381 1.392(1.393) 1.393
C-2-C-3 1.554 1.791 1.538(1.534) 1.521 2.387 2.412(2.414) 2.413
C-2-N-1 1.409 1.364 1.339(1.340) 1.334 1.318 1.336(1.337) 1.342
C-6-CI-8 1.765 1.823 1.855(1.852) 1.831 % % (o0) ©
C-6-C-2-C-3 58.85 52.20 50.82(50.55)  49.74 30.25 30.09(30.21)  30.07
H9-C-2-N-1-C-5 210.27 205.44 187.60(187.32) 184.98 180.00 180.00(180.00) 180.00

correlationenergymodifiesthe energetigrofile andonly
onetransitionstructure, TS3, is locatedwherethe bond
forming/breaking processedake place in a concerted
manner.

Solvent effect calculations

Becausethe inclusion of the solvent effects can be
qualitatively and quantitativelysignificant*>*3 the next
stepin our investigationwas the study of the solvent
effectson the basicfeaturesof thereactionpathway.The
relative energies of the stationary points for both
mechanismsn solution are given in Table 1 and the
shapesof the correspondingeaction profiles in vacuo
and in solution are depictedin Fig. 2. The relevant
geometricdata for the reactants,transition structures,
intermediatesand productsin solution are presentedn

Table3.

An analysisof the resultsshowsthat solute—solvent
interactiondeadto a slight changean thetopologyof the
PES.Thegeometryof the stationarypointslocatedat the
HF, MP2,B3LYP/6-31G*and B3LYP/6-34-G* levels
are weakly dependenbn solventeffects. The valuesof
imaginary frequenciesand the force constantsof the
componentsof the TV in vacuo and in a solventare
similar. The reaction pathway, as in the gas phase,
presentsan inverted energyprofile and the exothermic
characterof the reaction is increasedby more than
12 kcalmol™. The solventeffectsincreasethe relative
energyof all stationarypointswith respectio R, except
those for P. As could be expectedfrom electrostatic
arguments, the molecules with ionic character are
stabilizedwhensolventeffectsareincluded.In addition,

0 1998JohnWiley & Sons,Ltd.

an incrementin the solvent polarity, on going from

diethyl ether to ethanol, raises the aforementioned
changesThe barrier heightfor the first stepof the HF

resultsdecreasein the range2.4-3.0kcalmol™* while

the secondbarrier height increasesin the range 1.4—
2.3kcalmol.”* When electron correlationis included,
the barrier height associatedvith TS3 increasesn the

rangel.1-1.6kcalmol 2.

A more balancedmeasureof the extent of bond
formationor bond breakingalong a reactionpathwayis
provided by the concept of bond order (B). This
theoreticaltool has beenusedto study the molecular
mechanismof chemical reactions'*¢ To follow the
nature of the decompositionprocessthe Wiberg bond
indice$’ were computed by using the natural bond
orbita*®*° analysisasimplementedn Gaussiar94.

The progressof the chemical processat transition
structure was then evaluated through the following
expression:

B(TS) — B(X)

%ev0|uti0n: m

x 100 (1)

whereX andY represenpossiblereactants/interndiates
and intermediates/productsespectively linked along a
particular reaction pathway: X -~ TS- Y. Calculated
percentagef evolution at the TSs in vacuo and in

solventsarereportedin Table4.

An analysisof thesedatarevealsa slight influenceof
the solventeffectson the percentagef bond breaking/
forming processeatdifferenttransitionstructuresAt the
HF level, the percentageof the C-2—C-6 forming
process at TS1 decreasesfrom 51.9% to 51.0%
(diethylether)andto 50.4% (ethanol),while an opposite

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,670-677(1998)
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Table 3. Selected geometric parameters of the stationary points obtained with the different computing methods in solvents, with the values obtained with the diffuse
function B3LYP/6-31+G* (in parentheses) (distances in angstroms and bond and dihedral angles in degrees)

R 11
HF B3LYP MP2 HF B3LYP
Diethylether Ethanol Diethylether  Ethanol Diethylether ~ Ethanol Diethylether Ethanol Diethylether  Ethanol
Cc—2—C—6 o0 o0 o0 (o0) o0 o0 o0 2.546 2.544  2.563(2.546) 2.571
C—3—C—6 0 0 o0 (00) o0 0 0 1.529 1.526  1.553(1.558) 1.544
Cc—2—C—3 1.385 1.385  1.399(1.405) 1.399 1.400 1.399 1.507 1510 1.509(1.508) 1.511
C—2—N—1 1.345 1.384  1.365(1.367) 1.365 1.369 1.370 1.265 1.265 1.292(1.292) 1.291
C—6—C18 1.708 1.707  1.748(1.741) 1.745 1.714 1.713 1.910 1.979  1.974(1.970) 1.950
C—6—C—2—C—3 — — —(—) — — — 114.01 113.86  113.68(112.22) 114.59
H—9—C—2—N—1—C—5 180.00 180.00  180.00(18000) 180.00 180.00 180.00 179.79 180.30  179.78(179.41) 180.37
11 TS1 12 TS2 TS3
MP2 HF HF HF B3LYP
Diethylether Ethanol Diethylether  Ethanol Diethylether ~ Ethanol Diethylether Ethanol Diethylether ~ Ethanol
C—2—C—6 2.533 2.538 1.860 1.864 1511 1.511 1.468 1.463  1.882(1.898) 1.884
C—3—C—6 1.539 1.537 1512 1.513 1.503 1.502 1.457 1.452  1.500(1.502) 1.502
C—2—C—3 1.498 1.499 1.498 1.494 1.541 1.533 1.806 1.811  1.530(1.530) 1.526
C—2—N—1 1.303 1.302 1.324 1.324 1411 1.413 1.362 1.362  1.337(1.340) 1.337
CcC—6—C1—8 1.895 1.896 1.806 1.811 1.767 1.769 1.845 1.864  1.879(1.854) 1.889
C—6—C—2—C—3 113.00 113.45 52.17 52.16 59.00 59.11 51.59 51.34 50.92(50.60) 50.97
H—9—C—2—N—1—C—5 179.64 180.32 190.38 191.03 211.91 212.96 206.48 207.17  188.71(187.31) 189.33
TS3 P
MP2 HF B3LYP MP2
Diethylether Ethanol Diethylether ~ Ethanol Diethylether ~ Ethanol Diethylether Ethanol
C—2—C—6 1.926 1.927 1.381 1.380  1.392(1.398) 1.392 1.396 1.396
C—3—C—6 1.503 1.506 1.384 1.383  1.396(1.393) 1.396 1.392 1.392
C—2—C—3 1514 1.510 2.389 2.389  2.413(2.415) 2.413 2.414 2.415
C—2—N—1 1.332 1.331 1.319 1.320 1.336(1.338) 1.337 1.343 1.344
cC—6—C1—8 1.835 1.840 o0 o0 o0 0 0 o0
C—6—C—2—C—3 50.07 50.20 30.17 30.14 30.02(30.02) 29.98 29.96 29.92
H—9—C—2—N—1—C—5 186.24 186.90 180.00 180.00  180.00(180.00) 180.00 180.00 180.00
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Table 4. Percentages of evolution of the reaction at the TS1,
TS2 and TS3 transition structures calculated through Eqn (2)
for the C-2—C-3 and C-6—C-18 bond breaking processes
and the C-2—C-6 bond forming process in vacuo and in
solvents

Diethyl
In Vacuo Ether Ethanol
HF HF HF
TS1 cC—2—C—6 51.9 51.0 50.4
TS2 CcC—2—C—3 28.0 31.2 32.4
C—6—C18 8.8 11.8 14.3
B3LYP MP2 B3LYP
MP2 B3LYP MP2
TS3 Cc—2—C—3 9.2 4.8 7.9
3.9 7.2 35
cC—2—C—6 33.8 24.2 33.6
24.1 33.3 23.8
CcC—6—C1—8 2.3 5.3 3.6
7.2 4.0 5.9

trendis foundat TS2 for C-2—C-3andC-6—ClI-8bond

breakingprocessedrom 28.0%to 31.2—32.4%diethyl-

ether, ethanol)and from 8.8% to 11.8—-14.3%(diethyl-

ether, ethanol), respectively.At the B3LYP and MP2

levels,the percentag®f bondbreaking/formingprocess
increaseslightly at TS3.

CONCLUSIONS

We have carried out a theoreticalstudy of the solvent
effectsalong the reactionprofiles on the corresponding

PESfor the abnormalReimer—Tiemanmrearrangement.

The selectedmodelis the reactionof the pyrrole system
with dichlorocarbeneto yield 3-chloropyridine. The
reaction pathwayswere calculated using HF/6—31G*,
MP2/6-31G*, B3LYP/6-31G* and B3LYP/6-34-G*

methodsin the gas phaseand including solventeffects
taking into accountthe polarizable continuum model.
Our results show for the first time the nature of the
molecularmechanisnfor the pyrrole ring expansiono

yield 3-chloropyridinefrom theoreticalcalculationsThe
following conclusionsanbe drawnfrom the results:

() At the HF/6-31G*, B3LYP/6-31G*, B3LYP/6—
31+G* and MP2/6-31G* levels, the first step corre-
spondsto the nucleophilicattackof dichlorocarbenen
Cp of the pyrrole ring with the formation of an
intermediaten a barrierlessfashion.

(i) Thetheoreticakesultsrevealthatthegenerakhape
of the reactionprofiles is sensitiveto the inclusion of
electroncorrelation.HF resultsshowthattwo stepstake
place to obtain the final products.The first transition
structureis associatedwvith three-memberedyclization
to form a new C-6—C-2 bond. Subsequentring
expansionthe C-2—C-3 cleavageprocessand leaving

0 1998JohnWiley & Sons,Ltd.

of CI™ take place via the secondtransition structure.
However,the inclusion of the correlationenergyat the
B3LYP and MP2 levels indicates that the molecular
mechanismis a concertedprocessvia the transition
structure, TS3, and the C-2—C-3 and C-6—CI-8 bond
breaking and C-6—C-2 bond forming processedake
placesimultaneously.

(iii) For TS3, the cleavageof C-2—C-3,7% is in a
more advancedstagethanthat of C-6—CI-8, 5%, while
the C-6—C-2bondforming processs around30%.

(iv) The relative energiesand barrier heightsof the
correspondingstationarypoints alongthe reactionpath-
waysareinvariantto the solventeffectsandtheinclusion
of diffuse functions.

(v) Thegeometryof stationarypointsandthe progress
of the bondbreaking/formingprocesseshe components
of the transitionvectorsandthe vibrational frequencies
obtainedin solution were essentiallythe sameas those
obtainedin the gasphase.
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