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Ring Currents in a Proposed System Containing Planar Hexacoordinate

Carbon, CB~

Remco W. A. Havenith, Patrick W. Fowler,* and Erich Steiner!®!

Abstract: Current-density maps at the
coupled Hartree — Fock level calculated
in the CTOCD (continuous transforma-
tion of origin of current density) ap-
proach demonstrate the magnetic re-
sponse of the hypothetical planar hex-
acoordinate carbon species, CB¢>~. In

which supports paramagnetic currents,
the carbon-containing species has a
typical diamagnetic m-ring current that
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circulates undisturbed by the central
atom. In spite of the unconventional
nature of the species, the properties of
61t CB¢>~ and 4m B>~ can be rationalised
with the same orbital model that ac-
counts for the diamagnetic & current of
benzene and the paramagnetic  current

contrast with the empty B¢>~ framework,

Introduction

The edifice of systematic organic stereochemistry has as its
cornerstone the tetrahedral disposition of the four valences of
saturated carbon."? Nevertheless, even this near-universal
rule has its exceptions. Predicted planar geometries for carbon
in fourfold coordination®®” have been verified in a small
number of cases,® '] and in recent theoretical explorations of
the boundaries of carbon chemistry,'> 3l even more exotic
planar hexacoordinate carbon atoms have been proposed for
species such as CBs*~. One motivation given by Exner and
Schleyer for considering such high coordination numbers was
the potential for discovery of new aromatic systems.I'"l One
popular probe of aromaticity on the magnetic criterion is the
NICS (nucleus-independent chemical shift)!"] computed at or
above ring centres and compared with a benzene standard.
Such comparisons are less clearcut for systems with a central
atom, but the computed shifts at 1.0 and 1.5 A above the ring
centre (0 =—22.8/ —9.7) have been taken to suggest aroma-
ticity!'?l for CB4>~. Herein we take up this theme and explore
the consequences of the unusual hexacoordinate bonding
environment directly for the main diagnostic of aromaticity:
the ring current!*'" itself.

Ring currents can be visualised directly from ab initio
theory using coupled Hartree —Fock theory in the CTOCD
(continuous transformation of origin of current density)
approach for the calculation of the induced current densi-
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of planar cyclooctatetraene.

ty.l'8: 1) Advantages of this approach are practical, in that it
gives well converged results with modest basis sets,?* 2!l and
conceptual, in that it provides an analysis in terms of readily
interpretable orbital contributions that are, in a well-defined
sense, optimal.’?l The CTOCD method is applied here to the
predicted!?! CB¢>~ species.

Computational Methods

The geometries of CB¢*~ (Dg, symmetry) and B¢?~ (D,, symmetry) were
calculated at the RHF/6-311 + G* level of theory, using GAMESS-UK.%
Hessian calculations at the optimised geometries show that both lie at true
local minima of the potential energy hypersurfaces at this level of theory.
The magnetic properties of CB¢>~ and B¢~ were computed by using
distributed-origin methods, at the coupled Hartree —Fock level, with the
SYSMO program,?* using the 6-311 + G* basis set. Current-density maps
were plotted by using the DZ (diamagnetic zero) variant of the CTOCD
method, where the current density at any point in space is calculated with
that point as origin.”! This ipsocentric choice of gauge is crucial to the
calculation of orbital contributions that are uncontaminated by occupied —
occupied mixing.””) Current densities induced by a unit magnetic field
acting along the principal axis were plotted in a plane 1a, above that of the
ring (that is, close to the maximum s density, where the current is
essentially parallel to the molecular plane), in a plotting area of 16 x 16 a,2.
In Figures 1-4, contours denote the modulus of the current density at
values 0.001 x 4"eh/2nm.a,* for n=0, 1, 2, ..., and vectors represent in-
plane projections of current. In all plots, diamagnetic circulation is shown
anti-clockwise and paramagnetic circulation clockwise.

Results
The CB*~ dianion

Geometry: In agreement with the calculations of Exner and
Schleyer,['? this system is found to have a minimum with Dy,
symmetry, and the bond lengths of 1.590 A are compatible
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with those calculated at the density functional theory (DFT)
level (Scheme 1; B3LYP/6-311+G*: 1.594 A).'2 As the
hexagon is regular, the B—B and B—C distances are of course
equal. The lowest vibrational frequency is 315cm™! (cf.

B
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Scheme 1. RHF/6-311 + G* geometries of CB¢?>~ and B¢*~ (bond lengths
in A).

- AN

‘ 1.795
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270 cm~! in the DFT calculation of reference [12]) and this
indicates local stability against rearrangement for this species,
at least at sufficiently low temperatures. The electronic
configuration is [(core)'(3a;,)%(2ey,)*(2e5,)*(1a5,)*(4a;,)*(2by,)*-
(Bew)'(leyy)’].

As a doubly charged anion, the system has a positive
HOMO eigenvalue in this finite basis, indicative of its
instability to autoionisation, unless embedded in a protecting
lattice or solvation shell.

Ring currents: Figure 1 shows maps of a) ¢, b) @ and c) total
(0 + ) induced current densities, all plotted in the 1a, plane.
The o-only map (Figure 1a) shows a set of local paramagnetic
vortices over the boron sites, and a central diamagnetic flow
around the carbon site at the ring centre. This pattern is an
interesting reversal of the normal o map for hydrocarbon
rings,”! where localised diamagnetic bond circulations build
up a paramagnetic circulation at the ring centre. There is little
indication of localised B—B or B—C bond circulations in
Figure 1a, and the atom at the hexagon centre acts as a centre
of circulation in its own right.

The m-only map (Figure 1b) exhibits a typical diamagnetic
ring current, characteristic of aromatic species such as
benzene, and apparently uninfluenced by the presence of
the central atom. This independence of the carbon atom from
the m system of the boron framework is consistent with its lack
of a suitable low-lying d orbital—it cannot participate without
such an orbital in the 1e;, s HOMO of the framework, which
as we will see later, is the dominant contributor to the ring
current.

Superposition of ¢ and & current densities in the total map
(Figure 1c) gives a reinforced diamagnetic circulation both
inside and outside the ring, with small paramagnetic eddies
over the boron sites, similar to those observed in other maps
of B-containing species.?”)

The current densities in CB¢2~ (or C@B4>~ as it might be
called in endohedral cluster notation) can be further analysed
to reveal specific orbital characteristics. In the CTOCD-DZ
formulation, the induced current density at each point in
space can be written as a sum over virtual transitions from
each occupied orbital to the whole manifold of unoccupied
orbitals.”?l The sum is dominated by low-energy transitions,
that is in the best case between orbitals near the HOMO —
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Figure 1. Maps of current density in CB¢>~: a) o-only, b) sw-only and ¢) (o +
7t) current (@ carbon, ® boron; nuclear positions projected to the plotting
plane).

LUMO frontier, and is governed by symmetry-based selection
rules. “Diamagnetic” contributions are those allowed under
in-plane translational excitation of occupied orbitals and
“paramagnetic” contributions are those allowed under in-
plane rotational excitation of occupied orbitals. This means
that for CB¢~, in Dg, symmetry, the product symmetry
I'(y,) x I'(1,) for a transition from the occupied orbital ¥, to
the virtual orbital ¥, must contain A,, for rotationally allowed
and E, for translationally allowed transitions. In most systems
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examined so far, the total induced m-current density is
dominated by just a few electrons.??!

The orbital-by-orbital analysis of the current density of
CB¢?~ (shown in Figure 2) reveals that the global current 1a,
above the molecular plane is dominated by the contributions
of three sets of occupied molecular orbitals. These are the

pair (e=—0.172 E,) complete the localised paramagnetic
eddies on the boron sites.

Discussion: A rationalisation of individual orbital contribu-
tions can be given in terms of qualitative cluster-bonding
theory, which allows identification of the available excitations
into the lowest-lying unoccu-
pied molecular orbitals. A par-

. i ticular transition from an occu-
8) legg (n) % ﬁ] b) 3ey @ @ pied to an unoccupied molec-
ular orbital will have a large
current-density if the target or-
) bital is the translational or rota-
5 Rk tional partner of the occupied
] s ¥ A S e G orbital, and if the energy gap is
a3 R RS sufficiently small.”?l The domi-
B ettty 38 oy &y AT TN A nant transitions between occu-
Ch ld.l1ili- G ECIEE B 'y pied molecular orbitals and

i o Wy 4 - oA Yy Pt td . . .
it e ¢ LAY et Xwwr R, their partners are.deplcteﬁi in
I \2‘:;:;;?: 7 N oavin e P s A iy Scheme 2. Occupied orbitals
gl P ' ‘::+®ﬁ::’ " are shown on the left, their
SN N T d partners on the right. The de-
scriptions of symmetries and
transition types that apply to

CB¢>~ are indicated in red.

Starting at the top of the
<) by, % d) 2e;, a @ scheme, each member of the
le;;, HOMO pair of CB¢*~ can
be connected to either of the
two m* le,, orbitals by multi-
plication with x or y, introduc-
P ’__;__;\ .S BT L Py ing an extra nodal plane in one
P P AN s sfisog A L el or two ways. Thus symmetry,

P e F by

o S te

’ )

L e
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nodal matching and energy gap
factors all conspire to produce a
significant orbital current den-
sity (Figure 2a), in agreement
with the dominant réle of the
HOMO in the & ring current
(Figure 1b). In a pure Hiickel
model of benzene, this HO-

Figure 2. Contour plots for the most magnetically active CB¢>~ molecular orbitals, showing their contributions to

the total current density.

degenerate 1 HOMO (le,,, RHF/6-311 + G* orbital energy
£=0.102 E,), which contributes essentially the whole of the
diatropic mt-ring current (cf. Figure 2a and 1b), the HOMO-1
carbon —boron o-bonding combinations (3e,,, e =—0.034 E,),
which contribute most of the diamagnetic current over the
centre of the molecule, and the HOMO-2 tangential boron —
boron bonding orbital (1b,,, e =—0.071 E,), which gives the
main paramagnetic contribution to the circulation on the
outside of the molecule. Neither of the next two orbitals in the
energy sequence, 4a;, (¢ = —0.145 E,, a bonding combination
of carbon 2s and in-plane radial boron 2p orbitals), and 1a,,
(e=-0.162 E,, the bonding combination of carbon 2p, and
in-phase 2p, orbitals on boron), contribute any significant
current density. Small contributions from the HOMO-5 2e,,
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MO-LUMO transition would
give the sole contribution to the
7t current.?8

The next pair of orbitals in
Scheme 2 are the (o) radial cluster-bonding 3e,, set, which
again are each converted to an antibonding partner by
multiplication with either x or y and so give an overall
diamagnetic contribution (Figure 2b).

The next orbital in Scheme 2 is the non-degenerate 1by,
tangential cluster-bonding orbital, which can be converted by
a concerted rotation on each boron site into the fully
antibonding radial combination, and hence, obeys the require-
ments for a paramagnetic contribution (Figure 2c¢). This
transition would be blocked in conventional aromatics and
antiaromatics by the filling of the target orbital as part of the
set of C—H bonds.

Finally, the 2e,, pair exhibits a set of tangential-to-radial
transitions on concerted rotation, and hence gives a para-
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b2, 2b

Scheme 2. Schematic representation of the dominant transitions in CB*~
(red) and B¢~ (blue). T denotes translationally allowed transitions
(yielding diamagnetic currents) and R denotes rotationally allowed
transitions (yielding paramagnetic currents).

magnetic contribution (Figure 2d), which in CBg~ is less
significant than the contribution of 1b,,, as would be expected
from the larger energy denominator. Again, these target
orbitals would be unavailable in conventional unsaturated
hydrocarbon systems.

A comparison with the B;2~ dianion

Geometry: A wealth of minima with different geometries and
spin multiplicities exists on the potential energy surface of
neutral B¢ Minima with different spin multiplicities can
also be located on the potential energy surface of the dianion
B¢, but for our purpose of comparing the ring currents and
molecular orbitals of B¢>~ with those of CB¢>~ we have limited
our search to minima with planar geometries. Calculations
constrained to Dg, symmetry gave no minimum. However, a
singlet, closed-shell configuration was located for B2~ in Dy,
symmetry at the RHF/6-311 4+ G* level of theory. Its geometry
is shown in Scheme 1.

At this local minimum (lowest vibrational frequency
274 cm™') B~ has 16 doubly occupied molecular orbitals,
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corresponding to the configuration [(core)'?(3a,)*(3b;,)*-
(2b,,)2(48,)2(2b1) (164, (3b3,)(5a,)2(4b3,)*(1b3,)?].

The correlation rules for descent from Dy, to D, are: A; —
A, A,—B,, B,—B,,B,—B;, E,—~B, + B;, E,—A + B,
and g — g, u— u. The 1b,, HOMO and 4b;, HOMO-1 of B¢*~
are the low-energy members of the split 1e;, HOMO and 3e,,
HOMO-1 pairs of CB¢, each of which also give rise to an
unoccupied orbital of Bs>~. As a consequence, the empty
framework of B2~ has four m electrons, in contrast with the six
7t electrons of the carbon-filled CB¢>~.

a)

b)

)

Figure 3. Maps of current density in B2~ (D,, symmetry): a) c-only, b) 7-
only and c) (0 + &) current (® boron; nuclear positions projected to the
plotting plane).
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Ring currents: Figure 3 shows the calculated a) o-only, b) z-
only and c) total (0+ ) current-density maps for the D,,-
symmetric B~ ion. The ¢ map (Figure 3a) shows, as for
CB¢*, local paramagnetic circulations around the boron
atoms, but unlike the CBs?~ map has no clear single central
diamagnetic component. In both the s-only and (o + 1) maps,
a strong paramagnetic current is discernible in the inner
square of the molecule, consistent with the expected 4m-
electron anti-aromatic nature of this system. A NICS value of
0 =221, computed at the ring centre in the present basis,
using the CTOCD-PZ2] method is consistent with a para-
tropic current. The (o + 7t) map shows also local paramagnetic
circulations around the two boron atoms located outside the
central square.

Discussion: The orbital-by-orbital analysis of the currents in
B¢2~, shown in Figure 4, allows the marked differences from
the maps for CB¢>~ to be rationalised in terms of the electron
configuration. The blue labels and arrows in Scheme 2 refer to
B¢~ In D,, symmetry, the orbital product symmetries for
rotationally allowed transitions contain B,,, and for transla-
tionally allowed transitions contain B,, or B;,. The total

current density in B¢~ is dominated by four non-degenerate
orbitals. The contribution of the four dominant molecular
orbitals, namely 2b,,, 3b,,, 4b;, and 1b,, is in all cases
paramagnetic.

The splitting of the degenerate le;, 7 pair, into one filled
(1by,; HOMO; £=0.072 E;) and one empty (1bs,; € =0.313
E,) orbital has a dramatic effect on the induced current
density contribution of the m electrons. There is now a
rotationally allowed transition within the split pair (indicated
by the vertical blue arrow in Scheme 2), and the sense of the
current therefore changes from diamagnetic to paramagnetic.
A similar rotational transition between a symmetry-split
pair is responsible for the paratropicity of the 4n annulenes.?!

In the manifold of radial-cluster orbitals, a similar new
rotationally allowed transition appears between the (4bs,)?
(HOMO-1; ¢=0.057 E,) and (4b,,)° (¢=0.271 E,) compo-
nents of the original (3e,,)* pair, resulting in the destruction of
the central diamagnetic current of CB¢>".

The current-density contributions of the 2b;, and 3b,,
orbitals of Bs?~ are similar to those of the parent 2e,, and
1b,, orbitals of CB¢?~: in both species there are allowed
concerted rotational transitions (see Scheme 2).

As a consequence of the rise
in energy of (2b,,)? and fall of

the target (6a,)’ induced by the
a} Ibyg () g b) bsy symmetry-splittings 2e,, — 2b,,
’ + 4a, and 3e,,—6a, + 3by,,
the paramagnetic current in
. . e TETaled s B¢2~ attributable to these two
g ' L ® electrons is stronger than the
A S LA AN e e rather weak contribution from
’é"":"-:':é" A é-: % .:é' the four electrons of (2ey,)* in
" I T CB.2-.
T Tt N 6
crkklaTee e g
N SO - -
N i Cha wle Dy mfis .
S e Conclusion
® | SR o
______ A modern distributed-gauge
----- method has been used to iden-
tify the magnetic response of a
species containing carbon in a
novel hexacoordinate environ-
) 3ha, ﬁ d) 2by, ﬁ ment. Insertion of a carbon
atom into the B¢?~ ring has a
decisive effect on the proper-
e T ties. Whereas the empty boron
-. J ;%é; % ; ; é‘?} ( . ring supportzsi a paratropic w
o e e LR - current, CB4*~ supports an ap-
: ;f"‘:‘ "% g @ " parently normal diatropic
1y @‘" Y i K e e current, which circulates undis-
] ; ; g -: { 'L (1 A I N R TR s turbed around the encapsulated
j ; é:, \E‘@g: : . ; & carbon atom, as carbon lacks
o e wl s b the low-lying d orbital neces-
SN ) A I@# s sary for participation in the
il Sy framework orbitals that domi-
. nate the current.
A breakdown of the total

Figure 4. Contour plots for the most magnetically active Bs>~ molecular orbitals, showing their contributions to

the total current density.
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current into physically distinct
orbital contributions can be
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made, taking advantage of the ipsocentric CTOCD-DZ
formalism. In contrast with conventional carbon-based aro-
matics, the coordinative unsaturation of the boron atoms
leads to low-lying o orbitals and, hence, a significant para-
tropic contribution to the o ring current on the perimeters of
both CB¢?~ and B¢>~. In spite of their unconventional nature,
CB¢>~ and B>~ have the m currents expected of 67 and 47
planar monocycles. In CB¢*~ the diatropic current is attribut-
able to the four HOMO electrons, as in benzene. In B2~ the
two HOMO electrons occupy half of a symmetry-split pair
connected by a rotationally allowed transition and hence give
rise to a paramagnetic m current, as in the planar form of the
antiaromatic cyclooctatetraene.
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