J. Phys. Chem. A998,102,8953-8963 8953

Modern Molecular Mechanics and ab Initio Calculations on Benzylic and Cyclic Delocalized
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Calculations of optimized force field (MMP2 extended to carbocations) and ab initio (MP2/6-31G*) geometries
as well ast-electron densities of various benzyl and cyclic delocalized cations agree well. The MMP2 heats
of formation reproduce the available experimental values. MMR2sonance energies are consistent with
those obtained by isodesmic equations from experimental and ab initio data. When gacbharges are

lower than 0.2, the influence of phenyl substituents is attenuated. Thus, the triphenylmethyl cation resonance
stabilization value{41.6 kcal/mol average for each phenyl ring) is much less than that of the benzyl cation
(—76.4 kcal/mol) and the benzhydryl cation (average stabilization valu&f4 kcal/mol). MMP2 aromatic
stabilization energy estimates of the benzyl and tropylium cations as well as benzene agree well with the
assessments of aromaticity by the nucleus independent chemical shift (NICS) criterion, which is based on the
magnetic shieldings computed at ring centers. The MMP2 method allows quantitative evaluations of
homoconjugative interactions. The stabilization in the homotropylium cation due to 1,7 homoconjugative
overlap is estimated to be quite appreciabtéd 3.4 kcal/mol.

Introduction However, benzyl catioRéhave been observed in numerous gas-
This paper employs a newly parametrized empirical force Phase ion studi@&and by Steenken and McClelland’s fast UV
field, which has been shown to compute carbocatigometries ~ Methods?
ands-electron densities wellfo examine the benzyl, tropylium, High level ab initio calculatior®8 now provide an alternative
and homotropylium cations. Allinger's MMP2 prograwhich source of carbocation structure and energetic informéficior
combines a classical molecular mechanics treatment with anexample, the close agreement between the experimental chemi-
SCF procedure for-systems of unsaturated molecules, was cal shifts of allyl cations with those obtained by GIAO-MP2
used as the basis for the parametrization. Hyperconjugationcalculationg23showed that these MP2(full)/6-31G* geometries

was introduced via a quantum chemical térrithis new method

of delocalized cations are reliabie. For a large number of

allows a force field treatment of delocalized carbocations, such carbocations,*3C chemical shifts obtained by GIAO-MP2

as allyl# benzyl, and 1,3-pentadien-52@s well as the calcula-
tion of resonance energiésS which are quite large in such
species.® In contrast, early force field parametrizati@neere

not devised to reproduce carbocation geometries and hyper-

conjugation effects, but rather to compute strain enefdies.
The first carbocations observed in solution were highly
resonance stabilized. While Norftlsand Kehrmani nearly a

century ago discovered that triphenylmethanol and triphenyl-

methyl chloride give yellow solutions in sulfuric acid, von
Baeyer first recognized that cations were responsil€on-
ductivity measurementsdemonstrated the salt-like behaviér.
Much later, X-ray investigatior§ 18 showed the three-
dimensional structure of the triphenylmethyl cation with a
propeller-like out-of-plane distortion of the three pheny! rifiRf.

calculations on MP2(full)/6-31G* optimized geometries were
close to experimental valués. Therefore, such geometries can
be used to test the accuracy of the force field results.

MMP2 also allows the study of nonbonded resonange.,
s-overlap between atoms that are not connected byband)
and homoconjugatiéfi~38 effects in allyl and other delocalized
open chain cations. Homoconjugation, proposed for carbo-
cations by Applequist and Robeitsas well as by Simonetta
and Winsteid? about four decades ago (e.g., for homoallyl
cations), was extended to homoaromatititsome years later.
Cyclic delocalized cations do exhibit homoaromatic behavior;
the predictions have been confirmed by ab initio calculations
(e.g., the homotropylium catiodj2? Our force field method
complements ab initio calculations by providing estimates of

Gas phase ion heats of formation are known for only a few nonbonded resonance and homoconjugation energies.

cyclic delocalized carbocatioi$,and the energy of the tri-

phenylmethyl cation is not among them. More than 6 decades Methods

after the first observation of the triphenylmethyl cation, benz-
hydryl and alkylated benzyl catioftscould be formed and
studied by*H NMR spectroscopy under superacidic conditions
by Olah and co-worker&:2* Attempts to prepare such species
with aluminum chloride were not sucesstfk® Only recently

a X-ray structure of the parent cumyl cation has been repéfted.

TInstitute of Physical and Theoretical Chemistry.
* Computer Chemistry Center of the Institute of Organic Chemistry.

10.1021/jp981406p CCC: $15.00

All ab initio calculations with GAUSSIAN 92 and GAUSS-
IAN 9443 used Convex C220, Hewlett-Packard 735, and Cray
YMP-864 computers. The 6-31G* basis “atvas employed
for all optimizations both at the RHF and RMP2(full) levels
(i.e., with the second-order MgllePlesset perturbation cor-
rection based on the restricted Hartrd@ck wave function}®
Correlated ab initio methods are necessary for the optimization
of delocalized cation$#® The energies discussed in the text
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TABLE 1: C —C Bond Lengths andz-Electron Densities at
MP2(full)/6-31G* (MP2) and MMP?2 of the Benzyl Cation
and Its Rotamer

3 2

1 H
4 oD
H

5 6

MP2 MMP2
m-Electron Densities
Ca 0.533 0.603
C1 1.115 1.090
Cc2 0.783 0.792
C3 1.034 1.019
C4 0.700 0.686
Bond Lengths/A
Co—C1 1.372 1.373
c1-Cc2 1.436 1.439
Cc2-C3 1.378 1.379
C3-C4 1.408 1.410
3 2 ‘..H
4 ! a\\\s@
H
MP2 MMP2
s-Electron Densities
Ca 0.057 0.0004
C1 1.153 1.243
Cc2 0.999 0.986
C3 0.949 0.945
C4 0.925 0.896
Bond Lengths/A

Co—C1 1.421 1.445
c1-Cc2 1.412 1.399
Cc2-C3 1.393 1.394
C3-C4 1.394 1.398

refer to calculations on the RMP2(full)/6-31G* optimized
geometries using fourth-order MgliePlesset correction includ-
ing single, double, and quadruple excitations (MP4sdaAll
optimized structures were characterized by frequency calcula-
tions at HF/6-31G*//HF/6-31G*. n-Electron densities were
obtained from natural bond orbital (NB@)analysis of RHF/
6-31G* wave functions using MP2(full)/6-31G* optimized

Reindl et al.

kcal/mol (eq 2).

E.ao= E,(benzyl cation)- E_(benzeney —76.4 kcal/mol
(2)

The isodesmic eq 3 gives75.9 kcal/mol from experimental
data (MP4sdqg/6-31G*//MP2(full)/6-31G*=75.4 kcal/mol).
This matches the MMP2 result, although polarization effects
also should contribute to the stabilization of the larger benzyl
cation.

expt: -75.9 kcal/mol

Ph-CH, CH;' — » Ph-CH," 3)
MMP2: -75.4 kcal/mol
AHfo(expt), kcal/mol: +12.1 0,155 +261 = 0.4° +215+2.0°7

AHg (MMP2), kcal/mol: 2154

+ +

CH,

-17.8 £0.1%

12.1 260.9 -17.8%

The MMP2 stabilization energy of the benzyl cation is much
larger than that of the allyl cation-63.2 kcal/mol, cf. ref 4)
(i.e., the larger phenyl substituent stabilizes a methyl cation more
effectively than the smaller vinyl group (differene€3.2 kcal/
mol)). The relative stabilization energy can also be obtained
from eq 4, which gives-18.3 kcal/mol from experimental data
(MP4sdq/6-31G*/IMP2(full)/6-31G*—18.0 kcal/mol) and sup-

ports the MMP2 result.
CH, H
O
H

CH; ——» —
MMP2: -16.2 keal/mol

expt:-18.3 kcal/mol

SN

AHI’ (expt), keal/mol:  +226 £ 2 +12.1+0.1 +4.8+0.1 +215+2

AHg (MMP2), kcal/mol: +225.0 12.1 5.5 +215.4

The large stabilization of the positive charge in the benzyl
cation reduces the “aromaticity” of the benzene substituent
significantly. Aromatic stabilization can be analyzed quanti-
tatively by means of the nucleus independent chemical shifts
(NICS) criterion (i.e., the computations of absolute magnetic
shieldings at ring centers), which are proving to be a simple
and effective aromaticity prold€. Negative NICS values
suggest aromaticity (diatropic ring current), while positive NICS
values are typical for antiaromatic molecules. Table 3 compares
NICS (GIAO—SCF/6-31-G*//Becke3LYP/6-31%G**) of the
benzyl cation with those of toluene.

structures. Calculations of nucleus independent chemical shifts 1,5 largest absolute magnetic shielding of toluene was

(NICSY* were performed with the GAUSSIAN program.
The force field calculations were performed with a modified
Convex version of the MMP2-82 prograth.

Benzyl Cations

The Parent Benzyl Cation. MMP2 and MP2(full)/6-31G*
optimizations gave the expect€&d, symmetry for the benzyl
cation1, as computed earliér9%5+53 Although the thermo-
chemistry of GH;* ions is still not well establishet,the MMP2
heat of formation ofl (215.4 kcal/mol) excellently corresponds
with experimental data (215 kcal/m#) and a recently reported
ab initio estimate (217.0 kcal/nfd). Table 1 shows €C bond
lengths andr-electron densities obtained by the MMP2 and
MP2 methods, which agree remarkably well.

The resonance enerdyes of 1 was calculated by comparing
the MMP2z-energy ofl with those of benzene and ethene, eq
1 (Table 2 lists data for a number of delocalized cations and
neutral molecules).

res”

E E,(benzyl cation)- 3E_(ethene)= —107.2 kcal/mol

)
Since the MMP2z-resonance energy of benzenk.{

(benzene)- 3E,(ethene)) is—30.8 kcal/mol, the stabilization
energy of the positive charge by a phenyl rifgy, is —76.4

calculated to be-11.2 ppm at a position 1.0 A perpendicular
to the ring center and for the benzyl catief@.5 ppm at a similar
1.0 A point above the ring. The values at the ring cente8s?
and—3.3 ppm, respectively, differ even more (cf. Table 3), but
are influenced by contributions of the-C and G-H o-bonds*
These results suggest that the aromaticity of the benzyl ring
moiety is substantially reduced relative to toluene. MMP2 can
be used to evaluate the aromatic stabilization energy fry
comparing the computed-energy (274.0 kcal/mol, Table 2)
with that of the isoelectronig-system of the acycliall-trans-
1,3,5-heptatrien-7-yl cation—262.8 kcal/mol, Table 2). The
s-energy difference;-11.2 kcal/mol, is only 68% of the MMP2
benzene aromaticityE(benzene)— E.(1,3,5-hexatriene}=
—16.4 kcal/mol). This reducedromatic stabilization energy

in 1 is a consequence of the large resonance stabilization demand
of the positive charge. Therefore, the best single description
of 1 is the quinoid structurda. The G,—C; bond (MMP2:
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TABLE 2: MMP2 x-Energies,E,2 o-Energies, E,;,2 Total Electronic Energies, E, + E,,2 and Steric Energies,Eg,2 Ab Initio
Energies, EMP2¢d and EMP4,4¢ Number of Imaginary Frequencies, NIMAG, Zero Point Energies, ZPE2 of Delocalized
Carbocations and Neutral Molecules

Es EMP4  NIMAG E. EMP4  NIMAG
£, Eq EMP2 ZPE E, Eq EMP2 ZPE
Molecule E.+E, Molecule E.+E,
® -274.0 26978713 0
@C”Z -584.5 87 -269.77676  78.9 Q -503.9 - 0
Lc -858.5 2 o, 11585 -152 -539.32980 1526
2v
® /O 281.2 -308.98145 0 d -1662.4
C
@ \H -573.4 -12.1 -308.96618  97.6 12¢,
se -854.6
) 7176 - 0
2768 -308.97372 0 ®
@ -1753.6 -122 -730.41929  188.7
CH, 573.9 -127 -308.95774  97.5
2471.2
o -850.7
’ 11D,
26, -345.8 -346.96104 0
@ 27l 20897229 0 /\@Q 7520 -64 -346.94957 1018
CH, -581.8 -85 -308.95763  97.3 < 10978
H -855.9 13¢
s @ -348.6 -346.95307 0
) -747.0 3.6 -346.94221 1018
_ ® -278.6 -308.97869 0
He o -1095.6
: : -573.7 -13.7 -308.96230  97.2
4 -852.3 14¢,
£
o s 28738 134817000 0 -413.0 -424.12970 0
©—C\ S60.1 144 -348.14973  116.2 PP 198 14 dliGH 1244
s -1332.8
-847.8 16 C
6C s
4147 -424.12072 0
- -285.3 -348.17129 0 N
®, /" 9165 59 42410862 124.4
HiC e -562.9 -14.1 -348.15023 1159
H -1331.2
-848.3
© 35868 0 e
2914 -387.35
e M -108.8 - -
HiC c -549.7 -19.4 -387.33283  134.6 ‘@
Nen, 1640  -16 - -
841.1 c
8C, 2 -272.8
-278.5 -269.80245 0 B ) )
N 190.6
-590.0 -11.6 -269.79675  79.9 3298 08 B .
-868.5 G -520.4
18 Dy,
H, AN -262.8 - -
-285.0 -308.98860 0 -496.7  -0.5 - -
@ -574.3 -14.6 -308.97808  97.7 Cay -759.5
-859.3
19C NN o~ - -330.2 - -
-664.1 1.4 - -
Can 994.3
Q -497.9 -500.14660 0 o
2 -1173.0 -11.5 -500.14885 134.1 H>_<H 556 - -
-1670.9 H H _73.8 0.4 - -
Do 1294
9C
? AN -181.2 - -
-495.4 -500.14352 1 Ca 4033 54 - -
® 11756 -99 -500.14449  134.0 -584.5
! -1671.0 1976 ] ]
@ 4975 26 - -
10C,, o Do -695.1
aValues in kcal/mol? MP2(full)/6-31G*//MP2(full)/6-31G*.¢ Ab initio energy for the triphenylmethyl cation at MP2(fc)/6-31G*//MP2(fc)/6-

31G*. 9 Ab initio energies are given in atomic unit&sMP4sdq/6-31G*//MP2(full)/6-31G*.
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TABLE 3: Dependence of Negative NICS Absolute
Magnetic Shieldingséd (GIAO-SCF/6-31+G*//Becke3LYP/
6-311+G**) on the Distance, r, from the Ring Centers in
Toluene, the Benzyl, the Cumyl, thep-Methylbenzyl, and the
1-Phenylallyl Cations

TABLE 4: Bond Lengths and &-Electron Densities of theo-,
m-, and p-Methylbenzyl Cations at MP2(full)/6-31G* (MP2)
and at MMP2, Relative Energies,E2® and AHy(rel),bd
Experimental Heats of Formation, AHy(exp)&® and MMP2
Heats of Formation, AH{(MMP2)¢

@
r 3 o CH, H aCH, u%H;
b -H S ) 1 H ,,’ 1 1
CH.
@ CHy —— @ : 6 2 7C\H . 2 N
s 3 5 3 , H 3
/A §/ppm §/ppm b ¥ o %
0.0 9.7 33 2 [™n 7
H o g
0.5 <113 -5.8 3
1.0 12 15 H
15 8.1 6.1 4
20 52 a1 Bond lengths / A
’ ’ ’ Bond MP2 MMP2 MP2 MMP2 MP2 MMP2
23 32 28 Co-Cl 1370 1372 1372 1374 1370 1370
3.0 2.1 -19 c1-c2 1.450 1443 1435 1.439 1.436 1.441
35 14 13 C2-C3 1.387 1.387 1.384 1379 1374 1377
C3-C4 1.402 1.405 1.414 1.411 1.416 1.419
ca-cs 1.408 1416 1.406 1.409 - -
el Hy e . C5-C6 1.374 1.374 1.378 1.380
@ HC ® Ci-C6 1.440 1.445 1.436 1438
H c2-c7 1497 1482 - -
CHs C3-C7 - - 1.501 1.489 - -
c4-c7 - - 1.490 1.482
n-Electron densities
X T = Y- Carbon MP2 MMP2 MP2 MMP2 MP2 MMP2
PP PP ep Ca 0.561 0613 0.542 0.602 0.571 0.623
00 6.7 36 70 Ci 1.117 1.111 1.107 1.082 1.114 1.101
0.5 9.1 63 94 c2 0.743 0.688 0.817 0.833 0.785 0.775
c3 1.063 1.080 1.004 0.958 1.053 1.069
1.0 -10.0 <19 -10.2
c4 0.692 0.673 0.710 0716 0.665 0.587
LS 74 61 79 cs 1.047 1.027 1.032 1.010
20 47 39 5.0 c6 0.787 0.808 0.788 0.798
Eel 312 4.02 0.
AHrel) 2.99 3.35 0.
. . AH{exp) 203 204 200
1.373 A, MP2(full)/6-31G*: 1.372 A) is only moderately  spamen 203.6 2039 2006

longer than that of the ethene= bond (MMP2: 1.339 A.
MP2(full)/6-31G*: 1.335 A.) The rather long GiC2 bond
(MMP2: 1.439 A. MP2(full)/6-31G*: 1.436 A.) supports this
conclusion impressively. More evidence is discussed below. s-electron densities demonstrate this polarization effect clearly
Very recently, Olah has called attention to the “important (cf. z-electron densities, Table 1).

contribution” made by a similar quinoid resonance structure to
the 2,4,6-trimethylbenzyl catioH.

The MMP2 total benzyl cation stabilization energy76.4
kcal/mol (eq 2), is much larger than the rotational barrier of
the benzyl cation, 48.7 kcal/mol at MP4sdqg/6-31G*//MP2(full)/
6-31G* (MMP2: 50.2 kcal/mol). The computed barrier is
almost independent of the basis®8&f (the MINDO/3! value,
22.3 kcal/mol, is too lo®t%). The rotated benzyl cation
transition structure is stabilized by hyperconjugative interactions  Methyl Group Substitution on the Benzene Ring. The Cs
of two C—C o-bonds and by large polarization effects of the o-methylbenzyl cation2 prefers the conformation were one
benzener-electrons. Hence, the resonance stabilization due methyl G-H bond is eclipsed with thenetacarbon slightly.
to the benzene ring should be considerably larger than the 48.7The methyl group helps stabilize thecharge at thex-carbon
kcal/mol rotational barrier, and the MMP2 estimate-676.4 (Cf. Tables 1 and 4). Small variations in the-C bond |engths
kcal/mol seems reasonable. Moreover, a recently developedresult.
orbital deletion procedure (OB®) showed bond equalization
in the benzene ring when the p orbital of the exocyclic carbon % u e, 2.
was deleted and, therefore, stressed the importance of resonance
stabilization in the benzyl catioh®2® Thes-electron densities
of the benzene ring carbons in the perpendicular rotamer ;
decrease with increasing distance from the exocyclic carbon Rt
because of the polarization by the positive charge (cf. Table 1). !
All the benzene ring €C bond lengths in the rotamer are close ) N
to those of neutral benzene (MP2(full)/6-31G*: 1.395 A.

MMP2: 1.396 A.) The NICS value in the benzene ring center  The favoredCs m-methylbenzyl cation conformatiod has
of the rotated form-9.5 ppm) is nearly the same as the toluene one methyl CG-H bond eclipsed with thertho carbon both
value (9.7 ppm), which indicates that the aromaticity of the according to MP2(full)/6-31G* and to MMP2 optimizations.
benzene ring in the rotamer is almost that of neutral toluene. The conformer withCs symmetry and one methyl-€H bond

According to the isodesmic eq 5, the benzyl cation rotamer eclipsed with thepara carbon is a transition state for methyl
is stabilized relative to the methyl cation. Strong polarization rotation; the barrier is 0.47 kcal/mol at MP4sdq/6-31G*//MP2-
effects of the benzenea-electrons are responsible for this (full)/6-31G* (the MMP2 heats of formation for both structures
stabilization. The MMP2 as well as the MP2(full)/6-31G* are identical). The methyl group reduces thelectron density

aMP4sdq/6-31G*//MP2(full)/6-31G** MMP2 relative heats of
formation.¢ See ref 21bd Values in kcal/mol.

MP4sdq/6-31G*//
MP2(full)/6-31G*: -25.9 kcal/mol <H
D A W
MMP2: -25.2 kcal/mol H

265.6

AHf (MMP2), kcal/mol:12.1 260.9 -17.858

Methyl Group Substitution

& z—3
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TABLE 5: C —C Bond Lengths andz-Electron Densities of
o-Methylbenzyl Cations at MP2(full)/6-31G* (MP2) and
MMP2

RH H\: H
H/\:r' @ H I\ H
N/ "INy
1 )
6 2 6 2
5 3 s 3
4 4
6 3
5 He Qoo H
|
H
7
Bond lengths / A
Bond MP2 MMP2| Bond MP2 MMP2| Bond MP2  MMP2
Co-C1 1389 1384 | Ca-Cl 1.409 1396 | Ce-C1 { 1.385 1381
Cl-C2 1430 1436 C1-C2 1.427 1434 | C1-C2 { 1.431 1438
C2-C3 1.381 1.381 C2-C3 1.382 1382 | C2-C3 ; 1.377 1.378
C3-C4 1.403  1.407 C3-C4 1.402 1406 | C3-C3 | 1410 1416
C4-C5 1.406 1.408 | Ca-C5 1.485 1491 | C4-C5 : 1415 1417
C5-C6 1.380 1.381 C5-C6 | 1.376 1379
C1-C6 1429 1436 C1-C6 | 1.430 1438
Co-C7 1.468  1.465 Co-C7 i 1471 1465
C4-C8 | 1492 1482
7-Electron densities
Carbon MP2 MMP2 MP2 MMP2 MP2 MMP2
Co 0.501  0.494 0.479 0416 0.534 0.513
Cl1 1134 1155 1.147 1.199 1.138 1.169
c2 0.816 0.803 0.834 0.815 0.796 0.787
c3 1.023 1.016 1.021 1.014 1.052 1.069
C4 0740 0710 0772 0.727 0.703 0.610
C5 1.030 1.017 1.043 1.068
C6 0.802 0.806 0814 0.785

of the metacarbon slightly. Table 4 lists bond lengths and
m-electron densities of the-, m-, andp-methylbenzyl cations
at MP2(full)/6-31G* and at MMP2.

The Cs p-methylbenzyl catio has one methyl €H bond
perpendicular to the benzyl system. The&harge at thgara
carbon is stabilized by €H hyperconjugation; this leads to
elongations of thgpara—meta C—C bonds and to moderate
shortenings of theneta-ortho C—C bonds. The largepara
carbonrz-charge ind compared withl influences the aromaticity
of the benzene ring only insignificantly. The NICS values
computed forl and4 are almost identical (cf. Table 3).
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those of toluene and significantly larger than those of the parent
benzyl cation (cf. Table 3).

A recently reported X-ray structure of cumyl hexafluoro-
antimonate(V), similar to the theoretical structure, showed a
small twisting of the exocyclic carbon plane relative to the
benzene ring plane (exptl: °8 MMP2: 6.£. MP2(full)/6-
31G*: 7.£4.)18 The X-ray C; point group for6 evidently is
due to the involvement of many strong-H- contacts to Shf
anions in the crystal structure.

The C; a-methylp-methylbenzyl catiory (cf. Table 5) and
C: a,a-dimethylp-methyl benzyl catio8 have ongparamethyl
C—H bond almost perpendicular to the benzyl system according
to MP2(full)/6-31G* and to MMP2. The MMP2 heat of
formation of7 (186.0 kcal/mol) agrees well with experimental
data (186.2 kcal/mét? and is 1.2 kcal/mol lower than that of
6 (MMP2 heat of formation: 187.2 kcal/mol; the energy
difference is 0.81 kcal/mol at MP4sdq/6-31G*//MP2(full)/6-
31G*). Figure 1 lists key geometry parameters anelectron
densities oB. The MMP2 heat of formation d8 (176.4 kcal/
mol) agrees with the experimental value (42 kcal/mof1b).

Substitution by Phenyl Groups

The moderate twisting of both phenyl rings (MP2(full)/6-
31G*: 19.4. MMP2: 18.9) out of the plane of the central
carbon of theC, benzhydryl catior®, which has been studied
by experimental laser flash photolysis wans-2,3-dipheny-
laziridinimine$* as well as by kinet®® and fast UV investiga-
tions® weakens the resonance stabilization. Analogous ge-
ometries have been obtained with smaller basis®$e®&tructure
9is 1.89 kcal/mol (MP4sdq/6-31G*//MP2(full)/6-31G# ZPE
(RHF/6-31G*)) lower in energy than the plan@s, conformer
10(MMP2: 1.38 kcal/mol) which serves as the transition state
for phenyl rotation. Ther-electron density of the central carbon
of the C, conformer (MP2(full)/6-31G*: 0.579; MMP2: 0.620.)
is only insignificantly higher than that of the benzyl cation
o-carbon (MP2(full)/6-31G*: 0.533. MMP2: 0.603.). The
MMP2 z-charge of a phenyl ring, 0.318 (MP2(full)/6-31G*:

The two methods agree with experimental data in giving the 0-294). is_delocalized Tainly at theara position (MMP2:
same energy sequence for the three isomers (cf. Table 4).0-194. MP2(full)/6-31G*: 0.184.). The MMP2 phenyl ring

MMP2 suggests that thp-methylbenzyl cation is stabilized
better by hyperconjugation thahand 3.

Methyl Group Substitution at the Exocyclic Carbon. The
Cs a-methylbenzyl catiorb andC; a,a-dimethylbenzyl cation
6 increase ther-charge stabilization of the exocyclic carbon.
At both MP2(full)/6-31G* and MMP25 has one methyl €H
bond eclipsed with the benzyl system. Table 5 listsGhond
lengths andr-electron densities of both cations obtained by the
two different theoretical methods.

Both methods agree that thecharge at the exocyclic carbon
increases with increasing methyl group substituf®nThis
stabilization due to €H hyperconjugation elongates thet€
C1 bonds. The MMPz-energies become more negative along
the benzyll, o-methylbenzyl5, and o,o-dimethylbenzyl6
cation series (cf. Table 2)5 is 1.7 kcal/mol more stable than
4 at MP4sdq/6-31G*//MP2(full)/6-31G* (MMP2: 2.9 kcal/mol);
the experimental heats of formatio®: (199 & 2 kcal/mol?1P
4: 200 £ 2 kcal/mol?19) are consistent, but are not highly
accurate.

Methyl group substitution at the exocyclic carbon reduces
the m-charge localized in the benzene ring. Therefore, the
benzene ring aromaticity ié should be larger than that i In

agreement with this expectation, the NICS absolute magnetic
shieldings computed at the aromatic ring center and at positions

perpendicular to this ring center éfare almost the same as

m-charge of 0.603 (MP2(full)/6-31G*: 0.551) id is only
slightly lower than the sum of the-charges of the two phenyl
rings in9. Figure 1 lists geometry parameters anelectron
densities 0@ and many other cations discussed in this article.

Resonance energy evaluations also give estimates of the
charge stabilization by the two phenyl rings. The total charge
stabilization energyEsian Can be calculated by eq 6 (cf.
sm-energies, Table 2).

Ea= E,(benzhydryl cation}-

2E_(benzeney —102.7 kcal/mol (6)

The MMP2 value is only 26.3 kcal/mol larger than the
stabilization by the benzene ring iIn(eq 2). The value;-91.6
kcal/mol, obtained by isodesmic equation eq 7, is somewhat

@)

-91.6 kcal/mol
—_—

CH;3* + Ph,CH, Ph,CH* + CH,

AH¢ (MMP2), kcal/mol: +260.9  +38.6 +225.7 -17.8 (expt)

lower than that given by eq 6 due to steric interactions.

The second phenyl ring in PBH" stabilizes the positive
charge only moderately. This is shown by th&6.2 kcal/mol
exothermicity of eq 8.

-16.2 kcal/mol N )
Ph-CH," *+ Ph,CH, ———— PhoCH' + PhcH;  (8)

AHg (MMP2), keal/mol: +215.4 +38.6 +225.7 +12.1
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Dihedral angles:

Figure 1. Geometries: bond lengths in angstroms; angles and dihedral angles in degrees; the MMP2 dihedral angles are given in parentheses
(Italic: values at MMP2. Bold:z-electron densities.) of some cyclic delocalized cations at MP2 (full)/6-31G* (Values for the triphenylmethyl

cation at MP2(fc)/6-31G*.) and MMP2.

In agreement with the X-ray structut®the three benzene
rings of theDj triphenylmethyl catiorl1 are strongly distorted
of out of the plane of the four central carbons @fFigure 1).

ring ipso-carbons (X-ray: 1.45 A. MMP2: 1.431 A. MP2-
(fc)/6-31G*: 1.440 A.) as well as the twist angles of the phenyl
rings out of the central carbon plane (X-ray: °33MMP2:

The C-C bond lengths of the central carbon and the benzene 33.3. MP2(fc)/6-31G*: 33.1.) agree well. The high reactivity
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of triphenylmethyl derivatives in solvolysis reactions has long
been known experimentalff. Kinetic investigations of sol-
volysis rates have clearly shown the considerable ability of
triarylmethyl systems to stabilize a positive chaf§eAlthough
triphenylmethyl chloride solvolyzes 130 000 times faster than
benzhydryl chloride and solutiorikp differences demonstrate
increased stabilizatiot?, the average resonance energy per
phenyl ring is lower inl1 than that in9, showing attenuation.
The z-charges (MMP2: 0.192. MP2(fc)/6-31G*: 0.200.) of
the individual phenyl rings irL1 are significantly lower than
those of the phenyl rings id (MMP2: 0.603. MP2(full)/6-
31G*: 0.551.) and9 (MMP2: 0.318. MP2(full)/6-31G*:
0.294.). The GC bond lengths of the central carbon toward
the phenyl rings are elongated (MMPR, 1.373 A. 9: 1.411

A 11 1.431A).
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energy by 2.0 kcal/mol compared wifh result. The MMP2
heat of formation ofl2 (214.1 kcal/mol) agrees well with the
experimental value (213.6 2 kcal/mof1b).

Phenyl Substitution at Delocalized Open Chain Polyenyl
Cations

The 1-Phenylallyl Cations. The E)-1-phenylallyl catioril3
has Cs symmetry at both MP2(full)/6-31G* and MMP2 (cf.
Figure 1) and is best described ascaminylbenzyl cation. The
two allyl C—C bond lengths differ by 0.06 0.01 A (C1-C2,
MP2(full)/6-31G*: 1.417 A. MMP2: 1.432 A. C2C3, MP2-
(full)/6-31G*: 1.360 A. MMP2: 1.362 A.) and the allyl G2
C3 bond length is rather close to that of an isolateeddouble
bond (ethene, MMP2: 1.339 A. MP2(full)/6-31G*: 1.335A.).
The z-electron density of the allyl carbon substituted by the

Resonance energies document the decreasing efficiencies ojnenyl ring is close to that of the exocyclic benzyl carbon (MP2-

charge stabilization per phenyl with the increasing number of
rings. The total charge stabilization enerdg¥san can be
calculated by eq 9.

E...p= E,(triphenylmethyl cation)- 3E (benzeney

—124.8 kcal/mol (9)

An isodesmic equation (eq 10) gives a lower valad.Q2.2
kcal/mol) due to steric contributions.

. -102.2 kcal/mol +
CH3* PhsCH—— s Ph;C*+ CH,

(10)

AHf(MMPZ), kcal/mol: +260.9 +67.2 +243.7 -17.8 (expt)

The additional resonance effeEtes due to the third benzene
ring, is given by eq 11.

s = E(triphenylmethyl cation}-
E(benzhydryl cation}- E_(benzeney —22.1 kcal/mol
(11)

E

This value is 4.2 kcal/mol lower than that for the second
phenyl ring in the benzhydryl cation—@6.3 kcal/mol) and
illustrates the attenuation of the phenyl stabilization. The value
given by eq 12 is somewhat lower 10.6 kcal/mol) as a result
of energy-raising steric contributions.

-10.6 kcal/mol
Ph;C*+ PhyCH, ———— Ph;CH + Ph,CH" (12)

AHf (MMP2), kcal/mol: +243.7  +38.6 +67.2 42257

When hyperconjugation of six-©C g-bonds was excluded
(a feature allowed by the program), theenergy was raised by
2.3 kcal/mol. The hyperconjugation contribution obtained by
NBO analysi4® via Fukui's method (this method assumes a
f2/Ae dependence of orbital interactions, whédris the fock
matrix element and\¢ is the energy difference of the participat-
ing orbitals) on the MP2(fc)/6-31G* structure was 4.7 kcal/
mol. The MMP2 heat of formation ofl is 243.7 kcal/mol,
but the experimental value is not known.

The methyl group in the Co-methylbenzhydryll2 cation
distorts the two phenyl rings differently out of the plane of the

(full)/6-31G*: 0.533. MMP2: 0.603.). The total phenyl ring
charge is+0.320 at MMP2 (MP2(full)/6-31G*:+0.373).

The additional resonance stabilization enerBy,, due to
phenyl substitution, calculated by eq 13 (cf. Table 2), is quite
large.

Eyap= E,(1 — phenylallyl cation13) — E_(allyl cation)—

E.(benzene} —39.4 kcal/mol (13)

This stabilization is significantly greater than the resonance
effects of the second phenyl ring $hand the third phenyl ring
in 13 but less than that in the benzyl cati@n

The aromatic stabilization energy of the benzene rin@3n
can be evaluated by comparing its MMR2energy with that
of the acyclicall-trans-1,3,5,7-nonatetraen-9-yl catiansystem
(cf. Table 2). The differences im-energies give an aromatic
stabilization of—15.6 kcal/mol, insignificantly lower than that
of benzene{16.4 kcal/mol). This large benzene ring aroma-
ticity relative to that inl1 is a consequence of the lower
stabilization by the benzene ring-89.4 kcal/mol) in 13
compared to that il (—76.4 kcal/mol). The NICS values of
13 are only slightly lower than those of toluene (cf. Table 3),
which confirms the MMP2 aromaticity impressively.

The phenyl ring in theC; (2)-1-phenylallyl cation14 is
distorted out of the allyl plane at MP2(full)/6-31G* and at
MMP2 (cf. Figure 1). The K)-isomer is 5.0 kcal/mol more
stable than thed)-isomer at MP4sdq/6-31G*//MP2(full)/6-31G*
(MMP2: 4.8 kcal/mol). MMP2 attributes this difference both
to steric (2.8 kcal/mol is mainly due to torsional strain) and to
electronicr-effects (2.0 kcal/mol decrease due to the distortion
of the m-system from planarity).

2-Phenylallyl Cation. MMP2 as well as MP2(full)/6-31G*
favorsC, symmetry for the 2-phenylallyl catiob5 (cf. Figure
1) with a significantly reduced allyl EC—C angle (MP2(full)/
6-31G*: 113.9) and moderate deviations of the phenytC
bond lengths from the benzene value. The structures and
energies of the plana€,, 2-phenylallyl cation16 and the
perpendicularCy, rotamerl7 also are given in Table 6 along
with the r-electron densities of these three 2-phenylallyl cation
conformers.

The MMP2 rotational barrier (1.3 kcal/mol) is somewhat
lower than the ab initio value (2.1 kcal/mol). MMP2 suggests
that the unfavorabler-energy is the main disadvantage k8.

three central carbons (cf. Figure 1). The methyl group stabilizes The steric energy of the C2 structure is 1.1 kcal/mol lower than

thesr-charge of the exocyclic carbon slightly and elongates the

that of the planar conformer. TH&, structurel? has the best

bonds between the exocyclic carbon and the phenyl rings w-energy, but unfavorable-and steric energies destabiliz@.

moderately. Consequently, larger distortions of the phenyl rings

The stabilization energyEstan Of the phenyl substituent on

out of the central carbon plane, which decreases the resonancé¢he allyl system given by eq 14 is11.2 kcal/mol for theC,
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TABLE 6: a-Electron Densities at MP2(full)/6-31G* (MP2) E.. / keal/mol
and at MMP2, ab Initio Energies, EMP22f and EMP4.Pf
Relative Energies,Eq”¢ and AH(rel),c¢ MMP2 a-Energies, 80 1

E..2 o-Energies,E,,® and Steric Energies,Eg,® of
2-Phenylallyl Cation Conformers

-0—0- phenyl rings
-+—1+- vinyl groups

60 +

C,v perpendicular position
of the benzene ring towards
16 the allyl system
17
7-Electron densities 50 F
Carbon MP2 MMP2 MP2 MMP2 MP2 MMP2
Cl 0474 0.524 0486 0.557 0.457 0.497
2 1.086 0,996 1.069 0.967 1.086 1.006
3 1.091 1.143 1.094 1.136 1.107 1.167
c4 0.996 0.986 0.988 0.976 0.990 0.988
cs 0.967 0.963 0,967 0.966 0.963 0.966
c6 0.942 0.914 0.931 0.900 0.946 0.925 40 +
EMP2 -346.90601 -346.90232 34690314
EMP4 -346.91729 -346.91388 -346.91463
B 0.0 2.14 0.67
AH((rel) 0.0 1.30 031
Ee -317.6 3154 3206
Es -752.8 7547 7511
Eq 6.5 5.4 46

aMP2(full)/6-31G*//IMP2(full)/6-31G*.> MP4sdq/6-31G*//IMP2(full)/
6-31G*. ¢ MMP2 relative heats of formatio.We could only perform
MMP2 single point calculations on th&, rotamer of the 2-phenylallyl 20 L
cation optimized at MP2(full)/6-31G*, because MMP2 is not able to
freeze more than two dihedral angles simultaneos$alues in kcal/
mol. fValues in atomic units.

C,v planar

30

minimum structurel5. The sz-electron densities show only

smallrz-charges on the benzene ring (MMP2: 0.08. MP2(full)/

6-31G*: 0.06.). 0 | I i 1 ! 1 | 1 | NS
0 0.1 0.2 0.3 04 05 06 07 0.8 09 1.0

Esian= E,(2 — phenylallyl cation)— E,(allyl cation) — Figure 2. Dependence of resonance energigs, of phenyl rings and
E.(benzene) (14) vinyl groups on ther-charge,C, stabilized by these groups.
7T

The MMP2 heat of formation df5 (250.9 kcal/mol) is larger Resonance Effects of Benzene Substituent$IMP2 com-
than that of13 (219.7 kcal/mol); the difference, 31.2 kcal/mol,  putations on delocalized open-chain catfossowed that the
agrees well with the MP4sdq/6-31G*//MP2(full)/6-31G* value, magnitude of resonance stabilization by vinyl substituents
27.5 kcal/mol. depend strongly on the-charges of cation carbons to which

1-Phenyl-1,3-Pentadien-5-yl Cations.The E)-1-phenyl-1,3- these groups are attached. A linear relationship over a long
pentadien-5-yl catiorl8 favors Cs symmetry and a planar  range was found between the resonance energy and the MMP2
m-system at MMP2 and at MP2(full)/6-31G* (cf. Figure 1). The z-charges. However, when thecharges of carbon centers are
total z-charge delocalization into the benzene ring is lower smaller than 0.2, the resonance stabilization energies of vinyl
(MP2(full)/6-31G*: 0.280. MMP2: 0.316.) than that df3 substituents are larger than expected from a linear relationship,
(MP2(full)/6-31G*: 0.373. MMP2: 0.320.), but the MMP2  since resonance also is important in conjugated neutral mol-
difference is quite small. ecules (e.g., 1,3-butadiene (MMP2 resonance energptrians-

The MMP2 resonance stabilizatidBs, of the benzene ring, 1,3-butadiene=6.7 kcal/mol).
given by eq 15 (cfz-energies, Table 2), is significantly less The MMP2 resonance stabilization of a benzene substituent,
favorable than the resonance stabilization by the benzene ringg,.{benzene), in a lineall-trans-1-phenylpolyenyl cation 1-Ph-
in 13 (—39.4 kcal/mol). poly(n) with n linearly conjugated vinyl groups (Ph*CH—

(CH=CH),—H) is given by eq 16,

E...r= E,(1-phenyl-1,3-pentadien-5-yl catior)
E.(1,3-pentadien-5-yl cation) E_(benzene} E.{benzenej= E (1-Ph-poly()) — E (poly(n)) —
—24.8 kcal/mol (15) E,(benzene) (16)

TheC; (2)-1-phenyl-1,3-pentadien-5-yl catid® (cf. Figure where E,(poly(n)) is the z-energy of a lineaall-trans cation
1) is 5.6 kcal/mol less stable thda® at MP4sdq/6-31G*//IMP2- CHy"—(CH=CH),—H.
(full)/6-31G* (MMP2: 3.0 kcal/mol). According to MMP2, The correlation of the resulting resonance energies with the
this difference can be attributed to steric and electronic effects w-charges of the terminal carbons of thé#-trans-polyenyl
resulting from the distortion of the pentadienyl system out of cation polyq) with n vinyl groups attached linearly to a GH
the plane of the benzene ringd8. Then-charge delocalization  group are compared in Figure 2. Analogous to eq 16, the
into the benzene ring 9 is moderately less than ib8 (18: resonance effect of a terminal vinyl grolfedvinyl), in a linear
MMP2: 0.316. MP2(full)/6-31G*: 0.28019: MMP2: 0.300. all-trans-polyenyl cation polyf+1) with n+1 vinyl groups
MP2(full)/6-31G*: 0.245.). attached linearly to a CH2group can be calculated by eq 17,
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TABLE 7: Charge Stabilizing Resonance Energies of Methyltropylium Cation. MP2(full)/6-31G* and MMP2
B”enzene Einlglsalﬁres(blenfene)i 'Cf:‘ Linear optimizations giveCs symmetry for the methyltropylium cation
gr;t_rfgi(_zéﬁ=gﬂ3)'np_°g%% Rgggﬂznce Energies of Vinyl 21 with one methyl G-H bond in the ring plane (cf. Figure 1).
Groups, Ere(vinyl), 2 in Linear all-trans-Polyenyl Cations The C-C bond lengths and-electron densities obtained by
H,C*—(CH=CH)n+1—H Depending on thez-Charge, C, of a the two different methods suggest that MMP2 may overestimate
Terminal Carbon of a Linear all-trans-Polyenyl Cation hyperconjugation somewhat.
HoC*—(CH=CH)n-H The heat of formation 021 was calculated from the energy
n C Eedbenzene)/kcal/lmol  Edvinyl)/kcal/mol difference with the isomeric catidhat MP4sdq/6-31G*//MP2-
0 1.0 76.4 53.2 (full)/6-31G* + AZPE(RHF/6-31G*) (cf. Table 2) and the
1 0.527 39.4 26.1 experimental heat of formation of the latter (1992 kcal/
2 0.358 24.8 16.6 mol1). The resulting estimate f&1, AH; = 194.6 kcal/mol,
3 0.266 17.1 118 is in good agreement with the MMP2 value (193.0 kcal/mol).
g gig; 15513 g'z The energy difference betweetl and 5 (MP4sdqg/6-31G*//
6 0.130 73 6.7 MP2(full)/6-31G*: 4.5 kcal/mol. MMP2: 4.7 kcal/mol favor-
7 0.105 6.2 6.2 ing the methyltropylium cation.) is lower than that betwelen
8 0.083 4.9 6.0 and20 (MMP2: 13.0 kcal/mol), which indicates that the methyl
9 0.060 4.2 6.0 stabilization is larger in the benzyl system.
aThe results for vinyl groups are already published; cf. ref 5. Homotropylium Cation.The homotropylium catio@2, which
has been examined by Cremer and co-workers theoretically (e.g.,
WhereEﬂ(po|y(n+1)) is then—_energy of a lineaall-trans cation at MPZ(fU”)/6-316*),37a‘biS of interest because of the extensive
CHy*—(CH=CH)n+1—H. earlier experimental studié$. As confirmed by NBO analysi&'

the small CG-C—C angle of the central tetragonal carbon (MP2-
; — _ _ (full)/6-31G*: 80.2) results from the strong stabilization due
Eredvinyl) = E,(poly(n + 1)) — E,(poly() E”(ethe;(;) to homoconjugative interactions. The MP2(full)/6-31G*C
17 bond lengths and-electron densitie2@, Figure 1) emphasize
. . ___the aromatic tropylium character of thesystem more than
Table 7 lists the MMP2 resonance energies of benzene ringsy vip2, which gives greater alternation. Nevertheless, the short
and V|'nyl groups and the-charges stabilized by these groups 1_7 gistance (MP2(full)/6-31G*: 1.906 A. MP4sdq/6-31G*
and Figure 2 illustrates the results. single-point estimates gave a I distance of 2.031 A7°while
Benzene rings stabilizer-charges larger than 0.2 more 5 1—7 distance of 2.149 A could be found by optimizations
effectively than vinyl groups. Figure 2 demonstrates a linear employing the Becke3LY# density functional methdd and
relationship between resonance stabilization energies and they .31 4-G** pasis set.) is mirrored satisfactorily by MMP2
m-charges stabilized by resonance for vinyl as well as for (1.957 A, cf. Figure 1).
benzene substituents. The slopes of the straight parts of the' The MMP2 homoconjugative stabilization energy2@f—22.8
lines give a resonance stabilization-678.2 kcalh—charge_ for kcal/mol is higher than the nonbonded resonance effects
benzene substituents and ef57.3 kcalfi-charge for vinyl computed for all other delocalized cations due to the nonbonded
substituents; this demonstrates the inherently larger resonancgyerlap of the two trigonal carbons attached to the tetracoor-
stabilization of benzene rings compared with vinyl groups. dinate carbon. The MMP2 homoconjugation evaluation of
Tropylium Cations. Tropylium Cation. Doering and Knox  —13.4 kcal/mol for this nonbonded 1i7Zoverlap is only slightly
first synthesized th®z, tropylium cation20 (cf. Figure 1) via. |ower than the estimates of aromatic stabilization energies of
bromation of tropylidené! Vibrational spectroscopy verified  20(—15.7 kcal/mol) and of benzene 6.4 kcal/mol). All other
the high symmetry? The C-C bond lengths are 1.407 A at  nonbondedr-overlap stabilizations totat9.8 kcal/mol. Hence,
MMP2 (MP2(full)/6-31G*: 1.399 A). MMP2 reproduces the 22 can indeed be regarded as a homoaromaticrstectron
experimental heat of formation well {féxptl): 203+ 2 kcal/ system. The MP2(full)/6-31G* geometry of Cremer and co-
mol2> MMP2:  202.4 kcal/mol.). The difference in the \orkers3”®which shows almost perfect-@C bond equalization
eXpeI’imental heat of formation of the isomeric benzyl cation in the seven-membered ring’ agrees with this MMP2 conclusion
(experimental value: 215- 2 kcal/mol kcal/mof® MMP2: impressively.
215.4 kcal/mol.) is reproduced by MMP2 and by ab initio  pMagnetic shielding calculations at the center of the six-
calculations (MP4sdq/6-31G*//MP2(full)/6-31G AZPE(HF/ membered tricoordinate carbon ring give-41.1 ppm NICS

6-31G*): 8.67 kcal/mol) satisfactorily. The MMPRZ-energy  yalue. This confirms the appreciable aromaticity 2 in
of the tropylium cation is 4.5 kcal/mol lower than that of the

benzyl cation (cfz-energies, Table 2).

The aromatic stabilization energy of the tropylium cation can
be calculated by comparing the MMP2Z-energies of the
tropylium and the acycliell-trans-2,4,6-heptatrienyl cations (cf.
Table 2). The difference between thesenergies suggests an
aromatic stabilization energy ef15.7 kcal/mol, slightly lower
than that of benzene-(16.4 kcal/mol, based on the difference 22Cs 23Cyy
in the z-energies of benzene aatl-trans-1,3,5-hexatriene, cf.

Table 2). The nucleus independent chemical shifts also indicateexcellent agreement with the NBO détand the MMP2 results

a slightly larger aromatic stabilization in benzene (NKS-9.7 on homoconjugation interactions. In contrast, a plaGar
ppnt®Y than in20 (NICS = —7.6 ppm?°® both at 6-3%G*). conformer23 was found to have a positive absolute chemical
Nevertheless, the aromatic stabilization energies of both mol- shift of +11.0 ppm at the ring center, which may indicate an
ecules are significantly larger than thd 1.2 kcal/mol deduced  antiaromatic behavior 023 due to a participation of the two
above for the phenyl ring in the benzyl cation. aliphatic C-H bonds in thesr-system and consequently, a
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resulting antiaromatic eight-electron system. This antiaro- in this paper (11 pages). Ordering information is given on any
matic behavior o3 may contribute to the large ring inversion  current masthead page.

barrier 0of22 (MP4sdq/6-31G*//MP2(full)/6-31G*: 24.85 kcal/

mol. Becke3LYP(6-31+G**)+AZPE (RHF/6-31G*): 21.34  References and Notes
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