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The effects ofo-substituents on alkyl and vinyl cations are studied using high-level ab initio calculations.
The geometries, stabilities, and electronic properties of 27 alkyl cations and 27 vinyl cationsswitistituents

are computed at the B3LYP/6-3tG(d,p), MP2/6-31+G(d,p), and CBS-Q levels. The substituents studied
vary from strongly destabilizing (e.gx-CN anda-CFs) to strongly stabilizing (e.gq-OSi(CHs)s ando-NH,).

The calculations show that in the case of vinyl cations the stabilization provided hby-sobstituents is
larger by an average value of 4 kcal/mol than for the alkyl ones. This is the result of the intrinsically lower
stability of vinyl cations (on average 17 kcal/mol). However, strong inductively donating or withdrawing
a-substituents show different behavior. Because of the high amount of s character in the-cagudnstituent
bond in the vinyl cations (sp hybridized), more pronounceeffects are found than in the corresponding
alkyl cations, leading to lower stabilization for inductively withdrawimgubstituents and higher stabilization
for inductively donating ones. Thus, distinct effectsoesubstituents on the stabilization of the cations are

observed. However, no correlation is found between NBO-computed charge increases or bond-order increases

at either the carbocationic center or at tesubstituent of the molecule and the stability provided by an

a-substituent. This demonstrates the conceptual difference between stabilizing and electron-donating effects.

Only for the G—H hyperconjugative effect in the vinyl systems is a correlation with the computed reaction
enthalpies observed. Finally, the effect of leaving-group variation is studied. Changing the leaving group
from H to Cl yields geminal effects ranging from 7 kcal/mol destabilization to 9 kcal/mol stabilization of the
neutral precursor.

Introduction (AH) of the isodesmic reactiohin eqgs 1 and 2.

Carbocations are reactive intermediates in many chemical _ _ AH
reactions. Numerous studies have been performed to generateH3C CHy + HC Cl(+)HR
alkyl cations and to a lesser extent vinyl cations by thetrasl
well as photochemicélmeans and to establish the effects of
o-substituents on their ease of formation and their stabilities. AH
A thorough analysis ofi-substituent effects on carbocations, H,C=CH, + H,C=C(+)R—
however, is hampered by the fact that information, experimental 2
as well as theoretical, is available only for subsets of substit- H,C=CHR+ H,=C(+)H (2)
uents.

In this paper, we present a comprehensive state-of-the-art R = CHs, CHyY (Y =F, Cl, Br, OH, CN, and C§), C(CH;)--
quantum chemical investigation of the relative stabilities of OH, CHR, CF;, CH=CH,, C=CH, CN, GHs, ¢-CsHs, C(O)H
carbocations as a function of a broad rangexefubstituents ~ COOH, F, Cl, Br, I, NH, OH, SH, Si(CH)s, OSi(CHy)s, and
ranging from strongly electron-donating to strongly electron- NO2). In two preceding papers, the theoretical level necessary
withdrawing. In total, 27 differenti-substituents are considered to describe the thermodynamicswisubstituted alkyl and viny!
for alkyl as well as vinyl cations, and the effects they exhibit cations accurately has been assessed by comparingtthe
on the geometries, stabilities, and electronic properties of the results computed by several theoretical methods to all experi-
cations are analyzed. Several of thessubstituents have been ~mentally available data for the two classes of cations (six alkyl
the topic of previous studi€s The effect of thex-substituents ~ cations and five vinyl cations, respectivey).One of the
R under study on the stability of alkyl catiofisind vinyl cations ~ conclusions of that work was that the CBS-Q method predicts

2 (relative to hydride transfer) is given by the reaction enthalpies the relative stabilities of all experimentally studieesubstituted
cations to within experimental error. Drawbacks of this method,
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that are not minima on the potential energy surface (vide infra).
The other computational methods we used (B3LYP and MP2)

each yielded some systematic errors in the sets of the experi-

mentally studied cations. Clearly, an a priori prediction of the
relative stabilities of cationd and 2 for a broad range of R
requires an extension of the methods at hand.

B3LYP and MP2 computations have therefore been per-
formed for the whole range ofi-substituents, and CBS-Q
computations, whenever feasible. From the data obtained for
the common cases, a high-quality correlation between the
B3LYP or MP2 data and the CBS-Q data is derived, which is
used to convert B3LYP/MP2 data for the otherwise problematic
cases to CBS-Q-like data. This gives a set of data that is either
obtained via CBS-Q computations or has a CBS-Q-like quality
for the whole set ofi-substituents under study. Because CBS-Q
computations do not allow for the analysis of electronic
properties, the B3LYP and MP2 computations are used to study
the electronic properties of the alkyl and vinyl cations and their
neutral precursors with the NBO meth¥tsing these methods,
the geometries, stabilities, and electronic properties ofi-54
substituted cations are studied. In addition, the effect of changing
the leaving group from H to Cl is investigated.

Computational Details

All computations were performed using the Gaussian 94
(revision D.4}1 and Gaussian 98 (revisions A.6 and AZ&uites
of programs. Natural bond orbital (NBO) calculations were
performed with the NBO 3.1 progrdfimplemented therein.

Calculations on the species under study were performed usin
the B3LYP (Becke’s three-parameter nonlocal exchange hybrid
functional® with the nonlocal correlation functional of Lee et
al*¥) method, Mgller-Plesset second-order perturbation theory,
and the CBS-Q model chemistry method (values taken at'd K).
All MP2 calculations take the correlation effects of all electrons
into account. All B3LYP and MP2 computations were started
by optimization using the 6-311G(d,p) basis set and were
followed by single-point computations with the 6-32G&(d,p)
basis set.

The geometries of all species under study were fully
optimized. Optimizations of the parent vinyl and ethyl cations
were started from a bridged (nonclassical) structure, which has
previously been shown to be the global minimifnzor the
CBS-Q calculation of the ethyl cation, the optimization and zero-
point energy correction were performed at the MP2(FC)/6-31G-
(d',p) level, instead of at the default levels (optimization at the
MP2(FC)/6-31G(Y level and zero-point energy correctidmt
the HF/6-31G(8 level). This was necessary because the
inclusion of polarization functions and electron correlation is
required for a proper description of the bridged ethyl catfon.
All optimized structures were shown to be minima on the
potential energy surface via vibrational frequency computations.
Next to the fully optimized structures, geometries were also
considered in which constraints were used to prevent bridging
and to ensure that opem-substituted cations were studied.
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using the B3LYP/6-311G(d,p)!® MP2/6-31H-G(d,p)*° and
CBS-Q methods. Their structure and typical bond lengths (MP2
dataf® are given in Figure 1. In the cations, compared to their
neutral precursors, several structural changes have occurred. In
the alkyl cations, the empty p orbital is perpendicular to the
C—C(H)R plane, with the €C—R angle close to 124(with
small variations of about®), and the carbocationic center is
thus close to being ybridized. The vinyl cations have the
empty p orbital perpendicular to tlebond of the vinylic moiety
with a C=C—R angle of 180 (+ 0.5°) and are sp hybridized

at the cationic center. To alleviate the destabilizing effect of
the empty p orbital, two types of interactions are at work: (1)
ot donation from thex-substituent toward the formally positive
charged carbon atom, leading to a decrease in th& Gond
lengti? and (2) hyperconjugation leading to-&l bond length
increases for the £5-H bonds present in the GKCH, moieties

of the cations or in thei-substituent, which have orbital overlap
with the carbocationic center, as well as te C and CG=C bond
length decreases betweern @nd thes-carbon atomg? These
two effects operate simultaneously: In all cases, increases in
the G—H bond lengths (0.02 A) and, with three exceptions,
significant decreases in the-® bond lengths (varying from
0.06 to 0.20 A) are observed. Only for theCFs, thea-C(O)H,

and theo-Si(CHg)3 substituent, €R bond lengthincreaseof
0.01-0.03 A are computed for the alkyl as well as the vinyl
cations, demonstrating the lack @fdonation and hyperconju-
gative effects for these substituents.

For 9 of the 27a-substituents, optimization of the cations

ielded at at least one theoretical level such large structural
changes, by migrationo(CH,OH, a-C(CHs),OH, anda-Si-
(CHs3)3) or bridging @-CHF,, a-CFs, o-COH, a-COOH, o-CH,-
Br, anda-NO,), that these cations could no longer be described
as a-substituted cations. The migration of hydrogen atoms or
methyl groups takes place if a more stable cation will be formed;
in solution, this will be an activated process, as this will also
involve extensive solvent reorganization. Bridging, either of the
o-substituent itself or of one of thg-hydrogen atoms, is
observed both experimentalyand theoreticall§® for species
that have destabilizing-substituents. Because of the stabilizing
effects of solvation, this phenomenon will be less pronounced
in solution than in the gas phase. In addition, the presence of
other more-stabilizing moietiesi{alkyl or o-phenyl) that are
frequently part of experimentally studied compounds in solu-
tionZ3 will also diminish the importance of migration/bridging.
Although these migrated/bridged species are interesting in
themselves, a study of the effectafsubstituents is thus limited
by this phenomenon. Because the effeatiefubstituents is our
primary concern, only nonbridged and nonmigratedubsti-
tuted cations are discussed; detailed information about the
observed bridging and migration can be found in the Supporting
Information. To prevent bridging of either tlesubstituent or
the 8-hydrogen atoms to € constraints were used during the
optimization of these nine cases. In Figure 1, the geometries of

Selected geometrical features of the species under study ardh€S€ nine cations are displayed in their symmetry-constrained,

discussed in the text or in the Supporting Information, whereas
additionally all MP2-optimized geometries of all cations under
study are available in the form of Gaussian archive files as
Supporting Information. All single-point computations were
performed using the SCE tight option in Gaussian 94 or
Gaussian 98.

Results and Discussion
Geometries.The alkyl cationsl and vinyl cation® with 27

open structures.

Stabilities. In our benchmark studies, it was shown that the
CBS-Q method is capable of computing reaction enthalpies as
depicted in eqs 1 and 2 within experimental error for all
o-substituted alkyl and vinyl cations for which experimental
data are availablg® Therefore, the CBS-Q method is the method
of choice to assess thermodynamic stability for the broad range
of a-substituents studied here. The relative stabilization offered
by ana-substituent R to the alkyl and vinyl cations under study

o-substituents and their neutral precursors have been calculatedvas established by calculating the reaction enthalpies of eqgs 1
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TABLE 1: Computed Reaction Enthalpies of Equations 1 and 2 for thea-Substituents under Study (CBS-Q Computations)

R alkyl vinyl AAHP R alkyl vinyl AAHP
H 0.00 0.00 0.00 F 6.95 —9.25 —16.20
CHs 18.63 25.89 7.26 Cl 9.83 11.17 1.34
CHCI 5.59 12.90 7.31 Br 9.52 12.70 3.18
CH:Bre¢ 8.66 14.00 5.34 l 13.32 20.53 7.21
CH,OH¢ 15.30 21.69 6.39 NH 64.96 53.69 —11.27
C(CH;),OH® 22.71 25.99 3.28 OH 37.43 25.92 —11.51
CHCN —2.10 4.76 6.86 SH 36.39 38.21 1.82
CH.CF; 3.62 9.63 6.01 Si(Ch); 17.30 34.21 16.91
CHyF 4.98 10.89 5.91 OSi(CHt 57.75 55.10 —2.65
CHFf —13.81 —8.91 4.90 NG —23.09 —25.44 —2.35
CRKf —23.56 —16.41 7.16
CH=CH, 31.98 32.55 0.58
C=CH 18.17 25.64 7.48
C=N —16.02 —-11.71 4.31
CsHs 36.77 54.10 17.33
c-CsHs 42.97 47.06 411
C(H)=09 —-10.25 —4.51 5.74
COOH —8.41 —5.92 2.49

aCBS-Q-like data is given in italic®. The difference in (de)stabilization provided by thesubstituent in the alkyl and vinyl cationsThe
C(+)—C—Br angle in the alkyl cations is constrained to 12090The hydrogen atoms at thesubstituent are prevented from migrating in the case
of the alkyl cation by the use of symmet®/The methyl groups at the-substituent are prevented from migrating in the case of the alkyl cation
by the use of symmetry The H-C—C(+) angle in the alkyl cation is constrained to 102.8The C(+)—C—O angle is constrained to 120.0
h Average of results obtained without effective core potential (ECP) and with CEP-d2d SD* as ECPs for bromine and iodin€The methyl
groups are prevented from migrating by the use of symmeéfize C+)—N=0 angle is constrained to 120.0

B3LYP =1.07x-1.80

alkyl cations =099 BALYP = 1.08x-1.16

vinyl cations

12=0.99
MP2 = 0.99x - 0.52
80 2= 80 MP2=1.07x-1.79
H rf=089
2 AH =099

{kcalimol)

50 {kcalimol)

40

+ AH{B3LYP) ® AH{B3LYP)

W AHMPZ) = AH(MP2)
-40 20 g 40 60 80 -40 -20 40 &0 80
g 20
AH(CBS-Q) (kealimol) - AH({CBS-Q) (kcal/mol)
-40 -40

Figure 2. Correlation between B3LYP- and MP2-computed reaction enthalpies with CBS-Q-computed reaction enthalpies for the reactions depicted
in eq 1 (alkyl cations, left) and eq 2 (vinyl cations, right).

and 2 for differenti-substituents R. Equation 1 yields the (de)- these correlations, B3LYP or MP2 results can be converted to
stabilization provided by the-substituents to the alkyl cations  data points with CBS-Q-like quality for those structures for
compared to that of the alkane precursor, and eq 2 yields thewhich direct CBS-Q computations are not feasible. These CBS-
corresponding property for the vinyl cations compared to that Q-like data are used in Table 1 (printed in italics) where
of the alkene precursor. appropriate.

In Table 1, the results obtained by the CBS-Q method are  An analysis of the data in Table 1 shows that theubsti-
given. Because of the fact that this is a composite method, it is tuents studied affect the stability of cations significantly, ranging
not possible to obtain meaningful CBS-Q results for species from about 65 kcal/mol stabilization to 25 kcal/mol destabiliza-
that are not minima on the potential energy surface (e.g., thetion. The influence ofi-substituents on a carbocation center is
bridging species)® This is also the case for molecules that due to three effects: (1) inductive effects, which can be electron-
contain Br or | atoms because the CBS-Q method is not donating or electron-withdrawing, (2) donation or (partial)
available for molecules that contain fourth-row elements. bridging from thea-substituents toward the cation, and (3)
Nevertheless, to obtain high-quality data for these situations, 5-hydrogen hyperconjugative stabilization effects. These effects
the reaction enthalpies for all-substituents under study were operate in conjunction with one another, and separation of the
also computed using the B3LYP and MP2 methods with the effects is usually not possible. In several cases, it is nevertheless
6-311+G(d,p) basis s€f The correlations between these data obvious which effect dominates. For heteroataraubstituents
and the CBS-Q data for all alkyl and vinyl cations with such asa-NH;, a-OH, anda-SH, ;z donation clearly prevails
o-substituents that can be computed with all three methods areover inductive withdrawing, whereas the carbon-base€tH=
presented in Figure 2. CH, and a-CgHs substituents are nearly ontydonating. The

The relative shortcomings of the B3LYP and MP2 computa- largest destabilizing effects are found f@fCF; and o-NOs,
tions are obvious from the observation that the slopes in Figure which are both strongly inductively electron-withdrawing and
2 deviate slightly from the ideal value of 1.00 and that the not (or hardly) capable off donation. A smaller amount of
intercepts do not go through the origin as theoretically desired. destabilization is observed for the CN substituent, which is
The results of both methods do, however, show very good both aw donor and an inductive electron-withdrawing substitu-
correlation with the CBS-Q results?(> 0.98 in all cases). Using  ent.
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A clear conceptual separation gfinductive effects from 80 - y=1.01x +4.27
?=0.96

AH(eq 2)

other effects is nevertheless possible. They can be studied
(kcal/mol) 6

separately by analyzing the subsetoeR = a-CHyY (with Y
being H, halogens, OH, CN, and gFThex-donation effects

of the Y moiety are not expected to be important, and the
hyperconjugative effects of the GHmoiety in the CHY
substituents are more or less equal for differen4Eherefore,
the stabilization provided bg-CH,Y substituents compared to
that provided byo-CHs are a good measure of the size of the . . : : : )
f inductive effects of the Y substituent oo-CH,Y compared -40 20 A 2 40 60 80
to that of H. The observed order of tffienductive effect is Y -20 AH(eq 1) (kcal/imol)
=CN > CR; > F > Cl > Br > OH, and it ranges from 20 to
5 kcal/mol (destabilization relative to ¥ H, i.e., a-CHs) for -40 -
both the alkyl and vinyl cations. The computed reaction Figure 3. Correlation between the reaction enthalpies computed for
enthalpies do not correlate with either the electronegativity of the alkyl and vinyl cations (i.eAH of eq 1 versus\H of eq 2). Four
the substituents or the inductive substituent parameters such a§oints @) are not included in the correlation. See text for details.
0.5 B inductive effects in these cations are to a good
approximation additive, independent of the orientation of Y.
For example, the results for theCHF3-x) series of substituents
show a monotonic decrease in stabilization~ef6 kcal/mol
per F atom for the alkyl cations andl5 kcal/mol per F atom
for the vinyl cations. Only for thex-CF; substituent is some
dampening of the inductive effect observed.

the stabilization by anw-substituent is on average 4 kcal/mol
larger in the vinyl cations than in the alkyl cations. Because of
this difference in stabilization, some borderliaesubstituents
such asa-CH,CN and a-C(O)H destabilize alkyl cations,
whereas they mildly stabilize vinyl cations. Fawsubstituents
that display the strongest inductive effeaisK, a-OH, a-NH,

and a-Si(CHg)3) fall off of the correlation of Figure 3 because

A remarkablef effect is the large increase in stabilization ¢ 6 gifferent sensitivity of alkyl and vinyl cations to inductive
found upon changing R fronu-OH to o-OSi(CHs)s, which effects (vide infra).

explains the usefulness of this substituent not only as a protecting 5 comparison of the stability of alkyl versus vinyl cations is

group but also as a stabilizing group in syntheses involving ,pained from the isodesmic reaction in eq 3. The parent alkyl

carbocationic intermediatés. cation (R= a-H) is computed to be 17 kcal/mol more stable
With a quantitative evaluation of tifeeffects at hand, a closer  than the parent vinyl cation. Also, for altR substituted cations,

examination of thex effects of the substituents is now possible. higher stabilities for the alkyl systems are computed in

An analysis of the data for the same substituents Y that were comparison with those of the corresponding vinyl cations. The

investigated for th@ inductive effects positioned at thecarbon stabilities are, of course, subject to the same variation as

shows that in most cases the inductive withdrawing effects are gbserved for theAAH values given in Table 1AH values of

counteracted byr donation. Whereas the CN group is a better eq 3 are equal toAAH + 17 kcal/mol)).

inductive electron-withdrawing group than €&ccording to the

B effects, thea-CF substituent destabilizes the alkyl and vinyl -y ~—cHR + H,C—C(+)HR A

cations more than-CN does. Clearly, a rather largedonation 2 3 1

by the a-CN substituent counteracts its electron-withdrawing _ _

inductive effect, whereas for the-CF; substituent, the mag- HLC=CHR + H,L=CHR (3)

nitude of thexr donation is negligible. For the substituents F,

Cl, Br, and OH, the stabilization decreases with incréasing  The intrinsically higher instability of vinyl cations compared

inductive electron-withdrawing capability, as expected. Nextto 15 that of alkyl cations explains the increased amount of

this effect, howeverz donation also plays an important, but — gtapjlization (on average, 4 kcal/mol) provided to them by
not constant, role, as is clear from the-B bond length o-substituents. In some cases, however, vinyl cations are
decreases and the differences therein (e.g., a decrease of 0.284pjlized less byo-substituents than alkyl cations are. For

A for a-Br and 0.14 A fora-F). Thea-C(O)H anda-COOH example, then-OH substituent stabilizes both alkyl and vinyl

substituents do not stabilize via donation: the E&R bond cations, but the former are more stabilized: 37 versus 26 kcal/
length decreases between the cations, and the neutral precursgfyo| (see the entry fon-OH in Table 1). This is a general trend
are nonexistent foe-C(O)H and small (0.02 A) for-COOH. for o-substituents, which are strongly inductively electron-

The (de)stabilization by these twesubstituents is mainly the withdrawing @-F, a-OH, anda-NH,).57:6%.27Inductive effects,
result of an inductive withdrawing effect opposed by direct \yhich areo-effects by nature, are more pronounced for the
interaction between the oxygen atom and the carbocationic more-electronegative sp-hybridized vinyl cations because of the
center, present in the open as well as the bridged structureshigher s character of the-@R bond than for the ehybridized
The a-CH,Y substituents are not capable @fdonation and alkyl cations69.27 The higher electronegativity of the vinyl
stabilize cations by hyperconjugative effects, which are coun- cation might manifest itself in the amount of delocalization of
teracted by the previously discussed inductive effects. the positive charge, which is expected to be larger for the vinyl
The stabilization provided bg-substituents to alkyl cations  than for the alkyl cations. Whether this is indeed the case will
and that provided to vinyl cations shows good correlation (Figure be discussed in the Electronic Properties section. The most
3). The slope is almost equal to 1.00, which shows that alkyl striking example is observed for the-F substituent: the
and vinyl cations respond with similar sensitivity to changes in stabilizing effect in the alkyl cation is reversed to a destabilizing
o-substituents. The intercept is the average of the differenceseffect in the vinyl cation. Fou-F, the stabilization provided is
AAH between stabilization provided by a giversubstituent 16 kcal/mol lower in the vinyl cation than in the alkyl cation.
in the alkyl cations versus that of the vinyl cations (Table 1, The reverse effect is found for the strong inductively electron-
columns 4 and 7). The intercept value of 4 kcal/mol shows that donatinga-Si(CHs)s group: the stabilization is in this case 17
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TABLE 2: Charge Increases Computed at C{+) in Both the
Alkyl and the Vinyl Cations in Going from the Neutral

Compound (Leaving Group: H™) to the Corresponding
Cation (MP2/6-311+G(d,p) Data)

charge increases at the substituent R. Therefore, the amount of
charge that resides on the @Hoiety is fairly constant (between
0.15 and 0.20 for most substituents). For the vinyl cations,
similar trends are observed. Here also, more localization of the

R alkyl  vinyl R alkyl _ vinyl charge on the carbocation center is computed for the carbon-
8% 8.34115 g.ggg (F:I 8'§§§ 8'352 based substituents, and more spreading ontaxtkabstituent
CHzBra 0612 0573 Hr 0384  0.205 is computc?d for thex-hetero SlebS.tIIU?ntS.

CH,OHP 0.702 0568 0.193 0.123 Comparison of the charge distributions over the molecule for
C(CH3)OH®  0.622 0.599 NH 0.531 0.394 alkyl and vinyl cations with a givem-substituent shows that
CHCN 0633 0598 OH 0242 0125  the amount of charge that resides on the carbocation center is
CH:CFs 0612 0601 SH 0425  0.298 smaller for the vinyl cations (on average, b¥).07) with only

CHyF 0.659 0.577 Si(Ch)s? 0.712 0.646 . B .

CHF¢ 0714 0623 OSi(Chs 0428 0.421 small variations. As a consequence, higher charge increases are
CR¢ 0.666 0.618 NG 0.499 0.424 computed at thei-substituent R of the vinyl cations (on average,
CH=CH;, 0.492  0.440 0.04) and at the CiHmoiety (on average, 0.03) compared to
C=CH 0542 0.704 that of the alkyl systems. This is indeed as expected on the
CC:;': 8:2% 8:2;3 basis of the higher elec_tronegativity of the vinyl cation compared
¢-CsHs 0558 0525 to that of the alkyl cation (vide supra).

C(H)=0¢ 0.664  0.656 In the Stabilities section, it was mentioned that inductive
COOH 0.650 0.587

effects are more pronounced in vinyl cations than in alkyl
cations, which leads to different stabilization effects by strong
inductively withdrawing or donating-substituents in the two
systems. Therefore, with inductively withdrawingsubstituents
such as-F, o-OH, anda-NHz, more charge development at
Ct is expected in the vinyl systems than in the alkyl ones. The
opposite, a smaller charge increase on 8 expected in the
case ofa-Si(CHg); (a strong inductive donor). This is indeed
observed for all cases but one (Table 2). The exception is the
o-F substituent, for which the large inductive effect is coun-
teracted by an even-largardonation.

In Figure 4, two graphs are presented, illustrative of the lack
of correlation between charge increases on any part of the
molecule and the stabilization provided @ysubstituents. This
lack of correlation was observed earlier for small sets of

ysubstituents for alkyl and vinyl catioi8° Figure 4 shows,
ghow also for a large set of substituents, that no correlation exists
between charge increases at , for exampley-anbstituent and
the stability provided by such a substituent. This lack of
correlation is not restricted to NBO charges, as also with the
molecules under study were analyzed using the NBO méthod. methodologically very different AIM charges no correlation was
The NBO method was chosen over the Mulliken and AIm ©bserved. Even for subsets such as the halogens or the
methods because of problems that were previously encountered>HxFe— Series, no good correlation is found. In the case of
with the latter twc?928In the present study, charge and bond- the halogens, some correlatior? & 0.6) between charge and
order increases (i.e., the differences in charges and bond order§tability is observed. For the GHs— series, however, increas-
between the neutral molecules and the cationic species) will being the number of F atoms in the substituent has no effect on
used. These charge and bond-order increases show in generdhe amount of charge development at tisubstituent or at
the same picture for the alkyl and vinyl cations, and because of any other part of the molecule for that matter, although it has
that, the common features will be discussed prior to a @ distinct effect on the reaction enthalpies. Although delocal-
comparison of the results found for the alkyl and vinyl cations. ization of charge always diminishes the electratectron

In Table 2, the charge increases as obtained with the MP2 repulsions, the simple model that the (de)stabilization of cations
method on G are given. The charge increases on R and on the is solely provided by overall charge acceptance or charge
CHs or CH, moieties of the alkyl and vinyl systems are given donation of arx-substituent appears to oversimplify reality. The
in the Supporting Information. present study clearly points to the factors that yield this more

The genera| picture that emerges from the Charge Computa-complicated situation. Stabilization via electron donation can
tions for the alkyl cations is that the charge is delocalized over occur viaz or o donation. The stabilization obtained via
the whole molecule. In the case of the carbon-based substituentsglonation of a certain fraction of an electron via one route does
still a relative large portion of the charge is located at the not automatically imply an equal stabilization when donation
carbocation center (from 0.5 fa-CH=CH, to 0.7 fora-CFs occurs via the other route. This effect combines with the
and o-C(O)H in its open form), with the exception of the phenomenon that many substituents are electron-donating in one
a-cyclopropyl substituent in which the charge at & only sense and electron-withdrawing in the other. In addition, the
0.18 (for a discussion, see the Bond Orders section). For theoverall stabilization that is provided will also depend on the

aThe C(+)—C—Br angle in the alkyl cations is constrained to 120.0
b The hydrogen atoms on thesubstituent are prevented from migrating
in the case of the alkyl cation by the use of symmetrjhe methyl
groups on thex-substituent are prevented from migrating in the case
of the alkyl cation by the use of symmetThe H-C—C(+) angle
in the alkyl cations is constrained to 102.8The C{)—C—0 angle
is constrained to 12020" Average of results obtained with CEP-£21
and SDB* as ECPs used for bromine and iodi&@he methyl groups
are prevented from migrating by the use of symmetifhe C{)—
N=O angle is constrained to 120.0

kcal/mol higher in the vinyl cation than in the alkyl cation. This
number also shows that this is truly @effect and not a
difference in response to the donation for alkyl and vinyl
cations, as thet-Si(CHg); substituent contains no participating
p electrons. Such inductive effects also play a role for all other
substituents, but because these inductive effects are relativel
less important because of the presence of other effects, th
differences in stabilization all fall in the same range (4 kcal/
mol, on average).

Electronic Properties. The electronic properties of the

o-hetero substituents, the amount of charge aisCgenerally
lower and varies from 0.2 for the-I substituent to about 0.6
for o-F ando-Si(CHg)s. The opposite order is observed for the

C—R distance, the hybridization of the'@tom, and the €C/
C=C bond length. Therefore, even in the “simple” case of
isolated compounds, as studied here, no simple relation exists
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Figure 4. Lack of correlation between charge increases abtfseibstituents R (B3LYP data) and the computed reaction enthalpies for the alkyl
cations AH of eq 1; left) and vinyl cationsAH of eq 2; right). MP2 data are similar.

TABLE 3: Bond-Order Increases of the C*—R Bond in o-CHF, substituents and higher values for the 8tseries. The

ﬁgmrg}ecf\)lr%o%m% tPI_GGZ\i/\I/ri]I’%IQI; %)’rsggg?sﬁflﬁg'?ﬁefmm the largest increases are observeddesubstituents such asCH=

Corresponding Cation (MP2/6-31}FG(d,p) Datay _CHZ, a-l, and aTSH bearingr or p eI_ectrons. The bond-order
increases are higher for hetero substituents than for most carbon-

alkyl  vinyl alkyl  vinyl based substituents: 6-8.7 for CI, Br, I, NH,, OH, and SH
R R versus 0.3 to 0.4 for CHCH, and G=CH, indicating that
CH, 019 020 F 037 039 substituents with lone-pair electrons are bettelonors than
CH?CID 0.18 016 Cl 0.61 0.60 o-substituents withr electrons. The relatively large stabilization
CH,Br’ 0.14 0.18 B 0.67 0.65 ided bv th | | . fl d by th
CH,OH 0.15 017 1 0.74 0.68 provided by thea-cyclopropyl group is reflected by the
C(CH3)0H! 0.13 0.14 NH 0.55 0.47 significant strengthening of the«€R bond (bond-order increase
CH,CN 0.15 0.18 OH 0.76 0.67 = +0.46). This is coupled to the lengthening and weakening
CH,CFRs 0.13 018 SH i 0.67 0.56 of the G—C2 bond (see Figure 1, cyclopropyl substituent) and
CHF 0.14 0.15  Si(Ch)s —0.05 —0.08 its concomitant bond-order decrease from 0.92 in the neutral
CHR® 0.01 0.02 OSi(Ch)s 0.64 0.64 in th L . h b |
CRe 007 -006 NGO 0.02 0.04 to 0.67 in the cationic species. For t ermfono_rs ut strongly
CH=CH, 0.34 0.27 electronegativer-substituents F and CN, relatively small bond-
C=CH 0.28 0.29 order increases are found (0.2 CN and 0.3 foro-F). For
C=N 0.13 0.15 the a-C(O)H andoa-COOH substituents, no significant bond-
CGC':*?_' 8-2‘2 8-‘212 order increases are observed, although these groups are in
g(ﬁ);’og 002 —003 principle capable ofr-electron donation. The main interaction
COOH —0.02 -002 between these substituents and the carbocation center is the

donation of electron density of the doubly bound oxygen atom
C(+)—C—Br angle in the alkyl cations is constrained to 120TThe to the carbocation center, as is reflected in the order computed

hydrogen atoms on the-substituent are prevented from migrating in [0f the bonds between'Cand that oxygen atom: 0-5.6 for
the case of the alkyl cation by the use of symmetijhe methyl groups ~ the bridged structures and 6:2.3 for the open cations.

on thea-substituent are prevented from migrating in the case of the ~ The C-C/C=C bond-order increases vary from 0.1 to 0.3.
alkyl cation by the use of symmetryThe H-C=C(+) angle of the  The higher values are computed for heCH,R substituents,
alkyl cations is constrained to 102.3 MP2(full)/6-311G(d,p) data; and the lower ones, for the hetero substituents. TheHCbond

inclusion of diffuse functions made the NBO computations f&iThe . . - . .
C(+)-C—O angle is constrained to 120.0 Average of results ~ Order is smaller in the cations than in their neutral precursors,

obtained without effective core potential (ECP), CEP-32dnd SDI* and the magnitude of the decrease is rather small {€00ZD).

as ECPs for bromine and iodin€The methyl groups are prevented The C-R bond-order increases show very similar responses
from migrating by the use of symmetryThe C¢-)—N=0 angle is  tg the a-substituents in the alkyl and vinyl systems: a plot of
constrained to 120°0 the results for the alkyl cations versus the vinyl cations shows
between stabilization offered by ansubstituent and the total ~ €xcellent correlation for both the B3LYP and MP2 methads (
amount of electrons it donates! = 0.97 and 0.98, respectively; see Supporting Information). The

Bond Orders. Three different bond-order increases in going Slope obtained with either method is 09, which shows that Vinyl
from the neutral precursors to the cations under study are cations are more susceptibletodonation than alkyl cations.
considered, namely, those of the-8 bond, the G-C or C=C This is caused by the intrinsically higher instability of vinyl
bond, and the g-H bonds. Of these three increases, those of cations compared to alkyl cations, which results in a larger need
the C-R bond show the largest variation in the studied set of for stabilization. The €C/C=C and G—H bond-order in-
a-substituted cations and are presented in Table 3. The othercreases for the alkyl versus vinyl systems do not correlate well,
data are given in the Supporting Information and will be @lso because of the smaller range of the effects.
discussed only briefly. The C-R and C-C/C=C bond-order increases do not show

The effects range from-0.08 to+0.76. This indicates that  any correlation with the reaction enthalpies (plots shown in
in some cases the loss of the leaving group weakens tte C ~ Supporting Information); only for the /=-H bond-order de-
bond compared to the neutral bond. In most cases, however, itcreases in the vinyl cations is a reasonable correlation observed
strengthens the bond between the carbocation center and th€Figure 5). The amount of hyperconjugation (bond-order
substituent, sometimes even to the point that theRCbond decrease) in vinyl systems is thus related to the stabilization
becomes almost a double bond. Relatively small bond-order provided by thea-substituent; the need for hyperconjugative
increases are computed in the casexegubstituents that are  stabilization is larger for destabilizing-substituents. For the
not capable ofr donation. The effects of these substituents are alkyl systems, no correlation between thg—E1 bond order
on the order of—0.05 to 0.2, with low values foo-CF; and and AH is observed.

aPositive numbers indicate an increase in the bond ofdEne



10688 J. Phys. Chem. A, Vol. 106, No. 44, 2002 van Alem et al.

bond order ¢ B3LYP =0.0008x - 0.1334
decrease o048 = 0.8481
: m MP2=0.0010x-0.132
B 016 P =0.731
\Ly_%
* e

-30 -20

Figure 5. Correlation between theg£H bond-order decreases in the vinyl systems and the reaction enthalgie$ eq 2.
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Figure 6. Correlation between the reaction enthalpies of egs 1 and 4 and eqgs 2 and 5 for H and CI as leaving group, respectively (MP2(full)/6-

311+G(d,p) data).

Leaving-Group Effect. In using isodesmic reactions such
as eqgs 1 and 2, the formation of a cation with a given substituentCl as leaving groups range from4 to +9 kcal/mol. The
R from a neutral precursor is compared to a reference system.negative values indicate that for Cl geminal effects destabilize
The computed reaction enthalpies are therefore dependent orthe neutral precursor compared to H. The largest destabilizing
the enthalpies of both the neutral and the cationic molecules. geminal effects are found fan-COOH, a-NO,, o-CN, and
To assess the effect of (de)stabilization of the neutral precursorsa-CF; (about—3 to —4 kcal/mol), all of which are substituents
by o-substituents R, the group transferred in the isodesmic that also destabilize the alkyl cations. The largest stabilizing
reactions is changed from H to Cl (egs 4 and 5). Equation 4 geminal effects are computed farNH, (9 kcal/mol) andx-OH
yields (de)stabilization compared to the chloroalkane precursor, (6 kcal/mol), and smaller stabilizing effects, f@CHs, o-CHy-
and eq 5 yields (de)stabilization compared to the chloroalkene OH (both 4 kcal/mol)a-OSi(CHg)s, anda-F (both 3 kcal/mol).
precursor. The difference between the results for H and CI The results for the subset of halogens are interesting: the order

provides information about the geminal interactf§i¥8between

the a-substituent and the leaving group.

H,C—CH,Cl + H,C—C(+)HR -~
1

For the alkyl cases, the enthalpy differences between H and

found is F> Cl > Br > | with a-F geminally stabilizing and

the other three destabilizing (the destabilization varies fraln
to —3 kcal/mol). These effects oppose the order of electrone-
gativity of halogen substituents. This is, however, not a general
trend because for-NH, and o-OH higher stabilizing effects

are found than foo-F. The steric bulk of substituents has a
destabilizing effect for Cl versus H as the leaving group, as
can be observed for the couplesCH,OH/a-C(CHs),OH and
o-OH/o-OSi(CHg)s: the more sterically demanding substituents
stabilize less (3 kcal/mol). Experimentally, geminal interactions
have been implied to explain the ratio in solvolysis rates of
2-CHs- and 2-Si(CH)s-substituted 2-chloropropan&8.A simi-

OH, CHR, and CE, CH=CH,, C=CH, CN, GHs, c-CzHs, lar geminal effect is found in our computations: a difference
C(O)H, COOH, F, Cl, Br, I, NH, OH, SH, Si(CH)3, OSi(CHy)s, of 2.5 kcal/mol is computed, which is about 2 kcal/mol lower
and NQ). The reaction enthalpies of eqs 4 and 5 have been than the value computed in that study for the couples&iHs.
calculated using the B3LYP and MP2 methdéShe results For the vinyl systems, a different trend is observed. For almost
of the two methods correlate excellently (not shown). The results all a-substituents, destabilizing effects are computed upon
obtained for Cl as a leaving group are compared with those changing the leaving group from H to CI; however, §6CHs,
obtained for H in Figure 6. The plots show a high correlation a-CH,OH, anda-Si(CHs)s, small stabilizing effects (22 kcal/

(r2 = 0.99) for both the alkyl and vinyl cations. The alkyl mol) are calculated. The destabilizing effects range frefito
systems, however, respond differently to the change in leaving —1 kcal/mol; the largest effect is found fam-NO,, and
group than the vinyl systems, as is clear from the differences somewhat smaller effects are found @CN, o-CFs, a-Br,

in slope and intercept computed for the alkyl and the vinyl andoa-l. The B3LYP and MP2 results 0f4.8 and—6.0 kcal/
systems. mol, respectively, fooi-CN are comparable to, although a little

Hy,C—CHCIR + H,C—C(+)H, (4)

H,C=CHCI + H,C=C(+)R >
2
H,C=CCIR + H,=C()H (5)

R = CHs, CHoY, (Y = F, Cl, Br, OH, CN, CR, C(CH)-
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