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ABSTRACT

The structural connections between the compounds of boron and
carbon are extended using the mno rule beyond the borane—
carbocation continuum, the lithium boride—polycarbyne analogy,
and the magnesium boride (MgB;)—graphite equivalence to -rhom-
bohedral boron and fullerenes. The structural similarity of the
pentagonal pyramidal CsHg?>" and MgB4 is established. An interest-
ing electronic structural relationship between the Bgs fragment of
the -rhombohedral boron and the fulleride anion, Ces*?, is derived
by replacing the 12 pentagonal pyramidal B¢*~ units by isoelec-
tronic Cs~ units and removing the central By, from the electron-
deficient Bgs unit. This relationship is well supported by the
experimental realization of CgoMi, (M = Li, K) and CagNj2.

Introduction

Though they are neighbors in the periodic table, boron
and carbon differ dramatically. Carbon forms the back-
bone of life. Boron is not essential to support life except
in trace amounts for some plants. When boron finds a
medicinal application, as in boron neutron capture therapy
(BNCT), the healing process actually involves Kkilling
malignant cells by the high-energy *He?* and “Li®* ions
formed by the decomposition of the °B nucleus by
thermal neutron absorption.! Carbon is a key player in
much of modern material science: fullerenes and nano-
tubes are in the foreground. Yet the bonding in carbon is
elegantly simple, making it into high school textbooks. In
contrast, the structure and bonding of boron, boranes, and
boron-rich solids present extreme complexity. Neverthe-
less, many similarities exist between the chemistry of
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carbon and boron. This Account adds novel relationships
of consequence in this area.

Familiar two-dimensional aromatic compounds such
as C3Hs", CsHs™, and Cg¢He are governed by Hiickel’s
(4n + 2) z electron rule, where n is zero or any integer.
At a simple level, the (4n + 2) xr electron rule is applicable
to condensed systems: benzene, naphthalene, and an-
thracene have 6, 10, and 14 x electrons (n = 1, 2, and 3),
respectively. Polycondensation in two dimensions leads
to graphite. Similar direct relationships between com-
pounds of boron and elemental boron do not exist. The
boranes, hydrocarbon equivalents, are well known for
their electron deficiency and multicenter bonding, and are
characterized by deltahedral structures, B,H.,>~ (n =
5—12), which are aromatic.? In this connection, a delta-
hedron is a polyhedron in which all faces are triangles.
The deltahedral borane structures with all vertices intact
are called closo structures; nido and arachno borane
structures are more open, with one and two missing
vertices, respectively. Wade’s (n + 1) skeletal electron pair
rule, which explains the electronic requirements for closo-
deltahedral boranes, is the boron equivalent of Hiickel’s
rule of organic chemistry. Here n is the number of vertices.
Thus, the icosahedral B;;Hj, has two negative charges.®
Wade’s (n + 1) skeletal electron pair rule is applicable only
to monopolyhedral boranes. We have recently extended
Wade’s rule to explain the electronic requirements of
condensed polyhedral boranes.* The (4n + 2) & electron
rule is a special case of our new rule called the mno rule.
Despite their complexity, structural connections between
boranes and elemental boron continue to emerge.® While
the familiar benzene-to-graphite connection appears to
be far removed from the relationship between icosahedral
boranes and elemental boron, there are several analogies
that are discernible. This Accounts attempts to bring out
many similarities not noticed earlier.

Obvious Connections

The isoelectronic relationships between the two sets CH3*,
CHy, CH5+, CH62+, CH73Jr and BHs, BH,~, BH5, BH6+, BH72+
are obvious.®” Equally obvious, but of rather recent origin,
is the connection between C and B~ in extended binary
structures. The adjacent stacks of boron and lithium
synthesized by Nesper are indeed structurally reminiscent
of polycarbyne: the crystal structure shows a linear
borynide chain (B™),, isoelectronic to polycarbyne.? While
the extent of charge transfer can be debated, the connec-
tion to sp-hybridized carbon is obvious in this one-
dimensional structure. The graphite equivalent of boron
was forgotten in the literature® until Akimitsu brought it
into the limelight in 2001: the structure of the supercon-
ductor MgB, provides a close analogy to the graphite
structure.’® The graphite-like boron sheets (B~), alternating
with a similar sheet of magnesium (Mg?") with hexagons
twice as large, establish the link (Figure 1, 1). Indeed, the
discovery of superconductivity of MgB, has brought
renewed interest in boron-rich metal borides.
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FIGURE 1. Structural similarities between hydrocarbons and the magnesium borides. (1) Benzene and MgB,. The diagram indicates the
projection of a graphite-like boron sheet and a magnesium sheet into one plane. There is one magnesium on each Bs hexagon. (2) Pentagonal
pyramidal CgHg?*, C4B,Hs, and MgB; obtained by edge-sharing of pentagonal pyramidal B units. (3) Octahedral CgHg**, C,B4Hs, and MgBs.

Moving beyond Two Dimensions

Diamondoid structures are difficult for boron, as it is not
easy to find a metal ion of the appropriate charge and
size to fill the holes in a B~ diamond lattice. A diamond-
like structure of a metal boride has not been reported,
yet three-dimensional structures are not foreign to bo-
ron: they form the mainstay of its chemistry and physics.?
The large family of three-dimensional polyhedral struc-
tures represented by B,H.?~ and C,B,,_,H, is well known.?%*
Several connections between polyhedral boranes and
carbocations are recognized (Figure 1).2

Schematically, we can remove electrons from benzene
and get CgHg?" (Figure 1). While there are several struc-
tures that may be envisaged for the dication, the one that
relates to boron most easily is the pyramidal structure.'?
This also satisfies Wade’s rule for nido structures (poly-
hedron with one missing vertex).® Replacement of one or
more carbons by B~ results in CsBHg",'* C4B,Hg,*® and
BegH10 (BsHe*~ with four bridging hydrogens to neutralize
the charge),'¢ all known experimentally with pentagonal
pyramidal structure. When another pair of electrons is
taken away we have CgHg*", unrealistic in view of the high
charge. Replacing four carbons by four B~ and the neutral
C,B;Hs gives an octahedral structure;’” an all-boron
octahedron has two negative charges (B¢Hs?>), compen-
sated by an accompanying cation.*® A similar procedure
of removing electrons and arriving at three-dimensional
structures can be applied to the cyclopentadienyl anion

as well. Removal of two electrons from CsHs~ leads to
square pyramidal CsHs™;1° isoelectronic and isostructural
BsHy 2° is known with four bridging hydrogens. Removal
of another electron pair leads to CsHs*"; the closo-BsHs?~
is theoretically predicted to have a closo-trigonal bipyra-
midal structure, and its neutral analogue, isostructural
C,B3Hs, is well known.12

We saw the relationship between benzene and the
periodic two-dimensional sheet structure of MgB, (Figure
1). A three-dimensional structure is easily seen for the Bg?~
octahedra, where each B atom bonds to another B atom
of the adjacent Bg unit by a two-center, two-electron (2c-
2e) bond. Divalent metal ions in the interstitial space of
this (B¢?"), solid make a neutral MBg network. Molecular
structures with an empirical formula of MBs are well
known with divalent metals such as Ca, Sr, and Ba; the
crystal structure consists of an octahedral Bs unit sur-
rounded by eight metal atoms at each corner of the cubic
unit cell.?! It is only a question of time until MgBq is also
studied structurally.

Condensation Modes for Polyhedral Boranes

While BsHe?~ could condense to give periodic structures
through 2c-2e bonds, the electronic requirement for
condensation of pentagonal pyramidal BgHg*~ or C4B,He
is less obvious. In general, condensation between poly-
hedral borane cages can occur through sharing of one,
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Chart 1. Application of the mno Rule: Variation of Charge as a Function of Increasing Condensation of Polyhedra with One-, Two-, Three-, and
Four-Atom Sharing?

Type of Condensation
4-Vertex sharing Face sharing Edge sharing Single vertex sharing
(BgmaHams™™ ) (Bom+3Home™ ) (B1oms2Hgmaa ) B1ime1Hiome2 ™)
m=1
m=2
m=3 KIS
B3H Bj,H,s2 By H3,S
30H124 32H28 34132
m=4 B3oHj BoHse? BysHyp
Incre-
ment
in +2 +1 0 -3
Charge
Known . 224 . 2.23a
exam- closo-ByHyg 2! m'do-Bme-(Nz(;bC H3), nido-ByHy,™; 2 23 closo-[(By1Hyy),Cul> #
ples nldﬂ-SZBlsﬂlﬁ bfsnidO-BlsHm-

2 The only sharing that does not change (neither increases nor decreases) charge is edge-sharing. This is involved in the polycondensation of benzenoid
aromatics to graphite. Experimentally known examples of each condensation are also listed.

two, three, or four vertices. The electronic requirements
of these condensation pathways are important in many
ways; for example, this could help in understanding the
structure of elemental boron.>d We have formulated an
electron counting rule, the mno rule for this purpose;
according to this, the number of electron pairs needed
for a stable condensed polyhedral structure is given by
the sum of the number of cages (m), the number of
vertices (n), and the number of single vertex shared atoms
(0).* This is demonstrated in Chart 1 using the icosahedral
skeleton.

(i) Four-vertex sharing. Condensation of two icosahe-
dral Bj,H;,>~ sharing four vertices leads to ByyHi6. Accord-
ing to the mno rule, 22 electron pairs (m=2,n=20,0 =
0) are needed by this structure (Chart 1).% Sixteen BH
vertices provide one electron pair each, and the 4 shared
boron atoms give 3 valence electrons each, making the
structure neutral. The structure of ByyHqs has been well
known for many years.?? Further condensation by four-
vertex sharing leads to a structure BygH,, with the mno
count of 31 (m = 3, n = 28, 0 = 0). Twenty BH vertices
and 8 shared boron atoms contribute 32 electron pairs,
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making the structure electron excess by 2 units. This
structure is not known. The mno rule leads to the
homologous series with the molecular formula Bgm+4-
Him+8?™ . Thus, each condensation involving the sharing
of four vertices reduces the charge by two units.

(ii) Face or three-vertex sharing. For the condensed
product B,;Hig, formed by the face sharing of two icosa-
hedra, the mno rule demands 23 electron pairs (m = 2,
n = 21, o = 0). The structure has 18 electron pairs from
18 BH vertices, and 4.5 electron pairs from the three
shared boron atoms. Thus, ByHis should have unit
negative charge. Further condensation leads to the neutral
BsoH24 (M = 3, n = 30, o = 0). Face condensation thus
leads to a homologous series with the molecular formula
Bom+3Hem+6™ 2. The decrease of charge by one unit with
each condensation is to be contrasted to the decrease of
two charges by the four-vertex shared condensation.
Though these face-sharing closo structures are not experi-
mentally characterized, the face sharing is observed in
boron-rich solids.?>?* There are several examples of con-
densed nido boranes sharing triangular faces.?> These
follow the mno rule.
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FIGURE 2. The relationship between Hiickel aromatic naphthalene and hypothetical hexagonal boranes shows that Hiickel’s rule is a special
case of the mno rule. The electron counting according to the mno rule is also indicated below each structure. For closo-BgHg?~, m = 1,

n=238,0=0,and p (number of missing vertices) = 0; for closo-ByyHp,?", m=2,n=14, 0=
=2,n=10,0=0,and p = 4.

n=120=0,and p = 2, and for bisarachno-ByHg®~, m

(iii) Edge-sharing condensation (the mno rule and the
Huckel rule). The edge-sharing B,Hz (M = 2, n = 22,
0 = 0) and Bs;Hys (m = 3, n = 32, 0 = 0) are found to
have 2— charges. The molecular formula of the homolo-
gous series, Biom+2Hsm+4>", shows that edge-sharing of
closo structures does not change the charge. Icosahedral
closo structures of this kind are not known owing to the
nonbonding interaction between the adjacent atoms of
fused cages. However, many edge-sharing nido systems
have been synthesized.? Edge-sharing bisarachno systems
lead to the equivalence of the mno rule and Huckel’s
(4n + 2) m electron rule. This is demonstrated by the
hypothetical hexagonal bipyramidal molecule, BgHg?~
(Den), and by the edge-sharing condensed system BisH1»?~
(m=2,n=14,0=0) (Figure 2). Removal of two vertices
from Bq4Hq2%2~ leads to a bisnido structure, BioH1o, With a
6— charge (Figure 2). The bisarachno structure, with a 10—
charge, obtained by the removal of two more vertices, is
isoelectronic to naphthalene, CioHs. The difference be-
tween the electron counts comes from the skeletal o-bonds,
which are left out in the Huckel rule. Thus, Hickel’'s
(4n + 2) rule is a special case of the mno rule for edge-
sharing bisarachno systems. If the number of C—C o
electrons is added to the number of (4n + 2) & electrons,
we get the number of electrons demanded by the mno
rule.

(iv) Single vertex sharing. The single-vertex-sharing
system BysH,, (M =2, n = 23, 0 = 1) requires 5— charges
for the skeletal bonding, and further condensation in-
creases this requirement to 8—, as in By;Hz, (m =3, n =
34, o = 0). The molecular formula of this homologous

0, and p = 0; for bisnido-Bi,Hyt~, m = 2,

BGI-IG -4 ByHyS
24104042

FIGURE 3. Edge-shared products of pentagonal pyramid BgHg*~
The difference of B4~ between the two consecutive fused products

is obvious. The electron counting according to the mno rule is also
indicated.

I+14+043

series is Biim+1Hiom+203™ . Such single-vertex-sharing
systems are known with heavier elements at the shared
position; an all-boron sandwiched structure is unrealistic
due to the high charges.?” In addition, a larger atom at
the shared position ensures minimal steric interactions
between the ring atoms on either side of it.

Thus, the charge requirement for condensation de-
pends on the number of shared vertices (Chart 1). The
mno rule also helps to find the combinations of conden-
sations that retain the charge during polycondensation,
such as three face sharings for every single atom sharing,
etc. It is also important to note that such condensations
are possible in principle between combinations of differ-
ent polyhedra.

Armed with these rules, we return to BsHs*~ (Cs,) and
its polycondensation. By the mno rule, an edge-shared
bisnido polyhedral borane BigHg should have a charge of
6— (m =2,n=10,0=0, p (no. of missing vertices) = 2)
(Figure 3). A second condensation leads to Bi4H10®". Thus,
condensation of each pentagonal pyramid results in the
addition of a B4 unit and an increase of 2— charges. An
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FIGURE 4. Structure of the a-rhombohedral boron. Six vertices lying
close to the plane of the paper form the 3c-2e bonds among the
icosahedral By,’s, as shown, and the remaining vertices form a 2c-
2e bond with the B;, above and below.

FIGURE 5. Fragment of Bg; which shows the construction of Bg,.
Each vertex of By, is connected to one pentagonal pyramidal Bg
unit, thus leading to the formation of a Bg, unit.

analysis of this process also suggests the structure of
MgB,4.28 The chains of pentagonal pyramidal units are
connected to each other by removing the hydrogen atoms

of the remaining BH bonds and forming 2c-2e B—B bonds
to complete the three-dimensional structure of MgB,!
Thus, we find the relationship between the three organic-
based structures and metal borides in terms of MgB,-,
MgB;-, and MgBs-based structures (Figure 1). The super-
conducting MgB; has distinct ¢ and x frameworks. It will
be intriguing to see the changes when the structure is
varied to a pentagonal pyramid, as in MgB, or an
octahedron, as in MgBs.

Fullerene (Cgo) and S-Rhombohedral Boron

Icosahedral By;H;,°~ is the most stable among the poly-
hedral borane anions,? and so it is natural for nature to
construct elemental boron from Bj, icosahedra. The
options available to satisfy the electron count are surpris-
ingly numerous and contribute to the variety of structures
available to elemental boron. Here, boron is far more
versatile than carbon. The simplest, though not thermo-
dynamically most stable, form of boron has a unit cell of
icosahedral By, where six boron atoms form 2c-2e bonds
with the neighboring B;, units. The remaining six boron
atoms form the electron-saving 3c-2e bonds (Figure 4).50:%0
This saves two electrons (1/3 x 6 = 2) per icosahedron,
so that Wade’s rule for the individual B3, unit is satisfied.

Three-center, two-electron bonds are not the strongest.
The structure of the most stable polymorph, g-rhombo-
hedral boron, starts out in the most natural way by
building 12 icosahedra around an icosahedron. However,
there are many problems with this perfect packing, as it
cannot lead to three-dimensional periodicity.?® (Inciden-
tally, 12 B;, around a B;, is indeed a part of boron
chemistry, but to sustain this arrangement requires elec-
tron donors in the form of metals, as in YBgs.3) The 12
outer icosahedra are not completed in s-boron; only the
pentagonal pyramidal half is retained (Figure 5), so that
a Bgy unit is generated (B1,@B1,@Bso, Figure 6).°

We will come to the close similarity of the outer Bg
surface of Bgy to Cgo shortly.® Let us consider the way
p-boron is built. When two of these Bg, units come
together, two half-icosahedra form a new icosahedron
(Figure 7). The size of Bg, restricts the total number of

FIGURE 6. The Bg, fragment of 5-rhombohedral boron and fullerene are related structurally and electronically. The replacement of 12 pentagonal
pyramidal Bs*~ by 12 Cs~ and removal of the inner By, unit of the Bg, leads to the fulleride anion, Ce!2™.
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FIGURE 7. Arrangement of two Bg, units in the S-rhombohedral
boron. The six pentagonal pyramidal Bg units on the surface of Bgs
complete the icosahedral framework, with similar Bg units on other
Bg, units, as shown.

Ry

FIGURE 8. The six Bg units on the Bgs surface form an icosahedron
with Bg units of the Byg fragments.

units that can come around any one Bg, in this fashion to
six. Nature finds a way to generate icosahedra out of the
remaining six half-icosahedra of Bg, by adding a B unit
which, by its unusual symmetry, provides three half-
icosahedra (Figure 8). Three Bgs units can be brought
around this Bo unit. Two of these giant (Bgs)3B1o Units are
connected to each other by a single boron atom.
Removing the symmetry-related atoms, one gets the
unit cell 84 + 10 + 10 + 1 = 105. This also generates a
new structural type that can be separated by breaking 2c-
2e bonds, the Bs; unit Bos—B—Byg (Figure 9). The electron
requirement for this large structure is worked out using

FIGURE 9. Bs unit in the S-rhombohedral boron. It consists of two
Bys units which are connected through one boron atom. Each By
unit has three icosahedral Bi's, with each B, sharing a face with
the other two By's.

FIGURE 10. Structure of the well-known BgH;o. The charge of BgHg*™
is compensated by four bridging hydrogens.

FIGURE 11. Structure of BgHs. The electron deficiency of B, is
compensated by adding 50 bridging hydrogens.

the mno rule by adding hydrogens to the dangling
valencies.>® According to this, the Bs; unit has three extra
electrons and should have a 3+ charge (the mno count
of the Bs;H3zs molecule is 8 + 57 + 1 = 66; 36 electron
pairs are obtained from BH vertices, and 31.5 electron
pairs are provided by the remaining boron vertices,
making the molecule in excess of 3 electrons), which is
confirmed computationally as well.>® The remaining Bgg
unit (out of the Bjgs) has four icosahedral B, units and
must have 8— charge. Thus, the unit cell, Bigs, will be
deficient by 5 (= 8 — 3) electrons. An early band structure
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cl’r;so-Bﬂ-l-,-'2

FIGURE 12. The isoelectronic equivalence of arachno-BsHst~, derived from the closo-B;H:#~ by removing two vertices, with CsHs~ is shown.

calculation by Bullet confirmed this deficiency in the Bigs
structure.® However, the properties of elemental boron
do not support this. More recent X-ray studies indicate
that the unit cell is Bigses and there are 20 symmetry-
equivalent atomic positions in the unit cell, of which 6
are partially occupied.?* Among these, one has six-fold
symmetry and a partial occupancy of about 5/6 and
belongs to the Bs; part. This missing boron atom, with its
three valence electrons, takes care of the 3+ charge. The
unit cell still requires eight electrons; these are provided
by the extra occupancy of 2.66 (106.66 — 104) boron atoms
in the many holes inside Bg (2.66 x 3 ~ 8). Counterions
can also impart neutrality to the structure. Lithium boride
(LiBy3), with -rhombohedral structure, is known experi-
mentally.®® Here the deficiency of electrons is taken care
of by lithium atoms (LigB104). This points to the possibility
of MgB,s with a f-rhombohedral structure, thus adding
one more candidate to the list of magnesium borides
discussed earlier.

Since the discovery of fullerenes, chemists have been
fascinated by the endohedral chemistry possible by en-
capsulating large atoms inside the vacant cavity (stuffing).
Were the Bgy (B12@B7) (Figure 6) unit electron sufficient,
it would be a remarkably stable stuffed boron fullerene
similar to the endohedral fullerenes with 24 boron atoms
inside borafullerene (Bgo). The electron deficiency of Bg,
can be easily calculated. The 12 pentagonal pyramidal Bg
units in Bgy require four electrons each (a la C4B,Hs),
totaling 48 electrons. An additional two electrons are
required for the central By,. Thus, a Bg°° should be
appropriate! Therefore, we could anticipate a stable iso-
electronic SisB3s with 50 Si atoms and 10B atoms on the
fullerene-like surface.3* The molecular species BgHg*~ (Csy)
could compensate the charge by replacing 4B~ by 4C;®
an additional way that nature has found is to protonate
four times, as in BgH1o (Figure 10).1% An analogous BgsHsg?™
species, where each of the 12 five-membered Bs rings is
quadruply protonated, must be electron sufficient.®®> We
have carried out PM3 calculations® on BgsHso structures
obtained by adding two bridging hydrogen atoms to the
BgsHsg?~ isomer with Dsg symmetry. (There are 1256602779
isomers possible for BgsHsp, including geometrical and
optical isomers, the number obtained from the enumera-
tion of isomers reported for CgHso.%”) The calculations
showed this isomer of neutral BgsHsy to be a minimum
on the potential energy surface (Figure 11).

A more direct connection between fullerenes and
pB-boron is available through the arachno formulation of
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nido-BgHg

arachno-BsHs% CsHs'!

polyhedral boranes. Removal of the axial BH group from
the nido pentagonal pyramidal BsHg*~ leads to the arachno
planar BsHs®~ (Figure 12). This is isoelectronic with the
aromatic cyclopentadienyl anion CsHs™. If the central By,
of the Bg, is removed and the 12 pentagonal pyramidal
Bs units are replaced by 12 Cs~ units, what remains is
Ceo'?~ (Figure 6). This has already been generated from
Ceo as Ceolizy and CgoKy2.28 There is also experimental
evidence for the stable neutral structure CssN1».3° While
there may be other structures that are lower in energy,
the one with a nitrogen in each of the five-membered rings
should be a good possibility. Once such a relation is
established, it is possible to reverse the argument. It
should be possible to design polyhedral boranes and even
elemental boron polymorphs based on other fullerenes
with the right electron count, even though individual
stabilities will depend on many factors. Thus, even the
fullerenes are not so far away from boron after all.

Obviously, the relationships between carbon and boron
are manifold. The isoelectronic equivalence of carbon by
B~ on one hand and the relationship between Cg'?~ and
Bss ON the other indicate that these neighboring elements
share a lot in common; nature is yet to unveil many secrets
in this area.
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