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Something interesting and chemically significant happens in
an organic aromatic system when it is substituted with lone-
pair-bearing electronegative ligands, and then oxidized. Con-
sider the dioxobenzene dianion—benzoquinone couple 1 and
2. There is an easy oxidation/reduction connecting these two
molecules, coupled with destruction/formation of the aro-
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matic system, multiple bonding to the exocyclic substituent,
and attendant strong skeletal deformation.

Polyhedral boranes are considered to be 3D aromatic
systems.[1] Could something analogous take place in polyhe-
dral boranes on substitution by lone-pair bearing ligands?
And could the effect be even stronger than in organic
molecules due to the cylindrical nature of the interaction?
The idea is indicated schematically in 3.

Our motivation for thinking about exohedral multiple
bonds on a polyhedral skeleton was triggered by the
observation of conjugative effects across ten and twelve
vertex bi-para-substituted boranes and carboranes with
phenyl, pyridinyl and dinitrogen substituents.[2–5] As elec-
tronic communication across the polyhedral skeleton essen-
tially involves some p character in the bond connecting these
substituents to the polyhedral skeleton, we wondered whether
such partial p bonding could be maximized for a suitable
electron count. Herein, we explore the relatively simple
octahedral and pentagonal bipyramidal borane skeletons with
exo multiple bonds. All the systems considered here are
studied by using hybrid DFT calculations (B3LYP-6-311+
G**);[6] a fragment molecular-orbital (MO) analysis is
performed by using extended H;ckel calculations.[7] The
extension of these to higher boranes and their energetics will
be reported elsewhere.

We selected the disubstituted O, NH and S derivatives for
the study. The substitution of these groups at the para
positions of the closo-borane B6H6

2� will result in B6H4X2
4�

(X=O, NH, S), classical Wade systems. In fact, we had to
carry out calculations on the di and tetraprotonated forms of
these, as the parent tetraanion calculations failed to converge
in the geometry optimization. To move toward multiple
bonding, we removed one or two electron pairs from
B6H4X2

4�, leading to B6H4X2
2� or B6H4X2, respectively. DFT

calculations show that all of these dianions and neutrals are
minima (Table 1). The various B�B distances calculated are

given in Figure 1. In the dianions, there is pronounced bond
alternation in the “belt” of the polyhedron, to which we will
return later.

The exopolyhedral B�X bond lengths decrease steadily
and dramatically when the systems are oxidized (as in
quinones). For example, the B�O bond length 1.574 D in
B6H4(OH2) (tetraprotonated B6H4O2

4�) decreases to 1.296 D
in B6H4O2

2� and further decreased to 1.227 D in B6H4O2.
[8] In

all the oxidized systems, the bonds that connect the substi-
tuted boron atoms to the central B4H4 ring are also elongated
compared to the unoxidized systems. This short–long–short
alternation is parallel to what happens in quinones. In
addition, the B�B bonds of the belt B4H4 ring fragment in
the B6H4X2

2� series show pronounced bond alternation, much
like cyclobutadiene. As we shall see, the relationship is not an
accident.

A similar substitution sequence in the closo-B7 skeleton
gives B7H5O2

2�, B7H5(NH)2
2�and B7H5S2

2� ions—all of them
characterized as stationary points at the same level of theory.
In this case, however, further oxidation to the neutral species
B7H5X2 breaks the closo-B7 the skeleton for all the substitu-
ents considered here. In the closo-B7 skeletons of B7H5X2

2�,
bonds are elongated along the major symmetry axis and they
also exhibit bond alternation in their belts (Figure 2); the
B�B bond lengths of the central B5H5 ring in the pattern
longer–short–long–short–longer.

To understand the origin of the fascinating bond alter-
nation in B6X4X2

2� and B7H5X2
2�, we studied the nature of p-

orbital interactions between the borane skeleton and the exo
substituent by extended H;ckel calculations. Figure 3 shows
the interaction of frontier orbitals of B6H4 and B7H5 frag-
ments with (O)2 p orbitals, building up B6H4O2

4� (D4h) and
B7H5O2

4�, respectively.[9] All the levels shown in the figure are
filled in the tetraanions. The triply degenerate highest-
occupied molecular orbital (HOMO; t1g) of the closo-B6H6

2�

borane[10] (which arises from the in-phase combination of
tangential p orbitals of boron) splits into b2g + eg due to the
substitution by oxygen atoms (upper left of Figure 3). While
b2g by symmetry remains unaffected by oxygen p orbitals, the
eg set interacts with the out-of-phase combination (pg) of (O)2

to give a pair of bonding and antibonding MOs, the latter
forming the HOMO of B6H4O2

4�.

Table 1: The point group, and Wiberg Bond Orders (WBO) for B�X
bonds, computed at B3LYP6-311+G** level of theory for various
B6H4X2

y�, B7H5X2
2� and B6X6

2� systems. The HOMO–LUMO gap (Gap) is
obtained from eH calculations using the ab initio optimized geometry;
LUMO= lowest-unoccupied molecular orbital.

No Molecule Symmetry Gap(eV) WBO

1 B6H4O2
2� D2h 0.68 1.39

2 B6H4(NH)2
2� C2h 0.66 1.38

3 B6H4S2
2� D2h 0.53 1.52

4 B6H4O2 D4h 0.71 1.72
5 B6H4(NH)2 D4h 1.38 1.78
6 B6H4S2 D4h 1.01 1.91
7 B7H5O2

2� D5h 0.28 1.38
8 B7H5(NH)2

2� C1 0.26 1.34
9 B7H5S2

2� D5h 0.19 1.47
10 B6O6

2� Oh 3.35 1.57
11 B6S6

2� Oh 2.35 1.81
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Removal of an electron pair from the “Wadian” B6H4O2
4�

to form B6H4O2
2� generates a classical Jahn–Teller situation; a

distortion ensues, thus stabilizing one of the degenerate MOs.
Figure 4 shows one representation of the degenerate pair of
orbitals on the left, another combination on the right.
Focusing on the equatorial B4 ring in these orbitals, we see
the direct parallel to the orbitals of cyclobutadiene. The
outcome of the Jahn–Teller distortion, as in cyclobutadiene, is
pronounced bond alternation within the square B4H4 ring.

The B7H5 fragment interacts with (O)2 in a similar way.
Though the p-type orbitals of the B7H5 fragment are slightly
below the HOMO in B7H7

2�, they do mix strongly with the
out-of-phase combination of the p orbitals of the exopolyhe-
dral (O)2 fragment, the antibonding combination forming the

HOMO of B7H5O2
4�. Again,

removal of two electrons will gen-
erate a Jahn–Teller situation,
resulting eventually in two of the
bonds in B7H5X2 systems being
shorter than the other three.

In B6H4X2, all four electrons
are removed from the doubly
degenerate HOMO, leading to a
return toD4h symmetry. Successive
oxidation removes electrons from
MOs that are antibonding between
the borane skeleton and the sub-
stituents, and bonding within the
polyhedron. This is reflected in the
shortened B�X bond lengths, indi-
cative of multiple bonding, and in
bond expansion in the polyhedron
(see Figure 1).

To assess the magnitude of
multiple bonding, we calculated
the Wiberg bond order (WBO)[11]

by using NBO routines[12] in Gaus-
sian 98 (Table 1). The WBO values
of the B�X bond in the parent
protonated forms are 0.56, 0.89
and 0.83 for -OH, -SH2 and -NH2

groups respectively. On oxidation,
the WBO values are increased to
more than one for B6H4X2

2� and
further increased to more than 1.5
for the neutral B6H4X2 series. This
can be compared with the organic
analogues C6H4O2

2� and
C6H4(OH)2, whose WBO values
are 1.26 and 1.75, respectively, at
the same level of theory.

Though the bond multiplicity
of these B�X bonds is not provided
by the B�X bond order values, the
trends are indicative. There is
clearly exopolyhedral multiple
bonding.[13] In the case of neutral
B6H4(NH)2, the B-N-H bond angle
is exactly 1808, which is also indi-

cative of a cylindrical B�N type interaction. The HOMO–
LUMO gap, which is a fair measure of reactivity,[14] suggests
that the dianionic systems are more reactive than the neutral
systems. We believe the sum of the theoretical evidence
supports the assertion that these systems are the natural 3D
analogues of benzoquinone in polyhedral systems.

It is also possible to restore the octahedral geometry of the
B6 skeleton in B6H6

2� with six multiply bonded exohedral
substituents. DFT calculations on B6O6

2� (Oh) and B6S6
2� (Oh)

show that they are indeed minima on their potential energy
surface (Figure 5).

The two-electron requirement of these systems can be
explained by analyzing the nature of the p-type interactions.
The occupied levels of a classical Wade framework set for the

Figure 1. Closo-B6 systems having exo multiple bonds, with their bond lengths (in F) calculated at
B3LYP6-311+G** level of theory.
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B6 cluster include two triply degenerate orbitals of tangential
character; set up for interaction with external p systems; a
purely tangential t2g, and a t1u that has a mixture of tangential
and radial character. These are shown at left of Figure 6. The

12 p-type orbitals of the six external O substituents in a
hypothetical B6O6

8� (B6H6
2� to B(OH)6

2� to B6O8
8� + 6H+)

transform as t2g + t1u + t2u + t1g. Of these t2u and t1g do not
interact much with the polyhedron MOs. Cluster t2g and t1u

Figure 2. Closo-B7 systems having exo multiple bonds, with bond
lengths (in F) as calculated at B3LYP6-311+G** level of theory.
B7H7

2� is included for calibration.

Figure 3. The interaction of the B6H4 (D4h) and B7H5 (D5h) fragments with two oxygen atoms (D¥h), leading to the bonding MOs of closo-B6H4O2
�4

and closo-B7H5O2
�4.

Figure 4. Two different ways of representing the eg HOMO of
B6H4X2

4�, occupied only by two electrons in the dianions.

Figure 5. Closo-B6X6
2� systems having exo multiple bonds, with bond

lengths (in F) as calculated at B3LYP6-311+G** level of theory.
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MOs form antibonding combinations with the corresponding
symmetry oxygen lone pair combinations, as illustrated in
Figure 6. A good HOMO-LUMO gap results if the t2g
antibonding combination is unfilled, which implies a six
electron oxidation of B6O6

8� to B6O6
2�. The next closed shell

structure is at B6O6
4+ , which is not realistic. Since these MOs

are antibonding between the two fragments, the removal of
electrons results in p bonding.

These hypothetical polyhedral ions may be viewed as
electronically equivalent to the oxocarbon dianions such as
C3O3

2�, C4O4
2�

, C5O5
2� and C6O6

2�.[15] The boron systems
show substantial HOMO–LUMO gaps (Table 1). Given all
the useful chemistry of quinones and oxocarbon dianions, we
believe that interesting structures and reactivity will be found
in these 3D analogues.
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