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Planar Hexacoordinate Carbon:
A Viable Possibility

Kai Exner and Paul von Ragué Schleyer*

The viability of molecules with planar hexacoordinate carbon atoms is dem-
onstrated by density-functional theory (DFT) calculations for CB;-, a CB,H,
isomer, and three C,B, minima. All of these species have six  electrons and
are aromatic. Although other C;B, isomers are lower in energy, the activation
barriers for the rearrangements of the three planar carbon C;B, minima into
more stable isomers are appreciable, and experimental observation should be
possible. High-level ab initio calculations confirm the DFT results. The planar
hexacoordination in these species does not violate the octet rule because six
partial bonds to the central carbons are involved.

Saturated carbon is usually tetrahedrally coor-
dinated, and planar arrangements were long
thought to be too high in energy to be observed.
Nevertheless, experimental evidence for planar
tetracoordinate carbon species predicted by the-
ory (/-5) continues to accumulate (3, 6-9).
Nonetheless, planar arrangements with six at-
oms bound to carbon seem impossible. Many
known compounds have hexacoordinate car-
bons (Fig. 1) (10-18), but they are involved in
three-dimensional structures.

Are planar hexacoordinate arrangements
really inconceivable? The design of unusual

Center for Computational Quantum Chemistry, Com-
putational Chemistry Annex, University of Georgia,
Athens, GA 30602-2525, USA.

*To whom correspondence should be addressed. E-
mail: schleyer@chem.uga.edu

www.sciencemag.org SCIENCE VOL 290 8 DECEMBER 2000

molecular shapes requires the right “fit” of
the constituent atoms, both geometrically and
electronically (3). The interatomic distances
must be in the normal ranges. The molecular
orbital (MO) patterns and degeneracies
should be consistent with the molecular sym-
metry. In addition, the occupied orbitals
should be low in energy and doubly occupied
(1, 3, 19). Unusually high coordination of a
central atom can best be achieved in cyclic
systems or clusters in which all atom-atom
contacts are bonding.

Our interest in planar hexacoordinate car-
bon was triggered by nucleus-independent
chemical shift (NICS) evaluations of aroma-
ticity (20-22). NICS values are based on
magnetic shieldings computed by means of
“ghost atoms” (designated points in space)
positioned, for example, in the center of the

benzene ring. We wondered whether such
surrogate probes could be replaced by a car-
bon atom or ion. If the cyclic electron delo-
calization is retained, the aromatic stabiliza-
tion energy might help support unusual coor-
dination of the central carbon. We now report
an exploration of several candidates with car-
bon in the center of a six-membered ring
using density-functional theory (DFT) calcu-
lations (B3LYP/6-311+G**) (23).

It is not surprising that neutral atoms do
not fit in the center of benzene. Very high
energy (244 kcal mol™!) is needed to force
helium (the smallest atom) to pass through
the benzene plane [He@C.H, with hexago-
nal planar geometry (D, symmetry) is a
transition state with bond lengths r.
Fepe = 1.517 A]. The situation with a central
carbon is even worse because the larger
atomic radius and its excess valence electrons
are unsupportable. Indeed, we could not op-
timize neutral C,Hg when D, symmetry was
imposed; even the Jahn-Teller—distorted D,,
form (9) (Fig. 2) was highly unstable, having
11 imaginary frequencies (an equilibrium
structure has none) (24). D, optimization
was possible after the removal of two elec-
trons. The resulting C;H,2" dication has a
structure with 1.601 A carbon-carbon bond
lengths, but there are eight imaginary fre-
quencies. The Dy, tetracation C,H ** (10),
which can be imagined as a valence electron—
stripped carbon atom inserted into benzene,
has more realistic carbon-carbon bond
lengths (ro. = 1.516 A), but it is still char-
acterized by two imaginary frequencies. The

1937
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high molecular charge leads to dissociation
when symmetry restrictions are released. The
isoelectronic boron analog CBH (11),
with seven imaginary frequencies, is even
worse.
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“Naked” clusters (that is, without hydro-
gens or other groups attached to the constit-
uent atoms) are inherently better suited to
stabilize central atom placements (3). For
example, consider (CH), (benzene) and Cg in

= +0/1+/2+

H
. Ha,, / < CHj

Y nYa " \ gu
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Fig. 1. Some compounds with hexacoordinate carbons: CH¢2* (1) (74); Hogeveen's dication
(CCH,), (2) (12); CLig=0/"+/2* (3) (13, 15, 17); tetrameric Meli (4); ortho- (5), meta-, and

para-C,B . H,,; CRu,(CO) 7
Schmidbaur’s C[Au(PPhs)J * (8) (16, 18).
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Fig. 2 (above). Species with planar hexacoordinate carbons calculated
with DFT at the B3LYP/6-311+G** level. Bond lengths in A, point group,
NIMAG, v, in cm™", and the number of  electrons are given.
(right). MO scheme for 13 with planar hexacoordinate carbon (B3LYP/
6-311+G*). The six 7 electrons are delocalized in the a,, symmetric MO

(6) (70); CRh4(CO),5% (7) (CO ligands omitted for clarity) (77); and

Fig. 3

involving the p orbital on the central carbon and the two degenerate

highest occupied MOs (e,, symmetry).
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D, symmetry. In benzene, the carbon in-
plane orbitals are used to bind the hydrogens,
but this valence capacity is underutilized in
Dy, C; with the hydrogens stripped away,
D, distortion results (25). Indeed, Dy, C.**
(12) is characterized by only one imaginary
frequency (24) of 506.3i cm~'. But, the
lengths of the partial carbon-carbon bonds to
the central carbon (1.454 A) are too short,
and pyramidal distortion is favored.

We reasoned that replacement of the pe-
rimeter carbon atoms in 12 by boron atoms
would result in a better “fit,” because boron-
carbon and boron-boron bond lengths are in-
herently longer than carbon-carbon bond
lengths (26). Indeed, our DFT calculations
show that the sixfold symmetric dianion
CB¢*~ (13, isoelectronic with 12) is a mini-
mum [v, = 270.0 cm™'; in this report, v,
denotes the lowest real frequency for minima
and the largest imaginary frequency for struc-
tures where the number of imaginary fre-
quencies (NIMAG) is greater than 1 (24)].

Why is 13, the first minimum to be discov-
ered with a planar hexacoordinate carbon, favor-
able? The MO plots for 13 (Fig. 3) reveal that no
unfavorable orbitals are populated. The highest
occupied orbitals are a degenerate m set (e,,)

Ay
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just like those in benzene. The third occupied
MO, involving the p orbital at the central carbon
(a,, symmetry), is low in energy. Indeed, the
sole 1.594 A bond length computed in 13 is
longer than the standard value for a carbon-
boron single bond but is between the lengths of
boron-boron single and double bonds (26). The
Wiberg bond indices (WBI) (a measure of the
bond order based on natural bond orbital anal-
ysis) quantify the nature of the bonding (27). As
in the three-dimensional hexacoordinate carbon
species (Fig. 1), the octet rule is not violated by
the central carbon in 13: partial bonds (WBI
0.63) to the six boron atoms are involved. The
boron-boron WBI (1.29) is greater than 1.0 be-
cause of the aromatic 6 electron character of
the molecule (28). Therefore, 13 fulfills both the
electronic and the geometrical requirements for
good bonding (29).

We next tested whether neutral, closed-
shell carbon-boron systems with planar
hexacoordinate carbon are possible as well.
All of the heavier atoms and one of the
bridging hydrogens in the doubly protonated
CB/H, minimum 14 lie very nearly in a
plane. But, this is not the case for the second
hydrogen; hence, the structure is not perfectly
planar. We therefore pursued other design
strategies. Isoelectronic substitution of car-
bon for boron in CB.>" (13, or boron for
carbon in 12) was successful: all three of the
C,B, isomers with planar hexacoordinate
carbons (15 through 17) are minima (Fig. 4).

The lowest frequencies of 15 through 17
are appreciable in magnitude (>150 cm™')
(Fig. 4) and, like those of 13 and 14, are
associated with movement of the central
hexacoordinate carbon in 15 through 17 out
of the ring plane. But, unlike 12, where this
out-of-plane motion is favorable, the C,B,
structures (15 through 17) have optimal bond
lengths. In addition, the orbital interactions of

Fig. 4. Stable neutral

C,B, minima with a pla- 060 1375
ngr 4hexacoordinate Ear- 10‘?5?5 \CT\MS
bon atom (B3LYP/6- ;%\ - T 1.460
3114+G*). Bond lengths 1494 B<T\B 1.31
in A, WBI (in italics) 083 1 e B"7617
point group, NIMAG, 1.10 1.13
lowest real frequency 15

(v,) in em™", the num- C,

ber of 7 electrons, and NIMAG=0

the zero-point corrected
relative energy (Ey,) in 61
kcal mol™" are given.

Eore, =124
Fig. 5. Primary isomeriza- PN
tion products of 15
through 17 (B3LYP/6- f i
3114+G*) The zero-point B
corrected energies in kcal
mol~" are relative to 16.
18
Cav
Egre, =-336
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the central carbon atoms with the C,B, pe-
rimeter stabilize the unprecedented bonding
patterns. As with 13 (Fig. 3), no unfavorable
orbitals are populated in any of the 15
through 17 isomers, all of which are aromatic
as a result of their six cyclically delocalized @
electrons (28). Consequently, the WBI of the
partial bonds to the central carbons are sub-
stantial (Fig. 4).

The predicted existence of compounds with
a planar hexacoordinate carbon is exciting, but
there is still a question as to whether isomers 15
through 17 are viable. These minima do have
appreciably positive lowest vibrational frequen-
cies (>150 cm™"), but this criterion is only a
necessary, not a sufficient, prerequisite for their
observation: rearrangements to more stable
C,B, isomers must not take place on the time
scale of the method of detection. An extensive
search of the C,B, hypersurface through geom-
etry optimizations, first at the B3LYP/6-31G*
and then at the B3LYP/6-311+G* levels, fol-
lowed by frequency analyses, identified 16 ad-
ditional minima [see Web fig. 1 (30) and Fig.
5]. Thirteen of these minima are more stable
than 15 through 17, but the lowest rearrange-
ment barriers are appreciable: 15 — 18 (34.4
kcal mol™"), 16 — 19 (25.8 kcal mol™"), and
17 — 20 (19.1 keal mol™") (31).

Are those energies reliable? The DFT
method applied is known to give accurate
geometries, but it sometimes overestimates
activation barriers. We therefore performed
CCSD(T)/cc-pVTZ single-point calculations
for 15 through 17 and the corresponding tran-
sition states to get accurate energies. The
relative energies for 15 through 17 at the
CCSD(T) level are 11.9 (15), 0.0 (16), and
6.2 kcal mol ™! (17), in good agreement with
the DFT energies (12.4, 0.0, and 6.0 kcal
mol ™', respectively). The T1 diagnostics (32)
(all less than the 0.02 threshold value) indi-

15180'79 1i4:?11 1.555 96 1i4g§)
061 T\' 1604 066 \<T>

A 031 \—?\ T11518;;3
/T\ /T\
1.495 C B
083 12%54487 B\C/
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CZV D2h
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vy =+165.8 (by) vy =+241.4 (by,)
6n 6n
Eya. =00 Eyra. =60
> >
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Cs CZV
Eorel.=-52.1 Egrer.=-5.0

cate that 15 through 17 are well described by
a single electronic configuration. The activa-
tion energies of 34.5 (15), 31.0 (16), and 22.5
kcal mol~"! (17) also support the DFT values.
The T1 diagnostics (0.039, 0.032, and 0.040,
respectively) indicate some multireference
character of the transition states (33).

We conclude that molecules with planar
hexacoordinate carbon are possible. Although
the first examples (13 through 17) of this novel
bonding motive can rearrange to more stable
isomers, the barriers should be sufficiently high
to permit observation, particularly of 15 (34).
Fragmentation and (auto)ionization of these
compounds require high energy. Dimerization
or the formation of even higher aggregates may
be possible, but the isolated species with planar
hexacoordinate carbon should be viable in the
gas phase (3) or in a matrix. Further examples,
more amenable to experimental characteriza-
tion, may be found in larger mixed-element
clusters. As with planar tetracoordinate carbon
(/-9) and nonplanar hexacoordinate carbon
species (10-18), our findings further extend the
traditional view of the bonding capabilities of
carbon and, by implication, other main group
elements.
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Geodynamic Evidence for a
Chemically Depleted
Continental Tectosphere

Alessandro M. Forte* and H. K. Claire Perry

The tectosphere, namely the portions of Earth’s mantle lying below cratons, has
a thermochemical structure that differs from average suboceanic mantle. The
tectosphere is thought to be depleted in its basaltic components and to have
an intrinsic buoyancy that balances the mass increase associated with its colder
temperature relative to suboceanic mantle. Inversions of a large set of geo-
dynamic data related to mantle convection, using tomography-based mantle
flow models, indicate that the tectosphere is chemically depleted and relatively
cold to 250 kilometers depth below Earth’s surface. The approximate equilib-
rium between thermal and chemical buoyancy contributes to cratonic stability

over geological time.

The tectosphere refers to the mantle below
continental lithosphere that is assumed to be
stabilized against convective disruption by a
balance between thermally generated nega-
tive buoyancy and positive chemical buoyan-
cy (1, 2). Seismic, petrologic, and heat flow
data have suggested that both the subconti-
nental chemical boundary layer (CBL) and
thermal boundary layer (TBL) extend to
about 200 km depth (3, 4). More recent stud-
ies based on continental heat flow and gravity
data indicate that the tectosphere TBL ex-
tends to depths between 200 and 330 km
(5, 6). Additional constraints on the thermo-
chemical structure and depth extent of the
tectosphere are provided by mantle xenolith
data (7-9). The interpretation of heat flow
and gravity data is, however, nonunique, and
the xenolith data represent a limited sampling
of the deep structure of the tectosphere.

High-resolution seismic tomography pro-
vides detailed reconstructions of the three-
dimensional (3D) structure in the mantle
(10-13). Tomographic models derived from
short-period seismic surface waves (10, 13)
provide optimal vertical resolution of the 3D
structure in the tectosphere (/4). These 3D
models show a tectosphere characterized by
sublithospheric shear wave speeds about 5%
faster than shear wave speeds in the ambient
mantle. A recent interpretation of this shear
velocity heterogeneity suggests that the tecto-
sphere TBL extends to a maximum depth of
about 230 km, but a corresponding CBL was
not detected (/5). Shear velocity anomalies
alone cannot distinguish chemical heteroge-
neity in the tectosphere, unless they are com-
bined with constraints on the tectosphere den-
sity structure (/6).

We derived constraints on the tectosphere
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density structure using a reformulated mantle
flow theory (/7) that incorporates surface
tectonic plates whose motions are coupled to
the underlying mantle flow. In the flow mod-
eling, we used two recent high-resolution
models of seismic shear wave velocity heter-
ogeneity (11, 13), which are derived from
independent data, using different parameter-
izations of the heterogeneity and different
inversion procedures. Constraints on mantle
density anomalies, and consequently the ther-
mochemical structure of the tectosphere, are
then obtained by inverting convection-related
geodynamic data with the mantle flow model.

The convection data we use are the tec-
tonic plate velocities (/8), the global free-air
gravity anomalies (/9), the surface topogra-
phy corrected for crustal isostasy (20), and
the excess or dynamic ellipticity of the core-
mantle boundary (21, 22). These data provide
independent constraints on mantle density,
with different sensitivities to density anoma-
lies at different depths (23). The surface to-
pography (Fig. 1) provides the strongest con-
straint on density variations in the litho-
spheric mantle, and thus a number of tomog-
raphy-based mantle flow studies have used
surface topography to constrain the density
structure and dynamics of the tectosphere
(24-27).

We first estimated mantle density anom-
alies (dp), which provide the buoyancy forces
for mantle flow, from shear wave velocity
anomalies (8V) using a mineral physics es-
timate (28) of the velocity-to-density conver-
sion dinp/din¥V. Mantle flow modeling also
requires a knowledge of mantle rheology,
which we represent as a depth-dependent vis-
cosity. We derived the mantle viscosity pro-
file through nonlinear iterative inversions
(17) of the convection data, using the initial
estimate of dp. The viscosity profiles we
obtained (Fig. 2A) are characterized by a
low-viscosity zone at ~200 km depth.

The density structure of the tectosphere is
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