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The unusual stability of the experimentally known 1,3-dehydro-5,7-adamantyl dication was previously explained
by four-center two-electron aromaticity with three-dimensional (tetrahedral) topology. Magnetic criteria (ACID
and ring-current analysis) now demonstrate that there is also a very strong contribution from hyperconjugation
with all six methylene bridges. The delocalized system of electrons thus includes all valence electrons, and
the structure, therefore, should rather be described as a spherically aromatic 50-electron system. The
corresponding 7,;-symmetric tetracation with 48 electrons is antiaromatic and not a minimum structure. With
a He atom or a hydride ion at the center of the cage, the tetracation is predicted to form a kinetically stable
complex. Magnetic criteria demonstrate that the antiaromaticity is greatly reduced, and a bond analysis hints
at bonding interactions between He (and H™) and the carbon atoms of the adamantane cage.

Introduction

According to the Hiickel rule, cyclic annulenes show proper-
ties characteristic of aromatic compounds if the number of 7
electrons is given by z =4 N + 2. Three-dimensional 7T systems,
however, require z = 2(N + 1)? 7 electrons in order to achieve
full aromaticity."> The electron numbers to fill the spherical
cluster shells thus are z = 2, 8, 18, 32, 50, and 72, which
correspond to the magic numbers for the electron configuration
in atomic shells. Experimentally determined or calculated 3He
NMR shifts of a helium atom placed in the center of a cage
molecule are a measure for its degree of aromaticity.>* In
the case of the He inclusion complex *He@Cg (z = 60), the
SHe NMR shift is 06 = —6.3 ppm,’ whereas the decacation
SHe@Cgo'%" (z = 50) is predicted to exhibit an extreme *He
upfield shift of 6 = —81.4 ppm, thus indicating a significant
increase in aromaticity.! A more generally applicable probe for
aromaticity that can be conveniently calculated is the nucleus-
independent chemical shift (NICS).> Another cage molecule,
the 1,3,5,7-didehydroadamantane dication 1>* (Scheme 1), has
been predicted to have a nucleus-independent chemical shift
(NICS)® at its center of & = —43.0 ppm, which is indicative of
strong aromaticity.’

Dication 12" was prepared and characterized under long-lived
stable ion conditions.” Its unusual stability has been attributed
to a closed-shell electronic structure with a doubly occupied (z
= 2) totally symmetric molecular orbital as the HOMO that
results from a linear combination of the four p-type atomic
orbitals at the bridgehead carbon atoms. Thus, the two electrons
form a delocalized system with tetrahedral symmetry that meets
the 2(N + 1)? electron count rule of spherical aromaticity. We
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SCHEME 1: Structures of 12" and 1** and A Simplified
MO Scheme of 1>* (including the four p orbitals at the
cationic centers)
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now use DFT calculations in combination with the anisotropy
of induced current density (ACID) method?® and current density
analyses to shed light on the electronic structure of 1%, the
related tetracation 14", and inclusion complexes derived thereof
with He and H™.

Results and Discussion

In our calculations, dication 1** was a minimum (in agree-
ment with previous calculations), whereas tetracation 14t in T,
symmetry turned out to be a triply degenerate third-order saddle
point.? The NICS values at the cage centers are 6 = —46.23
ppm (177) and 6 = +9.54 ppm (1*"), indicating that 17" is
aromatic and that the T, tetracation 14" might in fact be
antiaromatic. This is confirmed by plotting the NICS values in
1% and 1** as functions of the distance from the center of the
molecule (Figure 1).

In 1?F, the NICS value monotonically increases, as would
be expected for a spherical aromatic structure. Tetracation 14,
however, exhibits a maximum NICS at a distance of 1.3 A from
the center. As mentioned above, 12" previously was described
as a two-electron four-center spherically aromatic system.
Molecular orbital, ACID, and current density analyses now
confirm that, in addition, there is also a strong contribution
from hyperconjugation with all six methylene bridges. Each
of the three C—C o bonds and six C—H bonds a and § with
respect to each of the cationic centers exhibit the appropriate
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Figure 1. Plot of the NICS values in 1> and 1**, calculated at a
sequence of points between the center of the tetrahedron (R = 0 A)
and a point at R = 5 A along a line connecting the center of the cage
with the center of a triangular face (Cs axis). Open circles, 1?*; solid
circles, 14T,

symmetry to interact with the empty p orbitals at the sp?
carbons (Scheme 2).

According to the ACID critical isosurface values (CIVs), the
spherical hyperconjugation involving all 50 valence electrons
of 127 far exceeds the two-electron four-center interaction. The
CIV values are given in Figure 2, and they quantify the degree
of delocalization. With CIV = 0.025, the two-electron four-
center delocalized system is about one-half as strongly delo-
calized as the 50-electron system with CIV = 0.5. Thus, 12* is
a 50-electron spherical rather than a two-electron four-center
aromatic species. Tetracation 1** likewise should be described
as a 48-electron spherical system, which, according to the
electron-counting rules [2(N + 1)?] is not a three-dimensional
aromatic system and might, in fact, be three-dimensional
antiaromatic.
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J. Phys. Chem. A, Vol. 112, No. 40, 2008 9907

SCHEME 2: C—H and C—C Hyperconjugation in 12"

Because the LUMO in 14" is predicted to be totally
symmetric, this species can be expected to be a suitable host
for small electron donors with a 1s? configuration such as H™
or He. Both inclusion complexes He@1*" and H- @1** are
indeed found to be T,-symmetric minima, which, at least in the
case of the He inclusion complex, is surprising in view of the
fact that this highly strained species is calculated to be higher
in energy by AH = +147.6 kcal/mol relative to the separate
He atom and 147.10 The barrier for He loss in He@14" is
calculated to be small (AH* = 14.8 kcal/mol®), but it might be
large enough for the potential detection of He@1*" in mass
spectrometric experiments. The 3He and 'H NMR shifts
calculated for the endohedral atoms in the two inclusion
complexes are 0(*He) = —23.7 ppm (He@1**) and 6('H) =
—24.5 ppm (H-@14%"), which is indicative of some degree of
aromaticity.® At the same level of theory, the *He and "H NMR
shifts are predicted to be 0(*He) = +2.6 ppm (He@C;oH;e)
and 6(1thdride) = +14.2 ppm (H” @C,oH¢) for the inclusion
complexes of He and hydride in neutral adamantane 1. To
elucidate the electronic structures, we applied the ACID method
and detailed ring-current analyses to He@1** and H- @14* as
well (Figure 3).

He@1*" exhibits a strongly reduced antiaromaticity as
compared to that of the empty cage 1*t or even weak
aromaticity, which is manifested by a smaller ACID value and
a very weak paratropic ring current within the cyclohexane?*

HH

Figure 2. Plots of the anisotropy of induced current density (ACID) for 1% and 1*". The magnetic field is parallel to one of the C; axes and
pointing toward the viewer. The six-ring substructure formed by the three sp? carbons and three CH, groups is in the front, and one of the cationic
centers is at the back. Current density vectors (small green arrows with red arrowheads) are plotted on the ACID surface to visualize the ring
currents. The lengths of the arrows are proportional to the current. The ring currents are depicted schematically below each ACID plot. The system
of delocalized electrons in 1% (yellow ACID isosurface, isosurface value 0.05, left plot) includes all C—C and C—H bonds and the current density
vectors indicate a diatropic ring current within the six-membered ring substructure. The inner two-electron four-center system of delocalization
with a tetrahedral shape is visible only at lower isosurface values (0.025) and only if the ACID calculation is restricted to the HOMO (see ACID
plot in the middle). 14t (plot on the right) exhibits a paratropic ring current (counterclockwise) and therefore is antiaromatic.
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Figure 3. Plots of the anisotropy of induced current density (ACID)
and the current density vectors for He@1** (top) and H- @1*" (bottom).
For the relative orientation of the magnetic field and definition of the
current density vectors, see Figure 2. The viewing direction is parallel
to one of the C; axes in two directions: looking onto one of the sp?
carbons (left) and from the reverse side (perpendicular to one of the
six-ring substructures) (right). He@1** exhibits a diatropic ring current
(clockwise) around the sp? carbon and a paratropic ring current within
the six-ring subunit (counterclockwise). In H-@14*, both ring currents
are diatropic.

subunits. Around the sp? carbons, a diatropic ring current is
observed. The negative *He NMR shift (—23.7 ppm) indicates
that the diamagnetic contributions more than outbalance the
weak paratropic currents. H-@1*" exhibits diatropic ring
currents in both subunits. This finding is in agreement with the
'H NMR shift of the central hydrogen atom of 6 = —24.5 ppm.
H~@1*" is thus aromatic. The calculated (B3LYP/6-3114+G**//
B3LYP/6-31G*) HOMO—LUMO energy gaps in the inclusion
complexes are significantly larger than that for empty 1**, with
AEy_1, = 45.9 kcal/mol (1*1), 147.9 kcal/mol (171), 150.8 kcal/
mol (H-@1*"), and 106.5 kcal /mol (He@14").

Interaction of the unoccupied, totally symmetric, linear
combination of the four p orbitals at the four sp? carbon atoms
of 14" with the 1s> AO of He leads to a C—He bonding MO
that is the HOMO — 10 according to a B3LYP/6-311++G**//
B3LYP/6-31G* calculated wave function. The antibonding
combination forms the LUMO (see Figure 4). The HOMO —
10 has a dominant He 1s? character (small coefficients at the
carbon p orbitals) but nevertheless is distinctly distorted toward
the four sp?> C atoms, thus adopting a tetrahedral shape.

As mentioned above, the He@14* complex is a minimum
on the energy hypersurface, however, it is highly unstable
toward dissociation. To estimate the binding forces, we now
compare the stability of He@14" with that of the neutral
He@1 (Table 1).

Bucher et al.

TABLE 1: Energies of 1, 14", He@1, and He@14" and of 1
and 14" Fixed at the Distorted Geometry of the
Corresponding He Complexes (1* and 1477)?

He@1 1 He AE s
—393.381 286 —390.726 007 —2.907 049 0.251 770 —157.98 kcal/
mol
—392.663 584 —390.003 491 —2.900 232 0.240 139 —150.70 kcal/
mol
1 1* AErcorg
—390.726 007  —390.700 901 0.025 106 15.75kcal/mol
—390.003 491 —389.972 969 0.030 522 19.15kcal/mol
AErepuls 142.23kcal/mol
131.55kcal/mol
Hf:@l4Jr 14Jr He AEdiss
—388.463 605 —385.822 314 —2.907 049 0.265 750 —166.76 kcal/
mol
—387.745 110 —385.080 066 —2.900 232 0.235 188 —147.6 kcal/
mol
14+ 14+ AEreorg
—385.822314  —385.771 590 0.050 724 31.83kcal/mol
—385.080 066  —385.028 614 0.051 452 32.29kcal/mol
AE epus 134.93kcal/mol
115.31kcal/mol

@ AEgiss = dissociation energy, AE..; = strain energy caused by
the distortion from the minimum structure of the empty cage to the
geometry of the complex. ”Regular font, B3LYP/6-31G(d); italic
font, RCCSD(T)/cc-pVTZ//RCCSD(T)/cc-pVDZ (complexes of 141)
or RCCSD(T)/cc-pVTZ//B3LYP/6-31G(d) (complexes of 1).

Compared to the neutral complex He@1, the tetracation
He@1* is less stable toward dissociation but also more strongly
distorted with respect to the empty cage. At the CCSD(T) level
of theory, the repulsive forces are reduced by 16.2 kcal/mol in
He@1** as compared to He@1

The interaction of He with the surrounding cage should also
be reflected in the corresponding complex geometries. Whereas
the He—CH and He—CH, distances in the neutral complex
He@1 are 1.627 and 1.848 A, the corresponding parameters in
the tetracationic complex He@14* are 1.469 and 1.937 A.
Hence, the He—C distance to the four tertiary carbon atoms
decreases by as much as 0.158 A, and the distance to the
methylene bridges increases. This indicates a relative bonding
interaction with the cationic centers and stronger repulsion with
respect to the methylene bridges. The He—C™" interactions
obviously are indeed bonding given that the corresponding
distance of the center of the cage to the tertiary carbon atoms
in the parent adamantane is distinctively larger than the He—C™
distance in He@1*" (Figure 5).

Magnetic criteria indicate a considerable interaction between
the central He or H™ with the surrounding cage. Now the
question arises as to whether this interaction is purely electro-
static or partially covalent in nature. It is little surprising that
there is substantial electron transfer between H™ and 1#* in the
hydride complex. According to atoms in molecules (AIM)!!
calculations, the charge at the central hydrogen atom is +0.079
in H-@1%*. This complex should therefore be more correctly
described as H'@137. In the case of the helium complex, the
AIM atomic charge at He is +0.052, which indicates only a
small degree of charge transfer to the host. The NBO analysis'?
for He@1 predicts very low bond orders for He—CH (0.0483)
and He—CH, (—0.0209) and a natural charge at He of 0.085,
whereas He@1*" exhibits a distinct bond order for He—C™
(0.1527), almost no interaction for He—CH, (—0.0080), and a
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HOMO-10

Figure 4. Schematic MO diagram of the interaction of the four p orbitals at the sp? carbons with the 1s AO of He (left) and the corresponding MOs
plotted from a B3LYP/6-3114++G**//B3LYP/6-31G*-calculated wave function (right).
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Figure 5. Geometry plots with selected bond lengths (A) of He@1**, 1**, He@1, and 1, as calculated at the B3LYP/6-31G(d) level of theory

[with RCCSD(T)/cc-pVDZ values in parentheses].

natural charge at He of 0.281. Our calculations thus indicate
that bonding between the bridgehead carbon atom and He is
significantly more pronounced in He@1*" than in He@1.
Consistent with this observation, an AIM analysis of the bond
path between He and C* in He@1*" or H™ and C" in H- @14"
in both cases yields (3, —1) bond critical points (BCPs) between
the corresponding pairs of atoms. The electron density (p, in
au) at this BCP is 0.0906 for He@14* and 0.116 for H- @14+,
which is significantly higher than the corresponding value for
the inclusion complexes of He or H™ in neutral adamantane,
with p = 0.078 (He)'* and 0.0924 (H™). The Laplacian [L =
V2p(re), in au] of the electron density calculated for the C—He
(3,—1) BCP in He@1*" (H-@1*") is L = + 0.092 (+0.018).
These values are indicative of a closed-shell interaction.!!
How does one account for the aromaticity of 1> and
H @1*"/He@1*" and for the antiaromaticity of T,-1*" in
terms of electron counting? In view of the strong diatropic
or paratropic ring currents involving all C—H and C—C bonds
and the strong C—H and C—C delocalization predicted by

the ACID analysis, the complete set of valence electrons has
to be included to describe the three-dimensional aromatic
properties of these cage molecules (Figure 2). Thus, the total
number of delocalized electrons in the dication 12 is 50,
which is a magical number in the 2(N + 1)? rule of three-
dimensional aromaticity, and therefore, 12" is aromatic. The
unusual stability of 12* previously was ascribed to the two-
electron four-center aromatic system formed by the four sp?
carbons.>%714 However, according to our calculations, the
aromatic properties of 1" are dominated by the complete
set of all 50 valence electrons. In tetracation 14", the number
of delocalized electrons is reduced to 48. Conversely,
tetracation 14t would be a 48-electron antiaromatic species.
This again is corroborated by its magnetic properties.

In principle, this reasoning could also explain aromaticity of
He@1*" and H-@1%*, as the sum of valence electrons is also
z = 50 in both cases. In He@1*", the ring current running
around the faces of the tetrahedron formed by the four C* atoms
is paratropic. This observation indicates that one might have to
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treat He@14* as a “molecular onion”, with a z = 2 aromatic
system consisting of a doubly occupied He 1s shell polarized
by the extreme electron demand of the surrounding positively
charged cage (central five-center two-electron bond) and a z =
48 three-dimensional antiaromatic system consisting of the rest
of the molecule. In H~ @1, both electrons of the hydride are
donated to fill the 50-electron three-dimensional aromatic shell
of the complex. The trend in aromaticity from 14" (strongly
antiaromatic) through He@14* (weakly antiaromatic to weakly
aromatic, depending on which criterion of aromaticity is used)
to H-@1*" (aromatic) goes along with the facility with which
He and H™ contribute electrons to the electron demand of the
cage.

Computational Methods

All stationary points were fully optimized at the B3LYP/
6-31G* level of theory!> and characterized as minima or
transition structures by vibrational analysis. Minima on the
tetracation hypersurface were further optimized at the
RCCSD(T)/cc-pVDZ level of theory,'®!7 followed by RCCS-
D(T)/cc-pVTZ single-point energy calculations based on the
RCCSD(T)/cc-pVDZ geometries. In the case of the transition
structures and structures derived from neutral adamantane,
the RCCSD(T)/cc-pVTZ single-point calculations were based
on the B3LYP/6-31G* geometries. Molecular orbitals were
obtained by a full population analysis (pop = full) at the
B3LYP/6-311++G**//B3LYP/6-31G* level of theory. NMR
shifts were calculated at the B3LYP/6-311++G**//B3LYP/
6-31G* level of theory employing the gauge-independent
atomic orbital (GIAO) method as implemented in Gaussian
03. As reference points, the NMR shifts of a *He atom and
of tetramethylsilane were calculated at the same level of
theory. DFT calculations were performed with the Gaussian
03 suite of programs,'® whereas Molpro software'? was used
for the RCCSD(T) optimizations and single-point energy
calculations. AIM calculations were performed using the
AIM2000 program.?? ACID calculations were performed with
the ACID program.?
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