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Structural Paradigms in Macropolyhedral Boranes

Farooq Ahmad Kiani and Matthias Hofmann**!

Abstract: Macropolyhedral borane
clusters are concave polyhedra consti-
tuting fused convex simple polyhedra.
They are formally obtained by conden-
sation of simple polyhedral boranes
under elimination of between one and
four BH; or isoelectronic units. The
number of eliminated vertexes from
simple polyhedra equals the number of
shared vertexes in macropolyhedral

fragments. However, only one type of
“potential structures” is represented by
experimentally known examples and is
found to be favored by theoretical cal-
culations. A sophisticated system exists
among the favored macropolyhedral
borane structures. For each class of
macropolyhedral boranes, the number
of skeletal electron pairs is directly re-
lated to the general formula, the
number of shared vertexes and the

type of fused cluster fragments. In
order to predict the distribution of ver-
texes among the fused fragments, we
propose the concept of preferred frag-
ments. Preferred fragments are those
usually present in the thermodynami-
cally most stable structure of a given
class of macropolyhedral boranes and
are also frequently observed in the ex-
perimentally known structures. This

boranes. For each of the eight classes
with general formulae ranging from
B,H,, to B,H,,,, more than one
structure type is possible, differing in
the number of shared vertexes and in
the types of the two combined cluster

Introduction

For a long time chemists have used generalized rules that
relate the number of electrons! to the structures and prop-
erties of molecules. The octet rule,? the 18-electron rule,
Hiickel’s 4n+2 m-electron rule for planar cyclic aromatic
systems and the 2(N+1)? rule for three-dimensional aro-
matic systems! all make use of numbers of electrons to pre-
dict the structure or properties of molecules. Skeletal-elec-
tron-counting rules set by Wade!® and Mingos! for simple
polyhedral boron hydride clusters also relate the number of
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allows us to completely predict the
cluster framework of the thermody-
namically most stable macropolyhedral
borane isomers.

- borates -
calculations -

skeletal electrons to definite cluster shapes. Studies by Wil-
liams,® Jemmis and Schleyer,”! Ott and Gimarc,' and
Kiani and Hofmann,'! provide further insight into the struc-
tural patterns of various simple polyhedral boranes. Clusters
composed of fused polyhedra representing a concave curva-
ture have been called macropolyhedra.'”? Macropolyhedra
are realizable only for larger numbers of cluster atoms. A
variety of homonuclear as well as heteronuclear boranes
with more than one joint cluster unit are experimentally
known and exhibit varying architectural patterns, for exam-
ple, those with cluster units joined by a two-center-two-elec-
tron," or by a three-center—two-electron bond,**' as well
as those in which cluster units share one vertex, for example,
B,H,, ™! two vertexes, for example, BsH,,,'%'"l three ver-
texes, for example, ByH;s>~ dianion™ or B,H,L, com-
pounds,™ or even four vertexes, for example, B,oHs.?"! The
underlying principles that govern the stabilities of macropo-
lyhedral boranes are mostly unknown.”'*) Except for
Jemmis® skeletal-electron-counting rule (“mno rule”),?!
no general theoretical consideration has been given to mac-
ropolyhedral boranes. According to the mno rule, the sum
of the number of single-cluster fragments (m), the number
of vertexes in the macropolyhedron (n), the number of
single-vertex-sharing junctions (o), and the number of miss-

Chem. Eur. J. 2008, 14, 2886—2893



ing vertexes (p) equals the number of skeletal electron pairs
(SEP) of a macropolyhedral borane, that is, m+n+o+p=
n(SEP). In order to perform this calculation, the molecular
structure of the cluster has to be known. This procedure
works as a test for a viable structure. Thus, unlike Wade’s
skeletal-electron-counting principle!® for single clusters, the
mno rule® does not specify architectures or cluster shapes
based on the given number of skeletal electrons. Therefore,
it is not necessarily possible to determine which structure
out of a large number of possibilities is the thermodynami-
cally most stable one corresponding to the expected cluster
shape. To give an example, the mno rule is in accordance
with the three B,gH,,"*'"! isomers shown in Figure 1. These
differ in the number of shared vertexes (i.e., one, two, or
three), the types (i.e., closo-, nido-, and arachno-), and the
size (i.e., nine, ten, or eleven vertexes) of the fused cluster
fragments. In each case, isomers with the same number of
shared vertexes but a different distribution of vertexes to
the cluster fragments (e.g., nido-9-[2]-nido-11 rather than
nido-10-[2]-nido-10 etc.; for nomenclature see below) would
also follow the mno rule. However, the mno rule does not
indicate which isomer is the thermodynamically most stable
one! According to computations,® one-vertex-sharing
closo(10)-[1]-nido(9)-BisH,, (B) and the three-vertex-shar-
ing arachno(10)-[3]-nido(11)-B;sH,, (C) are 65.0 and
61.7 kcalmol™!, respectively, less stable than the two-vertex-
sharing nido(10)-[2]-nido(10)-BsH,, isomer (A). The ques-
tion arises of how to predict the “best” structure among var-
ious possibilities for B;zgH,, and for other macropolyhedral
boranes without performing computations. Is there any rela-
tionship between the number of skeletal electrons and struc-
tures of macropolyhedral boranes akin to simple polyhedral
clusters? Moreover, how are different classes of macropoly-
hedral boranes related to each other structurally as well as
in terms of the number of skeletal electrons? Here, on the
basis of our systematic survey of various experimentally
known macropolyhedral boranes, assisted by suitable com-
putations and our previously published results,” we present
a generalized scheme that relates the number of skeletal
electrons to the general formula, types of fused clusters or

A)

Eyg = 0.0 keal mol™!

Eret = 60.0 keal mol™!

closo(10)-[1]-nido(9)-B gHay

nido(10)-[2]-pido(10)-B 5Hay

m=2 16 BH=16 m=2 17BH=17
n=18 2B =3 n=18 IB =15
p=2 6H =3 p=1 SH =25

22 (n+4) skeletal electron pairs 21 (n+3) skeletal electron pairs

Figure 1. Optimized geometries and relative stabilities of various isomeric BgH,, structures differing with re-
spect to the degree of vertex sharing. The number of required skeletal electron pairs according to the mno
rule (left) equals the number of available skeletal electron pairs (right) for each structure. Notations m, n, and
p stand for the number of cluster fragments, the total number of vertexes, and the number of missing vertexes,

respectively (for nomenclature, see text).
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cluster fragments, the fusion modes between two or more in-
dividual clusters or cluster fragments, and the distribution of
vertexes to the fused cluster fragments and hence, the struc-
ture of the thermodynamically most stable isomers for vari-
ous classes of macropolyhedral boranes.

Results and Discussion

Nomenclature used for macropolyhedral boranes: In this
paper, a nomenclature scheme is used for macropolyhedral
boranes, according to the type and size of two cluster frag-
ments and the number of shared vertexes. Names of types
of each cluster fragment are italicized, with the number of
vertexes of each cluster fragment in parenthesis. For two dif-
ferent cluster fragments, the names along with the cluster
size are written in alphabetic order, regardless of the cluster
size. For a macropolyhedral borane with two cluster frag-
ments of the same type, the smaller cluster is given first.
The number of shared vertexes between two cluster frag-
ments is given in brackets between the cluster fragment
specification, thus “-[1]-”,“-[2]-”, “-[3]-”, and “-[4]-” indicate
one, two, three, and four shared vertexes, respectively. The
formula for the macropolyhedral boranes is written at the
end, separated by a hyphen. As an example, closo(12)-[4]-
closo(12)-B, H;4 denotes the B, H;4 structure that consists of
two 12-vertex closo-cluster fragments, sharing four vertexes
with each other, whereas arachno(8)-[1]-nido(7)-B,,;H,, has
an architecture composed of an arachno-8- and a nido-7-
vertex cluster fragment, sharing one vertex.

Various possible combinations of macropolyhedral boranes
with different numbers of shared vertexes: All experimen-
tally known macropolyhedral boranes sharing x vertexes can
be formally constructed by the intimate fusion of simple
polyhedral boranes eliminating a (BHj;), (or isoelectronic)
unit (Scheme 1). The topology of simple convex polyhedral
borane clusters allows sharing of one to four vertexes (x=
1-4), when two clusters are fused to become a macropolyhe-
dron. For example, in nido(6)-[2]-nido(8)-B;,;H 4" two ver-
texes are shared between a
nido-6-vertex and a nido-8-
vertex fragment and, therefore,
it is formally obtained by con-
densation of nido-B¢H,, and
nido-BgH,;, under elimination
of a B,Hy unit. Similarly, each
of the experimentally known
two-vertex-sharing arachno(9)-

=57.9 keal mol”!

el

m=2 15BH=15 [2]-nido(6)-B13H,0,*"  nido(6)-
oy »oon [2]-nido(10)-BH s, nido(8)-

[2]-nido(10)-B,gH,,, "
nido(10)-[2]-nido(10)-BgH,,[""!
nido(10)-[2]-nido(11)-
BoHy, B and closo(12)-[2]-
nido(12)-[B,Hy]*~  dianiont
may be derived from two cor-
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responding clusters releasing a B,Hg unit. Single-vertex-shar-
ing arachno(8)-[1]-nido(7)-B,;H,, and  arachno(9)-[1]-
nido(7)-BsH,,"" are formally obtained by the removal of a
single BH; unit from the corresponding clusters. Similarly,
the three-vertex-sharing closo(12)-[3]-nido(11)-B,H,s*~ dia-
nion" can be considered as obtained by the removal of a
[B;Hg]™ unit from a 12-vertex closo-[B,H;,]*~ and an 11-
vertex nido-B;;H,;;~. The wunique four-vertex-sharing
closo(12)-[4]-closo(12)-BH,s*" is a formal condensation
product of two [B,H,,]*" units releasing a [B,Hg]*~ unit iso-
electronic to B,H,.

arachno-BgH,  + nido-B;H,, — arachno(8)-[1]-nido(7)-B,,Hx» + BH;

arachno-BgH 5

nido-B;H —>  arachno(9)-[1]-nido(7)-BsHy; + BH,;

nido-BgH,, + nido-BgH,, —  nido(6)-[2]-nido(8)-B,H 4 + B,Hg

arachno-BgH s+ nido-BgH,,

—»  arachno(9)-[2]-nido(6)-B;H + B,H,
nido-BgH o +  nido-BgH,y —»  nido(6)-[2]-nido(10)-B,4H 4 + Byl

nido-BgH,, + nido-BHy, ——  nido(8)-[2]-nido(10)-B,H,, + B,H;

nido-BoH 4 + nido-BHy, —  nido(10)-[2]-nido(10)-B gH,, + ByHg

nido-ByoH 4 + nido-|B|\Hy,)”  — nido(10)-[2]-nido(11)-[B gHy;]" + B,H,

clo.\r)-[B,ZHu]z‘ + nido-B,H 4 ——  Closo(12)-[2]-nido(12)-[B,,Hpp [ + B,H,

closo-[BHpl + closo-[BHpl ——=  closo(12)-[3]-closo(12)-[By Hysl + [BsHgl”
closo-[BpH )" + nido-[BjH, — closo(12)-[3)-nido(11)-[BygH g + [BsHg]

c']()A()—[BuIIl:]z' t c[osu—[BuIIl.,]l’ —  closo(12)-[4]-closo(12)-ByH ¢ + [ByHgl"

Scheme 1. Experimentally known homonuclear macropolyhedral boranes
and borates can be formally obtained as condensation products of two
simple polyhedral fragments eliminating as many BH; or isoelectronic
units as there are vertexes shared (for nomenclature, see text).

All possible macropolyhedral borane types that result
from condensation under elimination of one to four BH; or
isoelectronic units (and share one to four vertexes between
two clusters) are listed in Scheme 2. It is clear that among
experimentally known structures (highlighted by gray
boxes), more effective sharing (larger number of shared ver-
texes) is found for macropolyhedra with two closo-clusters
(four-vertex-sharing B,H,_, macropolyhedra), whereas less
pronounced sharing (least number of shared vertexes) is ob-
served for more open nido- and arachno-clusters (one-
vertex-sharing B,H,,s and B,H,,,, macropolyhedra). In
other words, the number of shared vertexes gradually de-
creases from four when two closo-clusters are fused to one
in more open arachno-[1]-nido-clusters. The systematic rela-
tionships derived here for macropolyhedral boranes of
course also hold true for corresponding main-group hetero-
boranes.

Number of skeletal electrons and the structure of macropo-
Iyhedral boranes: Let us consider the number of skeletal
electron pairs, n(SEP), for various classes of macropolyhe-
dral boranes listed in Scheme 2. In horizontal rows, the gen-
eral formula for macropolyhedral boranes remains the same,
while the number of shared vertexes increases. In the case
of macropolyhedral boranes, the increase in the number of
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general number of shared vertexes

formula

5
one two three four “;@ﬂ‘
closo )
B,H,4 14-
closo 5
‘-;Y'\j
closo closo ’
& B,H,. -[3]- -[4]- N
m closo nido x
; / / "g\"_?
closo / closo / nido  closo |
B, H, 21 -B3)- AL P I N
closo nido nido  arachno \\‘:"‘_‘\,
closo closo nido  closo arachno
B,H,. -(1- -[2]- 3]- # -] -[4]-
= closo nido nido  arachno nido “-.Kjv
4 b
i_’ closo nido || closo arachno arachno
E[Z nu,. {1} 2k # 2 Bl -[4)-
8 nido nido arachno nido rachno

nide closo arachno arachno

b 1
Sl BHue QUSRI 21 L1
g nido  arachno nido arachno
=
5 arachno arachno
i al
« arachno
P
arachno
B,Hpi10 Lk

arachno

n(SEP) number of open face

hydrogen atoms

cluster opening

Scheme 2. Classes of macropolyhedra according to general formulae, and
possible types of structures according to incorporated cluster fragment
types and fusion mode (i.e., sharing of one to four vertexes). Entries in
grey boxes represent the cases for which experimentally known macropo-
lyhedral boranes or borates exist. For nomenclature, see text. SEP =skel-
etal electron pairs. For two-vertex-sharing B,H, 4, only nido-[2]-nido-
macropolyhedra are experimentally known.

shared vertexes for a given formula means the transforma-
tion of an exo-substituted BH unit (that contributes one
SEP) into a bare boron atom (that contributes 1.5 SEP) and
an endo-hydrogen atom (that contributes 0.5 SEP). In sum-
mary, per shared vertex the number of skeletal electron
pairs increases by one.

As an example, a B,H, simple polyhedron has n skeletal
electron pairs when each vertex is occupied by a BH unit
contributing one SEP each. A closo compound, however,
needs one SEP more (n+1). A hypothetical one-vertex-
sharing B,H, macropolyhedral borane has (n+1) SEP, but
for two cluster fragments at least (n+2) SEP are needed
(i.e., in the case of two closo cluster fragments). At least
two vertexes need to be shared (between two closo cluster
fragments) to generate sufficient skeletal electrons, that is, a
closo-[2]-closo macropolyhedron is the first viable structure
for B,H,. More intimate fusion (e.g., three-vertex-sharing)
increases n(SEP) further, which is accommodated by the
opening of cluster fragments (e.g., closo-[3]-nido-B,H, with
n(SEP)=n+3). Thus, along the horizontal rows, each addi-
tional shared vertex results in an increase in n(SEP) by one
that results in the opening of one cluster fragment and the
accommodation one more hydrogen atom on the open face.

For geometrical reasons, four-vertex sharing is the most
intimate fusion possible for a stable macropolyhedral
borane. When two closo-clusters are combined in such a

Chem. Eur. J. 2008, 14, 2886—2893
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16 BH =16 sep 18 BH =18 sep
4B = 06sep 3B =45 sep
total =22 sep . -ve charge = 0.5 sep
= total =23 sep
i
£
abx rule mno rule abx rule mno rule
a =13 " =9 a =13 m =2
b =13 no =20 b =13 no =21
X =4 o =0 X =3 o =0
total = 22 sep total = 22 sep total = 23 sep total = 23 sep

E)
arachno(8)-[1]-nido(7)-B4,Hap

®

closo(12)-[4]-closo(12)-BagH ¢

Macropolyhedral Boranes

way, the required n(SEP) is n+2, which is realized for a for-
mula of B, H, ,.*

Along the columns in Scheme 2, the number of shared
vertexes remains the same, however, each pair of additional
hydrogen atoms increases the n(SEP) by one. This addition-
al electron pair makes one cluster fragment more open (i.e.,
closo to nido or nido to arachno). Alternatively, the n(SEP),
and as a consequence also the type of fused fragments, re-
mains unchanged when the number of shared vertexes is re-
duced by one (diagonal step “down to the left” in
Scheme 2). The fact that macropolyhedra may structurally
react to an increase in skeletal electron pairs by either open-
ing a subcluster or by reducing the intimacy of cluster fusion
has already been recognized.['?<34

The polyhedral skeletal-electron-pair approach™ may be
applied to calculate the number of skeletal electron pairs,
a+b—x, for a given macropolyhedron. Here, a and b repre-
sent the number of skeletal electron pairs the two fragments
would require individually, and x equals the number of
shared vertexes. In the formal condensation reaction of two
simple polyhedral boranes, as many BHj; units are eliminat-
ed as shared vertexes are formed. Each BH; takes away two
SEPs (“:BH,-H,-H”) and each shared vertex generates one
additional SEP (:BH—-B:,-H). Taken together, a macropo-
lyhedral structure has the n(SEP) of its fragments dimin-
ished by the number of shared vertexes (also see Figure 2).
Hence, the entries in Scheme 2 represent structures that re-
alize a viable number of skeletal electrons for a given for-
mula.

E)
closo(12)-[3]-closo(12)-[Ba H gl

G)
arachno(9)-[2]-nido(6)-B3H, g

13 BH = 13 sep ‘ 11 BH=11sep
1B =1.5sep 2B =3 sep
9H = 45sep 8H =4 sep
total =19 sep total =18 sep
abx rule mio tule abx rule mno rule
a = 11 m =2 a =8 m =2
h =9 n =14 b =12 n =13
x =1 o =0 ¢ =2 o =0
Emm— p =3 I 14 =3
total = 19 sep total = 18 sep e —
total = 19 sep total = 18 sep

Figure 2. Comparison of abx and mno approaches to obtain the number
of skeletal electrons for various homonuclear macropolyhedral boranes.
Notations m, n, and p stand for the number of cluster fragments, the
total number of vertexes, and the number of missing vertexes, respective-
ly, whereas a and b represent the number of skeletal electrons of the indi-
vidual cluster fragments, and c is the number of shared vertexes (for no-
menclature, see text).
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Number of skeletal electrons for higher condensed macro-
polyhedral borane systems: Scheme 2 relates the number of
skeletal electrons to the structure for a given general formu-
la of a macropolyhedral borane with two fused clusters. The
number of skeletal electrons for various viable macropoly-
hedral boranes with more than two fused clusters can also
be easily conceived on the basis of the abx rule (see above).
All structures that can be obtained by the formal condensa-
tion of simple clusters under elimination of x BH; moieties,
in which x is the number of shared vertexes in the macropo-
lyhedral cluster, are viable macropolyhedral boranes obey-
ing the abx rule. Thus, a macropolyhedral borane consisting
of three fused fragments will have a skeletal electron count
of a4+b+c—x, or in general ¥s;—x in which Xs; equals the
number of skeletal electrons of individual clusters and x is
the total number of shared vertexes.[*”!

Potential structures for various classes of macropolyhedral
boranes: With the exception of B,H, ., the general formu-
lae listed in Scheme 2 have at least one experimentally
known homonuclear macropolyhedral borane or borate rep-
resentative (highlighted with gray boxes, compare also
Scheme 1). Various p-block heteroatom-containing macro-
polyhedral boranes are also known.’® For a given general
formula, all experimentally known structures belong to only
one structure type. We suppose that the structure types for
which experimentally known examples exist should be con-
siderably more stable thermodynamically than the classes
for which no structures are known experimentally, as in the
case of B,H,,, (Figure 1).””! In the case of B,H,_, two
closo-clusters sharing three vertexes should be a better
choice than one closo- sharing four vertexes with a nido-
cluster. The only experimental example, [B,H;s]”, synthe-
sized recently!™ but predicted as a possible synthetic target
for more than 40 years,* consists of two 12-vertex closo-
clusters with three shared vertexes (Figure 2E). The alterna-
tive is a 12-vertex closo-cluster sharing four vertexes with a
13-vertex nido-cluster, which is thermodynamically 94.7 kcal
mol ' less stable than the former. A systematic study of all
classes of experimentally known macropolyhedral boranes
from B,H,_, to B,H, . results in the selection of seven mac-
ropolyhedral borane categories listed in Table 1. We find
that the structures, the type of fused clusters or cluster frag-
ments (i.e., closo-, nido-, or arachno-), and the number of
shared vertexes (i.e., one, two, three, or four) for various
macropolyhedral boranes are directly related to the required
number of skeletal electron pairs. This systematic relation-
ship has not been suggested until now.

For example, all experimentally known B,H, ., macropo-
lyhedral boranes®! possess two shared vertexes and thus
have n(SEP)=n+4: n skeletal electron pairs would result
from n BH groups, supplemented by four skeletal electrons
due to four extra hydrogen atoms, but two shared boron
atoms increase the number of SEP further by two. This im-
plies that these structures have two nido-clusters.”” At-
tempts to construct a B,H, ., macropolyhedral borane, for
example, BigH,, (Figure 1), with one or three shared vertex-
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Table 1. For each general formula, (i.e., class) of macropolyhedral boranes, a typical number of shared vertexes can be given and the corresponding
number of skeletal electrons, the type of cluster fragments, as well as cluster-fragment sizes can be derived (for nomenclature, see text).

Formula Xl n(SEP)®! Structure FU Proposed general formula Experimental examples

B,H,_, 4 n+2 closo-[4]-closo closo-1214 closo(n—8)-[4]-closo(12) closo(12)-[4]-closo(12)-B,H,e
B,H,_, 3 n+2 closo-[3]-closo closo-121% closo(n—9)-[3]-closo(12) closo(12)-[3]-closo(12)-By Hyg !
B,H, 3 n+3 closo-[3]-nido closo-129 nido(n—9)-[3]-closo(12) nido(11)-[3]-closo(12)-B,H L,
B,H,., 2 n+3 closo-[2]-nido closo-1214 nido(n—10)-[2]-closo(12) nido(12)-[2]-closo(12)-[B,,H,,]*~
B.H, . 2 n+4 nido-[2]-nido nido-101411 nido(n—8)-[2]-nido(10) nido(10)-[2]-nido(10)-B,sH,,

B,H, 2 n+5 arachno-[2]-nido nido-1011 arachno(n—8)-[2]-nido(10) arachno(10)-[2]-nido(10)-[SB,H,,] &
B,H, s 1 n+5 arachno-[1]-nido nido-7 arachno(n—6)-[1]-nido(7) arachno(8)-[1]-nido(7)-B,;H,,

[a] Number of shared vertexes. [b] n(SEP) =number of skeletal electron pairs. [c] F=preferred fragment. [d] Preferred fragment as concluded from the
occurrence in experimentally known structures. [e] See ref. [18]. [f] Preferred fragment based on known representatives and on a systematic computation-

al study, see ref. [25]. [g] See ref. [36d].

es do not result in isomers with n+4 skeletal electron pairs.
The closo(10)-[1]-nido(9)-B,sH,, (Figure 1B) and arach-
no(10)-[3]-nido(11)-BgH,, (Figure 1C) have a total of n+3
(21) and n+5 (23) skeletal electron pairs, respectively, in-
stead of n+4 (22).

Two less hydrogen atoms as in B,H, ., macropolyhedral
boranes result in one skeletal electron pair less and one
nido-fragment is oxidized to a closo-fragment to give B, H, .,
macropolyhedral boranes with a closo-cluster sharing two
vertexes with a nido-cluster. Like for B,H, ,, macropolyhe-
dral boranes, B, H,,,, macropolyhedral boranes with a differ-
ent number of shared vertexes will result in an undesired
structure that has a different total number of skeletal elec-
trons. Experimentally known®™ [B,H,,]*~ and its deriva-
tives” correspond to this class of macropolyhedral boranes.

Macropolyhedral boranes of general formula B,H, con-
tain n+ 3 skeletal electron pairs and the structures consist of
a closo and a nido cluster sharing three vertexes. The
B,H,s>~ dianion™® and a series of B,yH;sL, compounds™ in
which a 12-vertex closo- and an 11-vertex nido-cluster share
three vertexes are experimentally known.

Similarly, the correct macropolyhedral structure can also
be predicted for other formulae. Each of the B,H,_, and
B,H,_, macropolyhedral boranes has n+2 skeletal electron
pairs. The B,H,_, macropolyhedral boranes (or the monoa-
nionic [B,H,_;]~, for example, [B,;H;s]  anion™®) involve
two closo-clusters sharing three vertexes with each other.
The B,H,_, macropolyhedral boranes (e.g., ByH s2") share
four vertexes between two closo-clusters. Any attempt to
consider a B,H, , or B,H, , structure with a different
number of shared vertexes or different type of fused clusters
will result in discredited structures that do not fulfil the re-
quirement of n+2 skeletal electron pairs.

B,H, ;s macropolyhedral boranes have two shared vertex-
es and one additional skeletal electron pair (n+5 SEP),
compared to the B,H, , macropolyhedra. Opening of one
cluster fragment from nido to arachno is the consequence.
The predicted structures are arachno-|2]-nido-B,H,, . Three
more possible B, H, ¢ structure types (see Scheme 2) have
different numbers of skeletal electron pairs and hence, dif-
ferent structures.

Two additional hydrogen atoms in B,H,,s structures
result in decrease in the number of shared vertexes leaving
the number of skeletal electrons unchanged, that is, n-
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(SEP)=n+5. Such structures share one vertex between two
highly open nido- and arachno-clusters. Experimentally
known structures correspond to B,H,, and B sH,;."™

Preferred fragments for macropolyhedral boranes: Compu-
tations of a large number of nido-[2]-nido-B,H,,,, macropo-
lyhedral borane isomers revealed that the thermodynamical-
ly most stable 13- to 19-vertex-containing macropolyhedra
contain at least one 10-vertex nido-cluster fragment.”” The
size of the second nido-cluster fragment increases from five
vertexes to eleven vertexes. Moreover, the structures of the
experimentally known nido-[2]-nido-macropolyhedra usually
represent the thermodynamically most stable framework,
that is, contain a 10-vertex nido-fragment. Similarly, arach-
no-[2]-arachno-B,H, ¢ structures contain at least one nine-
vertex arachno-cluster fragment, whereas arachno-[2]-nido-
B,H, ¢ clusters usually contain a ten-vertex nido-cluster
fragment (or a nine-vertex arachno-cluster fragment in the
case of arachno(9)-[2]-nido(11)-BsH,4). We note:

1) The thermodynamically most stable isomers of a given
class of macropolyhedral boranes contain a unique pre-
ferred fragment.

2) These fragments are usually present in the experimental-
ly known structures.

These two observations can be used to propose the struc-
tures of the thermodynamically most stable isomers of a
given class of macropolyhedra. For example, all experimen-
tally known macropolyhedral structures involving at least
one closo-cluster have a 12-vertex closo-cluster. The 12-
vertex closo-cluster alone is a highly symmetric and very
stable structure with five-coordinate vertexes only. Its extra-
ordinary stability®! is also evident from its highest aromatic-
ity and lowest energy-per-vertex values among closo-clus-
ters.*”l Its presence in the experimentally known macropoly-
hedral structures recommends the 12-vertex closo-cluster as
the preferred fragment for the thermodynamically most
stable macropolyhedral boranes incorporating a closo-frag-
ment. To confirm the high stability of macropolyhedral bor-
anes containing at least one 12-vertex closo-cluster relative
to other possible structures, we computed isomers of various
classes of macropolyhedral boranes ranging from B,H,_, to
[B,H,]* (see Tables S1 to S4 in Supporting Information).
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All macropolyhedral boranes that involve one 12-vertex
closo-cluster are far more stable than corresponding isomers
with other closo-clusters. This fact can be used to easily pre-
dict the general structures of the thermodynamically most
stable macropolyhedral boranes involving at least one closo-
cluster, that is, macropolyhedral boranes ranging from
B,H, ,to B.H, ..

The extent of preference for a specific size decreases as
the fragment opens. There is a greater preference for the
nido-10 (compared to other nido-cluster fragments) than for
the arachno-9 (compared to other arachno-clusters).”” The
nido(10)-[2]-nido(10)-B,sH,, is 42.5 kcalmol™' more stable
than the second most stable nido-[2]-nido-B,sH,, isomer, but
the arachno(9)-[2]-arachno(9)-B;sH,, is only 7.5 kcalmol ™
more stable than the second most stable isomer./” Similarly,
the closo-12 (compared to other closo-clusters) is preferred
more than the nido-10 fragment (relative to other nido-frag-
ments). The closo(12)-[4]-closo(12)-ByH 4 is 110.5 kcal mol ™!
more stable than the closo(11)-[4]-closo(13)-B,yH;s! As a
consequence, in mixed closo-[3]-nido- or closo-[2]-nido-mac-
ropolyhedral boranes, always the closo-fragment determines
the vertex distribution. Similarly, in the case of nido-[2]-
nido- or arachno-[2]-nido-macropolyhedral boranes, almost
always the nido-fragment determines the vertex distribution.

Two experimentally known one-vertex-sharing arachno-
[1]-nido-B,H,,, ¢ structures, that is, arachno-[1]-nido-B;H,,
and BsH,;, each with one seven-vertex nido-fragment, are
experimentally known.!'”! Therefore, we suppose that the
seven-vertex nido-cluster fragment might be the preferred
fragment for the arachno-[1]-nido-B,H, s macropolyhedra,
although this preference is probably weak.

Preferred frameworks for different classes of macropolyhe-
dral boranes: The idea of a given preferred fragment for
each class of macropolyhedral boranes conveniently allows
us to propose the complete framework for the thermody-
namically most stable isomers of various macropolyhedral
boranes. For example, for nido-[2]-nido-macropolyhedral
boranes, the nido-10-vertex cluster is the preferred fragment
and the thermodynamically most stable nido-[2]-nido-mac-
ropolyhedral isomers have the general formula nido(n—8)-
[2]-nido(10)-B,H,,, 4 A similar general formula for the ther-
modynamically most stable arachno-[2]-nido-B,H,, ¢ isomers
was proposed to be arachno(n—8)-[2]-nido(10)-B,H,, !
As the 12-vertex closo-cluster is the preferred fragment for
the thermodynamically most stable isomers of macropolyhe-
dral boranes containing at least one closo-cluster, the cluster
composition of various classes of macropolyhedral boranes
ranging from BH, , to B,H,,, can be proposed (see
Table S1). Similarly, the fragment sizes for the most stable
one-vertex-sharing arachno-[1]-nido-B,H, ¢ structures are
proposed to be arachno(n—6) and nido(7).

Structures of all experimentally known homonuclear mac-
ropolyhedral boranes or borates can be derived on the basis
of a general scheme provided in this paper. We note, howev-
er, that macropolyhedral metallaheteroboranes frequently
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possess structures that do not correspond to the structures
preferred by boranes (see Scheme 2).5!

Conclusion

All macropolyhedral borane clusters are formally obtained
by intimate fusion of simple polyhedra resulting in the elimi-
nation of one to four BH; (or isoelectronic) units. The
number of eliminated vertexes from simple polyhedra
equals the number of shared vertexes in macropolyhedral
boranes. The number of skeletal electrons of macropolyhe-
dral boranes is simply a+b—x, in which a and b correspond
to the number of skeletal electrons of individual cluster
fragments, and x is the number of shared vertexes. All ex-
perimentally known (and some experimentally unknown)
macropolyhedral boranes or borates can be divided into
seven classes. For each class, the general formula is directly
associated with the preferred number of shared vertexes.
This allows the number of skeletal electron pairs and the
types of fused clusters to be derived. The existence of a pre-
ferred fragment size for each cluster-fragment type allows us
to predict the complete framework of the thermodynamical-
ly most stable macropolyhedral borane isomers.
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Macropolyhedral Boranes

achno(10) isomers are computed to be less stable than C; symmetric
nido(10):nido(10)-B,sH,, by 41.6 and 77.7 kcal mol !, respectively.
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