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A ferramenta de Gassman-Fentiman da demanda crescente de elétrons foi usada para identificar 
íons carbênios e íons carbônios. Contudo, devido ao seu entendimento ambíguo, ela foi pivô de 
uma disputa histórica. Nós aplicamos a metodologia da Teoria Quântica de Átomos em Moléculas 
- QTAIM - para caracterizar íons carbênios e íons carbônios de uma forma mais eficaz e mais fácil. 
Essa metodologia pode ser usada para avaliar se um carbocátion é clássico ou não. Além disso, é 
possível classificar um conjunto de íon carbônio na ordem de magnitude da deslocalização σ, ou 
π. Há poucas diferenças entre os resultados de nosso modelo baseado na QTAIM e da ferramenta 
de Gassman-Fentiman. Contudo, diferentemente da ferramenta de Gassman-Fentiman, os cátions 
7-anisol-7-norbornenila e 2-anisol-2-norbornila são não-clássicos, embora sejam os menos íons 
não-clássicos em seus conjuntos correspondentes de cátions estudados.

The Gassman-Fentiman tool of increasing electron demand was used to identify carbonium 
and carbenium ions. Nonetheless, due to its ambiguous understanding, it was pivot of a historical 
dispute. We applied the Quantum Theory of Atoms in Molecules (QTAIM) metodology to 
characterize the carbonium and carbenium ions on an easier and more effective way. By comparing 
selected topological information of reference carbenium ions the QTAIM metodology can be used 
to evaluate whether a carbocation is classical or not. In addition, it is possible to rank a set of 
carbonium ions in order of their corresponding σ or π delocalization. There are few differences 
between our QTAIM-based model and Gassman-Fentiman tool. Unlike Gassman-Fentiman tool 
results, 7-anisyl-7-norbornenyl and 2-anisyl-2-norbornyl cations are non-classical, although they 
are the least nonclassical ions in their corresponding set of studied cations.
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Introduction

In 1949 Winstein and Trifan1,2 postulated the assistance 
of σ electron delocalization to account for the large rate 
differences in acetolysis of exo- and endo-2-norbornyl 
brosilates. On the other hand, Brown3,4 attributed these 
differences to steric effects. Thereafter, heated debates 
on nature of norbornyl cation, named the nonclassical 
ion controversy, took place.3-5 Nonetheless, experimental 
evidences6-9 indicated that norbornyl cation had no trivalent 
carbenium center characteristic of a classical ion. Eventually, 
the nonclassical nature10 of the hypercoordinate norbornyl 
cation, characterized by delocalized σ electrons in a three-
center two-electron (3c-2e) bonding, was proved.11 

Carbenium and carbonium ions, formerly named 
classical and nonclassical ions, respectively, can be 

identified by an index developed by Schleyer and 
collaborators12 based on the total 13C NMR chemical shift 
difference between a carbocation and the corresponding 
neutral hydrocarbon. In the classical trivalent carbocations 
the chemical shift difference, ∆δ, is more than 350 ppm 
while in nonclassical carbocations ∆δ < 100 ppm.

Gassman and Fentiman13,14 showed that the classical or 
nonclassical nature of the 7-aryl-p-substituted-7-norborenyl 
cation is dependent on the electron-withdrawing/-donating 
capacity of the p-substituent group of the aryl moiety. 
The corresponding 1H NMR study of hydrogen atoms 
of the aryl moiety of these cations demonstrated that the 
7-p-anisyl-7-norbornenyl cation is a carbenium ion.15 The 
Gassman-Fentiman tool of increasing electron demand was 
applied to confirm the onset of π participation in the 2-aryl-
5-norbornen-2-yl system16 and the onset πσ participation 
in 9-aryl-9-pentacyclo[4.3.0.0.0.] nonyl system.17 This tool 
was also used to show that there is no σ participation in 
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the 2-aryl-2-norbornyl system.18-21 Nonetheless, Olah and 
collaborators do demonstrate σ participation in the 2-aryl-
2-norbornyl cations.22-24 

Another 1H NMR study of hydrogen atoms of the 
norbornyl moiety of several 2-aryl-2-norbornyl cations25 
indicated the onset of carbonium ions by varying the nature 
of substituents on the phenyl ring. Olah et al.23 applied the 
same method by using 13C NMR spectroscopy and showing 
that it is more reliable than the former.22,26 Furthermore, 
similar studies were performed with cyclopropyl, allyl and 
propargyl groups.27 Olah et al.22 argued that the NMR study 
of the increasing electron demand is useful to determine 
the onset of π, πσ, σ-delocalization provided no alternative 
explanation exists. Nonetheless, if the structural changes 
of the studied species during its solvolysis are limited, the 
Gassman-Fentiman tool may be considered ineffective.28 

The quantum theory of atoms in molecules (QTAIM) 
was used to study many carbonium ions, such as proponium 
and 2-norbornyl cations.29-39 In this work we show that the 
QTAIM can be used to evaluate whether a carbocation is 
classical or not. It is also possible to determine the order of 
σ or π delocalization within the similar group of cations.

Computational Methods

The geometries of the studied species were optimized 
by using standard techniques.40 Vibrational analyses on the 
optimized geometries of selected points on the potential 
energy surface were carried out to determine whether the 
resulting geometries are true minima or transition states, 
by checking the existence of imaginary frequencies. 
Calculations were performed at B3LYP/6-311++G** 
level41-44 by using Gaussian 03 package.45 Electronic 
density was obtained at B3LYP/6-311++G** level for 
further QTAIM calculations. Charge density of the critical 
points, ellipticity, atomic charge, atomic dipole moment 
and delocalization index 29,46-48 were calculated by means 
of AIM2000 software.49 

Rationale

The use of the Gassman-Fentiman tool of increasing 
electron demand has led to scientific conflict in the past.18-24  
A careful choice of the parameters is necessary for a 
judicious application of this method. Its main idea is 
related to the linearity and the deviation of this linearity 
in a given parameter applied to a set of similar molecular 
systems. The molecular system which deviates from the 
Gassman-Fentiman linearity is probably operating on a 
different mechanism which is not common to all other 
systems.22 This principle does not state that, if a deviation 

is not found, the mechanism is not operating. Nor does 
it state that if two systems show the same deviations the 
same mechanism must be operating in both cases. Thus, 
the Gassman-Fentiman tool of increasing electron demand 
lacks precision, reliability and consensus. The QTAIM study 
of the electronic nature of these cations does not require the 
comparison between different parameters for a large group 
of similar molecular systems. The analysis of the electronic 
characteristics of the ions is individual. It depends only on 
a simple comparison of determined electronic parameters 
between known classical ions and the studied ions. These 
parameters are the delocalization index, the atomic charge, 
the QTAIM bond order, the ellipticity and the atomic dipole 
moment (See supplementary material).

The delocalization index (DI) is a measure of number of 
electrons that are shared or exchanged between two atomic 
basins from integration of the Fermi hole density through 
a pair density matrix.47,50-54 The B3LYP functional has an 
exchange-correlation contribution from Slater determinant 
and the exchange-correlation potential-energy density.41 
Then, the density matrices of the density functional theory 
(DFT) yield similar results to post-Hartree-Fock theories 
like MP2 (see Supplementary Information). It is important 
to emphasize that the delocalization index does not measure 
the delocalization of valence electrons over the whole 
molecular system. It is also important to remark that the 
sum of all localization indexes and half DI´s (because each 
atomic pair has the same DI) yields the total population of 
the molecular system.47,50-54 The delocalization index of very 
weak CC interactions lies between 10-2 and 10-3 order of 
magnitude. The DI value of 10-1 order of magnitude for CC 
bonds is characteristic of moderate CC interactions (See 
Supplementary Information).

The ellipticity (ε) in a BCP is derived from the relationship 
between the λ

1
 and λ

2
 eigenvalues of the Hessian of electron 

density (ρ). Its increase is a measure of how the electron 
density distribution is distorted from the axial symmetry of the 
bond. As ε approaches to zero, the bond tends to be single or 
triple, i.e., completely symmetrical to interatomic axis.29,46-48  
The QTAIM bond order30,55 is obtained from its relation with 
the charge density in the BCP (ρ

b
) of the corresponding CC 

bond {n = exp[A(ρ
b
 – B)]}. The atomic dipole moment 

[M
1
(Ω)] measures the magnitude and direction of the electron 

cloud of the atom in relation with its nucleus.
In the first part of the Results and Discussion section we 

intend to find reference carbenium ions by comparing their 
topological characteristics with a well-known carbenium 
ion. Thereafter, selected topological information of the 
reference carbenium ions will be compared with those 
from their corresponding parents to classify their classical 
or non-classical nature. 
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Results and Discussion

Scheme 1 shows the studied molecular systems.

Reference carbenium ions

The cyclopentenyl cation 1 is a well known carbenium 
ion.28,56 It has no 3c-2e bonding system and no homoconjugative 
interactions. Let us compare some topological information 
of the cation 1 with cyclopentene. The ellipticity (ε), bond 
length and bond order of the double bond (C2-C3 bond) 
of cyclopentene and cation 1 are very similar. The DI´s of  
C1-C2 and C1-C3 atomic pairs also are very similar between 
cyclopentene and the cation 1 (Figure 1). Thus, from QTAIM, 
one can see that cyclopentenyl cation 1 does not have π 
delocalization from C2-C3 bond.

To evaluate the classical or non-classical nature of the 
cation 2 it is needed to compare some of its topological 
information with the cation 1. The magnitude of the atomic 
dipole moment of C2 and C3 atoms in 1 and 2 are very 
similar but higher than those from the cyclopentene because 

of the positive charge in 1 and 2. The ellipticity (ε), bond 
length, delocalization index and bond order of the double 
bond (C2-C3 bond) of the cations 1 and 2 also are very 
similar (Figure 1). Figure 2 shows the components of the 
atomic dipole moment, M

1
(Ω), of the carbon atoms C1 

and C2 of the species 1 and 2. The set of values and signs 
of M

1
(C2)

X
, M

1
(C2)

Y
, M

1
(C2)

Z
 of 1 and 2 indicate that 

M
1
(C2) points towards C1 atom in both species. Except 

for the magnitude of M
1
(C1), all other selected topological 

information between 1 and 2 are very similar. Thus, one 
can assume that the cation 2 is non-classical. Hereafter, 
the cation 2 will be used as reference of carbenium ion. 
Some of its electronic features will be compared to the 
set of the cations 4 to 6 so as to verify their classical or 
nonclassical nature. 

To investigate the classical or non-classical nature of 
the cation 3, it is not necessary to compare it with other 
carbenium ion. The values of DI of the C1-C3 and C1-C2 
atomic pairs are very small (10-2 order of magnitude) and 
they are equivalent to very weak CC interactions. The DI 
and bond order of C2-C3 bond are similar to those from a 
single CC bond. Thus, the cation 3 has no σ delocalization 
and it can be regarded as a carbenium ion as well. The cation 
3 also will be used as a reference of carbenium ion in the 
comparison with the cations 7 to 9. 

Investigation of classical or non-classical nature of the 
species 4 to 9

Figure 3 depicts some geometrical and electronic 
parameters of the cations 4, 5 and 6. The ellipticity, 
bond order and delocalization index of the C2-C3 bond 

Scheme 1

Figure 1. The ellipticity (ε), the delocalization index (DI), the atomic dipole moment [M
1
(Ω)] in au, the atomic charge [q(Ω)] in au, the bond lengths and 

the interatomic distances (in Angstroms) of cyclopentene and the cations 1 and 2. Dashed lines represent interatomic distance.
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in the cations 4 to 6 are smaller than those from cation 
2. On the other hand, the DI´s of the C1-C2 and C1-C3 
atomic pairs are significantly higher than those from 
cation 2. All of these information indicate that there is 
a π delocalization in cations 4 to 6. Nonetheless, they do 
not have the same level of π delocalization. In Figure 4, 
the set of values and signs of the components of M

1
(Ω) 

in the C1 and C2 atoms of 4 and 6 indicate that M
1
(C1) 

points towards C3-C2 bond and M
1
(C2) points towards 

C1 atom. The electronic nature of the substituent in C1 
determines how delocalized will be the π electrons of 
the norbornenyl moiety. In Figure 3, one can observe 
a direct relation between the atomic dipole moment of 
C1 and the DI´s of C1-C2 and C1-C3 atomic pairs. The 
higher the M

1
(C1) the higher DI (C1-C2) and DI (C1-

C3). From these results, one can say that the order of π 
delocalization in these cations is 6 > 4 > 5. Since non-
classical ions are characterized by delocalization of σ, 
π or σπ electrons, one can say that the cations 4 to 6 are 
non-classical ions. Even the cation 5 is a non-classical 
ion because its electronic features are very different from 
those from the classical ion 2. However, the cation 5 is 
the least non-classic of its set of similar ions. 

Figure 5 depicts the delocalization index, the atomic 
charge, the ellipticity, the bond order, the bond lengths and 
the interatomic distances of the cations 7 to 9. The values of 
the bond order and delocalization index of C2-C3 bond in 
the cations 7 to 9 are significantly smaller than those from 
a single CC bond. On the other hand, the values of the bond 
order and delocalization index of C1-C2 bond in the cations 
7 to 9 are higher than those from a single CC bond.

The delocalization index of the C1-C3 atomic pair in 
7 to 9 is considerably higher than that from cation 3. The 

values of DI (C1-C3) of the cations 7 to 9 are equivalent to 
the DI value from a moderate CC chemical interaction. 

In addition, the ellipticities of C2-C3 and C1-C2 bonds 
of the cations 7 to 9 are higher than that from a single CC 
bond. The ellipticity of C1-C2 bond is twice higher than 
the ellipticity of C2-C3 bond of all cations 7 to 9. 

All of these information indicate that there is a 
σ-delocalization from C2-C3 bond in these cations. 
According to the values of DI and bond order involving C1, 
C2 and C3 atoms in 7 to 9, one can observe the following 
order of σ-delocalization in these cations: 9 > 8 > 7.

The cations with anisyl substituent (5 and 8) are the 
least nonclassical ion in its corresponding set of carbonium 
ions. Nonetheless, they can be regarded as non-classical 
ions unlike the Gassman-Fentiman tool prediction about 
them.

Figure 2. Molecular graph and the components of the atomic moments 
of carbon atoms C1 and C2, in au., of the cations 1 and 2. Pictorial 
representation of M

1
(Ω) vector is also shown in C1 and C2 atoms.

Figure 3. Selected ellipticity (ε), delocalization indexes (DI), atomic 
dipole moment [M

1
(Ω)] in au, bond order (n), bond lengths and interatomic 

distances (in Angstroms) of the cations 4, 5 and 6. Dashed lines represent 
interatomic distance.

Figure 4. Molecular graph and the components of the atomic moments 
of carbon atoms C1 and C2, in au, of the cations 4 and 6. Pictorial 
representation of M

1
(Ω) vector is also shown in C1 and C2 atoms.
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We found small differences between our QTAIM model 
and Gassman-Fentiman tool. Unlike Olah and collaborators’ 
study,23 2-anisyl-2-norbornyl cation is not a classical ion in 
our QTAIM model. However, it is the least non-classical ion 
of its studied series in gas phase. Probably, this difference 
can be accounted for by the influence of solvent effects in 
the Gassman-Fentiman tool.

Conclusions

QTAIM can be used to evaluate whether a determined 
cation is classical or not. The comparison of electronic 
parameters between a reference classical ion and the 
studied ion represents an easier and more effective way 
to classify a determined cation. This methodology affords 
to rank a determined set of carbonium ions in order of 
the magnitude of the σ, or π delocalization. We found 
small differences between our QTAIM-based model and 
Gassman-Fentiman tool. Unlike Gassman-Fentiman tool 
results, 7-anisyl-7-norbornenyl and 2-anisyl-2-norbornyl 
cations are non-classical, although they are the least 
non-classical ions in their corresponding set of studied 
cations. 
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indexes of carbon atoms in trishomocyclopropenyl cation 
and cyclopentadiene; bond order in QTAIM, bond order 

and delocalization index, relation between bond order 
and charge density, comparison of delocalization indexes 
between MP2 and B3LYP, computed energy values of 
species 1 to 9 and Z matrices of the optimized structures. 
Total energies and geometry coordinates are also included. 
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