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In the past two decades, computational chemistry has made
dramatic advances, enabling the prediction of novel molecules that
often contradict chemical intuition. Many theoretical chemists have
participated in this endeavor, proposing myriads of unusual
molecules. However, very often the predicted species are not the
global minima, and it is difficult if not impossible to observe them
experimentally. Molecules with hypercoordinated carbons in planar
boron—carbon clusters are vivid examples of such predictions. Here
we aim to show via a joint experimental and theoretical investigation
that such species are too high in energy to be experimentally
observed.

Since Hoffmann and co-workers' proposed the idea of tetraco-
ordinate planar carbon (tpC) molecules, there have been numerous
computational predictions of such unusual species.>”> Ab initio
predictions of thought-to-be-outlandish pentaatomic tpC molecules®
were experimentally confirmed in 1999 and 2000.” These experi-
mental advances have stimulated further searches for even higher
coordination in planar carbon species.®'” In particular, a series of
C/B binary clusters with hypercoordinate planar carbons®" has been
proposed and has attracted significant attention.'''> The planar
CB¢>~ cluster, which has a hexacoordinate carbon, has been touted
as a “divining molecule” and highlighted on the cover of Chemical
& Engineering News."' In this article, we show that in systems
containing boron atoms as ligands, such as CB4> ", the central
position with high coordination number should be favored for atoms
with low electronegativities and strong tendencies to participate in
delocalized bonding. The key point here is the presence of two-
center, two-electron bonds between peripheral atoms. The higher
electronegativity of C compared to B clearly disfavors the hexa-
coordinate C isomers of CB¢~ and C,B5 . It should be pointed out
that an extensive survey of the isoelectronic C;B4 has also revealed
that the hexacoordinate isomer is higher in energy.®

Heptacoordinate planar carbon in the D7, CB;™ cluster was
initially predicted computationally by Schleyer and co-workers.*"
Recently, we serendipitously observed a highly stable CB; ™~ cluster
during laser vaporization experiments. Using photoelectron spec-
troscopy (PES) and ab initio calculations, we found that the global-
minimum planar structure of CB;~ has C,, symmetry with the C
atom occupying a peripheral position.'*> The planar D;, CB;~
structure may be kinetically stable but has a much higher energy
than the C,, structure. In principle, kinetically stable but thermo-
dynamically unfavorable isomers can be observed under some
special conditions, but they were not populated under the experi-
mental conditions of the previous study. Here we present both
experimental and ab initio results demonstrating that the most stable
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Figure 1. Photoelectron spectra of (left) CBs~ and (right) C,Bs~ at 355
nm (3.496 eV), 266 nm (4.661 eV), and 193 nm (6.424 eV).

isomers of CB4” ™, its isoelectronic analogue C,Bs ™, and CB¢~ are
not the previously proposed planar structures containing a hexa-
coordinate carbon. Instead, the latter are found to be extremely high
energy isomers and cannot be made through atom self-assembly
in the gas phase.

The experiment was performed using a laser-vaporization cluster
source and a magnetic-bottle PES analyzer, details of which can
be found elsewhere.'* The target used to produce CBs~ and C,Bs~
was compressed from a 98% isotopically enriched '°B powder
mixed with ~5% graphite. The PES resolution AE/E was ~2.5%,
i.e., ~25 meV for 1 eV electrons. The spectra of CBs~ and C,Bs—
at three different photon energies are presented in Figure 1. The
spectra of both species are rather broad and complicated, indicating
either large geometry changes in going from the anions to the
neutrals and/or the presence of multiple isomers. The observed
vertical detachment energies (VDEs) for the main PES bands are
given in Table 1 and Tables S1 and S2 in the Supporting
Information, where they are compared to theoretical data.

Computationally, we first searched for the global minima of
CB¢2™, CB¢, and C,Bs~ using the genetic algorithm program
GEGA'? at the B3LYP/3-21G level of theory. We then recalculated
the geometries of low-lying isomers and two hexagonal structures
of each species at the B3LYP/6-311+G* level of theory and those
of the two lowest isomers of CBs~ and C,B5~ at the CCSD(T)/6-
3114+G* level. Total energies of the 12 local-minimum structures
were recalculated at the CCSD(T)/6-311+G(2df)//B3LYP/6-
3114+G* level of theory.
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Table 1. Comparison of Experimental and Theoretical VDEs (eV) for CBg~ and C2Bs™

theoretical VDE

structure feature exptl VDE? final state; electronic configuration TD-B3LYP OVGF® ACCSD(T)°

CBs V X tail ~29 TA"; (1a™)?(7a')*(8a")%(2a" )*(9a')*(10a")° 3.20 3.19 (0.88) 2.95
B 3.62(3) 3A'; (1a")(7a")?(8a')*(2a" )%(9a') ' (10a")! 3.65 3.56 (0.88) 3.68
C 4.21(3) 3A™; (1a")2(7a')%(8a')*(2a") ' (9a')%(10a")! 4.14 4.11 (0.88) 422
D ~4.5 TA"; (1a")%(7a")*(8a")(2a") ! (9a")*(10a’)" 455
E 4.71(5) 3A'; (1a")X(7a')%(8a")!(2a")%(9a")?(10a")! 4.81 4.88 (0.86)

CBs~ VI X4 2.78(3) TA"; (1a")2(7a')%(8a)?(2a" )*(9a")*(10a’)° 3.14 3.58 (0.88) 2.75
A 3.17(2) 3A'; (1a")(7a')%(8a")*(2a")*(9a") ' (10a")! 3.12 2.86 (0.88) 3.14
C 4.21(3) 3A"; (1a")(72')%(8a')*(2a") ' (92')*(10a")! 4.13 4.07 (0.88) 4.19
D ~4.5 LA (1a")(7a")(8a')*(2a")'(9a')*(10a’)" 4.52
E 4.71(5) 3A'; (1a")X(7a')*(8a")!'(2a")*(9a")*(10a")! 4.74 4.78 (0.86)

CBs™ IX A 2.95(6) 2A1; (1by)%(4a))*(5ar)*(1a2)*(4by)*(6a;)" 3.00 3.08 (0.88) 3.13
C 4.36(4) 2B,; (1by)*(4a))*(5a1)%(1az)?(4by) ! (6a))? 4.42 4.73 (0.84) 4.49
D 4.93(3) 2Ay; (1by)%(4a1)?(5a;)*(1az) ' (4by)?(6a)? 4.79 4.90 (0.88) 4.97

CBs~ X Xx? 2.61(5) 2A'; (7a")(8a")?(2a" )*(9a")*(10a’)! 2.54 2.74 (0.86) 2.69
B 4.06(3) 2A'; (7a")%(8a")*(22")*(9a")'(10a")? 4.13 4.47 (0.83)

“ Numbers in parentheses represent the uncertainty in the last digit. © VDEs were calculated at the OVGF/6-311+G(2df)//CCSD(T)/6-311+G* level
of theory. Values in parentheses represent the pole strength of the OVGF calculation. © VDEs were calculated at the CCSD(T)/6-311+G(2df)//CCSD(T)/
6-311+G* level of theory. ¢ Experimental ADEs were estimated from the X band to be 2.71 + 0.02 eV (CBg ) and 2.40 4 0.05 eV (C2Bs ).

Calculated ADE are 2.65 eV (CBs~ V), 2.63 eV (CBs~ VI), 2.82 eV (C:Bs—

6-311+G* level.
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Figure 2. Calculated structures and relative energies for CB¢>~, CBg ™,
and C,Bs . The upper and lower values are from the CCSD(T)/6-
311+G(2df)//B3LYP/6-311+G* and B3LYP/6—311+G* levels of theory,
respectively.

VDEs for CBs~ and C;Bs~— were calculated using the R(U)CCS-
D(T)/6-311+G(2df) method, the outer-valence Green’s function
method [ROVGF/6-3114+G(2df)] at the RCCSD(T)/6-311+G*
geometries, and the time-dependent DFT method [TD-B3LYP/6-
3114+G(2df)] at the B3LYP/6-311+G* geometries. All of the
calculations were done using the Gaussian 03 program.'® Molecular
orbital visualization was done using the MOLDEN3.4 program.'®®

According to our GEGA search, the structure I (Cy) is the global
minimum for CB¢>~ (Figure 2). Though the isolated CB¢>~ dianion
is not electronically stable, as pointed out by Exner,** we used the
compact (6-311+G*) basis to model this unit in the electronically
stable NaCBs~ or NayCBg species. This modeling was adequate
for the description of the portion of the potential surface within
the Coulomb barrier. The previously discussed®® structure IV (Dg;)
with a hexacoordinate C is 34.4 kcal/mol higher in energy [here
and elsewhere, the relative energies are given at the CCSD(T)/6-
3114+G(2df)//B3LYP/6-311+G* level] than the global minimum.
Similarly, for CB¢ and C,Bs5 ™, the structures with a hexacoordinate
C, VIII (D,;) and XII (Cy,), are also significantly higher in energy
than the corresponding global minima (Figure 2).

IX), and 2.39 eV (C;Bs~ X) at the CCSD(T)/6-311+G(2df)//CCSD(T)/

For all three clusters, we found a low-lying isomer very close to
the global minimum. In the cases of CBs~ and C,;Bs ™, the low-
lying isomer may be present experimentally, giving rise to the
complicated PES patterns. Indeed, comparison of the theoretical
and experimental VDEs (Tables 1, S1, and S2) clearly shows that
the two lowest isomers are almost equally populated for both CB¢
and C,B5 . For CBg¢ , the first VDESs for the two lowest isomers,
V (295 eV) and VI (2.75 eV), calculated at the CCSD(T) level
are close to each other, and both should contribute to the observed
ground-state band X (Figure la—c). The first VDE of isomer VI is
slightly lower, corresponding to the main X band, whereas that of
isomer V corresponds to the higher-binding-energy tail of the X
band. The second calculated VDEs for isomers V (3.68 eV) and
VI (3.14 eV) are very different, corresponding to the observed PES
bands B and A, respectively, and providing the most critical spectral
signatures for the presence of the two isomers. Spectral features
beyond 4 eV can all be assigned to the two isomers (Table S1).

For C,Bs5, the first four observed PES bands (Figure 1d—f) can
be unambiguously assigned to the first two detachment channels
of each of the two lowest isomers, as shown in Table 1. Higher
PES bands can all be assigned to the higher-binding-energy
detachment channels from the two isomers (the peak labeled * is
likely due to a vibrational feature of the A band or a contribution
from a third low-lying isomer), as given in Table S2. All of the
observed PES bands are relatively broad without vibrational
resolution, consistent with the low symmetries of the two isomers
of each cluster and suggesting that these structures are relatively
floppy. Overall, the agreement between the observed PES features
and the theoretical data is quite satisfying and provides considerable
credence for the lowest structures obtained for CB¢~ (V and VI)
and C,Bs~ (IX and X). Clearly, the isomers with a hexacoordinate
C (VII for CBs¢ and XII for C;Bs ) are too high in energy.
Though hypercoordinated isomers IV and XII are true local minima
and kinetically stable, we were only able to observe the global
minimum and low-lying isomers.

To understand why the structures with a hexacoordinate C for
CB¢>~, CB¢, and C,Bs ™ are higher in energy than the correspond-
ing global minima, we analyzed their chemical bonding using the
recently developed adaptive natural density partitioning (AdNDP)
method.'” This approach leads to partitioning of the charge density
into elements with the highest possible degree of localization of
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electron pairs: n-center, two-electron (nc-2e) bonds. If some part
of the density cannot be localized in this manner, it is represented
using completely delocalized objects similar to canonical MOs,
naturally incorporating the idea of completely delocalized (globally
aromatic) bonding. Thus, AANDP achieves a seamless description
of different types of chemical bonds.

According to our AANDP analyses (see Figures S4 and S5 in
the Supporting Information for details), the hexagonal structures
of CB¢>~ and C,Bs ™ are doubly (0- and 77-) aromatic systems (six
delocalized o electrons and six delocalized 7 electrons) with six
peripheral 2c-2e B—B or B—C bonds. This bonding picture explains
why the hexagonal isomers with a central C atom (IV and XII)
are higher in energy than those with the C atoms located on the
periphery (III and XI). The central C atoms in IV and XII are
involved in delocalized bonding only, while the C atoms in III
and XTI are involved in 2c¢-2e peripheral bonding in addition to the
delocalized bonding. The lower electronegativity of B compared
to C clearly favors the hexacoordinate B isomers of CB¢>~ and
C2B57.

The lowest-energy structures for CB¢>~ (I and II) and C,Bs~
(IX and X) originate from heptacyclic structures. These four
structures are all o-aromatic (six delocalized o electrons) and
m-antiaromatic (four 7t electrons) and have seven peripheral 2c-2e
B—B/B—C bonds. There are no “internal” 2c-2e B—B or B—C
bonds; in Figure 2, the internal lines connecting atoms do not
represent 2c-2e B—B or B—C bonds. In order to prove that these
low-symmetry structures are indeed related to seven-membered
rings, we performed additional calculations for the CBg cluster. We
started by removing two electrons from the HOMO (10a’) of the
CB¢?*~ global-minimum structure I (Figure S6 in the Supporting
Information). In the resulting neutral CBg structure, we switched
the 0-HOMO (9a’) and 7-LUMO+2 (3a"), making this structure
doubly aromatic (two o electrons and six 7 electrons) and preserving
seven 2c-2e peripheral B—B/B—C bonds. Subsequent geometry
optimization of the doubly aromatic structure led to an almost
perfect heptagonal ring for CBg (Ca,, 'A;) (Figure S6). The MOs
of the latter now clearly confirm our initial assignment of this cluster
as doubly aromatic (two o electrons and six 7 electrons) with seven
2c-2e peripheral B—B/B—C bonds. Hence, the stable, low-lying
structures I and II for CB4>~ and IX and X for C,Bs ™ are derived
from distortions of the heptacyclic structures due to s antiaroma-
ticity. There may be more than one deformation of the C,, CBg
after addition of two electrons. We selected the above-mentioned
one for illustrative purposes.

Our chemical bonding analyses suggest that in the theoretical
design of chemical systems with planar hypercoordination, the
peripheral ring size and the electronegativity and size of the central
atom must all be considered.®® The highest coordination number
observed to date in a planar environment is 8, in the Bg~ molecular
wheel.'® A similar molecular wheel with a nonacoordinate Al has
been predicted for AlBo,'® currently representing the highest
coordination number in the planar environment achievable in a low-
energy isomer.
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