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Table VII. 8-D-Glucosidation Shift Rules for Secondary Alcohols
in Pyridine (Aé 1 ppm)“

ASA[C-8- AdA[C-8-
Ads(C-1)  Ada(C-a)  (H)] (M)]
Sterically
unhin- -2.6 +7.2 2.2 —-4.0
dered case? (CH;Me) (CHj3Me)
Sterically —4.2 +5.5 {—2.2 (CH) -5.1
hindered (£1.5) {=0.5(C) (CH;,.Me)
case [¢
Sterically 0(£1.5) +10.4 -1.7 —1.3(CH)
hindered (£1.5) (CHZ,Me){ 0(C)
case I1

@ These rules are also valid for a-L-glucosides, but the Aja[C-8-
(H)] and A$ [C-B-(M)] as well as sterically hindered cases I and 11
are exchanged when a-D- or 8-L-glucosides are used. ¢ A little lower
field shift values should be expected when the sec-hydroxyl is axial
in an aglycone alcohol. ¢ Higher and lower field shift values should
be applied according as the anomeric configuration is respectively axial
and equatorial in the sugar moiety.

dary alcohols, because the usual NMR method using J values
may not generally be applicable for these compounds. This
method should be worth confirming results obtained by other
methods!# which may, in some cases, give ambiguous results.
Other cases having substituents on both 8 carbons or having
an sp? or sp-8 carbon(s) should be studied in the future.
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Abstract: Resonance energies of typical polyhedral boranes with a general formula of B, H,, 2~ have been calculated by means
of a graph-theoretical theory of aromaticity previously reported by Aihara. Hiickel-type molecular orbitals employed are those
of Kettle and Tomlinson with three-center BBB localized orbitals as basis functions. Most polyhedral boranes investigated are
predicted to be aromatic with positive resonance energies, in general agreement with their chemistry. The present resonance
energy is fairly proportional to the logarithm of the number of valence structures allowed for the polyhedral borane.

The closed polyhedral boranes have long been of great the-
oretical and experimental interest.!'> Some kinds of three-
center bonds have been found to play an important role in
molecular orbital (MO) calculations of boranes.>* Such a
three-center bond formalism has also been established in de-
scribing their valence structures.?* Especially, the use of a
central three-center BBB bond, in which all the three boron
atoms are pairwise neighbors and topologically equivalent,
serves as a theoretical basis for the energy consideration of
polyhedral boranes.

A spherical network of the central three-center BBB bonds
is known to stabilize polyhedral borane ions with a general
formula of B,H,2~ to a considerable extent.!-3 In this con-
nection, a graph-theoretical theory of aromaticity has been
developed by Aihara,®-1! and has been remarkably successful
in predicting aromaticities of planar conjugated compounds.®?
One of the most important applications of the three-center
bond formalism may be the graph-theoretical approach to
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aromatic stabilization of these borane dianions. In this paper,
we show how it can be used to estimate aromaticity of a
three-dimensional network of the central three-center BBB
bonds.

Theory

In order to apply the graph-theoretical theory of aromaticity
to polyhedral boranes, a Hiickel-type MO theory is needed to
estimate the ground-state bonding characters. Among the MO
theories based on the three-center bond formalism, that of
Kettle and Tomlinson!?13 is most suitable for the present
purpose. They used localized three-center BBB bonding or-
bitals as basis functions in a Hiickel-type MO description of
the bonding in polyhedral boranes.

When three boron atoms are triangularly bound to each
other, a localized three-center BBB bonding orbital is often
stabilized with respect to the zeroth-order energies of the va-
lence shell atomic orbitals of which it is a linear combination.!

© 1978 American Chemical Society
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Such a localized orbital can be imagined to exist in every tri-
angular face of B,H,2™. In the present approach, the adjacent
localized orbitals in the same B,,H, 2~ ion are assumed to in-
teract with each other, as in the case of p, orbitals of carbon
atoms in an unsaturated hydrocarbon. This assumption leads
to a delocalized MO energy scheme of the B,H,, 2~ ion. Each
MO of B,H,,>~ can hence be expressed as a linear combination
of the three-center BBB bonding orbitals. This three-center
bond formalism actually leads to the same pattern of MO en-
ergy levels as does the LCAO method.!2

On this basis, the MO calculation can be carried out in a
manner entirely analogous to the original Hiickel method for
treating conjugated hydrocarbons, setting up an NV X /N matrix
A, where N is the number of triangular faces of a polyhedral
borane considered. The #th column and nth row of the matrix
are each put into a 1:1 correspondence with the nth face of the
polyhedron. Diagonal matrix elements are given the value «
(Hiickel Coulomb integral), and off-diagonal matrix elements,
which correspond to faces with an edge in common, the value
B (Hiickel resonance integral). All other matrix elements are
set equal to zero.

A secular equation of this polyhedral borane is then ex-
pressed as

P(X) = det |4+ EX| =0 (1)

where E is a unit ¥ X N matrix. The total energy of B,H,,2~
in the ground state is given as twice the sum of the larger (n +
1) roots of eq 1. On the other hand, the reference energy of
B,H,2™, relative to which aromatic stabilization is calculated,
can be estimated from the following equation:®’

RO =5 (1)) X2 = 0 @)

where [IV/2] signifies the maximum integer not exceeding
N/2, and p(k) is the number of ways in which & pairs of tri-
angular faces are chosen, on condition that each pair of faces
has an edge in common and that any pair of faces chosen does
not have edges in common with the other pairs chosen. This
is nothing other than a nonadjacent number,!* defined for a
network of three-center BBB bonding orbitals. The reference
energy of B,H, 2™ is given as twice the sum of the larger (n +
1) roots of this equation.

As shown in previous papers,®-10 the resonance energy is
defined as the difference between the total energy of a poly-
hedral borane and its reference energy. This type of resonance
energy can be interpreted as the extra stabilization energy
gained by a circular migration of bonding electrons from face
to face through successive resonance integrals.” It should hence
be aromatic stabilization energy if it has a positive value.

Results

Resonance energies thus calculated for a series of B, H,, %2~
ions are presented in Table I. It was fortunate that the
geometries of these boranes are all closely approximated by
regular deltahedra (i.e., polyhedra whose faces are equilateral
triangles).2!5 Otherwise, the above theory must have been
modified to reflect bonding characters other than the three-
center BBB bonds.

First, resonance energies of B4H4 and BsHs2~ are zero,
suggesting that these are nonaromatic. This nonaromaticity
is a result of filling with electrons all the MOs formed by the
localized three-center BBB bonding orbitals. Resonance
energies of the B,H, 2~ ions with n = 6 are all positive, indi-
cating that these ions should be aromatic. In accord with this,
these species have so far been prepared, and exhibited con-
siderable thermal stability and trends toward substitution re-
actions.2® Contrary to them, B4H4 and BsHs?~ have never
been prepared. This gives a gross support to the present reso-
nance energies.
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Table I. Resonance Energies of Polyhedral Boranes

Number
Reso- of
Mole- Number nance valence
cular of energy struc-
Species shape faces () tures?
BsH4 1 4 0.000 ]
BsHs2— 11 6 0.000 2
Be¢Hg2~ 112 8 0.844 32
B;H;%- Ive 10 0.938 20
BsHg?™ Ve 12 0.798 gk
BgHg?— vId 14 0.813 16
BioH 0%~ VIIe 16 1.145 72
B Hi %~ \211% 18 1.000 16%
BioH 2%~ 1X# 20 1.763 1324

2 Reference 18. ¢ R. Schaeffer, D. Johnson, and G. S. Smith, /norg.
Chem., 4,917 (1965). ¢ F. Klanberg, D. R. Eaton, L. J. Guggenber-
ger, and E. L. Muetterties, 1bid., 6, 1271 (1967). L. J. Guggen-
berger, ibid., 7, 2260 (1968). ¢ R. D. Dobrott and W. N. Lipscomb,
J. Chem. Phys., 37,1779 (1962)./ F. Klanberg and E. L. Muetterties,
Inorg. Chem., 5, 1955 (1966). ¢ J. A. Wunderlich and W. N. Lip-
scomb, J. Am. Chem. Soc., 82, 4427 (1960). # R. N. Camp. I. R,
Epstein, and W. N. Lipscomb, unpublished work.

Vil viil

A quantity defined as the resonance energy per = electron
(REPE) has been acknowledged as an excellent index for rel-
ative stability of a planar conjugated system.!® In polyhedral
boranes, every three-center BBB bonding orbital is two di-
mensional, in the sense that it spreads within a triangular plane
formed by the three boron atoms. Considering that the reso-
nance energy is used to sustain a polyhedron covered with these
bonds, the degree of aromatic stabilization should be propor-
tional to the resonance energy divided by the surface area of
the polyhedron. For simplicity, the surface area can be repre-
sented by the number of triangular faces (NF) of the poly-
hedron. The REPE-like index can hence be defined for poly-
hedral boranes as the resonance energy per face, and is termed
REPF for short. REPF values are listed in Table II.

It has generally been accepted that Bi3H;22~ is the most
stable followed by BjoH 2™, These two ions have been seen
as typical examples of inorganic aromatics.2 In considerations
of such stability, many factors necessarily come into play, both
thermodynamic and kinetic in nature. However, it has been
said that a molecular symmetry may be an approximate re-
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Table II. Relative Stability Indexes for Polyhedral Boranes

Species REPF¢4 VSI® AE«
BsH4 0.0000 0.0000

BsHs2~ 0.0000 0.0502

B¢H¢2~ 0.1055 0.1881 2.000
B,H72~ 0.0938 0.1301 2.000
BgHg2~ 0.0665 0.0753 1.000
ByHo2- 0.0580 0.0860 0.732
BioH 102~ 0.0716 0.1161 1.414
By Hi?~ 0.0555 0.0669 0.824
BioH 2%~ 0.0881 0.1060 2.000

2 Resonance energy per face in 8. ® Valence structure index.
¢ LUMO-HOMO separation in 3.

flection of resonance stabilization.!:? In this context, the most
symmetric anion, Bj2H 227, should have the greatest resonance
stabilization. This geometrical aspect appears in line with the
B1;H 22~ chemistry.

Accordingly, in order to further justify the theory of aro-
maticity, it is desirable to examine a correlation between the
obtained REPF values and the above situation. As seen from
Table 11, this kind of correlation actually holds well for the
polyhedral borane series. The Bi;H 2~ and BjgH 02~ ions
obviously have larger REPF values than the neighboring
members of the same series (i.e., Bj;H112~, BoHo?™, and
BgHg?™). It is noteworthy that, among low REPF ions, BsHg2~
and By;H;,2~ show intramolecular rearrangements with fa-
cility in solution.2!” The ground-state forms of these ions are
very sensitive to environment. Such stereochemical nonrigidity
may be considered as an indication of being relatively less
stable (or less aromatic), although a possibility cannot be
precluded that every solution form is equally highly aromat-
ic.

Here, an apparent difficulty in the present resonance ener-
gies is that the REPF values for BsH72~ and B¢H¢2™ are
somewhat larger than that for the supposedly most stable
B12H,2~ ion. This is inconsistent with the fact that the two
ions are less stable than the Bj;Hj,2~ ion.? Every chemical
aspect suggests that B;H,2~ is the least stable of all the known
species.? A discussion on this point will be made later.

On the contrary, there is encouraging evidence to support
the present results. Since 1957, Lipscomb’s group has been
developing a topological theory of borane three-center valence
structures.! In 1971, Epstein and Lipscomb formulated reso-
nance stabilization of boranes, suggesting modestly that the
existence of many valence structures is a prerequisite to the
existence of a molecule with that topology.!8 In order to see a
correlation between their theory and ours, their number of
allowed valence structures (NVS) for each borane must be-
forehand be processed mathematically.

Let the number of valence structures allowed for borane I
be »n1 and that for borane II be nyy. If the two boranes are
connected by an essential two-center BB bond, the number of
valence structures allowed for the entire borane is given as a
product of nj and ny;. When resonance energies of boranes I
and 11 are respectively RE; and RE;j, the resonance energy of
the combined system should be roughly RE; + RE;j;. On this
basis, we can infer that if the number of allowed valence
structures reflects the stabilization energy of a conjugated
system, the latter value should be proportional to the logarithm
of the former value.!®

For this reason, we introduce a new quantity based on the
number of borane valence structures. It is defined as the log-
arithm of the number of allowed valence structures, divided
by the number of triangular faces of the polyhedron. This
quantity is termed a valence structure index or VSI for short.
As in the case of benzenoid hydrocarbons,?10.19 this VSI may

be compared to the REPF. The VSI values are added for
comparison in Table II.

As may be seen from this table, a general correlation is ac-
tually found between the REPF and VSI values. The VSI
values for BgHg2~ and B;H+2~ are larger than those for
B12H 22~ and B1gH¢2~. The VSI values for these four ions
are larger than those for BgHg2~, ByHy?™, and B;1H;;2~, and
much larger than those for BsHs?~ and B4Hy4. Such an or-
derliness of magnitude is in nice agreement with that for the
REPF values. This gives a mutual support to the congruence
of both the valence structure theory and our aromaticity
theory.

Another support for our resonance energies comes from a
fairly good correlation between the REPF value and the energy
separation between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO). The energy of the LUMO is linearly related to the
electron affinity, while the energy of the HOMO is linearly
related to the ionization potential. In other words, the LUMO
energy represents a trend toward a reduction reaction, whereas
the HOMO energy represents a trend toward an oxidation
reaction. Accordingly, when a given compound has a large
LUMO-HOMO energy separation, we might say that this
compound is rather resistant to oxidation and/or reduction.
The energy separation can hence be regarded as a kind of
stability index for a conjugated compound. For benzenoid
hydrocarbons, this is the case.22° The LUMO-HOMO energy
separation for these compounds is linearly related to the
REPE.

In this sense, it is gratifying to see that the LUMO-HOMO
separations (AE) for BsHg2~ and B7H>2~ are similar to that
for Bi,H 22~ (see Table II). The other ions have smaller
LUMO-HOMO energy separations than these three ions. This
fact is also favorable to the relatively large resonance energies
of B6H62_ and B;H,2~.

From the above viewpoints of aromaticity, we might con-
clude that B12H 22~ and BgHg?™ represent two of the most
aromatic species of all. Large resonance energies of these ions
remind us of the very rigid crystal structures of elemental boron
and many metal hexaborides.

There are several allotropic forms of elemental boron.?! The
crystals are extremely hard, chemically very inert, and ther-
mally stable. Each allotrope is built of icosahedral By, clusters
and (sometimes) additional interstitial boron atoms. In any
of boron allotropes, 26 electrons are left for the intraicosahedral
bonding of each By cluster.22.23 These 26 electrons just fill the
bonding intraicosahedral MOs. Considering that the icosa-
hedral boron cluster is isoelectronic with B;;H;32~, a large part
of the stability of boron crystals should be attributed to the
aromaticity of By clusters in them.

On the other hand, metal borides of the type MBg provide
the rare systems, apart from the elemental boron and the boron
hydrides, in which extensive clustering of boron atoms occurs.24
They are also chemically very stable. In each metal hexaboride,
the boron atoms form octahedral Bg clusters which are linked
together in three dimensions to give a cubic lattice. The metal
atoms are accommodated in the holes between eight octahedra.
Supposedly, the metal atoms are unimportant to the stability
of the lattice, a view which is supported by the similarity of the
lattice constants for the entire MBg isostructural series.24

In an MBg crystal, two electrons are transferred from each
metal atom to the boron framework.2325 Then 14 electrons are
used to fill all the seven bonding intraoctahedral MOs. This
electronic structure can be understood by analogy with
BsHe?~. Therefore, it seems quite natural to ascribe a large
part of the stability of the MBg crystal to the aromatic char-
acter of each octahedral Bg cluster in it. Conversely, the rigid
crystal structures of the elemental boron and the metal hexa-
borides favor the proposed aromaticites of the icosahedral
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Bi2H %>~ and octahedral BsHg?~ ions. The applicability of our
aromaticity theory to polyhedral boranes has thus been justi-
fied in several ways. Therefore, a significant discrepancy found
between the REPF values and the chemistry of BsHg?~ and
B7H72~ should be ascribed to some effect other than the aro-
matic character.

Discussion

In considering the net stability of the B,H, %~ ions, a precise
composition of the basis orbitals employed must of course be
examined for every ion. To be exact, it must differ from borane
to borane; so too must the values of « and 8.12 It follows that
the parameter transferability does not exist. The decrease in
the absolute value of 8 leads to the decrease in the resonance
energy calculated. In principle, one should determine the values
of « and B from thermochemical data of each polyhedral bo-
rane, as in the case of organic compounds,'6 and thus test the
transferability of these Hiickel parameters. Unfortunately, the
necessary data are not available in the literature.

Next, a strain energy term must be taken into consideration,
There is no contribution of this term to the calculated reso-
nance energies because we tacitly assumed that every borane
and its reference structure are equally strained. Considering
that many basket-shaped boranes!? are fragments of either an
icosahedral B1sH 22~ or octahedral B¢Hg2™ ion, the other less
symmetric B,H, 2~ ions must be more or less strained. The
strain diminishes the stability of a borane even if it has large
resonance energy.

In addition to the strain energy, an asymmetry in the mo-
lecular geometry, if any, should significantly relate to reac-
tivity.2* The existence of unequivalent boron atoms possibly
reduces the stability of the conjugated system. The least stable
B-H>2~ ion typically has unequivalent boron atoms with a
different coordination number. The unequivalent boron atoms
break a uniformity of aromaticity on the surface of the poly-
hedron. The less aromatic sites are generally reactive,” and may
be responsible for relative instability of B;H7?~. In contrast
to this ion, the framework of the most stable B;sH;22~ ion is
a regular icosahedron. Since that of BgHg2™ is a regular oc-
tahedron, it is also free from this effect.

One of the most probable factors which make BgHg?™ less
stable than Bj,H 52~ might be the surface curvature of its
polyhedral structure. Because of a smaller radius of B¢Hg?~,
the six BH bonds in it are evidently more exposed to the outer
space than those in Bj;H 2™, Any chemical reagent can attack
the BH bonds of the former ion from a wider solid angle. This
might explain why the stability of B¢Hg2~ does not reflect its
high aromaticitiy. Such a stereochemical aspect is common
to the other small members of the B,H, 2™ series.

As seen above, there are several factors which might influ-
ence the stability of polyhedral boranes. If these factors could
be disregarded, the stability of polyhedral boranes would reflect
the aromaticity more frankly.
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Concluding Remarks

The present approach presents a theoretical basis for the
concept of three-dimensional aromaticity of deltahedral bo-
ranes. Although the subject of structure-aromaticity rela-
tionships is in a primitive stage, we might safely say that the
primary origin of stability is aromatic in nature rather than
kinetic. Especially, Bj2H}22~ and BgHg2~ are markedly aro-
matic. The stability of each three-center BBB bond itself!?
should be examined separately. Our results are of course in
harmony with some topological rules,!3:26 each of which says
that the B,,H,?~ ion is stable when it is a dianion. It is hoped
that there will soon be much more detailed intercomparison
of various polyhedral boranes and carboranes with regard to
stability and aromaticity considerations.
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