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A new synthesis of the fused macropolyhedral boron cluster B,,H,4 is described and its mo-
lecular structure in solution discussed, based on multi-nuclear NMR spectra, including COSY
measurements, in relation to its previously elucidated solid-state structure. To verify the
conclusions from the NMR study, experimentally determined chemical shifts are compared
with calculated values at the GIAO-B3LYP level with a TZP basis set by Huzinaga. There is a
very good agreement between the experimental and computed 8('!B) values, suggesting that
the MP2/6-31G* internal coordinates are a reasonable representation of the molecular geom-
etry of this twenty-vertex cluster in solution that is essentially the same as its solid-state
structure. A computational analysis of the FMO orbitals of B,,H;,, in particular of the
LUMO, reveals that the four naked boron atoms, common for two shared icosahedral sub-
clusters, are the reactive sites of this D, -symmetrical molecule.
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The icosahedron is the most symmetrical way to arrange twelve atoms into
a polyhedral cluster and is the quintessential structural motif in boron hy-
dride cluster chemistry, classically represented by the [closo-B;,H;,]*
dianion (Fig. 1, structure a). This dianion belongs to a point group of I
symmetry and is considered to be a three-dimensional aromatic system!.
Such structural architectures are also found in elemental boron itself. Re-
placement of individual {BH}? vertices in this twelve-vertex polyhedral
cluster by various isoelectronic and isolobal?> main-group element units
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leads to a series of icosahedral heteroboranes of lower symmetries than I, 3.
Introduction of metal vertices into boron hydride clusters is also possible.
An archetypical example of such compounds is the cobalt bis(dicarbollide)
anion*, [3-Co-(1,2-C,ByH;;),]~, called COSAN. Schematically, the COSAN
molecule consists of two 12-vertex {CoC,By} subclusters that are conjoined
by a shared cobalt atom vertex. Extrapolation of this structural principle to
a thought experiment that replaces the {CoC,Bs} subunits by two parent
{B,,} moieties would result in the hypothetical [B,3H,,]>~ (Fig. 1, structure
b). Both COSAN and [B,3;H,,]°~ obey the so-called mno rule derived for ra-
tionalizing the structures of the macropolyhedral boranes®. However, the
sharing of a single common vertex is not the only mode of cluster fusion
open to the polyhedral boranes. A two-atom edge can be shared, resulting
in a mode of condesation seen in, for example, syn- and anti-B,gH,, or

FiG. 1
Molecular models of the dianion [closo-B,,H,,]?", 1a, along with the existing (green)
1d: B,yH,s le: [B,;H,gl~ and hypothetical (black) 1b: [B,3H,,]%", 1c: [B,,H,,]*" twinned
icosahedra. Individual atomic numberings distinguish among nonequivalent types of boron
atoms according to symmetries
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[B1oH,,]~ in which two boranyl subclusters are edge-fused®°P, In our case,
conjoining two [closo-B;,H;,]*" clusters via a common B-B edge would re-
sult in the hypothetical species, [B,,H,]?". (Fig. 1, structure c). Further con-
densation modes betwen two {B;,} clusters can be derived from the sharing
of a three-vertex triagular face or a four-vertex core of boron atoms. These
two possibilities are indeed manifested in experimentally available species
and closo/closo [B,;H;g]~ (Fig. 1, structure e)’, closo/closo B,yH, ¢ (Fig. 1, struc-
ture d), respectively®19. The latter of these compounds was first detected in
the 1960’s and experimentally shown to have a D, -symmetrical solid state
structure (four kinds of boron atoms), whereas the former species was first
synthesized and characterized only recently.

B,oH,¢ was prepared for the first time by slow passage of decaborane
nido-B,oH, vapour and H, through a discharge between Cu electrodes, and
its solid-state structure determined by single-crystal X-ray diffraction®. Later
an alternative synthetic route to B,,H;4 was proposed based on the catalytic
pyrolysis of decaborane at 350 °C°. The structure of B,yH;4 in solution was
verified using ''B NMR spectroscopy as being consistant with its solid-state
structure as determined by X-ray diffraction®®. [B,;H;4]-, a face-fused di-
icosahedral borane anion, was prepared from oxidative coupling of two
[closo-B,oHo]* clusters followed by the insertion of an additional boron-
vertex by heating with BH;NEt; 7. The molecular structure of the salt of
[B,;Hs]~ was elucidated both by a single-crystal X-ray diffraction analysis
and 'B NMR spectroscopy’. Both characterisation techniques revealed an
overall D, symmetry indicative of four symmetrically-unique boron envi-
ronments.

In this contribution we present a new synthesis of the macropolyhedral
B,oH;, cluster species and use the ab initio/GIAO/NMR method?3, with a
DFT variant, in conjunction with new experimental NMR data to investi-
gate its solution-phase structure and identify its reactive cluster positions.

EXPERIMENTAL

Synthesis

A crude toluene solution of decaborane(14) obtained from the cracking of B,H, in inert at-
mosphere is evaporated to dryness at 40-50 °C under a partial vacuum generated using a
water pump.The precipitated decaborane material is suspended in hexane and this mixture
is stirred overnight. The suspension is subsequently filtered and the resulting dark brown
hexane filtrate is evaporated to dryness. The crude material is again mixed in hexane and
left to stand, during which time decaborane(14) begins to precipitate and crystallise. The re-
maining hexane solution, removed of the precipitated decaborane(14) via filtration, is evap-
orated using a water pump and the resulting viscous solution is thence further dried using
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an oil pump for a period of ca. two days. The syrup-like residue is then separated by means
of partial sublimation. At conditions of 60-90 °C and 1.3 Pa decaborane(14) is collected in
an attached cooled receiver, amounting to ca. 60% of the whole mass of processed residue.
Subsequent raising of the temperature to 90-105 °C results in the distilling of liquid por-
tions consisting of three isomers of tolyl-decaborane, CH;C,H,-B,(H; ;. These liquid portions
condense into the cooled receiver in an amount ca. 15% of the processed mass. Further tem-
perature elevation to 105-120 °C results in the sublimation and crystallization of B,y H,
quite unexpectedly, partially contaminated with tolyl-decaboranes. The vitreous residue re-
maining after completion of sublimation is very likely based on undefined borane polymers.
The crude B, H,, fraction, including its tolyl-decaborane impurities were dissolved in hot
hexane under inert atmosphere and, after partial evaporating of the solvent, white colour-
less crystals of B,y H,, appeared on cooling in an yield of 0.1-0.2% with respect to the liquid
residue. This unexpected origination of B,y H,, prompted us to carry out up-to-date NMR
measurements along with the computations of the geometry and shielding tensor using
well-behaving model chemistries.

NMR Measurements

B NMR spectroscopical measurements were performed at 11.75 T on a Varian XL-500 in-
strument in CDCl;.

Computational Details

All calculations were performed with the Gaussian 03 package!l. Geometry optimizations
were started in a symmetry of D, at the HF/6-31G* level of theory. Frequency computations
in the same symmetry gave no imaginary frequency, indicating that this geometry is a true
minimum. Final optimizations at RMP2(fc)/6-31G* included the effect of electron correla-
tion.The chemical shieldings were calculated at a DFT level with the GIAO-B3LYP method
and utilized a TZP basis set by Huzinaga12 - (9s5p1d) contracted to [51111,2111,1] for B and
5s1p contracted to [311] for H. It is denoted as IGLO-II, or simply II '3, and is well-
established for the calculations of magnetic properties.

RESULTS AND DISCUSSION

During preparation of decaborane(14), nido-B,,H,, by means of the thermal
cracking of diborane B,H, in an inert atmosphere, we succeeded in isolating
in modest yield the known macropolyhedral cluster, B,,H;,4, as a by-product.
This new procedure represents the third synthetic route to this species,
which is otherwise not easy to make and thus enabled us to study its struc-
ture using new ''B NMR spectroscopic measurements including two-
dimensional correlated spectroscopy (COSY) experiments (Fig. 2). Table I
provides NMR data. There are four signals in the ''B spectrum with an in-
tensity ratio of 4:4:4:8 indicative of the symmetry seen in the solid-state
structure of B, H;%°. One peak of intensity four is a singlet in this spec-
trum and is not split by coupling to any H nucleus (see Table I) and can
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therefore be unambiguously assigned to the four naked boron atoms. As-
signment of the other resonance peaks to atomic positions are made from
comparison of the cross-peaks observed (four possible B-B contacts) in the
HB-11B COSY NMR experiments and the corresponding relative intensities
of these resonances.

The final level of the optimization of the molecular geometry of B, H;,
used the correlated level of theory [MP2(fc)] with 6-31G* basis set and this

TABLE I
The GIAO® and experimental 3('!B) in ppm with respect to BF;-OEt, and interaction con-
stants (/) in Hz for B, H,4

Experimental

1 11
No. of B atoms GIAO (data in ref.g, in CCL,) J("H,”"B)
4b 3.6 2.6 (3.9) 150
4¢ 10.6 9.6 (11.7) -
44 2.2 4.4 (-4.3) 143
8¢ 2.4 -6.5 (-4.3) 167

@ Calculated at the B3LYP level with a TZP basis set by Huzinaga using MP2(fc)/6-31G*
geometry, i.e., GIAO-B3LYP/II//MP2(fc)/6-31G*. b Boron atoms of two B-B bonds with
midpoints that form body diagonal (B1). ¢ Naked boron atoms (B4). ¢ Two next-next-nearest
B---B separations that form with B atoms in [b] two tetraborane cages (B2). ¢ The only combi-
nation of eight equivalent boron atoms according to symmetry (B4). / Originally reported
with respect to B(OCHj;);, recalculated with respect to generally accepted standard BF;-OEt,,
6(11B) B(OCHj3); with respect to the latter was agreed to be 18.1 ppm (ref.ls).
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FiG. 2
YB{'H}-"'B{'H} COSY 2D NMR spectrum of B, H4
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set of internal coordinates served as an input for computing the corre-
sponding shielding tensor (Table I). As can be seen, four naked boron atoms
resonate at a relatively high frequency in relation to other resonances. We
can speculate that this might be assigned to the occurrence of paramagnetic
contributions to the magnetic shielding constants. Such contributions re-
sult from the coupling of suitable occupied and unoccupied molecular
orbitals with large coefficients on naked boron atoms. HOMO and LUMO
orbitals (Fig. 3) seem to be key for paramagnetic contributions to the
shielding tensor of the naked boron atoms since in this part of the mole-
cule the overlap between HOMO and LUMO is visually the most intensive.

There are no unusually long B-B connectivities; all values spanning an
interval of ca. 1.75-1.86 A, B3-B4 being the longest (1.858 A) and B2-B4
the shortest (1.753 A). B-B connectivities between the four naked boron
atoms, B4-B4, computed at 1.769 A and the Wiberg bond index!* for these
vectors amounts to 0.52, suggesting that these connectivities are participat-
ing in three-center bonding typical for the boranes. A comparison of the
experimentally determined and computationally calculated chemical shifts
shown in Table I, suggests that the MP2(fc)/6-31G* geometry is a good rep-
resentation of the actual geometry of B,,H,, in solution and, in turn, is in
a good accord with the solid-state geometry reported in ref.?, in which
B3-B4, B2-B4 and B4-B4 are 1.87, 1.76 and 1.78 A, respectively. Note that
with the exception of B3-B4 there are no significant deviations in bond
lengths when comparing the eight remaining different B-B separations in
the macropolyhedron with the only one in [closo-B,,H,,]%, viz 1.787 A as
computed at MP2/6-31G* within this context.

J

FiG. 3
HOMO (a) and LUMO (b) of B, H;, at HF/6-31G*
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Despite being known for decades, little is understood of the chemistry of
B,oH;¢ due to the difficulty of its synthesis. Essentially, the only aspect of
its behaviour documented is the ready reactivity of B, H;, toward Lewis
bases,( e.g. OH-, OEt")!°. The addition of acetonitrile to B,,H;4 results in the
opening of the closed polyhedral structure and the formation of the
bis(ligand) adduct [B,,H;,(MeCN),]'”. This adduct is structurally based on a
twenty-vertex closo/nido arrangement, in which the mode of fusion between
the two subclusters of the molecule changes from a shared four-boron core,
seen in the parent B,y H;4, to a common triangular face. This structural change
is in essence driven by the addition of electrons into the cluster framework
from the acetonitrile ligands, a mechanism examined computationally by
Jemmis et al.!® and rationalised in terms of the mno rule!®1° Coinci-
dentally, our calculations at HF/6-31G* show there to be significant contri-
butions to the LUMO of B, H,4 from these vertices (see Fig. 3), thus
rationalising these cluster sites’ propensity to nucleophilic attack. Vector
analysis of the experimental dipole moments confirms such an electron-
acceptor character of the icosahedral cage itself?°.

Further condensation by four-vertex sharing would lead to a structure of
[B,gH,0l?* (Fig. 4)'9:21, experimental endeavours towards acquiring it would
be challenging.

FiG. 4
Molecular model of the hypothetical dication [B,gH,,]**. Atomic numbering shows nonequiv-
alent types of boron atoms according to symmetry
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CONCLUSION

The alternative synthesis of the macropolyhedral borane B,,H;, has pro-
vided the possibility to probe its solution-phase structure using modern
NMR spectroscopy supplemented by a computational study that confirm its
structure in solution to be analogous to that in the solid-state. Additionally,
the computational work here, analysing the contribution of individual
boron vertices to cluster HOMO and LUMOs, provides rationale to the ex-
perimentally determined sites of nucleophilic attack. With regard to the
current interest in the use of neutral macropolyhedral boranes as boron-
dopant agents in the fabrication of p-type semiconducting silicon, it is our
hope that the synthesis described herein will be of assistance to those at-
tempting to achieve low-energy, shallow implantation.
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