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ABSTRACT: Structures ofa-hydroxybenzylic cations and their conjugate bases, which cover a wide variation of
stability, were optimized by means ofab initio molecular orbital method at the RHF/6–31G* level. Total energies
were calculated at the MP2/6–31G*//RHF/6–31G*� ZPE (scaled 0.9) level. Calculated relative proton affinities of
the respective neutral molecules (benzoyl compounds; conjugate bases ofa-hydroxybenzylic cations) agreed well
with the corresponding basicities in the gas phase. The geometries ofa-amino-a-hydroxybenzyl anda-hydroxy-a-
dimethylaminobenzyl cations were also optimized at the fixed dihedral angles between the cationic 2pp orbital and
the benzenep orbital (f), and between the cationic 2pp orbital and lone pair electron orbital of thea-substituent (�).
The changes in Wiberg bond orders and the rotational potentials aboutf and� showed that the degree of resonance
interaction between the cationic center and phenyl ring is balanced by the electronic effects ofa-substituents in
benzylic cations. The obtained theoretical indices of all parent cations such as Mulliken population, Wiberg bond
order and bond lengths were correlated linearly with the resonance demand parameter (r value) which were given by
the Yukawa–Tsuno substituent effect analysis in the gas phase and in aqueous solution. These relationships are
consistent with those for other benzylic cations such as destabilized carbocations and sterically hindered cations
studied previously. This confirms that the empiricalr value has a definitive physical meaning, i.e. a measure of the
resonance interaction between the cationic center and the aryl moiety. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The linear free energy relationship has been used as an
extremely useful tool in the exploration of reaction
mechanisms.2 In particular, the Yukawa–Tsuno (Y–T)
equation:3,4

log�k=k0� or log�K=K0� � ���0� r����R� �1�

wherek (or K) is the rate (or equilibrium) constant for a
given reaction of a ring-substituted derivative andk0 (or
K0) is the corresponding value for the unsubstituted
compound is one of the most useful tools for predicting
characteristics of transition states and intermediates
whose ionic centers are affected by the benzenep-
system, and has been widely applied with success to

various systems not only in solution5 but also in the gas
phase.6,7

This equation is characterized by the empirically
obtained resonance demand parameterr, which has been
used as a parameter describing the degree of resonance
interaction between the reaction center and the benzene
p-system.

While a series of tertiarya,a-dialkylbenzyl solvolyses
showed linear Brownr�s� correlations intrinsically
(r = 1.00),8 the solvolyses of secondary benzylic pre-
cursors such asa-phenylethyl chlorides5d and a-tert-
butylbenzyl tosylates5e gave linear correlations in terms
of Eqn (1) with slightly enhancedr value of 1.1–1.2. The
solvolyses of extremely destabilized carbocationic sys-
tems such as 1-ary1-1-(trifluoromethyl)ethyl tosylates5a

and 1-ary1-2,2,2-trifluoroethyl tosylates5b gave linear Y–
T plots with extremely highr values of 1.39 and 1.51,
respectively. On the other hand, the resonance demand of
a carbenium ion was reduced significantly by decreased
coplanarity between the reaction center and the phenyl
ring. The solvolyses ofa-tert-butyl-a-methylbenzyl
chlorides,5i a-tert-butyl-a-neopentylbenzylp-nitroben-
zoates,5j and a-tert-butyl-a-isopropylbenzylp-nitroben-
zoates5j afford excellent linear Y–T correlations with
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r = 0.91, 0.78 and 0.66, respectively.In the caseof the
solvolysisof a,a-di-tert-butylbenzylp-nitrobenzoates,5k

r = 0.28, which is comparableto the r value for the
Hammetts scale.9 In the solvolysisof 4-methylbenzo-
bicyclo[2.2.2]octen-1-yl triflates,5l wherethecarbocation
2pp AO locatedat thebridgeheadof thebicyclic skeleton
is setorthogonalto the benzo-p-orbital, the r valuewas
found to be0.0.

Ther valuesfor thegas-phasestabilitiesof thecations
have the same values as those of the corresponding
benzylicSN1 solvolyses(Table1). Fromthis identity, the
varying resonancedemandr in solvolysisshouldbe an
essentialfeatureof theincipientcarbocationintermediate
andof thesolvolysistransitionstate.Thestructuresof the
transitionstatesof SN1 solvolysiscan be approximated
reasonablyby thoseof cations.

Moreover,ther valueis directly relatedto theintrinsic
stability of the parent cation.6e,7a Hence, ab initio
calculations, which are useful for determining the

structuresand energiesof cationsin the gasphase,can
be used to find the underlying relationship between
quantumchemicalquantitiesandexperimentalr values.

In previouspapers,1,11 thestructuresof somebenzylic
cationswere optimized,and we found the relationship
betweentheoreticalindicesobtainedandthe r value.In
thosepapers,we selectedsterically resonance-hindered
benzylic cationsfor small r values,which have bulky
substituentsat the a-positions.Benzylic cationswhich
haveanelectron-releasinggroupat thea-positionshould
alsogive small r values,becauseof the decreasein the
resonancerequirementof the cationic center to the
phenylring. In orderto clarify thetheoreticalmeaningof
ther value,it is desirableto extendtheoreticalresearchto
thesestablebenzyliccations.

Substituenteffects on basicities for some benzoyl
compoundshavebeeninvestigatedexperimentallyboth
in solution10 and the gas phase.7 Basicities in the gas
phase were measuredby means of proton transfer
equilibria in two differently substitutedsubstrates.The
resultingparametershouldreflectthe intrinsic stabilities
of conjugatecations,i.e. a-hydroxybenzyliccations.In
solution, substituenteffect analysisof the basicitiesof
benzaldehydes,10a acetophenones10b andmethyl benzoa-
tes10c gaver valuesof 1.06,0.71and0.50,respectively.
The r value decreasesmonotonicallywhen the substi-
tuent attached to the benzoyl group changes from
hydrogenvia a methyl to a methoxygroup.Substituent
effectsin thegasphaseof thesecompoundsgivethesame
r valuesasthosein thesolutionphase,asshownin Table
1. In addition,the r valueof thebenzamidesystem10d in
solution (r = 0.35) is lower than those of the above
systems,andagreeswith that of N,N-dimethylbenzami-
de7e in the gas phase(r = 0.23). In the caseof a,a,a-
trifluoroacetophenone,7a which hasanelectron-attracting
CF3 groupat theconjugatecationiccenter,the r valueis
1.2,which is largerthanthatof thebenzaldehydesystem.
Thechangein the r valuecanbe interpretedasa change
in the degreeof resonancerequirementof conjugate
cations to the phenyl ring, which is affected by the
electron-releasingability of substituentsconnectedto the
benzoylgroup.

In thiswork, weextendedab initio calculationto these
a-hydroxybenzyliccations,andtherelationshipsbetween
thecalculatedindicesandtheexperimentalr valueswere
investigated.

METHOD

Theab initio LCAO–MO calculations12 werecarriedout
for the a-hydroxybenzyliccations and their conjugate
bases,i.e. benzoylderivatives,as shownin Fig. 1. The
numberingof atomsanddihedralanglesf and� arealso
given in Fig. 1.

All calculationswereperformedon an IBM RS/6000
computer with the Gaussian-94suite of programs.13

Table 1. Summary of r and r values in solution and gas
phase

R1, R2
a rsol

b rgas
c rgas

c

a-Hydroxysystems:
CF3, OH (6) 1.20d ÿ11.5d

H, OH (1) 1.06e 1.04f ÿ12.1f

Me, OH (2) 0.71g 0.78h ÿ12.3h

MeO, OH (3) 0.50i 0.45j ÿ11.9j

NH2, OH (4) 0.35k

NMe2, OH (5) 0.23l ÿ11.8l

Othersystems:m

CF3, H (13) 1.51 1.53 ÿ14.6
CF3, Me (14) 1.39 1.40 ÿ14.0
H, H (15) 1.28 1.29 ÿ14.0
Me, H (16) 1.15 1.14 ÿ13.6
t-Bu, H (17) 1.09
Me, Me (18) 1.00 1.00 ÿ13.0
Et, Me (19) 1.04 1.01 ÿ12.6
Et, Et (20) 1.02 0.98 ÿ13.1
i-Pr, i-Pr (21) 1.01
t-Bu, Me (22) 0.91 0.86 ÿ12.5
t-Bu, neo-Pen(23) 0.78n 0.82 ÿ9.2
t-Bu, i-Pr (24) 0.66n

t-Bu, t-Bu (25) 0.28
Benzobicyclo(26)o 0.00

a R1 andR2 aresubstituentsat thea-position.
b The r valuesgiven in Y–T analysisof the solvolyses.
c Ther andr valuesgivenin Y–T analysisof thegas-phasestabilities.
Thers arein unitsof kcalmolÿ1.
d Ref. 7a.
e Ref. 10a.
f Refs7b and7f.
g Ref. 10b.
h Refs7c and7f.
i Ref. 10c.
j Refs7d and7f.
k Ref. 10d.
l Ref. 7e.
m Ref. 1 andreferencescited therein.
n Ref. 5j.
o 4-Methylbenzobicyclo[2.2.2]octen-1-ylsystem.
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Geometrieswere optimizedcompletelyby the gradient
procedureat C1 symmetry.The closed-shellrestricted
Hartree–Fock calculation with 3–21G and 6–31G*
basissetswas applied to find stationarypoints on the
potentialenergysurface(PES).At theRHF/6–31G*level
all optimizedstructureswerecheckedby the analysisof
harmonic vibrational frequenciesobtained from diag-
onalizationof force constantmatrices.Electron-correla-
tion contributions were estimated by
Møller–Plessetperturbation theory14 to improve the

calculatedenergies;single-pointMP2 calculationswere
carriedout at the6–31G*basissetusingthefrozen-core
approximation.The final energieswere correctedfor
RHF/6–31G*zero-pointenergy(ZPE)differencesscaled
by a factor of 0.9.15 Mulliken population analysis
(MPA)16 was carried out for benzylic cations at the
RHF/6–31G*level, to discussquantitativelytherelation-
ship between the r value in the Y–T equation and
populationsof electronsat atomiccenters.Wiberg bond
orders in natural bonding orbital (NBO)17,18 analysis
werealsocalculatedto discusstheorigin of ther value.In
order to study how the total energyis affectedby the
conformation of the a-methyl group, the rotational
potential about C7—C8 bond of the a-hydroxy-a-
methylbenzyl cation (2) was calculatedby geometry
optimization techniques,changing the dihedral angle
�H8C8C7C1 (�) from 0 to 60°. For the purpose of
examinationof theimportanceof thecoplanaritybetween
thephenylring andtheR group(shownin Fig. 1) to the
cationic2pp orbital in a-amino-a-hydroxybenzyl(4) and
a-dimethylamino-a-hydroxybenzyl(5) cations,the rota-
tional potentialsabouttheC1—C7 andC7—N1 bondsfor
thesecationswerealsocalculatedby geometryoptimiza-

Figure 1. a-Hydroxybenzylic cations and their conjugate
bases (benzoyl compounds) studied

Figure 2. RHF/6±31G* optimized structures of 1a±4a

Figure 3. RHF/6±31G* optimized structures of 5a±8
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tion techniques,changingthe dihedral anglesf and �
from 0 to 90°.

RESULTS AND DISCUSSION

Energies and geometries

The optimized structures(global minima) of a-hydro-
xybenzyliccationsandbenzoylderivativesattheRHF/6–
31G* level are shownin Fig. 2, Fig. 3 and Fig. 4 and
selectedgeometricparametersaresummarizedin Tables
2 and3. The anglef denotesthe dihedralanglesof the
O—C7—R planewith respectto the aromaticplaneas
shownin Fig. 1. Total energiesarelistedin Table4. The
calculated dihedral angles �OC7C1R, �C2C1C7C6,
�C1C2C3C4, �C2C3C4C5, �C3C4C5C6, �C4C5C6C1,
�C5C6C1C2 and �C6C1C2C3 were found to be lessthan

1.0° in all cations(1–6), indicatingthatphenylringsand
theO—C7—C1—R planesactuallyhavecoplanarframe-
works.Hencethe effectsof OH andR a-substituentson
theelectronicstructureof thecationandonthechangein
thedihedralanglesf and� canbeconsideredto be real
factors in determiningthe degreeof resonanceinterac-
tion,whicharereflectedby thechangesin atomiccharges
and bond orders in the aromatic moiety. Optimized
geometriesof therespectivebenzyliccationarediscussed
below.

a-Hydroxybenzyl cation (1). Two minima 1a and 1b
wereobtained,whicharetherotamerswith respectto the
Ca—O (C7—O1) bond.Both 1a and1b areconfiguredto
gain themaximumconjugativestabilizationbetweenthe
a-hydroxylgroupandthecationiccenterC7; �H6O1C7C1

are180° in 1aand0° in 1b. In all othercalculatedcations
(1–6), two minima concerningconformationsof the a-

Figure 4. RHF/6±31G* optimized structures of 9±12

Table 2. Selected geometric parametersa of 1a±6a optimized at the RHF/6±31G* level

Cationb

Parameter R=H (1a) R=Me (2a) R=MeO(3a) R=NH2 (4a) R=NMe2 (5a) R=CF3 (6a)

C1—C2 1.413 1.410 1.400 1.396 1.393 1.420
C2—C3 1.372 1.373 1.379 1.380 1.382 1.370
C3—C4 1.393 1.393 1.388 1.389 1.388 1.395
C4—C5 1.400 1.392 1.392 1.388 1.387 1.397
C5—C6 1.369 1.374 1.375 1.380 1.382 1.368
C6—C1 1.416 1.411 1.402 1.397 1.394 1.421
C1—C7 1.394 1.420 1.447 1.461 1.477 1.397
C7—R 1.078 1.496 1.258 1.295 1.288 1.544
C7—O 1.276 1.280 1.283 1.290 1.302 1.274
C7—C1—C2 118.0 120.4 118.7 120.3 120.9 121.4
C7—C1—C6 121.6 120.0 121.2 119.2 118.5 118.9
C1—C7—R 120.2 124.2 119.4 123.0 125.6 123.7
C1—C7—O 121.9 117.0 124.4 121.9 118.0 120.5
C6—O1—C7—C1 180.0 180.0 ÿ2.4 ÿ10.6 ÿ9.4 174.8
f 0.0 0.0 5.6 33.8 50.7 0.0

a Distancein Å, anglesin degrees.
b Rsarea-substituentsshownin Fig. 1.
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hydroxyl group are also seen.For the phenyl ring, the
C2—C3 andC5—C6 bondlengthsareshorterthanthatof
benzene(1.39Å). On theotherhand,otherbonds(C1—
C2, C3—C4, C4—C5 and C6—C1) are longer. Quinoid
structuresin thephenylring areseennot only in othera-
hydroxy cations (1–6) but also all other delocalized
benzylic cations reported in previous papers.1,11 The
changesin bond lengthsin the phenyl ring of benzylic

cationsarediscussedlater.All atomsin 1a and1b lie on
thesameplane(f = 0°) to form Cs symmetry.Contribu-
tionsof thea-hydroxyl groupandthe phenylring to the
cationiccenterC7 areboth importantfactorsin stabiliz-
ing thecation1. Thecation1a is morestablethan1b by
2.3kcalmolÿ1 at our final level [MP2/6-31G*//RHF/6-
31G*� ZPE(scaled0.9)].This is attributedto thelarger
steric repulsion betweenH5 and H6 in 1b. Since the

Table 3. Selected geometric parametersa of 7±12 optimized at the RHF/6±31G* level

Benzoylderivativeb

Parameter R=H (7) R=Me (8) R=MeO(9) R=NH2 (10) R=NMe2 (11) R=CF3 (12)

C1—C2 1.388 1.390 1.390 1.390 1.390 1.392
C2—C3 1.386 1.386 1.384 1.385 1.385 1.384
C3—C4 1.385 1.384 1.386 1.385 1.385 1.385
C4—C5 1.390 1.388 1.387 1.387 1.386 1.388
C5—C6 1.381 1.382 1.383 1.383 1.384 1.380
C6—C1 1.392 1.393 1.390 1.390 1.389 1.394
C1—C7 1.483 1.500 1.490 1.500 1.504 1.489
C7—R 1.095 1.514 1.325 1.364 1.366 1.540
C7—O 1.191 1.195 1.191 1.200 1.202 1.187
C7—C1—C2 119.8 122.6 122.0 122.8 122.3 123.6
C7—C1—C6 120.3 118.3 118.0 117.7 118.0 116.9
C1—C7—R 115.0 119.0 113.0 116.4 118.6 119.2
C1—C7—O 124.6 120.5 123.9 121.8 119.6 123.5
f 0 0 0 22.0 40.6 0

a Distancein Å, anglesin degrees.
b Rsarea-substituentsshownin Fig. 1.

Table 4. Total energies (-au) of calculated cations and benzoyl compounds

Theoreticallevel

Speciesa RHF/3–21G RHF/6–31G* MP2/6–31G*//RHF/6–31G* ZPEb

1a 341.848931 343.770350 344.807245 ÿ0.132281(0)
1b 341.844276 343.766345 344.803654 ÿ0.132283(0)
2a 380.685712 382.820665 383.990532 ÿ0.161696(0)
2b 380.681328 382.817432 383.987927 ÿ0.161635(0)
3a 455.144052 457.689987 459.033099 ÿ0.167722(0)
3b 455.140832 457.686107 459.028428 ÿ0.167644(0)
3c 455.139322 457.683106 459.027346 ÿ0.168239(0)
3d 455.128776 457.676596 459.022503 ÿ0.168141(0)
27 455.115969 457.645967 459.001553 ÿ0.165867(0)
4a 396.629414 398.846364 400.050414 ÿ0.151626(0)
4b 396.625573 398.842088 400.044292 ÿ0.151115(0)
5a 474.264531 476.910822 478.382806 ÿ0.212006(0)
5b 474.255848 476.903268 478.374436 ÿ0.212045(0)
28a 474.248970 476.894139 478.370434 ÿ0.212738(0)
28b 474.240468 476.887489 478.364423 ÿ0.212763(0)
6a 675.631156 679.366810 681.039863 ÿ0.138160(0)
6b 675.621306 679.358635 681.031384 ÿ0.137912(0)
7 341.511421 343.433510 344.482842 ÿ0.118256(0)
8 380.340537 382.476375 383.658101 ÿ0.148266(0)
9 454.803353 457.351392 458.705388 ÿ0.154767(0)
10 396.266909 398.488954 399.701890 ÿ0.137467(0)
11 473.885749 476.539208 478.018902 ÿ0.197701(0)
12 675.316421 679.047376 680.728879 ÿ0.124728(0)

a Numbersasin the text.
b Zero-pointenergies(uncorrected)at the RHF/6–31G*level. Valuesin parenthesesare the numberof imaginaryfrequenciesin the frequency
calculation.
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angles�H6O1C7, �O1C7C1, �C7C1C6 and�C1C6H5 in 1b
are larger than the correspondingangles in 1a, these
angles expand so as to release the steric repulsion
betweenH5 andH6 in 1b.

a-Hydroxy-a-methylbenzyl cation (2). Two minima,
which are the rotamersaroundthe Ca—O bond, were
obtained. The cation 2a is more stable than 2b by
1.6kcalmolÿ1. This is attributed to the larger steric
repulsion betweenH5 and H6 in 2b than that in 2a,
similarly to thecation1. Theangles�H6O1C7, �O1C7C1,
�C7C1C6 and�C1C6H5 in 2b arelargerthanthosein 2a.
Theincrementsin theseanglesfor 2 areof thesameorder
asthosefor cation1. Further,f = 0° in 2a (Cs symmetry)
andf = 5.4° in 2b, which alsosupportsthe causeof the
instability in 2b. The angle �H7C8C7 in 2a is slightly
largerthanthenormaltetrahedralanglein 2b. Thiscanbe
explainedby thestericrepulsionbetweena-hydroxyland
a-methylgroupsin 2a, althoughthefactoris not important
in determiningthestabilityof 2aand2b. In cation2b, the
a-hydroxyl group is configuredto conjugatefully with
the cationic center C7 (�H6O1C7C1 = 1.9°), while the
phenyl group deviatesfrom the coplanarconformation
(f = 5.4°). The a-hydroxyl group may play a more
importantrole in stabilizingthecation2 thanthephenyl
ring, becausea hydroxyl group is betterelectrondonor
thana phenylgroup.With respectto theconformationof
thea-methylgroup,ahydrogenof themethylgroupis on
the oppositesideof the phenyl ring; �H7C8C7C1 = 180°
in 2a and173.3° in 2b. In simplealkyl cations,a C—H
bond of the methyl group is aligned with the adjacent
cationic2pp orbital soasto participateby hyperconjuga-
tion.19 In order to examinethe effect of the a-methyl
groupof cation2, thestructuresof cations2aand2b were
optimizedat theRHF/6–31G*level with afixeddihedral
angle�H8C8C7C1 (�), changingin 10° intervalsfrom 0°
to 60°. In this calculation,thephenylring andC7, C8, O1

andH6 lie on the sameplane.The potentialenergiesin
both 2a and 2b take minimum values at � = 60° and
increasemonotonicallywith decreasein �. This means
thatthestericrepulsionbetweenH2 andH8 (i.e.a-methyl
and phenyl groups)becomesimportant around� = 0°.
The rotational barriers of 2a and 2b are 0.2 and
0.7kcalmolÿ1, respectively;somesteric repulsionbe-
tweenH6 andH7 (i.e. a-hydroxyl anda-methyl groups)
existsin 2a. The conformationswith � H7C8C7C1 = 90°
(� =ÿ30°) werenot foundasenergyminimain either2a
or 2b. Thehyperconjugativestabilizationis not important
in this cation,similarly to the a-methylbenzylcation.11

Thelargedegreeof chargedelocalizationto thearomatic
moiety (�0.371 by MPA in 2a) may weaken the
necessityfor hyperconjugationfrom a-methyl group.

a-Hydroxy-a-methoxybenzyl cation (3). Four mini-
ma,which correspondto therotamersof a-hydroxyl and
a-methoxygroups,wereobtained.Thecation3a is more
stableby 2.9kcalmolÿ1 than3b, by 3.9kcalmolÿ1 than

3c andby 6.9kcalmolÿ1 than3d. The angles�C8O2C7,
�O2C7C1, �C7C1C2 and�C1C2H2 in 3c and3d arelarger
thanthosein 3a and3b. Thedihedralangles�C8O2C7C1

are17° andÿ15° in 3c and3d, whereastheyareÿ179°
and 180° in 3a and 3b, respectively.The size of the
dihedralangleis attributedto thestericrepulsionbetween
a-methoxyand phenyl groups,which makes3c and 3d
unstable.StericrepulsionbetweenH5 andH6 makes3d
unstablecomparedwith 3c, �H6O1C7C1 =ÿ177° in 3c
andÿ9° in 3d, andf = 28° in 3c and 42° in 3d. The
conformationof thefunctionalgroupsin 3cand3d shows
that the resonancestabilizationof the cationiccenterC7

from the a-hydroxyl and a-methoxy groups is more
importantthanthatfrom thephenylring. In thecations3a
and3b, a-hydroxyl, a-methoxyand phenylgroupstake
configurationswhich make possiblealmost full reso-
nancestabilization;�H6O1C7C1 =ÿ2.4° in 3aand180.0°
in 3b, �C8O2C7C1 =ÿ179.2° in 3a and180.0° in 3b and
f = 5.6° in 3aand0.0° in 3b. Thecation3a is morestable
than3b. Thestericrepulsionbetweena-hydroxyl anda-
methoxygroupsis larger than that betweena-hydroxyl
and phenyl groups. In the gas-phaseexperiment,the
intrinsic stability of the cation 3 was determinedby
meansof the ICR method,measuringthe equilibrium
constantof the protontransferequilibrium expressedby
the following equation(R = MeO):

There are two basic sites in the precursor 9;
protonationon the carbonyl oxygen (O1) generates3,
and that on the methoxyoxygen(O2) generates27. In
orderto establishwhich site is protonated,thegeometry
of theO2-protonatedcation27 wasalsooptimizedat the
RHF/6–31G*level, andits stability wascomparedwith
that of 3. One energyminimum was found for 27 with
�MeO2C7C1 =ÿ178.3° and �H6O2C7Me = 144.3°. The
cation3a is morestablethan27by 18.7kcalmolÿ1 atour
final level [MP2/6-31G*//RHF/6-31G*+ZPE (scaled
0.9)]. No other local minima of 27 were found. The
cation 3 was really generated in the ICR (mass)
spectrometer,and the rgas value of 0.45 reflects the
characterof thecation3.

a-Amino-a-hydroxybenzyl cation (4). Two minima4a
and4b wereobtained,whicharetherotamersof theCa—
O bond. The cation 4a is more stable than 4b by
3.6kcalmolÿ1. The dihedral angle f = 34° in 4a and
f = 17° in 4b. In bothcations,lonepairsof hydroxyland
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amino groupsare configuredto maintainthe maximum
conjugativestabilizationwith thevacant2pp orbital; the
dihedral angle �H6O1C7C1 =ÿ10.6° and 174.8°,
�H7N1C7C1 = 176.9° and175.9° and�H8N1C7C1 =ÿ7.7°
andÿ5.2° in 4a and 4b, respectively.In addition, the
geometry of N1 takes a planar trigonal structure;
�H7N1C7H8 =ÿ175.6° and ÿ179.0° in 4a and 4b,
respectively.Thecontributionof theresonancestabiliza-
tion from thephenylring is not important.Thedifference
in stability between4a and4b shouldbe ascribedto the
steric repulsion of H6 and the amino group;
�H6O1C7 = 113.6° and 116.2° and �O1C7N1 = 114.1°
and120.1° in 4a and4b, respectively.

a-Dimethylamino-a-hydroxybenzyl cation (5). Two
minima5aand5b wereobtained,whicharetherotamers
of theCa—O bond.Thecation5a is morestablethan5b
by 5.3kcalmolÿ1. The steric repulsion between a-
hydroxyl anda-dimethylaminogroupsis largerthanthat
betweena-hydroxyl andphenylgroups.In both cations,
a-hydroxyl anda-dimethylaminogroupstakeconforma-
tionssoasto conjugatefully with thecationiccenterC7;
the deviationsfrom coplanarity of the dimethylamino
group are 9° in 5a and 12° in 5b and of the hydroxyl
groupare8° in 5aand10° in 5b. In contrast,f = 51° in 5a
andf = 40° in 5b, suggestingthe conjugativestabiliza-
tion from the phenyl ring is less important in these
cations,thesameasin thecations4.

As a similar caseto the cation3, thereare two basic
sitesin theprecursor11 dueto protonation,thecarbonyl
oxygen and dimethylamino nitrogen. The optimized
geometryof the N-protonatedcation 28 is located to
two energy minima as 28a and 28b, which are rota-
mers of the protonated dimethylamino group;
�H6NC7C1 = 17.4° in 28aand180.0° in 28b. Thecation
28ais morestablethan28bby 3.8kcalmolÿ1. Thecation
5a is morestablethan28aby 8.2kcalmolÿ1 at our final
level.No otherlocalminimawerefound.Theprotonation
shouldoccurat O1 in 11, thecarbocation5 wasactually
generatedin theICR andthergasvalueof 0.23reflectsthe
stability of thecation5.

a-Hydroxy-a-tri¯uoromethylbenzyl cation (6). Two
minima 6a and 6b were found. The cation 6a is more
stablethan6b by 5.2kcalmolÿ1. Theinstability of 6b is
attributed to the steric repulsion betweenH5 and H6,
which is similar to that in cation2; theangles�H6O1C7,
�O1C7C1, �C7C1C6, �C1C6H5, in 6b arelargerthanthose
in 6a. Bothcations6aand6b havef = 0° (Cs symmetry),

which is contrast to f = 5° in the cation 2b. This
coplanaritymaybeexplainedby theincreasedresonance
demandon the phenyl ring dueto the destabilizationof
the cationiccenterC7 by the electron-attractingtrifluor-
omethylgroup.

Neutral benzoyl compounds (7±12). Optimizedstruc-
turesof 7–12, which are the conjugativebasesof 1–6,
respectively,areshownin Fig. 3 andFig. 4. In species7–
12, the bondlengthsof C1—C7 andthe phenyl ring are
almostconstant,which is contrastto the conjugateacid
ions,a-hydroxybenzyliccations.In detail, thesebenzoyl
compoundsareCs symmetryexceptfor 10 and11; there
is a weakresonanceinteractionbetweenthephenylring
and carbonyl group. In benzamide (10) and N,N-
dimethylbenzamide (11), f = 22° and41°, respectively,
dueto the stericeffect in R (aminoanddimethylamino)
groups.The dihedral angle �C8N1C7C9 = 153.2° in 11,
which is larger than�C1N1C2C3 = 126.6° in trimethyla-
mine. Also, the dihedral angle �H6N1C7H7 = 145.4° in
10, which is largerthanthecorrespondingdihedralangle
(120.6°) in methylamine.Theselargerdihedralanglesin
10and11maybeattributedto theconjugativeinteraction
betweenN1 andtheneighboringp-system.

Inspection of ab initio energy. Gas-phasebasicitiesfor
a variety of compoundshavebeendeterminedbasedon
theequilibriumconstantfor thegasphaseprotontransfer
reactionbetweentwo bases.20 The free energychange
(DG°) of protontransferequilibria(2) in thegasphasefor
benzoylcompoundswasdeterminedby meansof theion
cyclotronresonance(ICR) method:7

��G� � �G��AH�� ��G��B�ÿ�G��A�ÿ�G��BH��
�3�

The energydifferencein the isodesmicreaction(2) can
also be estimated by the ab initio MO method.
Comparisonof thesecalculatedand experimentalen-
ergiesmakesit possibleto examinethe validity of the
presentcalculationlevel.Theabsolutegas-phasebasicity
(GB) is expressedas

GB� ÿ��G��AH�� ÿ�G��A�� �4�
andtheprotonaffinity (PA) is expressedas

PA� ÿ��E��AH�� ÿ�E��A�� �5�
Relativefreeenergychangesobtainedexperimentallyby
the ICR methodandthecalculatedenergychangeat the
MP2/6–31G*//RHF/6–31G*� ZPE (scaled 0.9) level,
which are both determinedby meansof Eqn (2), are
summarizedin Table5 togetherwith their calculatedPA
and experimentalGB values.At the RHF/3–21Glevel,
marked deviations for the most stable isomers are
5 kcalmolÿ1 in 5a and6a. At the RHF/6–31G*level, it
is ca 4 kcalmolÿ1 in 6a. The relative stabilities for
cations1a–3aand5a–6awith respectto 1a calculatedat
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theMP2/6–31G*//RHF/6–31G*� ZPE(scaled0.9)level
wereplottedagainstthosedeterminedin thegasphase,as
shown in Fig. 5. An approximatelylinear relationship
with a slope of unity exists over a wide rangeof ca
30kcalmolÿ1 for thesemoststableisomers(1a, 2a, 3a,
5aand6a). Themaximumdeviationfrom the1:1 line for

themoststableisomersis ca 3 kcalmolÿ1 for cation5a.
Plots for other isomers deviate upward from the
correlation line, reflecting the steric repulsion of a-
substituentsand the phenyl ring. Although thermody-
namicquantitiesfor cationsshouldbegivenasaverages
of statistical contributions of isomers, the calculated
energy for the most stable isomers reproducedthe
experimentalvalueswell. That is, other conformations
arenot importantin determiningthe featuresof cations
1–6. It hasbeenreportedthat single-pointMP2 correla-
tions on 6–31�G* structures for acids and their
conjugatebasesgive gas-phaseaciditiesthat agreewith
the experimental values within experimental uncer-
tainty.21 Furthercorrectionto 298K for thecontributions
of the translational,rotational and vibrational partition
functionstoDE makesonly aslightdifferencein mostof
acidities.21 The presentlevel of calculationseemsto be
sufficientto reproducetheexperimentalvaluesfor these
benzylicderivatives.

Rotational potentials with respect to the dihedral
angles f and � in 4a and 5a

In order to examinethe importanceof the resonance
contribution of the phenyl ring, structuresof 4a were
calculatedat the RHF/6–31G*andMP2/6–31G*//RHF/
6–31G*levelswith afixeddihedralanglef, changingin

Table 5. Experimental and calculated energies (kcal molÿ1).

R AbsoluteGB valuea -DGBb CalculatedPA valuec -DPAd

H (expt) 192.1e 0.0
(1a) 195.6 0
(1b) 193.4 2.2

Me (expt) 197.3f ÿ5.2
(2a) 201.0 ÿ5.4
(2b) 199.4 ÿ3.8

MeO (expt) 195.7g ÿ3.6
(3a) 198.3 ÿ2.7
(3b) 195.4 0.2
(3c) 194.4 1.2
(3d) 191.4 4.2

NH2 (4a) 210.7 ÿ15.1
(4b) 207.2 ÿ11.6

NMe2 (expt) 213.8h ÿ21.7
(5a) 220.3 ÿ24.7
(5b) 215.0 ÿ19.4

CF3 (expt) 184.4i 7.7
(6a) 187.6 8.0
(6b) 182.4 13.2

a SeeEqn (4).
b SeeEqns(2) and(3). Relativeto R=H derivative.
c SeeEqn (5).
d -DPA= DE° (AH�)� DE° (7) ÿ DE° (A) ÿ DE° (1a); relativeto R=H (1a) derivative.
e Refs7b and7f.
f Refs7c and7f.
g Refs7d and7f.
h Ref. 7e.
i Ref. 7a.

Figure 5. Calculated [MP2/6±31G*//RHF/6±31G*� ZPE
(scaled 0.9) level] vs experimental energy with respect to
the isodesmic reactions (2)
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10° intervals from 0° to 90°. In the calculations,the
phenylring is fixed in theplane.Potentialenergiesat the
MP2/6–31G*//RHF/6–31G* level were plotted against
f, shownasopensquaresin Fig. 6. For thecation4a, the
potentialenergycurvewasincreasedby ca 3 kcalmolÿ1

from the equilibrium structure(f = 34°) to the coplanar
structure (f = 0°). This rotational barrier may be
attributed mainly to the steric repulsion between a-
substituentsandthe phenylring. On the otherhand,the
barrier from the equilibrium structure(f = 34°) to the
orthogonalstructure(f = 90°) is ca 4 kcalmolÿ1, which
may be attributed mainly to the loss of resonance
stabilization.The correspondingpotential curve of the
tertiary a,a-dimethylbenzylcation shows a monotonic
increasefrom f = 0° to 90°, andthe rotationalbarrier is
ca 21kcalmolÿ1 at the same (MP2/6–31G*//RHF/6–
31G*) level.1 Thesmallrotationalbarrierof 4arelativeto
thea,a-dimethylbenzylcationshowsthat the cation4 is
stabilizedsignificantly by a-substituents,and the reso-
nancerequirementof the cationcenterC7 to the phenyl
ring is small. This is consistentwith �H7N1C7H8 =
ÿ175.6° in 4a; theN1 atomhasaplanarstructuresoasto
conjugatefully with thecationiccenter.

The electron-donatingability of planaraminogroups
shouldbetheimportantfactor in stabilizingthecation4.
When the amino group is rotated around the C7—N1

bond, the electroniceffect with respectto the cationic
centershouldbechangeddrastically.Thischangeshould
also influence the resonanceinteraction between the
cationic centerC7 and the phenyl ring, the resonance
demandr value.In thisrespect,thegeometriesof 4awere
optimizedwith a fixed dihedralangle� changingin 10°
intervalsfrom 0° to 90°. Theangle� is thedihedralangle

betweenthecationic2pp orbital on C7 andthe lonepair
onN1. Thelonepairhasthedirectionof N1—X1 which is
a dummy atom definedby �X1N1C7H7 =ÿ�X1N1C7H8.
The phenyl ring, C7, hydroxyl group and N atom were
fixed to be planar.The angularprofile of the potential
energiesat the MP2/6–31G*//RHF/6–31G* level were
plottedagainst�, shownasclosedsquaresin Fig. 6. The
energyincreasesmonotonicallywith increasein � and
reaches 25kcalmolÿ1 in 4a (� = 90°). The energy
incrementshould be related to the loss of resonance
interaction betweenthe amino group and the cationic
center,accompanyingthedecreasein coplanarity.Steric
hindrance(ca 3 kcalmolÿ1) exists betweenthe phenyl
group and a-substituentsat � = 0°. This steric effect
shoulddecreaseas� increases.Thus,in the equilibrium
structureof 4a, theaminogroupcontributessignificantly
(ca 28kcalmolÿ1) to stabilization by the resonance
effect. The dihedral angle �H7N1C7H8 = 180° in 4a
(� = 0°); the nitrogenatomtakesa planarstructure,and
thereis maximumconjugationbetweenthelonepair and
cationic 2pp orbital. As � increases, �H7N1C7H8

decreasesmonotonically, and the structure of the
nitrogen atom approachestetrahedral.In 4a (� = 90°),
�H7N1C7H8 = 120.3° which is of the sameorder as the
correspondingdihedralangleof ammonia(114.8°);22 the
lonepaironN1 is not involvedin theconjugationwith the
cationic 2pp orbital on C7. Geometrieson the nitrogen
atom also reflect a change in resonanceinteraction
throughthedihedralangle�.

Rotationalpotentialsaroundf and� for 5a werealso
calculated in the same manner as for 4a. Potential
energiesareplottedagainstf asopensquaresin Fig.7. In

Figure 6. Potential energy surface of a-amino-a-hydroxy-
benzyl cation (4a) at the MP2/6±31G*//RHF/6±31G* level

Figure 7. Potential energy surface of a-dimethylamino-a-
hydroxybenzyl cation (5a) at the MP2/6±31G*//RHF/6±31G*
level
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thecation5a, therotationalbarriersareca 10kcalmolÿ1

to the coplanar and only ca 2 kcalmolÿ1 to the
orthogonalstructurefrom the equilibrium structure.The
rotationalbarrier to the coplanarstructurein 5a is three
timeslargerthanthatin 4aowingmainly to thebulkiness
of the dimethylamino group. On the other hand, the
barrierto theorthogonalstructureis lowerthanthatin 4a.
The cation 5 should be stabilized significantly by a-
substituents,and thus the resonancerequirementof the
cationcenterC7 to the phenyl ring becomessmall. The
dihedralangle�C8N1C7C9 =ÿ175.0° in 5a; theN1 atom
has a planar structureso as to exert full conjugation
betweenthe cationic center and the lone pair on the
nitrogenatom.

The potentialenergiesof 5a are plotted against� as
closedsquaresin Fig. 7. The methodof calculationand
thedefinitionof � arethesameasthosefor 4a. Thecation
5a hasalmosta constantenergy(within 0.3kcalmolÿ1)
from � = 0° to 20°. With increasein �, the energy
increasesmonotonicallyandreachesto 22kcalmolÿ1 in
5a (� = 90°) from 5a (� = 20°). This shouldbecausedby
the loss of resonanceinteractionbetweenthe dimethy-
laminogroupandthecationiccenter,dueto thedecrease
in coplanarity.Sterichindrancemorethan10kcalmolÿ1

existsbetweenthephenylgroupanda-substituentseven
in 5a (� = 0°). This steric effect should decreaseas �
increases.Thus, in the equilibrium structureof 5a the
dimethylamino group contributes significantly (ca
30kcalmolÿ1) to stabilization of the cation by the
resonance effect. The dihedral angle of

�C9N1C7C8 = 180° in 5a (� = 0°); there is maximum
conjugationbetweenthe lone pair on the nitrogenatom
and the cationic 2pp orbital, similarly to 4a. As �
increases,�C9N1C7C8 decreasesmonotonically,andthe
structureof thenitrogenatombecomestetrahedral.In 5a
(� = 90°), �C9N1C7C8 = 129.5°, which is close to the
corresponding dihedral angle of dimethylamine
(125.4°);22 the lone pair on N1 is not associatedwith
the conjugation with the cationic 2pp orbital on C7.
Similarly to thecation4a, thegeometrieson thenitrogen
atomalsoreflectachangeof resonanceinteractionby the
dihedralangle�. As wehaveseenhere,resonanceeffects
from the amino and dimethylaminogroups contribute
morein 4a and5a thanthosefrom phenylrings.In other
words,steric and resonanceeffectsof the phenyl rings
with respectto stabilityof thecations4aand5aarenotso
important.

Wibergbondordersof C7—N1 (closedtriangles),C1—
C7 (closedsquares)andC7—O1 (closedcircles)in 4aare
plottedagainst� in Fig.8.Plotsfor 5aareincludedin Fig.
8 with correspondingopensymbols.The bondorderof
C7—N1 is 1.4 in 4a and 5a (� = 0°), and decreases
monotonicallyas� increases,reaching1.0–1.1at� = 90°.
Thep interactionsof C7 with aminoanddimethylamino
groupsdecreasewith their decreasedcoplanarity.The
decreasein theC7—N1 bondorderby lossof coplanarity
(from � = 0° to 90°) is largerin 5a than4a. Thisshouldbe
attributedto the largerresonanceability of thedimethy-
laminogroup(D�R

� =ÿ1.3)thanthatof theaminogroup
(D�R

� = 1.1), resultingin a smallerr valuefor 5a (0.23)
than4a (0.35).The bondordersof C1—C7 andC7—O1

increasefrom 1.1to 1.2as� increasesin bothcations;the
doublebond characteris strengthenedslightly in these
bonds.This canbeexplainedby theenhancedresonance
requirementof the cationic centerC7 to hydroxyl and
phenyl groups as a result of the decreasein the p
contributionfrom aminoanddimethylaminogroups.It is
readily seenfrom theseplots in Fig. 8 that thedegreeof
resonanceeffectbetweenC7 andthephenylring, i.e. ther
value,dependson thebalanceof theelectroniceffectsof
the phenylgroupanda-substituentsin benzyliccations.
The trendsof other indices such as bond lengthsand
chargedistributionsalsosupportthis conclusion.

Charge vs r value

In electronictheory,thechargedensityatagivenatomis
a usefultool for predictingcharacteristicsor reactivities
of molecules qualitatively. The r value has been
explainedas the degreeof p-chargedelocalizationto
thebenzenering from thereactioncenterat thetransition
state.In orderto discussthis conceptfrom theviewpoint
of theoretical chemistry, the relationships between
atomic chargeson somepositionsand the r valuewere
examined.Atomic chargeson the respectivecarbonsof
a-hydroxybenzyliccationswerecalculatedby Mulliken

Figure 8. Wiberg bond order of C7ÐN1, C7ÐO1 and C1Ð
C7 bonds in 4a (closed symbols) and 5a (open symbols) vs �,
which is the angle between the empty 2pp orbital on C7 and
the lone pair on N1. Triangles, C7±N1; circles, C7±O1; squares,
C1ÐC7
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populationanalysis(MPA) andaresummarizedin Table
6. Averagedvaluesareusedfor atomicchargeson ortho
[(C2�C6)/2] and meta [(C3� C5)/2] positions. The
chargeon a hydrogenis summedup into that on the
carbonatom. Atomic chargeson ortho, metaand para
positionsof a-hydroxybenzyliccations,and also other
benzyliccations,areplottedagainstther valuesin Fig.9.
The r valuesusedin Figs9–12arethoseobtainedin the
gasphasefor 1–3, 5 and6 andin solutionfor 4. Thesame
r valueswereobtainedin solutionandin thegasphasefor
all benzylic cationsexamined(Table 1), so that the r
valueof 4 in the gasphasecanbe substitutedby that in
thesolutionphase.In Fig. 9 theplotsarefor moststable
isomers,becauseonly they reproducethe experimental
energies,asdiscussedearlier.Indeed,thebestcorrelation
is given in theplots for themoststableisomers.Atomic
chargesof other unstable isomers deviate from the

correlationline mainlyowing to thestericeffectbetween
a-hydroxyl andphenylgroups.As seenin Fig. 9 for 1a–
6a, chargeson the para and ortho positions increase
linearly with thesameslopeasther valueincreases.The
atomicchargeon the para positonis largerthanthat on
the ortho position except for the cation 6a. The meta
chargeis almostconstantfor all cations.Thesecorrela-
tion lines for 1a–6asatisfy the identical correlationof
otherbenzyliccations.11

Benzylic cationsmay be classifiedinto threegroups.
(1) For cationsin which an electron-withdrawinggroup
(such as CF3) is introducedat the a-position, unstable
cationic centersincreasethe resonancedemandcom-
paredwith the standarda-cumyl system(r = 1). (2) In
contrast,for cations which have an electron-releasing
group (suchas OCH3) at the a-position, the resonance
demanddecreases.(3) For cations in which a bulky
substituent(suchast-Bu) is introducedat thea-position,
the r value decreasesaccompaniedby decreasedover-
lapping of the benzylic 2pp orbital and benzenep-
system.The cations4 and5 may belongto both groups
(2) and (3). For all cationswhich belongto thesethree
groups, the atomic chargesthe ortho, meta and para
positionsare linearly correlatedwith the r valueover a
wide range from 0 to 1.5, as shown in Fig. 9. These
relationshipsare consistentwith the prediction of the
electronictheory.Hencethe r value is a real parameter
indicating the degreeof resonanceinteractionbetween
thebenzylic2pp orbital andbenzenep-system.

The total net chargeson the phenyl ring and a-
hydroxyl group(hereaftergroupcharge)for 1a–6awere
plottedagainstthe r valueasshownin Fig. 10. Plotsof
net chargeson the phenylring anda-methyl anda-t-Bu
groupsfor otherbenzyliccationsarealsoincludedin Fig.
10.A linearcorrelationwasobtainedfor groupchargesin
1a–6a. Also in this plot, the best relationshipswere
obtained for the most stable isomers. Plots of other
isomersfor 1–6 deviatedfrom this correlationline. For
1a–6a, chargeson both the phenyl ring and hydroxyl
groupincreaseasther valueincreases.Chargedispersion
to the phenylring andhydroxyl groupfrom the cationic

Table 6. Atomic charges given by Mulliken population analysis for benzylic cations

Chargeb (RHF/6–31G*)

Cationa C1 Orthoc Metad Parae C7 OH R

1a ÿ0.133 0.157 0.047 0.166 0.617 ÿ0.058 0.000
2a ÿ0.141 0.139 0.044 0.146 0.546 ÿ0.095 0.178
3a ÿ0.149 0.097 0.050 0.126 0.893 ÿ0.118 ÿ0.046
4a ÿ0.111 0.061 0.062 0.111 0.783 ÿ0.119 0.090
5a ÿ0.137 0.059 0.058 0.093 0.791 ÿ0.145 0.164
6a ÿ0.138 0.181 0.047 0.179 0.391 ÿ0.086 0.198

a Numbersasin the text.
b Atomic chargeson eachpositionwith hydrogenssummedinto atoms.
c Averageatomicchargeof C2 andC6.
d Averageatomicchargeof C3 andC5.
e Atomic chargeof C4.

Figure 9. Atomic charge on o-, m- and p-positions of phenyl
ring (RHF/6±31G*) vs r values for benzylic cations. Numbers
as in Table 1
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center changesaccompaniedby the change in the
contribution from anothera-substituent.That is, in 6a,
the electron-attractinga-trifluoromethyl group destabi-
lizes the cationic center(C7), which requiresresonance
stabilizationsignificantlyto theothersubstituents.Thusa
larger amount of charge was delocalized in the
neighboring phenyl and hydroxyl groups in 6a. In
contrast, the stabilization requirementto phenyl and
hydroxyl groupsis small in cations4a and5a owing to
the electron-releasinga-amino and a-dimethylamino
groups,respectively.Hencethe chargedelocalizationto
phenylandhydroxyl moietiesis small in cations4a and
5a. Thechargedelocalizationfor thesecationssuggestsa
competitivecontribution to the cationic centerfrom a-
substituentsand the phenyl ring. The behavior of the
chargedistributionon the phenylring for cations1a–6a
satisfiesthesamerelationshipasthosefor otherbenzylic
cations. Group chargeson the phenyl ring increase
linearly from �0.2 to �0.7 when the r value changes
from 0 to 1.5.Simultaneously,linearrelationshipsagainst
the r value were observedfor chargeon the a-methyl
groupin cations2, 14, 16, 18, 19and22andonthea-t-Bu
groupin cations17, 22, 23, 24 and25. Thesefactsalso
supporta competitive contribution from a-substituents
at the cationic center.The degreeof contribution from
the phenylring is directly relatedto the r value.Charge
delocalizationsto both a-methyl anda-hydroxyl groups
are lesssensitiveto the r value than that of the phenyl
group,andmoresensitivethanthatof a-t-Bu group.The

high sensitivity of the phenyl ring may be accounted
for by the larger capacity (or orbitals) which accepts
charges.

Bond length vs r value

Bond lengthsof cations,summarizedin Table2, should
changereflecting the degreeof resonancecontribution
from a-substituentsto the cationic center.The C1—C2,
C2—C3, C3—C4 andC1—C7 bondlengthsfor the most
stableisomers(1a–6a) areplottedagainstthe r valuein
Fig.11togetherwith thosefor otherbenzyliccations.For
1a–6a, theC1—C7 bondlengthdecreaseslinearlyasther
value increases.The doublebond characterof C1—C7

increases,asthe degreeof contributionfrom the phenyl
ring increases.Bond alternationsin the benzeneframe-
work were observed;the C1—C2 and C3—C4 bond
lengthsare lengthenedbut C2—C3 is shortenedasthe r
value increases.This is interpretedas the degreeof
contributionof canonicalstructures(II–IV ).

For all a-hydroxybenzyliccations(1–6), the plots for
the most stable isomers give excellent correlations.
Changesin the bond lengthsof C1—C2, C2—C3, C3—
C4 andC1—C7 makeit possibleto detectthe degreeof
resonancerequirementof the cationic centerC7 to the

Figure 10. Atomic charge on the phenyl ring and a-
substituents (RHF/6±31G*) vs r values for benzylic cations.
Numbers as in Table 1

Figure 11. Bond length vs r value for benzylic cations.
Numbers as in Table 1
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phenyl ring. The length of the Ca—O bond (Table 2)
decreaseslinearly asthe r valueincreases.This fact also
supportsa competitivecontributionfrom substituentsto
thecationiccenter.

Wiberg bond order vs r value

Wiberg bond orders of C1—C2, C2—C3, C3—C4 and
C1—C7 for cations1a–6aaresummarizedin Table7,and
are plotted againstthe r valuestogetherwith data for
otherbenzyliccationsin Fig.12.Goodlinearcorrelations
were obtainedfor every bond. Strictly, some patterns
exist according to the type of benzylic cations. For
example, the plots for a-hydroxy cations (1a–6a) for
C1—C7 show an excellent linear correlation with a
smaller slope than that of correlation line for a-
alkylbenzylic cations. The same tendencyas for the
C1—C7 bond is observedfor the C1—C2, C2—C3 and
C3—C4 bonds.Changesin Wiberg bondordermay not
only dependon thecontributionof thephenylring to the
cationiccenter.Someadditionaleffectcausedby thetype
of a-substituentscan also be seenin a-CF3-substituted
benzyliccations;theplotsfor 13, 14and6ashowalinear
correlationwith a largeslopecomparedwith that for a-
alkylbenzyliccations.However,theWibergbondorders
are approximatelylinearly related to the r value. The
correlation pattern can be well explained by the
electronictheory.Although a family dependenceof this
typecanbeseenin theplotsof bondlengthsandcharge
distributions,thiscomplexresultdoesnotseriouslyaffect
the discussionof the relationshipbetweentheseindices
andthe r values.

The empirical r valuesin the Y–T substituenteffect
analysisfor benzylic solvolyses,equilibria and thermo-
dynamicstabilitiesof benzyliccationsarewell correlated
with all calculated indices (charge distribution, bond
length and bond order) of the correspondingbenzylic
cations including a-hydroxybenzylic cations. These
benzylic cations have electronically and sterically
variousa-substituentswhich affect their r values.That

is, theserelationshipsapply not only to the unstable
cations11 and the sterically hindered1 cations reported
previously, but also to the presentstable a-hydroxy-
benzyliccations.The relationshipbetweeneachtheore-
tical index and the r value agreedcompletelywith the
predictionby theelectronictheory.

Although thergasvaluesseemto changewith the rgas

valuesin otherbenzylicsystems(13–23), it hasbecome
apparentthatther valuesareindependentof ther values
(Table1). The rgas valuesfor stablea-hydroxybenzylic
systems(1–6 in Table 1) are constant,whereasthe
correspondingrgasvaluesfor othera-substituentschange
drasticallywith changesin electronicandstericeffects.

Theseresultssuggestthat ther valueis realparameter
indicating the degreeof resonanceinteractionbetween
thebenzylicpp-orbital andthebenzenep-system.

Figure 12. Wiberg bond orders from NBO analysis (RHF/6±
31G*) vs r values for benzylic cations. Numbers as in Table 1

Table 7. Wiberg bond orders from NBO analysis for benzylic cations

Wiberg bondorder

Cationa C1—C7 C1—Co
b Co—Cm

c Cm—Cp
d C7—O C7—R

1a 1.3149 1.2439 1.5141 1.3823 1.2251 0.9209
2a 1.2310 1.2731 1.4979 1.3938 1.2208 1.0474
3a 1.1240 1.3186 1.4752 1.4090 1.1552 1.2218
4a 1.0749 1.3468 1.4596 1.4185 1.1444 1.4281
5a 1.0344 1.3688 1.4488 1.4257 1.1108 1.4720
6a 1.3320 1.2244 1.5245 1.3740 1.2314 0.9303

a Numbersasin the text.
b Averageof bondsC1—C2 andC6—C1.
c Averageof bondsC2—C3 andC5—C6.
d Averageof bondsC3—C4 andC4—C5.
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