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Abstract The highly pyramidalized molecule bisnorada-
mantene is extremely reactive toward nucleophiles and
dienes. In this work, we studied the electronic structure of
bisnoaradamantene, as well as those of its cation and dica-
tion, which are previously unreported carbonium ions.
According to QTAIM and MO analysis, there is a 3c-2e
bonding system in the bisnoradamantenyl cation and a 4c-2e
bonding system in the bisnoradamantenyl dication. A topo-
logical study indicated that, on going from bisnoradaman-
tene to its dication, π-bond interaction with the bridgehead
carbon atom increases. Additional study of the bisnorada-
mantanyl dication also indicated that it has two multicenter
bonding systems. Comparison of the D3BIA and NICS
aromaticity indices of these molecules and other derivatives
indicates that these indices are well correlated, and analysis
of these indices shows that the cationic and dicationic bis-
noradamantenyl species are homoaromatic.
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Introduction

Pyramidalized alkenes are molecules containing C=C dou-
ble bonds in which, for either or both of the (sp2) unsaturat-
ed carbon atoms, the carbon atom lies in a different plane to
the three atoms attached to it [1]. The pyramidalization
angle (Φ) is the angle between the axis that passes through
both sp2 carbon atoms and an atom vicinal to one of those
carbon atoms (Scheme 1). Highly pyramidalized alkenes are
extremely reactive toward nucleophiles and dienes, which is
believed to be due to poor p–p orbital overlap in the double
bonds of these systems, which gives these bonds diradical
character [2]. The highly pyramidalized and unstable mole-
cule tricyclo[3.3.0.03.7]oct-1(5)-ene, or bisnoradamantene 1,
was synthesized by Camps and collaborators [3, 4] and
Schleyer and collaborators [5, 6] (Scheme 1). In the absence
of trapping agents, 1 dimerizes to its cyclobutane derivative 2,
which easily converts to the diene derivative 3. Compounds 2
and 3 are the [2+2] cycloaddition and retro-cycloaddition
adducts of 1, respectively.

The most common synthetic applications of bisnoradaman-
tene and its derivatives have been Diels–Alder reactions with
reactive dienes, dimerization, and cycloaddition followed by a
retro-cycloaddition reaction with another pyramidalized al-
kene [2, 7–13]. Border et al. successfully detected the
(Ph3P)2Pt complex of the dimethyl derivative of 1 [14].

Frontier orbital theory was used by Hrovat and Borden
[15] to explain the reactivity of pyramidalized alkenes. As
the pyramidalization angle increases, the HOMO/LUMO
energy gap decreases and the C=C double bond elongates.
Greater pyramidalization leads to an increase in the heat of
hydrogenation and in the olefin strain energy [2, 15–18].
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However, no theoretical study of the bisnoradamantenyl
cation 4 and the related dication 5 has been performed to
date (Scheme 2).

The bisnoradamantenyl cation and dication, the dication
derivatives, and the bisnoradamatanyl dication may have
multicenter bonding systems that could stabilize such sys-
tems. The bisnoradamantenyl dication has similar properties
to the 1,3-dehydro-5,7-adamantanediyl dication [19] and
related species [20, 21]. Thus, studying them could lead to
strategies for dealing with these unstable systems, and may
provide information on the bonding scheme. In this work,
we have used the quantum theory of atoms in molecules
(QTAIM), the aromaticity indices NICS and D3BIA, and
molecular orbital theory to study and compare the electronic
structures of these systems with those of their corresponding
neutral compounds.

Computational details

The geometries of the studied species were optimized with the
Berny algorithm using energy-represented DIIS in redundant
internal coordinates [22, 23]. Vibrational analysis of the

optimized geometries of selected points on the potential energy
surface was carried out in order to determine whether the
resulting geometries were true minima or transition states by
checking for the existence of imaginary frequencies. The cal-
culations were performed at the B3LYP/6-311++G(d,p)
[24–26] and M06-2X/6-311++G** [27, 28] levels using the
Gaussian 09 package [29]. Electronic density was derived from
the Kohn–Sham orbitals and subsequently used in the QTAIM
calculations performed by the AIM2000 software package
[30]. The algorithm used by AIM2000 to search for critical
points is based on the Newton–Raphson method, which is
heavily reliant on the starting point chosen [31]. Every avail-
able alternative method of increasing the calculation accuracy
and choosing different starting points was utilized. Iterations to
find critical points begin with nuclear positions, mean values of
pairs of maxima, and mean values of triples of maxima,
followed by iterations from a chosen starting point that is
potentially close to a critical point. Integrations over the atomic
basins were calculated in natural coordinates using the default
options for integration. All integrations yielded values on the
order of 10−3 to 10−4 for the Laplacian of the calculated atomic
basin. Atomic energies were calculated using the atomic virial
approach. All calculated bond paths were mirrored by their
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Scheme 1 Definition of the pyramidalization angle (Φ), and dimerization of bisnoradamantene 1 to its cyclobutane derivative 2 and subsequent
conversion to the diene derivative 3
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Scheme 2 Tridimensional and planarized structures of bisnoradamantene 1 and its cation and dication derivatives 4 and 5, respectively
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corresponding virial paths (i.e., maximum negative potential
energy between the two atoms). According to the atomic virial
approach, bond paths mirrored by virial paths are indicative of
the bonded interaction. All molecular graphs satisfied the
Poincaré–Hopf relationship [32], a prerequisite for complete-
ness of the set of critical points of the topology of a given
molecular system. MP2(full)/6-311++G** calculations [33]
were also performed to obtain the proper MO frontier orbitals.
NICS (nucleus-independent chemical shift) calculations [34]
were performed at the M06-2X/6-311++G** level by employ-
ing the GIAO (gauge-independent atomic orbital) method [35]
at the geometric center of the cage.

QTAIM basics

A critical point is an important point where the first deriv-
ative or first partial derivatives (gradient) of a function with
respect to its coordinates are zero.

The delocalization index (DI) is the number of electrons
shared between each atomic pair [36, 37]. The higher the
value of DI, the stronger the (shared shell) interaction be-
tween the pair of atoms. On the other hand, the localization
index represents the number of electrons localized (not
shared) in an atomic basin.

It is important to emphasize that the delocalization index
of a very weak C–C interaction is on the order of 10−2 to
10−3. Moderately strong C–C interactions have DI values on
the order of 10−1 [38–40].

The Laplacian of the charge density is the trace of a
Hessian matrix whose elements are second derivatives of
the charge density with respect to its coordinates, and it
represents the concentration or depletion of the charge den-
sity in a specific region of the molecular system [41]. A
negative sign for ∇2ρ represents charge density concentra-
tion and a positive sign for ∇2ρ represents charge depletion.

The ellipticity (ε) is is calculated as [(l1/l2) − 1]. Here, l1
and l2 are eigenvalues of the Hessian matrix of the charge
density. They are eigenvalues of the corresponding eigenvec-
tors~u1 and~u2, respectively. The eigenvectors~u1 and~u2 belong
to a plane perpendicular to the bond path at the BCP between
two bonding atoms. When ε>0, the corresponding chemical
bond or chemical interaction does not have cylindrical sym-
metry, unlike a single or triple bond.

D3BIA

The density, degeneracy, and delocalization-based index of
aromaticity (D3BIA) was inspired by the proposal of
Nascimento (based on generalized valence bond theory
and Feynman diagrams) that the aromaticity of benzene is
a 6c-6e multicenter bond [42].

Building on this, we assumed that the degeneracy of the
atoms at an aromatic site (for instance, the six carbon atoms
in benzene) and the charge density at the aromatic site (for
instance, the region inside the benzene ring) are related to
the multicenter bonding schemes of aromatic systems (as
proposed by Nascimento).

Moreover, we also noticed the influence of the uniformity
of the delocalization index over the whole aromatic site on the
stability of a chemical species. For example, we observed that
the large difference in stability between the (isolated and
characterized) 4,9-diamantyl dication and the (yet-to-be-iso-
lated) 1,6-diamantyl dication can be attributed to the higher
uniformity of the delocalization indices among the carbon
atoms in the former [39]. We therefore proposed the following
formula for the delocalization index uniformity (DIU):

DIU ¼ 100� 100σ

DI

� �
; ð1Þ

where σ is the mean deviation and DI is the mean DI of
the aromatic site.

We have performed a more comprehensive study of the
importance of the DIU to the stabilities of chemical species,
which will be published elsewhere.

After evaluating the topological parameters that may relate
to aromaticity—such as the charge density at a cage critical
point, the delocalization index, and the atomic energies of
carbon atoms at the aromatic (or non-aromatic) sites—for
more than 30 aromatic and non-aromatic caged molecules,
we arrived at the following formula:

D3BIA ¼ RDF � DI � DIU � d ð2Þ

where δ is the degree of degeneracy and RDF is the ring
density factor. The ring density factor is the charge density
of the cage critical point [ρ(3,+3)].

From the analysis of more than 30 aromatic and non-
aromatic caged molecules [39], we established that δ is
maximal (δ = 1) when the atomic energy difference at the
aromatic site is smaller than 0.009 a.u.

In this work, the degree of degeneracy relates to the C1–

C4 atomic basins; DI is the average delocalization index for
the C1–C4 atomic basins, and the ring density factor is the
charge density of the cage critical point [ρ(3,+3)] for topo-
logical caged structures, as also established for adamanta-
nediyl ions and their analogs [39].

Results and discussion

Scheme 3 shows bisnoradamantene 1, the bisnoradaman-
tenyl cation 4 and dication 5, the dication derivatives 6–8,
bisnoraradamantane 9, and the bisnoradamatanyl dication
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10. In Scheme 3, the dashed lines represent multicenter
bonding. Structures 6–8 were included in order to check
the effects of the presence of some electron-withdrawing
substituents on the bonding scheme.

Figure 1 shows the optimized geometries of the studied
species 1, 4–7, 9, and 10, as well as selected bond lengths
and interatomic distances (in Å). All studied species were
minima on the potential energy surface.

The C3–C4 bond in bisnoradamantene 1 (1.668 Å) is
longer than the length of a conventional single C–C bond
(∼1.55 Å). The C3–C4 bond in 1 in its singlet state is even
longer than that of the corresponding bond in bisnorada-
mantene in a triplet state: 1.635 Å (see the “Electronic
supplementary material,” ESM).

In the monocation 4 and dication 5, carbon atoms 1, 2,
and 4 in 4 and 1–4 in 5 are supposedly involved in the
multicenter bonding. Upon going from the neutral species 1
to the cation 4 and then to the dication 5, the C1–C2 bond
length increases from that of a typical double bond (in 1) to
nearly a single bond length (in 5). This suggests a decrease
in the π-bonding on going from the neutral molecule 1 to the
dication 5. Conversely, the C3–C4 interatomic distance
decreases from 1 to 5 (Fig. 1). Accordingly, the interatomic
distance between the C1 and C4 atoms in 4 and in 5 is
shorter than it is in 1. As a consequence, the atomic pairs
C1–C4 and C2–C4 in 4 and C1–C4, C1–C3, C2–C3, and
C2–C4 in 5 probably have stronger chemical interactions
than those in 1. These statements are also supported by their
corresponding DIs (Table 1).

The tetrafluoro-substituted dication 6a is 11.8 kcal mol−1

(as calculated at the B3LYP/6-311++g(d,p) level) lower in
energy than its isomer 6b. The C1–C2 bond length is basi-
cally the same in 6a and 6b. The C3–C4 bond length is

slightly shorter in 6a than in 6b and 5. According to the
inverse relation between bond length and bond strength,
there is a stronger interaction between the C3 and C4 atoms
in 6a than in 6b, which is supported by the corresponding
DI values, which are 1.055 for C3–C4 in 6b and 1.079 for
C3–C4 in 6a.

In species 7 and 8, there are nitrogen (7a and 7b) and oxygen
(8) atoms instead of methylene groups. Species 7a has a longer
C1–C2 bond and a shorter C3–C4 bond than those in 7b, which
indicates higher π-bond participation in 7a. In addition, 7a is
lower in energy than 7b (ΔG7a–7b=10.4 kcal mol−1, as calcu-
lated at the B3LYP/6-311++G** level).

Figure 2 shows the (3,−3) critical points of the Laplacians
of the charge density [43] for 7a and 7b. Each critical point
represents the point at which the highest concentration of
charge density occurs in the bonding region [41]. It also
represents an unshared electron pair, as seen for the nitrogen
atoms in 7a and 7b. All four unshared electron pairs in 7b
have an upward orientation, while two of the unshared
electron pairs in 7a have a downward orientation and the
others have an upward orientation. The energy of the nitro-
gen (−55.1215 a.u.) in 7a is higher than its corresponding
value in 7b (EN=−55.1345 a.u.). This information implies
that the unshared electron pairs in 7a interact with all of the
positively charged C atoms to some extent, while the un-
shared electron pairs in 7b only interact with two positively
charged C atoms (Fig. 2), which may be responsible for the
smaller energy of the isomer 7a.

The interatomic distances between the C1 and C4 atoms
and the C3 and C4 atoms in 6, 7, and 8 are smaller than
those in 1, except for the C3–C4 interatomic distance in 7b.
This indicates that the bisnoradamatenyl dication derivatives
6, 7, and 8 show stronger chemical interactions in the atomic
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Scheme 3 Planar structures of the studied molecules 1 and 4–10
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pairs C3–C4, C1–C4, C1–C3, C2–C3, and C2–C4 than the
corresponding pairs do in 1, except for the C3–C4 interac-
tion in 7b, probably because of the multicenter bonding that
occurs in these derivatives.

In bisnoradamantane 9, the C1–C2 and C3–C4 bonds are
slightly shorter (1.624 Å) than the C3–C4 bond in 1 and

longer than a conventional single C–C bond. Their bond
orders (n) are smaller than that of a conventional C–C bond
(Table 2). Bisnoradamantane and bisnoradamantene have
neither multicenter bonding nor a cationic center to attract
bonding electrons, unlike in 4 and 5. Bonding electrons in 1
and 9 are therefore more localized than those in 4 and 5. The
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Fig. 1 Geometries of the species 1, 4–7, 9, and 10, as well as C–C bond lengths and interatomic distances (in Å) for them, as obtained at the
B3LYP/6-311++G** and M06-2X/6-311++G** (values in parentheses) levels of theory. Dashed lines represent the interatomic distances
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increased localization of the C1–C2 and C3–C4 bonding
electrons possibly yields greater electronic repulsion among
their respective electrons. In comparison with the stable
molecule tetra-t-butyl-tetrahedrane (which has a cage with
similar “intersecting” C–C bonds), the cage structures of 1
and 9 are less rigid due to the presence of more atoms in the
cage, yielding a higher degree of freedom. We can then infer
that this less rigid cage structure of 1 and 9 allows C3–C4
and C1–C2 to lengthen in comparison to single C–C bonds,
thus decreasing the electronic repulsion between these
“intersecting” bonds.

In the dication 10, the length of the C1–C2 bond lies
between those of a single and a double bond, and the C3–C4
interatomic distance (3.173 Ǻ) indicates ring opening. This
is somewhat expected, since there is no geometric or elec-
tronic effect that could decrease the intramolecular charge–
charge repulsion.

Figure 3 shows molecular graphs of bisnoradamantene 1
and the bisnoradamantenyl cation 4 and dication 5 accord-
ing to the B3LYP/6-311++G(d,p) electronic density, depict-
ing the bond critical points 1–3 (BCP 1–3), as well as a
molecular graph of 4 based on the M06-2X/6-311++G(d,p)-
calculated electronic density. Each molecular graph is rep-
resented by bond paths and by critical points of the gradient

of charge density (∇ρ). Except for 4, the pair of molecular
graphs obtained from the M06-2X/6-311++G(d,p)-calculat-
ed and B3LYP/6-311++G(d,p)-calculated electronic densi-
ties for each molecule are homeomorphic [44]. The bond
paths and the topological values associated with the bond
critical point (BCP) are used to evaluate the nature and
strength of a chemical bond or interatomic interaction [41,
45, 46].

According to the QTAIM analysis of dication 5, there
are two bond paths linking BCP 1, BCP 2, and BCP 3.
Only species 6a and 6b have the same bond paths where
BCP 3 is located. On the other hand, QTAIM analysis of
the electronic density obtained from the M06-2X function-
al shows that the bisnoradamantenyl cation 4 has two
more bond paths involving the C1, C2, and C4 atoms
besides that linking C1 and C2. These bond paths (BCP 2
and 3) in bisnoradamantenyl cation 4 indicate a 3c-2e
bonding system involving the C1, C2, and C4 atoms. As
a consequence, the 3c-2e bonding scheme in 4, as calcu-
lated using the M06-2X functional, is stronger than that
calculated using the B3LYP functional for the same spe-
cies, as also observed from the higher DI values of the
C4–C2 and C4–C1 atomic pairs based on the M06-2X/
6-311++G(d,p)-calculated electronic density (see Table 1).

(3,-3) critical point of
Laplacian of charge density

from unshared electron pair of N

(3,-3) critical point of
Laplacian of charge density

from unshared electron pair of N

7a 7b Positively charged C atoms
that possibly interact with

all unshared electron pairs

Fig. 2 (3,−3) critical points of the Laplacians of charge density for 7a and 7b

Table 2 Average DIs (based on
C1–C2, C3–C4, C1–C3, C1–C4,
C2–C3, and C2–C4), the
corresponding mean deviations
(σ) and DIUs, the degrees of
degeneracy (δ) involving the
C1–C4 atomic energies, ring
density factors, and the NICS
values of the molecules 1, 4, 5,
6a, 7a, 8, and 9

Species Average DI σ DIU δ RDF D3BIA NICS (ppm)

1 0.496 0.526 −6.174 0.5 0.048 −0.1 −3.25

4 0.570 0.315 44.694 0.5 0.080 1.8 −28.52

5 0.659 0.276 54.061 1 0.136 7.3 −54.13

6a 0.631 0.289 54.177 1 0.131 7.1 −48.92

7a 0.522 0.290 44.420 1 0.142 6.3 −53.21

8 0.482 0.296 38.678 1 0.152 5.9 −41.49

9 0.348 0.377 −8.405 1 0.038 −0.3 −9.24
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Table 1 shows important topological information for
atoms C1 to C4 and their corresponding bond critical points
in the species 1 and 4–10 obtained using both the B3LYP-
and the M06-2X-calculated electron densities: delocaliza-
tion index (DI), charge density of the bond critical point (ρ),
QTAIM atomic charge [q(Ω)], Laplacian of the charge den-
sity of the bond critical point (∇2ρ), QTAIM formal bond
order (n), localization index (LI), and ellipticity of a chem-
ical bond (ε).

Analysis of the topological information for all studied
species in Table 1 indicates that very similar results are
obtained regardless of whether the electron density is calcu-
lated using B3LYP or M06-2X.

In bisnoradamantene 1, the bond orders and corresponding
DI values of the C1–C2 and C3–C4 bonds are smaller than
those of conventional double and single bonds, respectively
[47]. In addition, there are moderate DI values for the C1–C3,
C1–C4, C2–C3, and C2–C4 atomic pairs, which indicate that
each of these atomic pairs has a moderate interaction strength.
These moderate interatomic interactions are not characteristic
of neutral alkenes, but bisnoradamantene 1 may be an excep-
tion, perhaps due to geometric constraints arising from its
highly pyramidalized angle (Φ = 72.4°).

In this work, two QTAIM bond orders were used for
comparison purposes: one obtained from the BCP charge
density [48, 49] and the other from the linear relation be-
tween DI and the formal bond order [47] (see the ESM). The

values of these QTAIM bond orders were very similar
(Table 1).

In cation 4, there are reasonable values of DI for the
atomic pairs C1–C4 and C2–C4. These DI values are similar
to the set of DIs observed for a multicenter bonding system
[38, 40]. This suggests a 3c-2e bond involving the C1, C2,
and C4 atoms in 4.

In dication 5, both the C1–C2 and the C3–C4 bonds have
the same DI and bond order values. The bond orders of C1–
C2 and C3–C4 are slightly higher than that of a single bond.
The corresponding DIs also are slightly higher than that of a
single C–C bond (see the ESM). The values of the charge
density, the Laplacian of the charge density, and the elliptic-
ities of BCPs 1 and 2 also are similar. The value of ρ for BCP 3
is not negligible (it is half the value of a single C–C bond),
although its ∇2ρ value indicates charge depletion, and there is
no corresponding BCP 3 in the virial graph of 5, which means
that the atomic interaction line that passes through BCP 3 in
the molecular graph of 5 is not a bond path (ESM). For the
valence shell charge concentration (VSCC) of dication 5, no
(3,−3) critical point of the Laplacian of the charge density (the
absolute maximum concentration of the charge density) was
found between the C1–C2 and C3–C4 bonds (Fig. 3).
However, the set of DIs for the atomic pairs C1–C3, C1–C4,
C2–C3, and C2–C4 are similar to those for a multicenter
bonding system, thus suggesting the existence of a 4c-2e
bonding system in 5 [38–40].

BCP 1

BCP 2

2

1

3
4

BCP 2

BCP 3

BCP 1

2

1

3 4

2

1

3 4

H

C

1                             54

BCP 2

BCP 1

4 (M06-2X)                                  4 (M06-2X)

BCP 3

BCP 3
3

3

4

4

2

2
1

1

Fig. 3 Molecular graphs of bisnoradamantene 1 and the bisnorada-
mantenyl cation 4 and dication 5 according to the B3LYP/6-311++G(d,
p)-calculated electronic density, and a molecular graph of the bisnor-
adamantenyl cation 4 based on the M06-2X/6-311++G(d,p)-calculated
electronic density. The molecular graph for the latter is shown twice

from different viewpoints (the first is from nearly the same viewpoint
as used for the B3LYP/6-311++G(d,p)-calculated molecular graph of
4; the viewpoint used in the second facilitates the visualization of
BCP 3)
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The DI of the C1–C2 bond and the corresponding charge
density of BCP 2 decrease from neutral compound 1 to the
dication species 5. Accordingly, the bond order of the C1–C2
bond and the charge density concentration of the C1–C2 BCP,
BCP 2, also decrease (the charge density concentration
decreases as the value of ∇2ρ becomes less negative).
Conversely, the DI of the C3–C4 bond and the charge density
of the C3–C4 BCP, BCP 1, increase from 1 to 5 (Table 1). This
indicates a simultaneous increase in C1–C2 π-bond interac-
tion with bridgehead carbon atom (in 1) or corresponding
charged carbon atom (in 4 and 5) and an increase in the C3–
C4 interatomic interaction on going from 1 to 4 and to 5,
probably due to the increase in molecular charge on changing
from a neutral species to a monocation and then to a dication.

In bisnoradamantene 1, the C1 and C2 atoms have neg-
ative charges while the C3 and C4 atoms have small positive
charges. Accordingly, the localization index (LI) values (the
number of localized electrons) of the C1 and C2 atoms
decrease from 1 to 5 (Table 1). The increased localization
of electrons on the C1 and C2 atoms in 1 is due to the
potential diradical character of its C1=C2 double bond.
From Table 1, we can see that the negative charges on the
C1 and C2 atoms decrease from 1 to 4 and then to 5.
Besides, in cation 4, the C1, C2, and C4 atoms are nega-
tively charged while the C3 atom is positively charged,
whereas in dication 5, all of the bridgehead carbon atoms
are positively charged, as expected.

In the tetrafluoro-substituted dications 6a and 6b, there are
four electron-withdrawing substituents: one fluorine atom is
bonded to each carbon atom vicinal to the C1–C4 atoms.
However, the values of DI, ρ, and the formal bond order (n)
of 6a are very close to those of dication 5 (Table 1), which can
be accounted for by noting that (according to its Hammett
substituent constant) fluorine is not such a strong electron-
withdrawing group in the para position (σp=0.06). Indeed,
other related substituent constants of fluorine (σ+=−0.07;
σ−=−0.03; σR=−0.48) [50] may indicate an opposing
electron-donating effect arising through resonance effects. In
addition, the molecular graph and virial paths of 6a are similar
to those of 5 (Fig. 4 and the ESM). As a consequence, the
strengths of the interatomic interactions involving the C1, C2,
C3, and C4 atoms in 6a are comparable to those of the
corresponding interactions in dication 5.

On the other hand, in species 7a and 8, all of the DI
values involving the C1–C4 atoms and the charge densities
in BCP 1 and BCP 2 are smaller than those in 5. Thus, the
chemical interactions involving the C1, C2, C3, and C4
atoms in 7a and 8 are weaker than those in 5. This is
expected, as 7a and 8 have electronegative nitrogen and
oxygen atoms, respectively, rather than the methylene
groups present in dication 5.

Although species 6a, 7a, and 8 have electronegative atoms
instead of hydrogen or methylene groups, topological

differences between 6a and 7a/8 can be ascribed to the fact
that the fluorine atom in 6a is two bonds away from the C1–
C4 atoms, while the nitrogen and oxygen atoms (respectively)
in 7a and 8 are vicinal to the C1–C4 atoms, so they exert a
stronger electron-withdrawing influence on those C atoms.
Moreover, as mentioned above, the fluorine atom is not a
strongly electron-withdrawing group. Accordingly, the LI val-
ues of the C1 and C2 atoms decrease from 6 to 8.

In bisnoradamantane 9, all topological information is the
same for BCPs 1 and 2. The DIs and bond orders of the atomic
pairs C1–C2 and C3–C4 are smaller than those of a single C–
C bond. The DIs of the atomic pairs C1–C3, C1–C4, C2–C3,
and C2–C4 (DI=0.063) indicate that the corresponding inter-
atomic interactions are rather weak. Based on these DI values,
we can assume that there is no multicenter bonding system
involving C1, C2, C3, and C4 in 9.

In the bisnoradamantanyl dication 10, there is no signifi-
cant interatomic interaction between the C3 and C4 atoms
because the corresponding DI is very small. In addition, there
are no BCPs between them and no corresponding bond path or
virial path. Although BCPs are absent from the atomic pairs
C1–C3, C2–C3, C1–C4, and C2–C4, their DI values are rather
high (Table 1). This indicates that there are two multicenter
bonding systems in 10: one involving the C1, C2, and C3
atoms and another involving the C1, C2, and C4 atoms.
Evidence for the existence of these two multicenter bonds is
provided by the smaller atomic energies of C3 and C4
(−38.0771 a.u.) than those in 9 (−38.0491 a.u.).

Figure 4 shows molecular graphs of the tetrafluoro-
substituted dication 6a, the dication species 7a, 7b, and 8,
bisnoradamantane 9, and the bisnoradamantanyl dication
10. From Figs. 3 and 4 it is clear that only species 10 does
not have a caged structure, since the C3–C4 distance is
rather long (Fig. 1).

Figure 5 shows the HOMOs of species 1, 4, and 5 obtained at
the MP2/6-311++G** level. The HOMO of dication 5 is spread
over the atoms C1–C4. This indicates that species 5 has a 4c-2e
bonding system. The HOMO of cation 4 indicates that it has a
3c-2e bonding system. As for species 1, its HOMO indicates
that there is no electron delocalization over atoms C1–C4, as
expected. The HOMOs of species 1, 4, and 5 are in accord with
the topological data, which indicate that there is no multicenter
bonding system in 1, there is a 3c-2e bonding system in 4, and
there is a 4c-2e bonding system in 5, respectively.

The QTAIM and MO results indicate the existence of the
bisnoradamantenyl cation and the bisnoradamantenyl and
bisnoradamantanyl dications; the present work represents
the first report of these novel carbonium ions.

As previously noted, topological and molecular orbital
evaluations of species 4 and 5 and topological evaluations of
dications 6a, 7a, and 8 indicate that these species have 3c-2e
or 4c-2e multicenter bonding systems, which obey Huckel’s
rule. Moreover, the corresponding interatomic distances
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obey the geometric criterion for homoaromatic species. As a
consequence, we investigated the homoaromatic character

of each of these molecules using two aromaticity indices:
NICS [51] and D3BIA (see Table 2).

C

H

C

FH

6a                                                 

8                                              9 10 

 7a                                             7b

Fig. 4 Molecular graphs of the tetrafluoro-substituted dication 6a, the dication species 7a, 7b, and 8, bisnoradamantane 9, and the bisnorada-
mantanyl dication 10, derived based on the B3LYP/6-311++G(d,p)-calculated electronic density

541

C3

C3

C3C4

C4 C4

C1 C2
C1

C1

C2C2

Fig. 5 HOMOs of the species 1, 4, and 5, calculated at the MP2/6-311++G** level
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Table 2 shows the quantities associated with the D3BIA
index, along with values for the two aromaticity indices
D3BIA and NICS. We did not calculate D3BIA and NICS
for species 10 since its molecular graph does not have a
caged structure. The aromaticity indices in Table 2 indicate
that compounds 1 and 9 are not aromatic molecules, since
their NICS values are close to zero and their D3BIA values
are less than zero. Their negative D3BIA values derive from
their negative DIU values; DIU is not negative for any
aromatic molecule because the average DI (from the DIU
formula) is known to be higher than the corresponding mean
deviation for all aromatic molecules studied [39].

The D3BIA and NICS values of species 4 are the smallest
positive and the smallest negative values, respectively,
among the studied aromatic species, so this is the least
homoaromatic species. A possible reason for this is that
monocation 4 has a less symmetrical geometry than the
other dication species, although it does have a 3c-2e bond-
ing system.

According to the results in Table 2, dication 5 is the most
homoaromatic species, since it has the highest D3BIA value
and the most negative NICS value. Upon analyzing the
D3BIA and NICS values of 6a, 7a, and 8, it is clear that
species 8 is the least homoaromatic. This may be attributed
to the strong inductive effect of the oxygen atoms that are
directly bonded to atoms C1–C4 in 8, which reduces the
electronic density on these C atoms when compared to those
in species 5, yielding smaller localization indices for C1 and
C2 in 8 with respect to those in 5 (Table 1). Likewise, accord-
ing to the D3BIA values, when the electronic density at the
aromatic site is decreased, the aromaticity also decreases; the
NICS values also show this trend (see Fig. 6).

On the other hand, the inductive effect of the fluorine
atoms in 6a is not as strong as the inductive effect of the
oxygen atoms in 8 because the fluorine atoms are not
directly bonded to the C1–C4 atoms in 6a, so the D3BIA
and NICS values of these species indicate that 6a is more
homoaromatic than 8.

The values of both aromaticity indices are plotted against
each other in Fig. 6. This plot shows that there is a good
correspondence between D3BIA and NICS, which lends

support to the conclusions of our aromaticity analysis based
on both D3BIA and NICS.

Conclusions

QTAIM analysis of the bisnoradamantenyl cation 4 indi-
cates that this species contains a 3c-2e bond involving atoms
C1, C2, and C4. The molecular graph of 4 obtained by
calculating the M06-2X/6-311++G(d,p) electronic density
also indicates that 4 has a 3c-2e bonding system, because
there are three BCPs involving the atoms associated with the
3c-2e bonding system. Analysis of the HOMO of 4 at the
MP2 level leads to the same conclusion.

In the bisnoradamantenyl dication 5, there is a 4c-2e
bond involving the atoms C1, C2, C3, and C4. Analysis of
the HOMO of this species indicates the presence of a 4c-2e
bonding system in this species. Thus, dication 5 presents
three-dimensional aromaticity, similar to the 1,3,5,7-dehy-
droadamantane dication.

QTAIM indicates that π-bond interaction of C1-C2 with
the bridgehead carbon atom increases when going from the
neutral species 1 to the cation 4, and the π-bond interaction
of C3-C4 with the charged carbon atom(s) also increases on
going from 4 to dication 5.

In the bisnoradamantanyl dication 10, there is no signif-
icant chemical interaction between the C3 and C4 atoms, but
QTAIM analysis indicates that there are two multicenter
bonding systems in 10: one involving atoms C1, C2, and
C3 and the other involving atoms C1, C2, and C4.

QTAIM and MO results point to the existence of the
bisnoradamantenyl cation, the bisnoradamantenyl dication,
and the bisnoradamantanyl dication, and these carbonium
ions are reported here for the first time.

There is a highly linear relationship between the aro-
maticity indices D3BIA and NICS for these molecules.
The values of D3BIA and NICS indicate that dication 5
is the most homoaromatic of these species, that cation 4
is the least homoaromatic, and that the homoaromaticity
decreases as the electronic density at the aromatic site is
reduced.

 D3BIA
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Fig. 6 Plot of NICS values (in
ppm) versus D3BIA values for
the molecules 1, 4, 5, 6a, 7a, 8,
and 9
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