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Nonclassical ions or carbonium ions have multi-center bonding from delocalizedσ or π electrons. The
2-norbornyl cation, its derivative 6,6-difluoro-2-norbornyl cation, tris-homocyclopropenyl cation, 7-norbornenyl
cation, and 4-cyclopentenyl cation and their corresponding silicon analogues were studied in this work. All
carbocations have topologically different 3c-2e systems. The magnitude of all delocalization indexes between
each atomic pair of the 3c-2e bond can be used to predict homoaromaticity. The silicon analogues have a
topologically different 3c-2e bond from their corresponding carbocation.

Introduction

Characterization of the first long-lived alkyl cation (t-butyl
cation) by Olah1,2 represented a turning point in chemistry.
Superacids and stable ion conditions have played a decisive role
in carbocation chemistry3,4 since they afforded carbocations to
be observed without unwanted side reactions.5,6

In 1949, Winstein and Trifan7 postulated the assistance ofσ
electron delocalization to account for great rate differences in
the acetolysis ofexo- andendo-2-norbornyl brosilates. On the
other hand, Brown8 attributed these differences to steric effects.
Thereafter, heated debates on the nature of the norbornyl cation,
called the nonclassical ion controversy, took place.8-10 The term
nonclassical ions was first used by Roberts and Mazur11 in their
pioneering solvolytic studies on cyclobutyl and cyclopropyl-
carbinyl derivatives. Experimental evidence12,13 indicated that
the norbornyl cation had no trivalent carbenium center, which
is characteristic of classical ions. Then, the nonclassical nature
of the hypercoordinate norbornyl cation, characterized by
delocalizedσ electrons in three-center-two-electron (3c-2e)
bonding, was proved.14

Crystallographic studies15 of boron hydrides gave rise to the
development of multi-center bonding.16,17 The discovery of a
significant number of nonclassical ions or carbonium ions
showed that carbon hypercoordination is a common phenom-
enon in carbocation chemistry. The 3c-2e bonding in carbonium
ions is a consequence of the electron deficiency and delocal-
ization associated with the positively charged carbon atoms.5,6

Cremer et al. applied the AIM analysis to study the homoaro-
maticity of some carbonium ions. They proposed that homoaro-
matic systems have significant homoconjugative interactions
(i.e., interaction indexes reasonably higher than zero).18 Topo-
logical analysis of some simple carbonium ions, such as
proponium cations, have been reported.18-22 Bader23 was the
first to study the topology of the 2-norbornyl cation. The
topological structures of the 2-norbornyl cation and tris-
homocyclopropenyl cation also have been studied by Werstiuk
et al..24-26

This work aimed to understand the electronic nature of the
3c-2e bonding of the 2-norbornyl cation, its derivative 6,6-

difluoro-2-norbornyl cation, tris-homocyclopropenyl cation,
7-norbornenyl cation, and 4-cyclopentenyl cation and their
corresponding silicon analogues. This comparison shows im-
portant differences in the electronic nature of the 3c-2e bond
of carbonium ions and their corresponding silicon analogues.
In addition, the differences of the electronic nature of the 3c-
2e bond of the studied carbonium ions also are shown.

Computational Methods

The geometries of the species were optimized by using
standard techniques.27 Vibrational analysis on the optimized
geometries of selected points on the potential energy surface
was performed to determine as to whether the resulting
geometries are true minima or transition states by checking the
existence of imaginary frequencies. These calculations were
performed at the B3LYP/6-311++G** level28-31 by using the
Gaussian 03 package.32 The electronic density was derived from
the Kohn-Sham orbitals obtained at the B3LYP/6-311++G**
level and further used for atoms in molecules (AIM) calcula-
tions. The critical points, the Laplacian of charge density, the
delocalization, and the localization indexes were calculated by
means of AIM2000 software.33

Results and Discussion

All studied systems are depicted in Scheme 1. They were
analyzed by AIM theory, which is based on the analysis of the
electronic density distribution,F(r).34,35In this analysis, an atom
in a molecule is rigorously defined as a quantum mechanical
entity bound by a three-dimensional surface of zero flux (atomic
basin) in the gradient of the electron density. The atomic
properties can be obtained by the integration of the electron
density within the atomic basin. Then, molecular property is
obtained from the summation of the respective atomic property
of all the individual atoms of a determined molecule. Much
information can be obtained from AIM, such as the bond, cage,
and ring critical points (RCP) and their respective eigenvalues
(see Supporting Information).

The analysis of the delocalization index (DI) and the
Laplacian of the charge density (∇2F(r)) were used in this work.
The DI is a measure of the number of electrons that are shared
or exchanged between two atomic basins.34,36 It does not
measure the delocalization of valence electrons over the whole

* Corresponding authors. E-mail: (C.L.F.) cfirme@iq.ufrj.br and (P.M.E.)
pesteves@iq.ufrj.br.

3165J. Phys. Chem. A2008,112,3165-3171

10.1021/jp710606n CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/01/2008



molecular system. The∇2F(r) value is the sum of the second
derivative of the density function at each principal axis
(eigenvalues of the Hessian matrix of charge density,λ).34,35,37

The density is locally concentrated in those regions where
L(r) > 0 and locally depleted in those regions whereL(r) < 0,
where L(r) ) -32F. A bond can be characterized by the

Figure 1. Molecular graphs of cations1-3. Some DI, values of|λ1|/λ3, bond orders (n), and negative Laplacian values (Lb) are also included.

SCHEME 1
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negative of the Laplacian of the density function at a bond
critical point (Lb). If Lb > 0, the bond is defined as a shared
interaction (covalent bond). In this case, the electronic charge
is concentrated in the region between two nuclei. IfLb < 0, the
bond is defined as a closed-shell interaction (ionic bonds,
hydrogen bonds, and van der Waals interactions).38 In addition,
in shared interactions, the relation|λ1|/λ3 is greater than unity,
and in closed-shell interactions, the relation|λ1|/λ3 is smaller
than 1.34

The existence of a 3c-2e bonding system can be verified by
the magnitude of delocalization indexes between atoms of the
system. From the studied systems (Scheme 1), the DI of a single
C-C bond ranges from 0.93 to 1.00 (see Supporting Informa-
tion). On the other hand, the DI varies from 0.12 to 0.80 in a
3c-2e bonding system. For DI< 0.08, there exists no
significant interaction between C-C atoms. In silicon analogues,
the DI value ranges from 0.18 to 0.55 in a 3c-2e bonding
system. There is a direct relation between delocalization index
and bond order (see Supporting Information).

Figure 1 shows the molecular graphs of cations1-3. All
cations follow the Poincare´-Hopf relationship,39 a prerequisite
for completeness in the set of critical points of the topology of
a given molecular system.

The 2-norbornyl cation1 has a bond path linking two bond
critical points (BCPs 1 and 2) in the 3c-2e system. In cation
2, the delocalization index between C1 and C3 is smaller than
that from cation1 (Figure 1). Probably, the fluorine atoms attract
the electronic charge of the C1 atom.40 Hence, the capacity of
σ delocalization of the C1-C2 single bond decreases. The AIM
theory provides the calculation of the bond order18,41 from the
relation between bond order (n) and charge density in the BCP

of a C-C bond (Fb), n ) exp[A(Fb - B)] (see Supporting
Information). In Figure 1, one can see that the C2-C3 bond has
a bond order much higher than 1 in cations1 (n ) 1.65) and2
(n ) 1.52). This also shows thatσ delocalization in1 is higher
than that from2 since cation1 has a higher double character in
the C2-C3 bond. From Figures 1 and 2, one can see that cations
1 and2 have different electronic natures, resulting from different
geometrical parameters between them. The bond lengths, the
interatomic distances, the delocalization indexes, and the bond
order involving all atomic pairs of their corresponding 3c-2e
systems are quite different. This influences their topology as
well (see Figures 1 and 2).

In cation3, the silicon analogue of 2-norbornyl cation1, there
is a different 3c-2e bonding system (Figure 1). It involves
silicon atoms Si1 and Si3 and a hydrogen atom. The hydrogen
atom is more electronegative than the silicon atom. This affords
a different type of 3c-2e bond in cation3 (Scheme 2).

It is important to note that cation3 does not form a 4c-2e
bonding system because the silicon atom 2 (Si2) does not
participate in this system. The DI values involving Si1-Si2 and
Si2-Si3 are typical of single Si-Si bonds (DI ) 0.74).
Moreover, the DI value between Si2 and H4 is very low (DI )
0.08).

The values ofLb of BCPs 1 and 2 (Figure 1) are negative in
cation3. The value of the relation|λ1|/λ3 from these BCPs is
smaller than 1. This means that the interactions involving
hydrogen and silicon atoms 1 and 3 are ionic. Moreover, the
atomic charge of this hydrogen atom is-0.665 au. Figure 3
shows the contour map of the Laplacian distribution of the
charge density of cation3 in the plane of the 3c-2e system.
One can see that there is no overlap of the respective valence
shell charge concentration (VSCC) involving hydrogen and
silicon atoms 1 and 3. Thus, this hydrogen atom resembles a
hydride interacting with two silicon atoms.

In cation 1, there is no overlap of VSCC between C1-C2

and C1-C3 (Figure 3). This also can be verified by the value
of the relation|λ1|/λ3 and the value ofLb in the BCP 1 of cation
1 (Figure 1). These results indicate that there is a closed-shell
interaction between the C1-C2 and the C1-C3 atomic pairs.

Cation4 is aC3V symmetric Masamune-Olah homoaromatic
species.42-44 The reasonable magnitude of delocalization indexes
involving carbon atoms 1-3 reveals the existence of a 3c-2e
bonding system according to Cremer et al.45 There is also a

Figure 2. Bond lengths and interatomic distances (Å) involving the
3c-2e bonding system in the cations1 and2.

Figure 3. Contour maps of the Laplacian distribution of the electronic charge density of the 3c-2e bonding system of cations1 and3. The gray
curves are related to charge depletion, while the black lines are charge concentration.
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uniformity of the interaction among them since these DI values
are similar (Figure 4).

In cation5, the silicon analogue of4, it is possible to see the
topological similarities between4 and 5. The delocalization
indexes among Si1-Si2-Si3 in 5 and C1-C2-C3 in 4 are nearly
the same (Figure 4). However, the contour maps of the Laplacian
of the electronic charge (Figure 5) of both cations indicate that
the distribution of the charge density around Si1-Si2-Si3 in
cation 5 is less uniform than that in cation4 since there are
more Laplacian lines (gray lines) involving Si1-Si2-Si3 atoms
in cation5. Then, in Figure 4, one can see that the charge density
in the RCP of5 is much smaller than that from cation4. Figure
4 also shows that there is no pentacoordinated atom in cations
4 and 5 since no BCP was found between C1-C2, C1-C3,
and C3-C2 atomic pairs26 in 4 and between Si1-Si2, Si1-
Si3, and Si3-Si2 atomic pairs in5.

The delocalization indexes in the 7-norbornenyl cation (6)
indicate the existence of a 3c-2e bonding system (Figure 6),
according to Cremer et al.45 The DI values between C2-C1 and
C3-C1 are half the delocalization index of a single C-C bond.
This means that there is a strong interaction in these atoms.
The bond order of the C2-C3 bond (n ) 1.61) indicates the
delocalization of theπ electrons within the 3c-2e system. In
cation7, the silicon analogue of6, the delocalization indexes
between Si2-Si1 and Si3-Si1 are 73% of a single Si-Si bond.
This more effective interaction in cation7 is related to its small
capacity of making double bonds. Then, there is more distribu-
tion of the charge density of theπ electrons around the Si1,
Si2, and Si3 atoms. The values ofLb in Si2-Si1 and Si3-Si1
atomic pairs and the corresponding value of the relation|λ1|/λ3

indicate that there is a closed-shell interaction between these
atomic pairs (Figure 6).

Figure 4. Molecular graphs of cations4 and5, DI involving their respective 3c-2e bonding systems, and charge density (F) of their respective
RCP in atomic units.

Figure 5. Contour maps of the Laplacian distribution of the electronic charge density of the 3c-2e bonding system of cations4 and5, where the
gray curves are related to charge depletion, and the black lines are charge concentration.

SCHEME 2
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The ellipticity indicates the charge accumulation in the
interatomic surface (i.e., the surface that separates two bonding
atomic basins). The ellipticities of the bond critical points
involving Si2-Si1 and Si3-Si1 bonds in cation7 are 4.91. Then,
there is a high charge accumulation along the interatomic

surfaces between Si2-Si1 and Si3-Si1. The existence of BCPs
and their corresponding bond paths, between Si2-Si1 and Si3-
Si1 atomic pairs, does not imply that7 has stronger homocon-
jugative interactions than6. TheLb value of these critical points
is next to zero (Figure 6). Thus, there is no covalent bond

Figure 6. Molecular graphs of the cations6 and7, DI involving their respective 3c-2e bonding systems, and charge density (F) of their respective
RCP in atomic units. Negative of the Laplacian of charge density (Lb), bond order (n), and value of|λ1|/λ3 are also included.

Figure 7. Molecular graphs of cations8 and9, DI involving their respective 3c-2e bonding systems, and charge density (F) of their respective
RCP in atomic units. Bond order (n) is also included.

Figure 8. Optimized geometry and corresponding envelope of charge density distribution and (3,-3) critical points of the Laplacian of charge
density of cations1, 4, and6.
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between them. Moreover, the electronic charge distribution in
the 3c-2e system of7 is less uniform than that in6 because
F(3,+1) of the 3c-2e system in7, with relatively higher DI
values, is less than half that from cation6.

The cyclopentene cation8 has a planar geometry and low
values of delocalization indexes between C1-C3 and C2-C3

atom carbons (Figure 7). These results indicate that there is no
3c-2e bonding system in this species. Moreover, the DI and
bond order of the C1-C2 bond are characteristic of a double
bond (Figure 7). The absence of 3c-2e bonding system in8 is
in accordance with Olah et al.’s work that proved that it is a
classical ion.46 Cation8 does not have significant homoconju-
gative interactions (i.e., the DI values involving the methine
carbons are close to zero).47,48Thus, cation8 is not a homoaro-
matic system as was observed previously.40

On the other hand, cation9, the silicon analogue of8, has
significant DI values involving Si1, Si2, and Si3 atoms, and its
geometry is not planar. Thus, there exists a 3c-2e bonding
system in9. Because silicon atoms have a small capacity of
making double bonds, theπ delocalization is more effective in
the cation9. Nevertheless, the ellipticities of the BCPs involving
Si1-Si3 and Si2-Si3 bonds are 10.50, which indicate a high
concentration of the charge density in the interatomic surfaces
between Si1-Si3 and Si2-Si3. This also indicates the structural
instability of these bonds.34,35

Figure 8 shows the optimized geometry and corresponding
three-dimensional distribution (envelope) of the charge density.
It also depicts the (3,-3) critical points of the Laplacian of the
charge density. These values represent a maximum of the charge
density concentration in all three curvatures (or coordinates) of
the charge density surface.

From Figure 8, one can see that the three-dimensional
distribution of the charge density in the region of the 3c-2e
system is not the same for every carbonium ion studied in this
work. In cation1, there is no vacancy in the center of the region
of the charge density distribution involving C1, C2, and C3

carbon atoms (in the 3c-2e system). Nonetheless, in4, there
is a vacancy in the center of the region of the three-dimensional
distribution of charge density involving C1, C2, and C3. In 1,
the charge density is not equally distributed throughout the
region of the 3c-2e system. Both cations1 and 4 have a
maximum of the charge density concentration or (3,-3) critical
points of the Laplacian of the charge density in the region
involving their corresponding 3c-2e systems. These are indi-
cated in Figure 8. Instead, in cation6, there is no (3,-3) critical
points of the Laplacian of the charge density in the region of
the 3c-2e system. Thus, cations1, 4, and6 have topologically
different 3c-2e systems, which might give different homoaro-
matic properties.

Conclusion

The magnitude of all delocalization indexes between atoms
of the 3c-2e system can predict homoaromaticity. Cations1,
4, and6 have topologically different 3c-2e systems.

The electronic nature of the 3c-2e bond in the 2-norbornyl
cation (1) is different from its difluoro derivative (2) and its
silicon analogue3. In the difluoro derivative (2), the interaction
among the carbon atoms of the 3c-2e system is smaller than
that from the 2-norbornyl cation (1). In the silicon analogue3,
the 3c-2e system involves the interaction of one hydride ion
with its vicinal silicon atoms.

The electronic density in the 3c-2e bonding system is more
uniform in the 3-bicyclo[3.1,0]hexyl cation (or tris-homocy-
clopropenyl cation4) and in the 7-norbornenyl cation (or bis-

homocyclopropenyl cation6) than in their corresponding silicon
analogues5 and7. The cyclopentene cation (8) does not have
homoconjugative interactions, unlike its silicon analogue (9).
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