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Beyond the Icosahedron: The First 13-Vertex
Carborane**

Carborane Cages

Anthony Burke, David Ellis, Barry T. Giles,
Bruce E. Hodson, Stuart A. Macgregor,
Georgina M. Rosair, and Alan J. Welch*

The chemistry of carboranes and heterocarboranes is domi-
nated by the 12-vertex icosahedron. The first carborane
reported] was 1-C(CH;)CH,-1,2-closo-C,B;(H;; and there
are now literally thousands of heterocarboranes known based
on the icosahedral geometry. The field of subicosahedral
heterocarboranes is also well developed, which reflects the
existence of carboranes from C,B;H; to C,BH;;.

In contrast, the area of supraicosahedral heterocarbor-
anes is relatively unexplored. Although the first 13-vertex
metallacarborane was reported over 30 years ago,?! there are
only about a hundred such compounds currently known. The
first supraicosahedral p-block metallacarborane was descri-
bed only last year.’l We are aware of only a handful of 14-
vertex metallacarboranes,**! and no such species of greater
cluster size. Crucially, there are no reports of carboranes
which extend the homologous family C,B,H, ., beyond n =10
nor any reports of the parent borane ions [B,H,]*~ for n > 12.
This situation is unfortunate since several of the current
applications of boron-cluster compounds, for example, in
catalysis as “least-coordinating anions”® and in boron-neu-
tron-capture therapy of tumors,”! would benefit from the
existence of carboranes with larger numbers of B atoms.

The most recent computational study of supraicosahedral
boranes® concluded that a)[B;;H;)*, [BiH*>", and
[BisH;s]>~ ions are thermodynamically unstable with respect
to [B;,H;,)*", and b) the [B,,H;,]> —[B3H3)* step is partic-
ularly unfavorable and represents a synthetic bottleneck.
Tantalizingly, the higher boranes [B,H,¢]*~ and [B;H,,]*~ are
predicted to be progressively more stable than [B;sH;s]*~. In a
separate study,””) other workers have predicted stable, spher-
ical, geometries for B,yHy, B3,Ha,, By,Hyy, and Bg,Hy, clusters.
Although similar calculations have not been performed on
closo carboranes, the results of these computational studies
suggest that several stable, large, carboranes could be viable
synthetic targets as long as the 12-vertex—13-vertex barrier is
overcome. We now report that breakthrough.
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An appealing way to prepare the 13-vertex C,B,H,; or its
derivatives from the appropriate C,B,(H;, species is by
polyhedral expansion, that is, reduction of the closo precursor
to the nido dianion!' [C,B,(H;,]*~ followed by capitation
through treatment with a BRX, compound,!'l analogous to
the method employed to prepare the first 13-vertex metal-
lacarborane.?! Starting from 1,2-closo-C,B,,H,, we tried this
many times, under a variety of conditions, and in a variety of
solvents, each attempt failing to produce a supraicosahedral
species. However, we did note that reduction of 1,2-closo-
C,B,jH,,, followed by treatment with BI;, produced 3-I-1,2-
closo-C,BoH,, which suggests successful initial production of
a 13-vertex carborane that spontaneously degraded by loss of
a {BH} unit.

When 1,2-closo-C,B,jH;, is reduced the cage carbon
atoms separate.['”) Qur observation that they become adjacent
again when the presumed 13-vertex carborane partially
degrades suggested that a system in which such C-atom
movement was prevented might represent a way forward.
Tethering the cage Catoms with an a,a-o-xylylene bridge
retains their adjacency on reduction.[¥) However, the reduced
species has not been structurally characterized in the absence
of a coordinated metal ion,'®l so to provide a firm basis for the
subsequent capitation step we have determined the struc-
turel'l of the [7,8-p-{CsH,(CH,),}-7,8-nido-C,B,H;;]~ (1) ion
as its [HNEt;]" salt (Figure 1). This study establishes the
presence of a six-atom C,B, open upper face with adjacent C
atoms. The structure of the anion is broadly similar to that of
the kinetic isomer of the same species coordinated to K13l
ions and to that established for the [7,9-Me,-7,9-nido-
C,B,(H;;]~ ion except that the former is fully triangulated
save for a flat six-membered face, and the quadrilateral CB;
lower face of the latter is replaced by a trapezoidal C,B, face
here. The C, ring of the phenylene bridge is located over this
trapezoidal face.

Removal of the bridging proton from 1 with BuL.i or direct
two electron (2e) reduction of 1,2-u-{C¢H,(CH,),}-1,2-closo-
C,B(H;, with Na yields the [7,8-u-{CsH,(CH,),}-7,8-nido-
C,B,oH,o]* ion which we assume has the same basic structure
as the monoanion. Treatment of this compound with PhBCl,

Figure 1. Perspective view of 1 (except for the H atoms, all atoms are drawn
as thermal ellipsoids set at 50% probability). The anion has crystallographical-
ly imposed C, symmetry. Selected interatomic distances [A]: C7-C8 1.444(7),
C7-B2 1.833(7), B2-B3 1.949(9), C8-B3 1.816(7), C8-B9 1.546(7), B9-B10
1.851(9), B10-B11 1.836(9), B11-B12 1.842(8), B12-C7 1.551(7).
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affords the wunprecedented 13-vertex carborane 1,2-pu-
{C¢H,(CH,),}-3-Ph-1,2-C,B;;H;, (2) as a moderately stable
colorless crystalline solid.

Compound 2 was characterized by 'H, *C, and "B NMR
spectroscopy, mass spectrometry, and single-crystal X-ray
diffraction"™” (Figure 2). Ignoring the Ph substituent, the
carborane cluster has approximate C,;symmetry about the
plane passing through B5, B12, and B13. All the polyhedral
faces are triangulated except for C1-C2-B7-B3 which is
trapezoidal. With respect to the cluster C1 and C2 are both
four-connected, B5 is six-connected, and all other B atoms are
five-connected. This polyhedral shape is that of a henicosa-
hedron (a, Figure 3) and not the docosahedron previously
predicted® for the 13-vertex borane [BysH;]*~ (b, Figure 3)
which has C,, symmetry and is fully triangulated, but the two
geometries are related by only a single diamond<«ssquare
transformation. We have used density functional calcula-
tions!'! to study both [B;;H;]* and 1,2-C,B;;H,3, and find
that the structure b is preferred over a by 3.8 kI mol~! for the
borane dianion, whilst the reverse is the case by 7.4 kJmol !

Figure 2. Perspective view of the supraicosahedral carborane 2 (except
for the H atoms, all atoms are drawn as thermal ellipsoids set at 50%
probability). Selected interatomic distances [A]: C1-C2 1.427(2), C1-B3
1.898(2), C1-B4 1.569(2), C1-B5 1.841(3), C2-B5 1.917(3), C2-B6
1.632(3), C2-B7 1.766(2), B3-B7 1.987(3).

KK
P

Figure 3. The cluster geometries (a, the henicosahedron) found in the
supraicosahedral carborane 2 and (b, the docosahedron) predicted for
the [By;H,3]*~ ion. Idealized point groups are C, and C,,, respectively.
Theoretically, the henicosahedron is preferred for 1,2-C,B,,H,; by

7.4 k) mol~", whereas the docosahedron is preferred for [B,;H;3]*~ by
3.8 k) mol~". Topologically a can be transformed into b by making ei-
ther, and b into a by breaking any, of the dashed connectivities shown.
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Figure 4. Suggested mechanism for the formation of 2. The kinetic isomer
(left) transforms to the observed thermodynamic isomer (right) by a
square—diamond transformation (1, either dashed connectivity made) fol-
lowed by a diamond—square transformation (2, dashed connectivity bro-
ken). The intermediate species has the docosahedral geometry shown as b
in Figure 3.

for the carborane. We presume the tendency of cluster
C atoms to adopt relatively low connected sites is responsible
for the latter preference. In 2 the B atom bearing the Ph
substituent is not the six-connected boron atom—capitation

Angewandte

2, direct synthesis from closo carborane: Reduction (Na/
naphthalene) of 1,2-p-{CsH,(CH,),}-1,2-closo-C,B,H,, in THF
followed by replacement of solvent with 40-60 petroleum ether,
cooling to 0°C and addition of PhBCI, afforded 2 in 6% yield
(not optimized) following workup involving extraction into
CH,Cl,, thin layer chromatography on SiO, and crystallization
from CH,Cl/petroleum ether. IR (CH,ClL): #,, 2570
(BH) cm™!; 'TH NMR (CDCl;, 298 K): 0=7.21-6.76 (m, 9H,
CsH,), 3.91 (s, 4H, CH,); "B-{'H} NMR (CDCl, 298 K): 6 =8.4
(2B), 5.3 (3B, including BPh as a partially obscured signal to
higher frequency), 3.7 (2B), 0.6 (2B), —1.2 ppm (2B): *C-{'H}
NMR (CDCl;, 298 K): 6=140.2 (1C, Arg,), 1332 (2C, Ar),
129.5 (2C, Argu), 128.4 (1C, Ar), 127.1 (2C, Ar), 126.9 (2C, Ar),
125.2 (2C, Ar), 48.7 ppm (2C, Cyrigge); MS (EI): m/z 331 [M*],
256 [M+—Ph], 245 [M*—BPh]. Satisfactory microanalytical data
were obtained.
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of deprotonated 1 would be expected to afford 2 in which
B3(Ph) and B5(H) were interchanged. We suggest that the
kinetic product does indeed have Ph group bonded to a six-
connected boron atom, but that it rearranges (Figure 4) into 2
by successive square—diamond then (different) diamond—
square transformations via a docosahedral intermediate.
Given the marginal differences in calculated energies be-
tween the henicosahedron and the docosahedron such a
rearrangement is expected to be facile.

We have demonstrated that it is possible to break through
the critical 12-vertex—13-vertex bottleneck in polyhedral
boron chemistry. For the borane dianions the 12-vertex—13-
vertex step has been described as the most difficult to achieve,
which suggests that we are now well positioned to synthesize
new families of 14-, 15-, 16-, ... vertex carborane clusters by
successive reduction/capitation steps. Although it has been
necessary to tether the cage C atoms to achieve the 12-
vertex—13-vertex polyhedral expansion we clearly would not
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Macrocyclic compounds are widely used as preorganized host
molecules for the selective binding of specific guests.[!
Commonly, these guests are monometallic cations or small
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polar molecules, such as urea. An alternative possibility is to
assemble a given set of molecules around a metal center™ or
molecular pattern®4 and then couple the molecules to one
host—-guest complex. In this reaction sequence the metal
center or molecular pattern functions as template.’] In a
number of recent reports the latter strategy has been used for
the synthesis of catenanes and knots,'! and of molecular wires
imbedded in an alkane double helix.I”! In these reactions, host
and guest often become irreversibly integrated in an assembly
with novel molecular properties.

In a recent study, we prepared a series of shape-persistent
multimetallic compounds which can be easily converted into
the corresponding multicationic species.®l The cationic sites in
the trication of 1 (see Scheme 1) used in the present study are
fixed in a two-dimensional space and are at the corners of a
triangle with edges of 1.75 nm.[® The NCN pincer platinum
cations bind new ligands exclusively trans to C,,, along the
pseudo C, axis of the molecule (C,-C,,,-Pt). Accordingly,
binding of pyridine ligands provides a special molecular
arrangement having the planes of the tris(phenylene)benzene
core and the pyridine ligands coplanar. It turns out that of the
combinations ECE pincer ligand/metal/pyridine (E: N, S;
metal: palladium, platinum) the NCN pincer platinum
pyridine complexes are the kinetically most stable ones.!
Moreover, the NCN-Pt complexes are the least active
catalysts for the isomerization of a-olefins (see below). This
makes the trication of 1 an ideal template for interconnecting
the pyridine rings at the ortho or meta positions thereby
forming a large tris(pyridyl) macrocyclic compound around
the trication.

Here we report the selective linking of 2,6-bis(dec-9-
enyloxy)pyridine substituents by alkene metathesis to form a
69-membered tris(pyridyl) macrocycle. Its detachment occurs
by addition of nucleophiles, for example, CI-. The trisolefinic
macrocycle could be hydrogenated and subsequently recoor-
dinated to the tricationic template. This sequence (Scheme 1)
provides a new approach to the selective synthesis of large-
ring macrocyclic hosts which have as the only preorganization
a precise atom connectivity pattern.

2,6-Bisolefin-substituted pyridines 2a,b were prepared
from 9-decen-1-ol and 2,6-dibromopyridine or 2,6-bis(chloro-
methyl)pyridine, respectively. The template precursor 1
(1 mmol) was reacted in CH,Cl, with three equivalents of
either 2a or 2b in the presence of suspended AgBF, to give
the tricationic compounds 3a or 3b, respectively, in quanti-
tative yields. A prolonged reaction time (30 min to 16 h) is
necessary because of the poor solubility of AgBF, in CH,Cl,.
The compounds 3 undergo alkene metathesis in the presence
of the first-generation Grubbs catalyst, [Cl,(Cy;P),Ru=
CHPh] (5 mol% per pyridine ligand), leading to the tricat-
ionic tris-platinum heteromacrocycle complexes 4. The al-
kene metathesis reactions were performed under high dilu-
tion (1 x1073M) to prevent intermolecular olefin metathesis
polymerization. Easy detachment of the newly formed
macroheterocycle from the tricationic template was possible
by reacting 4 with an aqueous NaCl solution, affording free
macrocycle Sa or Sb and the neutral template precursor 1. In
fact, pure 1 was obtained quantitatively and could be reused
in subsequent experiments.
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