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DFT calculations at the BP86/TZ2P level have been carried out for the primary, secondary, and tertiary
carbenium ions [HC—CH(EH;),] ™ (1a—e€), [HC{CH(EHk)2} 2] T, (2a—e€), and [ CH(EH:),} 3]t (3a—e) for E

= C, Si, Ge, Sn, Pb. The nature of the interaction between the carbenium cenf€r tdnd the substituents
{CH(EH:)2} m has been investigated with an energy decomposition analysis (EDA) aiming at estimating the
strength of ther hyperconjugation which electronically stabilizes the carbenium ions. The results of the
EDA show that the calculatedE, values can be used as a measure for the strength of hyperconjugation in
carbenium ions arising from the interactions of saturated groups posseseitals. The theoretical data
suggest that the ability af C—E bonds to stabilize positive charges by hyperconjugation follow the order C

< Si < Ge < Sn < Ph. Hyperconjugation of €Si bonds is much stronger than hyperconjugation efCC

bonds while the further rising from silicon to lead is smaller and has about the same step size for each
element. The strength of the hyperconjugation in primary, secondary, and tertiary alkyl carbenium ions does
not increase linearly with the number of hyperconjugating groups; the incremental stabilization becomes
smaller from primary to secondary to tertiary cations. The effect of hyperconjugation is reflected in the
shortening of the €C bond distances and in the lengthening of theECbonds, which exhibits a highly
linear relationship between the calculated-C and C-E distances in carbocations—3 and the
hyperconjugation estimated by tiad, values.

Introduction allyl or benzyl cations which are notably stable species.
Saturated groups are generally less suitable for stabilizing
carbenium ions because hyperconjugation (Figure 1) is less
efficient than conjugation. Recent theoretical studies by us and

be involved in a chemical reactidnHe recognized that the ~ Others have shown, however, that stabilization due to hyper-

rearrangement reactions of camphene hydrochloride showedconiugation is not negligible and that it may significantly
similarities with the behavior of triarylhalomethanes, which Ccontribute to the structure and stability of molecuiés.
could be understood if ionization takes place during the reaction. Hyperconjugative stabilization in a carbenium ion £R
Meerwein’s proposal was a breakthrough in physical organic involves the donation of electronic charge from a substituent
chemistry because later research revealed that carbocations areR, which has no multiple bonds into the formally emptyr)(
the key for understanding not only rearrangement reactions butorbital of the carbenium carbon atom. Figure la depicts a
for many other organic processes like substitution and elimina- situation where the hyperconjugative stabilization in an alkyl
tion reactions. Carbocations may be distinguished into five- carbenium ion consists of genuine interactions such as
coordinated species (carbonium ions) and three-coordinatedconjugative interactions because the cation possesses an ap-
species (carbenium ions). A particular class of carbenium ions propriate mirror plane. The difference between hyperconjugation
which is termed nonclassical ions has hydrogen atoms or otherand conjugation is that in the latter interaction the substituent
groups in a bridging position to the electron deficient positively has a multiple bond consisting ofands bonding and that the
charged carbon atom. Nonclassical cations have been the tOpiQ:harge donation comes from the component. The charge
of intensive theoretical and experimental resedrch. donation from an electronically saturated substituent comes from
The parent carbenium ion GHis not stable in a condensed  an orbital which has locak symmetry. This is the reason that
phase. Substitution of hydrogen by substituents which are hyperconjugation is often referred to as donation from an
capable of donating electronic charge into the formally empty occupiedo orbital into an emptyr orbital. Figure 1b depicts a
p(7) AO stabilizes the cations which may eventually become sjtyation where the methyl group is rotated about thed®ond
isolated and characterized with spectroscopic methods. Groupsyy 9¢e. The hyperconjugation now takes place between an
which carry lone-pair electrons such as NRR, or halides  oceypied orbital of the Chigroup and the vacant p orbital of
are particularly suitable for stabilizing carbenium idmsnother C(H) atom, which in the strictest sense hawesymmetry
possibility for yielding stable carbocations is through conjugation pacause they are symmetric with respect to the mirror plane of
with a z-electron systems, yielding conjugated species such asyhat conformation. However, these orbitals haweharacter
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Carbocations are arguably the most important reactive
intermediates in organic chemisthyMeerwein suggested in
1922 for the first time that positively charged alkyl cations might
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Figure 1. Schematic representation of hyperconjugation in an alkyl 16 Eph % E<Ph S E—Ph

carbenium cation. (a) Hyperconjugative charge donation from an . k )
occupiedr orbital of the alkyl substituent. (b) Hyperconjugative charge Figure 2. Schematic representation of the primaty£-€), secondary
donation from an occupied orbital (pseudor orbital) of the alkyl (2a—e€), and tertiary 8a—e) alkyl carbenium ions investigated in this
substituent. work.

said to possess pseudesymmetry’ In this paper we only primary, secondary and tertiary alkyl carbocations which carry

investigate systems which correspond to the situation which is ©~E bonds (E= C— Pb). We calculated the geometries and
sketched in Figure la. analyzed the bonding situation in the carbenium ionsCiH

It is well-known that alkyl-substituted carbenium ions £R CH(EH3)%!+ (1a—e), [EC{CH(EHG)Z}.ZF' (2a—¢), and [ CH-
exhibit the stability order tertiary- secondary> primary > (EHz)z} o™ (3a—€) (E =C- Pb)'_ Wh'.Ch are shown in Figure 2.
CHa*. Until very recently, the only aliphatic cations which could The calculated data give detailed information about the inter-

become structurally characterized by X-ray analysis were tertiary atomic interactions in the cations. The theoreplcal \{vork should
carbocations like the adamanty! cafi@md thetert-butyl cation? be helpful for further experimental work which aims at the
Bochman and co-workers now report about the first isolation Synthesis of carbenium ions.
and X-ray structure determination of a secondary alkyl carbe- Method
nium ion1® The remarkably stable crystal compound fHEZH- ethods
(SiMes)(SnMe)} 2] tZrClg~ melts at 109C while the analogous The geometries of the molecules have been optimized at the
species with HICly~ as counterion melts at 12€. The X-ray nonlocal DFT level of theory using the exchange functional of
structure analysis of the former cation shows that there are noBecké?” in conjunction with the correlation functional of
close contacts between the cation and the atidine authors Perdew® (BP86). Uncontracted Slater-type orbitals (STOs) were
reported also about DFT calculations of the secondary carbeniumemployed as basis functions for the SCF calculatiiisie basis
ion and related all-silicon model compounds. It was suggested sets have triplé-quality augmented by two sets of polarization
that the stability of the cation comes from hyperconjugation, functions, that is, p and d functions for the hydrogen atoms
where the G-Sn bonds which are in A position should be and d and f functions for the other atoms. This level of theory
much more effective than the-€Si bonds. Evidence for the is denoted as BP86/TZ2P. An auxiliary set of s, p, d, f, and g
suggestion comes from analysis of the charge distribution, the STOs was used to fit the molecular densities and to represent
geometry and from the NMR chemical shitlsThe same the Coulomb and exchange potentials accurately in each SCF
conclusion was achieved experimentally by LamBeHrough cycle?0 Scalar relativistic effects have been considered using
comparison of the extrusion reaction of X from Mes- the zero-order regular approximation (ZORA) he vibrational
MCH,CHX (M = Si to Sn; X= nucleofuge) in solvents of  frequencies of the optimized structures have been calculated in
different nucleophilicities and theoretically by Gorddn  order to investigate the nature of the stationary points. The
through comparison of the isodesmic reactions gNMI8H,CH,* Hessian matrices of the optimized geometries have in all cases
and CH™. only positive eigenvalues which means that the fully optimized
The stabilizings-effect of group-14 elements which is widely ~ structures reported here are minima on the potential energy
employed in synthetic transformatidfiswas the topic of surface. The atomic partial charges were calculated by using
extensive experimental and theoretical studies with the goal to the Hirshfeld partitioning schenté.
elucidate the origin of the stabilizatidh.A pivotal question The calculations were carried out with the program package
concerns the strength of the hyperconjugative stabilization which ADF 200322 The interactions were analyzed by means of the
is the driving force of thg-effect. It would be helpful if a direct ~ energy decomposition analysis (EDA) of ABFwhich was
estimate of the strength of the hyperconjugation could be madedeveloped by Ziegler and Ratfiollowing a similar procedure
based on a well-defined quantum chemical partitioning of the suggested by Morokunt&.EDA has proven to give important
interaction energy which does not need an external referenceinformation about the nature of the bonding in main-group
system. A method which uses only the orbitals of the compounds and transition-metal compleX€§he focus of the
interacting fragments in the geometry of the molecule for bonding analysis is the instantaneous interaction enéBy;,
estimatingr interactions is the energy decomposition analysis of the bond, which is the energy difference between the molecule
(EDA).1> We recently reported that the calculata#, values and the fragments in the electronic reference state and frozen
given by the EDA can be used as a probe to estimate the relativegeometry of the compound. The interaction energy can be
contributions ofr interactions which come from conjugation divided into three main components:
between multiple bonds or from hyperconjugation which arise

from the interactions of saturated groups possessing AEjy = AEga T AEpqui+ AEgy, (1)
orbitals®"59-16We successfully applied this method in order to
compare the calculated strength of theonjugation in meta- AEgistatgives the electrostatic interaction energy between the

and para-substituted benzylic cations and anions with Hammettfragments, which are calculated using the frozen electron density
substituent constant&2The advantage of the EDA calculations  distribution of the fragments in the geometry of the molecules.
for estimating the strength of interactions was revealed by The second term in eq 1AEpay, refers to the repulsive

the excellent correlation between the calculat} values and interactions between the fragments, which are caused by the
experimental data such as tH€ NMR chemical shifts in large  fact that two electrons with the same spin cannot occupy the
o conjugated systeni§P same region in spac@Ep,y is calculated by enforcing the

The good performance of the EDA encouraged us to employ Kohn—Sham determinant on the superimposed fragments to
the method for a theoretical investigation of theeffect in obey the Pauli principle by antisymmetrization and renormal-
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Figure 3. (a) Fully optimized geometries at BP86/TZ2P of {@)-e. (b) Partially optimized geometries at BP86/TZ2Plof—e where the C-C
distance is kept frozen at the value I (1.405 A). Bond distances are given in A and angles in deg.

ization. The stabilizing orbital interaction term\Eom, is between the restricted and unrestricted calculations were always
calculated in the final step of the energy partitioning analysis <1 kcal/mol. The difference is included in theEp.p values.
when the Kohr-Sham orbitals relax to their optimal form. This

term can be further partitioned into contributions by the orbitals Results and Discussion

belonging to _different irreducible representaﬁions of the point Primary Carbenium lons. We optimized the geometries of
group of the interacting system. The interaction enertfgn, the primary cations [bC—CH(EHs);]* whereE = C—Pb (La—
can be used to calculate the bond dissociation enddgyby e) using Cs symmetry constraints. Figure 3 shows the most
adding AEprep Which is the energy necessary to promote the jmportant bond lengths and angles. The calculatg@+C bond
fragments from their equilibrium geometry to the geometry in gjistances which are significantly shorter than a normalCC
the compounds (eq 2). The advantage of usiigy instead of ~ gingle hond systematically decrease fram(1.405 A) tole

De is that the instantaneous electronic interaction of the (1 356 A). The shortening suggests that the hyperconjugative
fragments becomes analyzed which yields a direct estimate ofgiapilization of the &E bonds increases in the orderC <

the energy components. Further details of the energy partitioningc_sj < c—Ge < C—Sn < C—Pb. Figure 3 shows also the

analysis can be found in the literatufe: structures of the cationsb'—¢, which have been optimized
with a frozen G-C distance ofla (1.405 A). The latter
—De= AEprep"' AEjy 2 calculations were carried out in order to estimate in the EDA

study the intrinsic strength of the hyperconjugation of theEC
The interacting fragments in the EDA calculations are the bonds using identical €C bond lengths. Note that the<E
open-shell species which come from breaking thbond(s) distances inlb'—¢€ are only slightly shorter than itb—e.
between them. The calculations of the open shell fragments for Table 1 summarizes the EDA results of the carbocatlense
the EDA can only be carried out in the ADF program using the using the fragments CHi and CH(EH), in the respective
restricted formalism while for the optimization of the fragments doublet state where the unpaired electron is i arbital as
the unrestricted formalism is used. The energy differences interacting species which yield the carberarbon bond. The
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TABLE 1: Results of the Energy Decomposition Analysis for Cations lae and 16—€ at BP86/TZ2P*

(HEpHC—H
las E=C 1b,E=Si 1b,E=Si 1lcE=Ge 1c,E=Ge 1d,E=Sn 1d,E=Sn 1€,E=Pb 1gE=Pb
symmetry Cs Cs Cs Cs Cs Cs Cs Cs Cs
AEiy —180.0 —213.3 —211.4 —222.6 —220.5 —234.6 —232.2 —244.7 —241.9
AAEj, - —33.3 -9.3 —-12.0 —10.1
AEpauii 295.8 305.2 280.0 311.9 282.6 3221 287.4 334.3 293.8
AEeistaf —176.1 —170.2 —159.6 —174.9 —-162.4 —180.5 —166.0 —188.1 —-171.2
(37.0%) (32.8%) (32.5%) (32.7%) (32.3%) (32.4%) (31.9%) (32.5%) (31.9%)
AEon® —299.7 —348.2 —331.8 —359.6 —340.7 —376.2 —353.6 —390.8 —364.6
(63.0%) (67.2%) (67.5%) (67.3%) (67.7%) (67.6%) (68.1%) (67.5%) (68.1%)
AE —237.2 —247.8 —236.9 —249.8 —237.5 —255.0 —240.2 —258.9 —241.8
(79.2%) (71.2%) (71.4%) (69.5%) (69.7%) (67.8%) (67.9%) (66.2%) (66.3%)
AE¢ —62.4 —100.4 —-94.9 —109.8 —103.2 —121.2 —113.4 —131.9 —122.8
(20.8%) (28.8%) (28.6%) (30.5%) (30.3%) (32.2%) (33.1%) (33.8%) (33.7%)
AAE;® - —38.0 —-9.4 —-11.4 -10.7
AEprep 22.3 34.0 32.6 335 32.2 32.7 31.2 32.9 311
AE(=—-D¢ —157.7 —179.3 —178.8 —189.1 —188.3 —201.9 —201.0 —211.8 —210.8
r(CC) (A) 1.405 1.372 1.368 1.362 1.356
q(Cy 0.221 0.113 0.082 0.047 0.021
q(E)® —0.034 0.423 0.405 0.524 0.521

aEnergy values in kcal/mol. Compounil'—¢€ have been calculated using the-C bond length ofla. P Increase ofAE, with respect to the
preceding molecul€’. The percentages in parentheses give the contribution to the total attrA&ivg:+ AEw. @ The percentages in parentheses
give the contribution to the orbital interaction,,. © Increase ofAE, with respect to the preceding moleculétomic partial charge at central

carbon atom¢ Atomic partial charge at atom E.
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Figure 4. Trend of the calculated strength sfinteractionsAE, for
the element& = C — Pb in carbocationd—3.
(®)

strength of the total fC™—CH(EHs), interactionsAEiy; in-
creases for E with the order € Si < Ge < Sn < Ph. The
same trend is also found for the calculated bond dissociation
energy R although the increase from carbon to silicon is
alleviated because of the concomitant increase of the preparation.
energy for the fragmentAEep

Inspection of the three energy terms which aid\&,; show
that in all cases, the largest contribution to theCattraction
comes from the orbital term\Eq, which accounts for about
two-third of the binding energy while the electrostatic term
AEgistaradds one-third. The most important information for the
present study comes from the breakdowm\&,, into o andx
bonding. The data in Table 1 show that there is a systematic
increase of the absolute values but also of the percentage
contribution of AE,; to AEjr.. A graphical display for the trend
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is shown in Figure 4. It becomes obvious that the increase is Figure 5. Correlation of the calculatedE, values for carbocations

particularly strong from C to Si while the further rising from
Si to Pb exhibits nearly identical slopes. The increase imthe
bonding is given by theAAE, values shown in Table 1. A

1-3 with: (a) C—C bond lengths; (b) €E bond lengths.

total binding they strongly correlate with the overall trend given

striking result is the finding that the latter values are very close by AEj,. This is a very important result because it provides

to the increase in the total interaction energ¥Ej,.. Although

guantitative support for the model where the increase in the

the sr-orbital interactions are only a minor contributor to the C—C binding interactions in the cations J8—CH(EHs),] " is
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Figure 6. Fully optimized geometries at BP86/TZ2P 2d—e. Bond distances are given in A and angles in deg.

explained with the hyperconjugation of the-€ bonds. The Since the strength of hyperconjugation is directly reflected
strength of the hyperconjugation is mainly an intrinsic property in the shortening of the ¥—C bond lengths it is not surprising

of the C-E m-orbitals which is only slightly amplified by the  that there is a good correlation between the latter bond distances
concomitant shortening of the ,8—-C bond lengths. This  andAE,. As readily seen from Figure 5a, a linear relationship
becomes obvious from the EDA results for the compoulritis with a correlation coefficient of 0.990 and standard error of 4.3
€ given in Table 1 which were optimized with the same C between both parameters is obtained. Furthermore, thE C
bond length as in catioha (1.405 A). The data show that the bond lengths which are also affected by the strength of

AE, values inlb'—e " are between 6 and 9 kcal/mol smaller  pyherconjugation exhibit a very good linear relationship between
than in 1|\?_e v;/]hlchhwere czlallculatlt(ed without geometry con- o |atter parameters (correlation coefficient of 0.996 and
strains. Note that the overall weaker attractive interactions in ¢y~ nqard error of 2.62, Figure 5b).

1b'—€ are largely compensated by weaker Pauli repulsion so . - .

that the net interaction energyEi: becomes only 23 kcall Secondary Carben!um .Ions.The optimized geometngs of

mol weaker than irLb—e. the secondary carbenium ions [FHCH(EH)2} 2] T (2a—e€) using
Thus, it is clear that the ability of C—E bonds to stabilize ~ Cev Symmetry are depicted in Figure 6. The calculatedHC

carbocations if8-position through hyperconjugation increases distances decrease from 1.443 AZato 1.413 A in2e This

in the order G-C < C—Si < C—Ge < C—Sn < C—Pb. Our is the same trend as in the primary catidas-e but the absolute

results are in agreement with previous findings by Lambert et values for the bond distances in the latter species are smaller

al11.1214a3nd they provide further support for the ability of the than in the respective secondary cation while theBChond

EDA method to directly estimate the relative contributions of lengths in2a—e are shorter than itla—e. This finding suggests

o interactions which come from hyperconjugatfbre that the individual contribution of one HC(E}4 group to the

TABLE 2: Results of the Energy Decomposition Analysis for Cations 2ae at BP86/TZ2P

®,\\H
(HaE)ZHCXCH(EH‘g)Z
frag A frag B
26 E=C 2b,E=Si 2cE=Ge 2d,E=Sn 26 E=Pb 2aE=C 2b,E=Si 2c,E=Ge 2d,E=Sn 2 E=Pb
symmetry Co Co Co Co Co Co Ca Ca Coy Ca

AEint —-140.4 —145.0 —145.8 —-145.1 —143.5 —330.0 —362.5 —-372.8 —385.6 —393.8
AEpaui 322.2 326.4 335.2 348.0 361.5 560.7 565.6 573.4 586.9 605.3
AEesia? —-190.4 —-182.5 -187.1 —193.5 —199.0 —344.9 —-319.3 —326.2 —335.4 —345.2

(41.1%) (38.7%) (38.9%) (39.2%) (39.4%) (38.7%) (34.4%) (34.5%) (34.5%) (34.6%)
AEom? —272.3 —288.9 —293.9 —299.6 —306.0 —546.1 —608.7 —620.0 —637.2 —653.9

(58.9%) (61.3%) (61.1%) (60.8%) (60.6%) (61.3%) (65.6%) (65.5%) (65.5%) (65.4%)
AE® —238.1 —242.0 —245.6 —249.2 —254.1 —456.6 —472.8 —475.4 —481.9 —487.5

(87.4%) (83.8%) (83.5%) (83.2%) (83.0%) (83.6%) (77.7%) (76.7%) (75.6%) (74.6%)
AES —34.2 —46.9 —48.4 —50.4 —51.9 —89.5 —-135.9 —144.6 —155.3 —166.4

(12.6%) (16.2%) (16.4%) (16.8%) (17.0%) (16.4%) (22.3%) (23.3%) (24.4%) (25.4%)
AAE¢ — —46.4 —-8.7 —-10.7 -11.1
AEprep 21.0 30.1 29.4 29.9 29.7 24.6 37.2 35.0 34.1 31.6
AE (=—De¢ —119.4 —114.9 —-116.4 —115.2 —113.8 —305.7 —325.3 —337.8 —351.5 —362.2
r(CC) (A) 1.443 1.422 1.420 1.417 1.413
g(C) 0.189 0.083 0.052 0.017 —0.006

aEnergy values in kcal/moP. The percentages in parentheses give the contribution to the total attrA&ivg:+ AEom. ¢ The percentages in

parentheses give the contribution to the orbital interactidBsy. @ Increase oAE, with respect to the preceding molecutédtomic partial charge
at central carbon atom.
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3d

hyperconjugation in the secondary catidzes-e may be less
than the hyperconjugation of the sole HC@#Hgroup in
la—e

It is interesting compare the calculated geometrie2ln{E
= Si) and2d (E = Sn) with the experimental data for the cation
[HC{CH(SiMes)(SnMe&)} 2]t which were reported by Boch-
mann et al® The theoretical HEC distances of model cations
2b (1.422 A) and2d (1.417 A) are in excellent agreement with
the experimental value of 1.422 A for the real compound. The
theoretical G-SiH; distance oRb (1.969 A) also concurs with
the experimental €SiMe; distance (1.963 A) while the
calculated G-SnH; bond length of2d (2.258 A) is slightly
longer than the experimentaHSnMe; distance (2.213 A). The

3e
Figure 7. Fully optimized geometries at BP86/TZ2P ®d—e. Bond distances are given in A and angles in deg.

schemes. First, we analyzed the interactions between-{Etd-
(EH3);]™ and CH(EH), in order to estimate the hyperconju-
gation of the second substituent in the secondary cations. This
scheme is denoted as Frag A in Table 2. In the other partitioning
scheme (denoted as Frag B), we analyzed the interactions
between two CH(Ek), groups and a CH cation in order to
estimate the total strength of the hyperconjugation.

The EDA data in Table 2 indicate that the strength of the
hyperconjugation of the €E bonds in the secondary carbenium
ions exhibits as expected the same trend as in the primary cations
C—C <« C-Si < C—-Ge < C—Sn < C—Pbh. The stronger
hyperconjugation of the €Sn bonds than that of the-€Si
bonds which is predicted by the EDA is in agreeement with

comparison shows that the theoretically predicted geometry the conclusion of Bochmann et*lthat Sn is significantly better

should be quite accurate.
Table 2 summarizes the EDA results of carbocatipase.
The calculations were carried out using two fragmentation

in stabilizing the carbocationic center than Si. The absolute
values ofAE; for the hyperconjugation of two substituents (frag
B) in 2a—e s clearly larger than the hyperconjugation of one

TABLE 3: Results of the Energy Decomposition Analysis for Cations 3ae at BP86/TZ2P

@ \CH(EH3),
(HsE)zH‘3W‘.—;,_|(E|_|§‘)2
frag A frag B
33, E=C 3b,E=Si 3ccE=Ge 3d,E=Sn 3¢ E=Pb 33 E=C 3b,E=Si 3c E=Ge 3d,E=Sn 3¢ E=Pb

symmetry Can Can Can Can Can Can Can Can Can Can
AEint —122.2 —123.6 —123.6 —121.9 —120.4 —526.9 —557.8 —568.4 —580.2 —588.2
AEpaui 316.2 320.6 328.0 341.3 352.5 581.4 —580.0 588.3 609.6 634.7
AEegisia? —190.9 —183.2 —186.8 —192.4 —196.6 —465.6 —419.8 —429.2 —443.0 —458.3

(435%)  (41.2%)  (41.4%)  (41.5%)  (41.6%)  (42.0%) (36.9%)  (37.1%)  (37.2%)  (37.5%)
AEoP —247.5 —260.9 —264.8 —270.8 —276.4 —642.7 —718.1 —727.5 —746.8 —764.5

(56.5%)  (58.8%)  (58.6%)  (58.5%)  (58.4%)  (58.0%)  (63.1%)  (62.9%)  (62.8%)  (62.5%)
AE,*° —223.4 —228.1 —231.5 —235.9 —240.9 —541.2 —564.0 —564.9 —-572.9 —578.7

(90.3%)  (87.4%)  (87.4%)  (87.2%)  (87.2%)  (84.2%)  (785%)  (77.7%)  (76.7%)  (75.7%)
AE° —-24.1 —-32.9 —33.3 —34.9 —-35.4 —-101.5 —154.1 —162.6 —-173.9 —185.8

(9.7%)  (12.6%)  (12.6%)  (12.8%)  (12.8%)  (15.8%) (21.5%)  (22.3%)  (23.3%)  (24.3%)

AEprep 24.3 33.8 32.9 33.7 345 35.6 51.1 47.2 45.0 41.9
AE (=—D¢) —-97.9 —89.8 —90.6 —88.2 —85.9 —491.3 —566.7 —521.2 —535.2 —546.3
r(C C) (R) 1.479 1.461 1.459 1.456 1.452
g(C) 0.201 0.104 0.073 0.038 0.016
q(E) —0.004 0.351 0.323 0.428 0.415

aEnergy values in kcal/moP. The percentages in parentheses give the contribution to the total attrA&ivg:+ AEom. ¢ The percentages in
parentheses give the contribution to the orbital interactiafs:, ¢ Atomic partial charge at central carbon atdhitomic partial charge at

atom E.
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substituent inla—e but the increase is not a factor of 2. The arising from the interactions of saturated groups possessing

rise in theAE, values is only between 43.3% forEC (1ato orbitals. The EDA results indicate that the ability @fC—E

2a) and 26.2% for E= Pb (le to 2¢). Thus, the average bonds to stabilize positive charges by hyperconjugation follows

hyperconjugative stabilization of one CH(BkIgroup in2a—e the order C< Si < Ge < Sn < Pbh. Hyperconjugation of €Si

is weaker than the hyperconjugative stabilization of the same bonds is much stronger than hyperconjugation efCCbonds

CH(EHs), group in 1la—e. This is in agreement with the  while the further rising from silicon to lead is smaller and has

calculated G-CH(EHs), bond lengths in the primary and about the same step size for each element. The strength of the

secondary cations. The EDA results for the fragments A show hyperconjugation in primary, secondary and tertiary alkyl

that the consecutive influence of the two substituents gives muchcarbenium ions does not increase linearly with the number of

weaker hyperconjugation for the second CHgHjroup than hyperconjugating groups, the incremental stabilization becomes

for the first. Note that the increase in the total hyperconjugative smaller from primary to secondary to tertiary cations. The effect

stabilization when one goes from=£C to E= Si is higher for of hyperconjugation is reflected in the shortening of the@

the secondary carbenium ionAAE, = 46.4 kcal/mol, Table bond distances and in the lengthening of theECbonds which

2) than for the primary cation®\AE, = 38.0 kcal/mol, Table exhibits a highly linear relationship between the calculated®C

1) but the increase for the heavier group-14 elements 8k and C-E distances in carbocatioris-3 and the hyperconju-

in the serieRa—eis nearly the same as fra—e. This becomes gation estimated by thAE.

obvious from Figure 4 which shows the increase of e,

values for the two series of compounds. The secondary Acknowledgment. We are grateful to the Deutsche Fors-

carbenium ions also show a linear correlation between the chungsgemeinschatft for financial support of this research.

strength of hyperconjugation and the-C bond distance (Figure  Excellent service by the computer center of the Philipps
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optimized geometries of compour@s—e are depicted in Figure Supporting In_formation Available: C_artesian qoordinates
7. The G-CH(EH); distances are further elongated compared @nd total energies of all compounds discussed in the text are
with the respective values for the secondary cat@mse. As available free of charge via the Internet at http:/pubs.acs.org.

with the primary and secondary carbocations, there is a
continuous shortening of -€C bonds (from 1.479 A iBa to
1.452 A in3¢) but the variation in the interatomic distances is (1) (a) Olah, G. A., Schleyer, P. v. R., Eds.@arbonium lonsWiley-
much Sma”er than in the primary and Secondary Carbocations_|nterSCienC6: New YOI’kY 19681976; Vols. -V and references therein.

. . b) Olah, G. A., Surya Prakash, G. K., Eds. @arbocation Chemistry
The incorporation of another CH(EM group also provokes a Wiley-Interscience: New York 2004.

slight enlargement of the -©C—E angles in compound8 (2) Meerwein, H.; van Emster, K.; JoussenBér. Dtsch. Chem. Ges
compared with cation& or 2. 1922 55, 2500.

. . . (3) Birladeanu, LJ. Chem. Educ200Q 77, 858.
The EDA results of cation8 are shown in Table 3. As in (4) Brown, H. C.. Schleyer, P.v.RThe Nonclassical lon Problem

the EDA of secondary carbocations, we used two fragmentation pienum Press: New York, 1977.
schemes. First, we analyzed the interaction of only one CH-  (5) (a) Pophristic, V.; Goodman, LNature 2001, 411, 565. (b)

: A ; ; Schreiner, P. RAngew. Chem., Int. E®002 41, 3579. (c) Bickelhaupt,
(EHs)2 group with the cationic center (Frag A in Table 3) using F.M.: Baerends, E. AAngew. Chem.. Int. E@003 42, 4183. (d) Weinhold,

[C(CH(EHs)2)2] " and CH(EH). as fragments which were  E angew. Chem., Int. E®003 42, 4188. (e) Mo, Y.; Wu, W.; Song, L.;
calculated in the electronic doublet state. In the other partitioning Lin, M.; Zhang, Q.; Gao, JAngew. Chem., Int. EQ®2004 43, 1986. (f)

i i appel, D.; Timann, S.; Krapp, A.; Frenking, GAngew. Chem., Int. Ed
scheme (Frag B),_ we analyzed the interactions b_etwegn threeg005 24, 3617, (q) Ferhades, |- Frenking, GChem. Eur. 12006 12,
CH(EH:), groups in the doublet state and & @tomic cation 3617. (h) Mo, Y.Org. Lett. 2006 8, 535.

calculated in the electronic quartet state. The EDA results reveal  (6) Review: Mo, Y.; Gao, JAcc. Chem. Re007, 40, 113.

the same trends for the tertiary carbocati®as-e as for the (7) Jorgensen, W. L.; Salem, LThe Organic Chemist's Book of

: ; : : Orbitals; Academic Press: New York, 1973; p 7.
secondary and primary carbenium ions. The simultaneous (8) (a) Laube, TAngew. Chem., Int. Ed. Englog6 25, 349. (b)

hyperconjugative stabilization of three CH(BH groups is Christe, K. O.; Zhang, X.; Bau, R.; Hegge, J.; Olah, G. A.; Prakash, G. K.
between—101.5 kcal/mol for E= C and—185.8 kcal/mol for S.; Sheehy, J. AJ. Am. Chem. So@00Q 122, 481.

— i i thE (9) Hollenstein, S.; Laube, . Am. Chem. Sod 993 115, 7240.
E Pb.' The graphical display of the trend. of T "a'”."?s . (10) Schormann, M.; Garrat, S.; Hughes, D. L.; Green, J. C.; Bochmann,
shown in Figure 4 reveals that the hyperconjugative stabilization \; "3 am. Chem. So@002 124 11266.

in 3a—e has further increased compared with the secondary (11) Lambert, J. B.; Wang, G.-T.; Teramura, D.HOrg. Chem1988
cations2a—e but the rising is smaller than froha—e to 2a— 53,(?;‘)22”\-Iguyen K. A: Gordon, M. S Wang, G.T.. Lambert, J. B
e I_t_becomes obvious from b(_)th partitioning schemes, that t_he Organometallics1991, 10, 2798. T R
ability of C—E bonds to stabilize carbocations when placed in  (13) Synthetic applications of th&-effect of silicon. (a) Weber, W. P.
the -position follow the order G« Si < Ge < Sn < Pb. This Silicon Reagents for Organic Synthesipringer-Verlag: Berlin, 1983. (b)
effect is also reflected in the very good linear relationships CoVin. E. W.Silicon Reagents in Organic Syntheshcademic Press:

. London, 1988. (c) Fleming, I. IRomprehensie Organic Synthesigrost,
betW?Fj'n the\E, values and the C-C bond length (C_orre|at'0n B. M.;, Fleming, I., Paquette, L. A., Eds; Pergamon Press: Oxford, 1991;
coefficient of 0.999 and standard error of 1.9, Figure 5a) as Vol. 2, p 563. (d) Fleming, I.; DunogseJ.; Smithers, ROrg. React1989

well as with the G-E bond distances (correlation coefficient ~37. 57. Synthetic applications of thé-effect of tin, see (e) Pereyre, M.;
( Quintard, J.-B.; Rahm, ATin in Organic SynthesjsButterworth & Co.:
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