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Calculations at Becke3LYP, MP2, and QCISD levels of theory are presented for different molecular structures
of the 2-norbornyl cation (1). With the aid of the quantum theory of atoms in molecules (AIM) we show that
1 has a T-structure at the C6-C1-C2 face (we view it as aπ-complex with a tetracoordinate carbon atom C6)
and that the (“nonclassical”) bridged structure with a pentacoordinate C6, which is not a minimum on the
potential energy surface, is only reached when the C6-C1 and C6-C2 internuclear distances are shortened to
165 pm. At the Becke3LYP/6-31G(d,p) level in the gas phase this bridged species is 7.25 kcal mol-1 higher
in energy than the equilibrium optimized geometry. NMR calculations show that13C chemical shifts of C1,
C2, and C6 of the bridged 165 pm species differ significantly from the experimental values.

Introduction

A molecule’sstructure(the molecular graph) associated with
a givengeometry(the position of the atoms in space) can be
determined unambiguously through an analysis of the electronic
charge distributionF(r).3 A bonding interaction between a pair
of atoms is indicated by the presence of a (3,-1) critical point
(cp) in F in the internuclear region, a point where the gradient
vector field ∇F is zero and whereF shows two negative
curvatures and one positive.4 The eigenvector associated with
the single positive eigenvalue (curvature) defines a unique pair
of trajectories of∇F(r), originating at the (3,-1) cp and
terminating at the nuclei of the pair of atoms, called an atomic
interaction line; the eigenvectors associated with the two
negative eigenvalues define a set of trajectories terminating at
the (3,-1) cp and spanning the interatomic surface shared by
the pair of atoms. The atomic interaction line linking the two
nuclei is a line through space along which the electronic charge
density is a maximum with respect to any neighboring line; for
a system at a stationary point it is called a bond path and the
(3, -1) critical point a bond critical point (cpb).3,5 It is important
to understand that “the presence of a bond path provides a
universal indicator of bonding between the atoms so con-
nected”.4 No bond path, no bonding.

The network of bond paths for a given geometry is called
the molecular graph and changes in the molecular graph can
occur when the nuclear configuration is altered. This is
illustrated in Figure 1 for a chemical system ABC, with A, B,
and C being either atoms or groups of atoms.3 The two-
dimensional cross-section in Figure 1 shows four structural
regions in which even considerable changes in geometry do not
change the molecular graph and, accordingly, the three chain
and one ring structure are said to be stable. The three
T-structures located on the boundaries are structurally unstable
configurations; they are stable only for the particular (sym-

metrical) arrangement of the nuclei. A T-structure is generally
referred to as a conflict structure, as two attractors (e.g., those
of B and C in the topmost molecular graph) are competing for
a bond path and a slight asymmetric displacement of a nucleus
(i.e., that of A in the above example) causes an abrupt switch
of this bond path from one attractor to the other, as shown in
Figure 1. This first basic mechanism of structural change is
referred to as the conflict mechanism. The second basic
mechanism of structural change, the bifurcation mechanism,
involves the formation of a degenerate critical point inF(r) as
found, e.g., in crossing a boundary between chain and ring
regions in Figure 1. A trivial change in structure is given by
the symmetric displacement of A away from the B-C bond,
which will eventually lead to a separation of A and B-C by a
simple decay (to zero) ofF at that (3,-1) critical point.3

The reevaluation of the electronic charge distribution of the
2-norbornyl cation (1), which we carried out recently at the
Becke3LYP/6-31G(d,p), Becke3LYP/6-311+G(2d,2p), and MP2/
6-311G(d,p) levels of theory, revealed that1 possesses a
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Figure 1. Structure diagram (2-dimensional cross-section) for a
chemical system ABC, showing four stable regions: the chains A-B-
C, B-C-A, and B-A-C and the three-membered ring. Bond critical
points are given as black dots.
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T-structure (we view it as aπ-complex) at the C6-C1-C2 face,
in which a cation interacts with a double bond and carbon atom
C6 is tetracoordinate.1 The relevance of the molecular graphs
in the ABC system, given in Figure 1, to1 are immediately
obvious. The structure associated with the equilibrium geometry
of 1 is represented by one of the unstable configurations in
Figure 1 and T in Figure 2 and its conflict nature has been
discussed.1 1 is not bridged (like the ring structure in Figure 1
and b in Figure 2) with corresponding (3,-1) and (3,+1)4

critical points and a pentacoordinate C6, as expected in the
“nonclassical” picture. While for1 the T-structure is the global
minimum, the structure diagram suggests that the bridged
structure should also be accessible, by following the axis down
from the topmost configuration. The opposite direction on this
axis should lead to yet another change in structure and through
it to the open molecular grapho (Figure 2) in which C6 is
separated from C1-C2, a situation that is different from the
simple decay inFb that leads to a separation of A and B-C in
the model system.

In this paper, we are employing the quantum theory of atoms
in molecules3 (AIM) to (a) provide further proof that the
2-norbornyl cation (1) has a T-structure, (b) establish what it
takes to reach the so-called “nonclassical” bridged structureb,
and (c) determine at what point1 becomes the openCs cation
o by increasing the C6-C1(C2) internuclear distances. Further-
more, we present NMR calculations showing that the13C shifts
of C1, C2, and C6 of the 165 pm geometry which is a bridged
species differ significantly from the experimental values.

Computational Details

Becke3LYP,6 MP2, and QCISD calculations were carried out
with Gaussian 947 on IBM RS/6000 model 39H, 350, 530, and
SP2, CRAY T90, and SGI R10000 Impact computers. The
molecules were optimized withinCs symmetry restrictions and
with C6-C1 and C6-C2 distances fixed as indicated in the text.
We used the 6-31G(d,p) basis set with Becke3LYP to cover
the full range of the C6-C1 and C6-C2 distances for the analysis
of the structural changes in steps ranging from 10 to 20 pm. As
outlined in refs 1 and 2, we used this level of theory, because
Becke3LYP handles the crucial “classical” 2-norbornyl cation,8,9

correctly at a reasonably low computational cost1,2,9 and the
inclusion of polarization functions on the hydrogen atoms was
essential for the studies performed. When the equilibrium
geometry of1 (a frequency calculation produced all positive
eigenvalues and frequencies) was distorted fromCs symmetry
and optimized with tight convergence criteria, theCs-sym-
metrical species was obtained once more. To check the influence
of higher levels of theory on the wave function, some geometries
were reoptimized with the 6-311G(d,p) or 6-311+G(2d,2p) basis
set. Similarly, selected geometries were optimized with MP2/
6-31G(d,p) or MP2/6-311G(d,p) (Tables 1 and 4). Table 4 is
available in the Supporting Information. As a final check,
QCISD/6-31G(d,p)//MP2/6-31G(d,p) and QCISD/6-31G(d,p)//
QCISD/6-31G(d,p) levels were used to obtain the wave function

of the global minimum. The MP2 and QCISD calculations took
the correlation effects of all electrons into account. In the
beginning, the wave functions obtained at the Becke3LYP level
were checked for instabilities; as none were found, MP2 and
QCISD wave functions obtained later were not checked but
assumed to be stable as well. The total energies reported are
uncorrected for zero-point vibrational energies. Given the
similarity of the geometrical structures in the crucial region of
the potential energy surface, we expected that the inclusion of
ZPEs would not alter the relative energies significantly. That
this is the case is seen in the fact that the uncorrected and
corrected∆ET’s for optimized1 and the 165 pm geometrical
structure are 7.25 and 7.47 kcal mol-1, respectively. At any
rate, whether the corrected or uncorrected energies are used does
not impact on the topological analyses.

The studies of the electronic charge densityF(r), its gradient
vector field ∇F(r), and its Laplacian∇2F(r) as well as the
integrations (to obtain the net charges)10 were carried out with
the AIMPAC11 series of programs.12 In the plots ofF and∇ 2F,
solid crosses indicate positions of nuclei in the plane and open
crosses those of nuclei out of the plane. In the representations
of the molecules, the position of a critical point is marked by a
dot ((3,-1) cp), a triangle ((3,+1) cp), or a square ((3,+3)4

cp) (for the numbering of bond and ring cps, see Figure 3).
The contour plots ofF show 40 contour lines between 0.01 and
40.0 au. In the plots of∇2F, solid lines depict regions of charge
concentration, and broken lines those of charge depletion. Ball
and cylinder representations are plotted from HyperChem 5.0.13

The influence of a solvent on1 was studied with the self-
consistent isodensity polarized continuum model (SCI-PCM)14

at the Becke3LYP/6-31G(d,p) level. Two types of calculations,
SCI-PCMmod and SCI-PCMdef, were carried out with a dielectric
constant of 79.0 (H2O) at an isodensity value of 0.0004 au and
wave functions obtained. For the SCI-PCMmod study involving
two geometries (the fully optimized and the 165.0 pm species)
theφ andθ values for the numerical surface integration using
a single origin were set at 72 and 36, respectively, yielding 2596
solvent charges; in the case of the SCI-PCMdef calculation, only
fully optimized 1 was studied with default values (302 and 1

Figure 2. Different structures in the 2-norbornyl cation withinCs

symmetry: T, bridgedb, and open structureo.

TABLE 1: Total Energies ET (au) and Optimized Distances
C6-C1 and C6-C2 d(C6-C1,2) (pm) and C1-C2 d(C1-C2)
(pm) for the Cs-symmetrical 1

ET d(C6-C1,2) d(C1-C2)

B3LYP/6-31G(d,p) -273.081485 188.9 139.5
B3LYP/6-31G(d,p)a -273.167891 187.2 139.4
B3LYP/6-31G(d,p)b -273.167754 187.4 139.4
B3LYP/6-311G(d,p) -273.130701 188.9 139.2
B3LYP/6-311+G(2d,2p) -273.147579 189.2 138.9
MP2/6-31G(d,p) -272.221283 182.8 139.4
MP2/6-311G(d,p) -272.401993 182.8 139.9
QCISD/6-31G(d,p)//

MP2/6-31G(d,p)
-272.283127

QCISD/6-31G(d,p) -272.283337 184.6 139.1

a SCI-PCMmod. b SCI-PCMdef.

Figure 3. Bond critical points of the C6-C1-C2 face and ring critical
points in T and bridged structures of1.
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that define a Lebedev grid are used with the surface integration
being piecewise involving the Becke grids), yielding 302 solvent
charges.

The isotropic 13C absolute shieldings are calculated for
Becke3LYP/6-31G(d,p) geometries at Becke3LYP/6-311+G-
(d,p) by employing the continuous set of gauge transformations
(CSGT) method of Keith and Bader,15 as implemented in
Gaussian 94. These values are referenced to the13C absolute
shielding of tetramethylsilane calculated at the same level of
theory.

Structure of the Cs-Symmetrical 2-Norbornyl Cation

The first topological analysis of the charge density of1 was
presented by Bader in 1985.16 At the HF/4-21G level of theory,
the Cs-symmetrical geometry showed two highly curved bond
paths for C6-C1 and C6-C2, where each integrated path length
was 2.46 Å for an internuclear distance of 1.940 Å. The two
corresponding (3,-1) critical points were found to be almost
on top of each other (the distance between the two was not
given) and the (3,+1) cp of the three-membered ring. This
structure was reported to be very unstable and easily changed
by a coalescence of the ring critical point with a bond critical
point of one of the bridging bonds. But at the level of theory
applied, theCs-symmetrical geometry was found to be 0.2 kcal
mol-1 higher in energy than the fully optimized geometry (of
C1 symmetry, the “classical” cation), which indicates that the
computational level was not adequate. The problem of finding
the right computational level for the description of the 2-nor-
bornyl cation was addressed recently in computational studies
by Schleyer et al.,8 who found that, with MP2(full)/6-31G(d),
the “classical” 2-norbornyl cation is a transition state in the
rearrangement from the 2-norpinyl cation to theCs-symmetrical
2-norbornyl cation whereas it is not a stationary point at the
HF/6-31G(d) level. Not surprisingly, the computationally in-
expensive HF-DFT hybrid theory Becke3LYP was found to
describe the 2-norbornyl cation adequately as well.1,2,9

At the Becke3LYP/6-31G(d,p) level,1 the C1-C2 bond length
is 139.5 pm, which is that of a partial double bond (the C-C
bond length in benzene is calculated at 139.7 pm). The C6-C1

and C6-C2 distances are enlarged to 188.9 pm, an interatomic
separation that goes way beyond what is normal for a C-C
single bond. In accord with this, the topological analysis of the
charge density for this geometry of1 reveals thatF(r) is
consistent only with a T-structure. There are only two (3,-1)
critical points with their corresponding bond paths on the C6-
C1-C2 face. The first bond path connects C1 and C2 and has
the bond critical point cpb1; the large value ofF, the large
negative value of∇2F, and the greater than zero ellipticityε17

at cpb1 (entry “opt” given in Table 2) are those of a typical
partial double bond and, interestingly, are close to the values
for the bond critical point of a C-C bond in benzene at the
same computational level (F 2.103 e Å-3, ∇2F -20.46 e Å-5,
ε 0.21). The second bond path connects C6 to cpb1 and has the
bond critical point cpb2. This nontransversal intersection of the
bond path of one (3,-1) cp with the interatomic surface of
another (3,-1) cp (the T-form) is a characteristic of relatively
large interatomic separations that are associated with a weak
interaction.3 Accordingly,F at cpb2 is small and its Laplacian
is positive (Table 2), indicating that the accumulation of charge
density toward the bond path (the two negative curvaturesλ1

andλ2) is dominated by the expansion of charge density along
the bond path (the one positive curvatureλ3). The conflict nature
of the T-structure is reflected in the high ellipticity of 7.97 at
cpb2; the major axis (the axis ofλ2) lies parallel to the C1-C2

bond. The contour plots ofF for the C6-C1-C2 (with C6 at the
top) and the symmetry plane, with bond paths as well as
interatomic surfaces due to cpb1 and cpb2 superposed, are given
in Figure 4a,b, respectively. Cpb2 (see Figure 3) is a saddle
point inF in these two planes, the trajectories of the interatomic
surfaces originating either at infinity or at the (3,+3) critical
point (which can only appear as a minimum inF). While cpb1
is a saddle point in Figure 4a, it is a maximum in the plane that
is perpendicular to the C-C partial double bond and bisects it
(Figure 4b). The saddle feature just below the minimum of the
(3, +3) cp in Figure 4b arises from the (3,+1) cp of the five-
membered ring at the base of the molecule in this orientation
(cpr1). Finally, the plot of∇2F for the C6-C1-C2 plane obtained
from the wave function calculated at the Becke3LYP/6-31G-
(d,p) level is shown in Figure 4c. From this plot it is seen that
the valence shell of C6 exhibits only one maximum in the
direction of the partial double bond between C1 and C2 (it is
pointed out by the arrow); two maxima would be expected for
a bridged, pentacoordinate species, as will be demonstrated
below. In all, C6 exhibits four valence shell charge concentra-
tions (VSCCs), as given in Figure 5a (the one pointed toward
the C1-C2 bond and one each associated with the C6-C5 and
the two C-H bonds) and is therefore tetracoordinate, not
pentacoordinate, as has been suggested.18,19

This structure of the global minimum of1, originating in the
charge density and described by its topology as in the discussion
above, was obtained at all higher levels of theory applied. The
MP2 method predicts geometries with shorter C6-C1 and C6-
C2 distances, those from the QCISD optimization lie between
MP2 and Becke3LYP (Table 1). The data from MP2 and QCISD
wave functions regardingF(r) correlate with the results from
the Becke3LYP calculations and are collected in Table 3 that
is available in the Supporting Information. Figure 4d shows∇2F-
(r) at MP2/6-311G(d,p) with C6-C1 and C6-C2 distances at
182.8 pm. The differences between parts c and d of Figure 4
are not qualitative (the valence shell of C6 still exhibits only

TABLE 2: Bond Critical Point (cp b) Data for Different
Cs-Symmetrical Geometries of 1 (Becke3LYP/6-31G(d,p)) [G
(e Å-3), ∇2G (e Å-5), and E, as Well asλ1, λ2, and λ3 (e Å-5)]

geometry cpb F ∇2F ε λ1 λ2 λ3

In the Gas Phase
155 pm cpb1 2.062 -18.63 0.24 -14.89 -12.03 8.29

cpb3a 1.415 -3.37 4.49 -9.13 -1.66 7.42
165 pm cpb1 2.093 -19.79 0.17 -15.18 -12.94 8.31

cpb3a 1.184 -0.79 27.14 -7.37 -0.27 6.84
170 pm cpb1 2.107 -20.22 0.16 -15.30 -13.23 8.31

cpb2 1.084 -0.17 55.18 -6.60 -0.12 6.55
opt cpb1 2.139 -21.04 0.14 -15.64 -13.69 8.29

cpb2 0.762 1.01 7.97 -4.17 -0.46 5.64
cpb
(C5-C4)b

1.620 -12.72 0.01

280 pm cpb1 2.226 -22.46 0.23 -16.65 -13.57 7.76
cpb2 0.139 0.84 1.48 -0.39 -0.14 1.37
cpb
(C5-C4)b

1.289 -7.98 0.01

320 pm cpb1 2.267 -23.04 0.28 -17.11 -13.35 7.42
cpb
(C5-C4)b

1.080 -5.28 0.01

In Solvent
165 pm cpb1 2.095c -19.81 0.18

cpb3a 1.185c -0.84 23.86
opt cpb1 2.142

(2.144)d
-21.11
(-21.13)

0.14
(0.14)

cpb2 0.788
(0.786)d

0.92
(0.92)

8.41
(8.29)

a Data apply to cpb4 as well.b The C5-C4 geometric bond distances
for the optimized, 280, and 320 pm geometries are 154.5, 162.5, and
169.2 pm, respectively.c For SCI-PCMmod. d The first value is for SCI-
PCMmod, and the second value is for SCI-PCMdef.
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one maximum pointed at the C1-C2 bond in Figure 4d) but
arise from a simple change in phase of the close-to-zero∇2F
values at the C6 interatomic surface between C6 and C1 as well
as C6 and C2. ∇2F(r) at the QCISD/6-31G(d,p) level resembles
that obtained from MP2 calculations closely and is shown for
the C6-C1-C2 plane in Figure 4e.

Bridged Structure

According to the structure diagram given in Figure 1, bringing
A closer to the B-C bond should eventually lead to a bifurcation
point and to the formation of a three-membered ring. This is
indeed the case when C6-C1 and C6-C2 distances in the
2-norbornyl cation are shortened withinCs symmetry restric-
tions. At the Becke3LYP/6-31G(d,p) level, from 188.9 pm in
the optimized geometry to 170 pm, the structure does not change
and the T-form persists. But shortening the distance to 165 pm
finally gives the bridged structure, less stable than the minimum
by 7.25 kcal mol-1, that (wrongly) has been assigned to1 for
50 years. This change in structure and its implication for13C
NMR of the 2-norbornyl cation is explained in detail in the
following paragraphs. Total energies for the 155, 165, 170, 280,
and 320 pm geometrical sturctures are given in Table 4 that is
available as Supporting Information.

A shortening of the C6-C1 and C6-C2 distances causes the
ellipticity for cpb2 to increase dramatically, an indication that
the system approaches the bifurcation point. The increase inε

at cpb2 from 7.97 in the optimized geometry to 55.18 at 170
pm, the largest ellipticity observed in the system, is a result of
changes inλ1 andλ2 working together. An increasing contraction
of density toward the bond path, i.e., a more negativeλ1, can
be seen in Table 2. Because the change in the soft curvatureλ2

is enhancingε, it is working against this contraction, but it is
less pronounced. The overall effect is a largerF and a (slightly)
negative∇2F at cpb2 at 170 pm. At 165 pm, a point just past
the bifurcation, the cpbs of the two bridging bonds, cpb3 and
cpb4 (we reserve cpb2 for the T-structure; see Figure 3), and
the newly formed ring critical point cpr4 are very close together,
the separation between cpr4 and each of the cpbs is only 9.8
pm. Accordingly, the two bond paths, C6-C1 and C6-C2, are
highly curved inward and the length of each (194.8 pm) exceeds
the geometrical distance by about 30 pm (Figure 6a).λ2 at cpb3
and cpb4 at 165 pm has reversed its trend and is now following
that of λ1 (there is a contraction of charge density along the
eigenvectors associated withλ1 and λ2) and as a resultε is
decreased andF and-∇2F keep growing in magnitude. Because
of the proximity of the three critical points, the values forF at
cpb3, cpb4, and cpr4 (1.184 e Å-3) are identical, a typical
situation for a three-membered ring, where the three are usually
close in value.3 The plot of∇2F for the C6-C1-C2 plane with
superposed bond paths and interatomic surfaces is shown in

Figure 4. Displays of (a)F(r) in the C6-C1-C2 plane, (b)F(r) in the
symmetry plane, and (c)-(e) ∇2F(r) in the C6-C1-C2 plane. (a)-(c)
are Becke3LYP/6-31G(d,p) results, (d) is MP2(full)/6-311G(d,p), and
(e) is QCISD(full)/6-31G(d,p). Bond paths and interatomic surfaces
are superposed on the plots. The arrow in (c) points to the one maximum
in the valence shell of C6 in this plane. Figure 5. Values of∇2F (e Å-5) for the valence shell maxima of C6

(given as small black spheres) and net charges on hydrogen atoms for
(a) optimized, (b) 165 pm, and (c) 320 pm geometries of1.
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Figure 6a and the difference to the plots in Figure 4 is
immediately obvious. Unlike in the T-structure, the valence shell
of C6 in the 165 pm geometry exhibits two maxima in the
general direction of the C1-C2 bond, one is pointed at C1, the
other at C2 (both are marked by arrows). In all, C6 possesses
five VSCCs as given in Figure 5b, which makes it a truly
pentacoordinate, bridged carbon atom.

Cpb3 and cpb4 move further outward and away from cpr4
(the distance between cpr4 and each of the cpbs grows to 22.8
pm) as the C6-C1 and C6-C2 distances are shortened to 155
pm and the respective bond paths are less curved (the total length
of each is 165.7 pm); the system is now destabilized by 17.96
kcal mol-1. F at cpb3 and cpb4 has almost reached the value of
a C-C single bond (1.615 e Å-3 in cyclopropane) and, in accord
with this, so haveλ1 and λ3 (λ1 -10.94,λ2 -7.45, λ3 7.95 e
Å-5 in cyclopropane). The absolute value ofλ2, on the other

hand, is still small, which accounts for the high ellipticity and
the small negative Laplacian of cpb3 and cpb4 (ε 0.47, ∇2F
-10.43 e Å-5 in cyclopropane). Remarkably, the remaining third
bond (C1-C2) of the three-membered ring resists change and
exhibits an internuclear distance of 140.2 pm; it remains a partial
double bond, but all characteristic values are slowly moving
away from those of benzene (λ1 -15.64,λ2 -12.89,λ3 8.07 e
Å-5 for a C-C cpb in benzene). The Laplacian ofF at the 155
pm geometry is given in Figure 6b, which illustrates nicely how
electronic charge is delocalized over the face of the C6-C1-
C2 ring.3 A comparison of Figure 6a,b in terms of the two
valence shell charge concentrations on C6 that are pointed at
C1 and C2 shows their growth as the nuclei approach each other.

This result, the change in structure upon compression of the
system, was obtained with a bigger basis set (6-311G(d,p)) as
well as at the MP2 levels. In all cases checked, the 165 pm
geometry is bridged whileF at 170 pm still shows the
T-structure. The destabilization (Table 4) for the 165 pm
geometry at the two MP2 levels is about 4.9 kcal mol-1, which
indicates that these MP2 geometries are closer to the bifurcation
point than the Becke3LYP geometry described above. This is
in line with the optimized C6-C1 and C6-C2 distances at MP2
(which are slightly shorter than with Becke3LYP (Table 1)),
the distance between cpr4 and cpb3 (and cpb4) of 7.8 pm, and
the slightly longer C6-C1 and C6-C2 bond paths (the total bond
path length for each is 197.1 pm at MP2(full)/6-311G(d,p)).
The good agreement between the different levels of theory is
also evident when the Laplacian of the 165 pm geometry
(obtained with MP2(full)/6-311G(d,p) and given in Figure 6c)
is compared to that from the lower level of theory (Figure 6a).

The pentacoordinate carbon atom in the bridged structure
can only be realized if the fifth bond is formed at the cost of
the three that are present in both structures, two C-H and one
C6-C5 bond. While this can be seen in the decreasing values
of F and-∇2F at the respective bond critical points (data not
given), the effect is best evaluated by a comparison of the
magnitude of the Laplacian at the positions of the maxima in
the valence shell of C6, which are given in Figure 5 as small
black spheres. In the optimized geometry, where C6 is tetraco-
ordinate (Figure 5a),-∇2F is largest in the direction of the two
C-H bonds and fairly small in the direction of the partial double
bond. In the 165 pm geometry, with a pentacoordinate C6

(Figure 5b),-∇2F at the two newly formed maxima has grown
substantially. While it is decreased at the other three maxima,
the two C-H bonds are affected more than the C6-C5 bond.
This in turn is in agreement with the change of the net charge
on the hydrogen atoms of these C-H bonds as depicted in
Figures5 and 7. While the positive charge is distributed over
all of the hydrogen atoms (as was published earlier),16 the
distribution is not even. Figure 5 shows that the biggest
contribution is due to the H atoms on C1, C2, and C6, whereas
in the neutral norbornane all H atoms bear a similar charge of
-0.04 at the Becke3LYP/6-31G(d,p) level. The most prominent
change (compare charges in Figure 5a,b) occurs on the C6 H
atoms: the 11 H atoms carry 71% of the total positive charge
in the optimized geometry, which is increased to 76% at 165
pm, and most of this additional charge ends up on the C6 H
atoms (the change in charge for these atoms is depicted in Figure
7). This then seems to be the important requirement for a bridged
2-norbornyl cation: in order for C6 to be pentacoordinate, the
cation needs to push positive charge out onto the substituents
connected to C6. That this is indeed the necessary criterion for
engineering a bridged 2-norbornyl cation will be shown in a
following paper.20

Figure 6. Plots of ∇2F(r) for the C6-C1-C2 plane of1 with bond
paths and interatomic surfaces superposed: for the (a) 165 and (b) 155
pm geometry with Becke3LYP/6-31G(d,p) and (c) for the 165 pm
geometry with MP2(full)/6-311G(d,p). The arrows in (a) point to the
maxima in the valence shell of C6 in this plane.
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We now compare the computed13C NMR chemical shifts of
the T-species and 165 pm species with the experimental
values.21,22 The chemical shifts of carbon atoms 3, 4, 5, and 7
vary only slightly in going from optimized1 to the 165 pm
geometry. In contrast to this, the chemical shifts of carbon atoms
1, 2, and 6 change by more than 40 ppm (upfield). Also included
are the results for the 182.8 pm geometry (these C6-C1 and
C6-C2 distances correspond to those found for the optimized
geometry at the MP2 levels, the shortest distances encountered
in our full optimizations (Table 1)) calculated with Becke3LYP/
6-31G(d,p). This geometry gives chemical shifts that are
improved over those for the optimized geometry even though
they are uniformly too high by an average 4.3 ppm. This
indicates that the C6-C1 and C6-C2 distances are probably
closer to 182.8 pm (the MP2 value) than to the computed, fully
optimized value of 188.9 pm (Becke3LYP), which is supported
by the QCISD distance of 184.6 pm. Contrary to what was stated
before,18,21 the observed shifts of 124.5 ppm for C1 and C2 and
6.75 ppm for their hydrogen nuclei are again those for a partial
double bond (as observed, e.g., inp-xylene, 134.5 and 6.97 ppm,
and 1,3-butadiene, 137.1 and 6.27 ppm) and bridging is
expressed in much more shielded carbon nuclei 1, 2, and 6.
For the 165 pm geometry where bridging is first manifested,
C6 is predicted to exhibit a chemical shift of-8.3 ppm!
Likewise, C1 and C2, which are now tetracoordinate, are moving
out of the high field end of the doubly bonded region; the data
for a bridged, pentacoordinate C6 donotagree with the observed
chemical shifts.

Open Structure

In the structure diagram in Figure 1, a symmetric displace-
ment of A away from the B-C bond will eventually lead to a

separation of A and B-C by a simple decay (to zero) ofF at
that (3, -1) critical point.3 For the formation of the open
molecular grapho (Figure 2) in which C6 is separated from
C1-C2, cpb2 in the 2-norbornyl cation cannot vanish in a similar
fashion, as two ring cps and one cage cp have to disappear as
well.

The cage structure of the T-form persists up to C6-C1 and
C6-C2 distances of 280 pm (Becke3LYP/6-31G(d,p)), where
cpr2, cpr3, and the cage cp are on the verge of merging, the
cage cp is separated from each of the two ring cps by only 5.2
pm (38.3 pm in the optimized geometry), andF with 0.109 e
Å-3 is the same for all three cps. These three cps have moved
toward cpb2, closing the distance between it and the cage cp to
57.3 pm from an initial 89.3 pm.F at cpb2 has decreased
substantially (Table 2) and is close to that of the three
approaching cps. Somewhere between 280 and 300 pm, the two
ring and one cage cp merge to form a singularity inF and at
300 pm this has transformed into a new (3,+1) cp, separated
from cpb2 by only 41.8 pm. The cage structure is lost and while
the five-membered ring at the base of the molecule is still
present, C1, C2, C3, and C7 are no longer considered to be part
of a ring containing C5 and C6. Because of the proximity of the
ring cp and cpb2, this structure again is very unstable and the
newly formed ring cp (0.089 e Å-3) and cpb2 are close to
merging. Finally, at 320 pm, 27.25 kcal mol-1 above the
minimum geometry, these two cps have annihilated each other
and the T-form has vanished (yetF at the now (2, 0) cp is still
a substantial 0.06 e Å-3). The partial double bond of the energy
minimum has turned into essentially a full double bond with a
geometrical bond length of 135.8 pm (the C-C bond length in
ethene is calculated at 133.0 pm); cpb1 in this open structure
reflects this withF 2.267 e Å-3, ∇2F -23.04 e Å-5, andε 0.28
(the values for ethene at this level of theory areF 2.345 e Å-3,
∇2F -24.62 e Å-5, and ε 0.39). In accord with the C1-C2

double bond, C6 is tricoordinate. Figure 5c shows the positions
of the three maxima in the valence shell of C6, the value of
∇2F at these points, and the charge on the hydrogen atoms on
C6. Unlike the bridged cation, which has to weaken both C-H
bonds as well as the C6-C5 bond in order to become pentaco-
ordinate, the open primary cation strengthens all three bonds:
as C6 is displaced away from C1-C2 and theCs geometry is
maintained, there is an increased hyperconjugation interaction
with the C5-C4 bond, as evidenced by the increase in the
geometric bond length and in the change in the properties of
the C5-C4 cpb with F and∇2F decreasing to 1.080 e Å-3 and
-5.28 e Å-5, respectively (Table 2). This, of course, is normal
chemical behavior and implies that it should be possible to move
toward an openCs species by placing substituents on C6 that
are capable of stabilizing a primary cation by hyperconjugation.
Examples of systems engineered in this fashion will be given
in a following paper.20

Effect of Solvent on the Structure and Energetics of the
2-Norbornyl Cation

To probe the effect of solvent on the geometry, structure,
and energetics of1, calculations were carried out with the self-
consistent isodensity polarized continuum model (SCI-PCM)
at the Becke3LYP/6-31G(d,p) level. The SCI-PCM procedure
solves for the electron density which minimizes the energy
including the solvation energy.14 The effects of solvent are
included in the iterative SCF calculation, which accounts for
the full coupling between an optimized cavity and the electron
density. With the SCI-PCMmodsetup (see computational details),
the C6-C1 (and C6-C2) and C1-C2 interatomic distances for

Figure 7. Plots of the relative energies∆ET (symbol∆, kcal mol-1)
and the net charges on the C6 H atomsq(H) (symbol)) for different
C6-C1 and C6-C2 distancesd(C6-C1,2) (pm) of1 (Becke3LYP/6-31G-
(d,p)).

TABLE 5: Computeda (for Fully Optimized, 165 pm, and
182.8 pm geometries of 1, Becke3LYP/6-311+G(d,p)//
Becke3LYP/6-31G(d,p)) and Experimental13C Chemical
Shifts δ (ppm)

δ for C at position

1, 2 3, 7 4 5 6

opt 13C 137.10 41.38 47.28 23.04 37.68
182.8 pm 13C 128.55 41.09 44.29 23.42 23.82
165 pm 13C 96.81 41.03 36.62 27.00 -8.31
expb,c 13C 124.5 36.3 37.7 20.4 21.2

a Referenced to TMS; the calculated absolute shielding of TMS at
the Becke3LYP/6-311+G(d,p) level is 181.98 for carbon; the experi-
mental value for carbon is 188.1.23 b At 115 K. c At 114 K.
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fully optimized 1 are 187.2 and 139.4 pm, respectively, and
the cation is stabilized by 54.22 kcal mol-1 relative to the gas-
phase species (Table 1). With the SCI-PCMdef setup, these
interatomic distances are 187.4 and 139.4 pm, respectively, and
the cation is stabilized by 54.13 kcal mol-1; the default SCI-
PCM parameters adequately recover the solvation energy of1.
In both cases the T-structure is retained and the data for cpb1
and cpb2 vary only slightly from those obtained in the gas phase
as expected for the similar geometries (Table 2).

When SCI-PCMmod is employed, the 165 pm species is 6.47
kcal mol-1 (for the gas-phase species the difference is 7.25 kcal
mol-1) higher in energy than the fully optimized, solvated cation
(Tables 1 and 4), which is in accord with the shorter distance
in the latter as compared to the fully optimized1 in the gas
phase. Three (3,-1) cps and a (3,+1) cp are found for the
C6-C1-C2 face, virtually in the same locations as in the gas
phase species, indicating that the solvated cation is also slightly
beyond the bifurcation point. Accordingly, the critical point data
for cpb1, cpb3, and cpb4 are very similar to those for the gas
phase 165 pm geometry (Table 2). These results indicate that
solvation of the 2-norbornyl cation by a polar solvent changes
the geometry marginally but does not alter its structure.

Conclusion

The topology of the charge density of the 2-norbornyl cation
(1) is that of a T-form, with C6 being tetracoordinate, and not
that of a pentacoordinate, bridged species. The bridged cation,
which is not a minimum on the potential energy surface, has
been characterized for the first time and it has been shown that,
upon bridging,1 pushes out more positive charge onto the
hydrogen atoms on C6 and weakens the corresponding C-H
bonds. If this is taken into consideration, it will be possible to
engineer truly bridged 2-norbornyl cations through the right
choice of substituents. Similar considerations should make it
possible to engineerCs carbocations that move toward the open
geometry.
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