Structures of Polyboron Fluorides

The Surprising Structures of BgF,, and B, F,**
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Much is known about the structure of polyboron chlorides,
bromides, and iodides!"? and of cluster compounds of other
Group 13 elements derived from their monohalides.!

However, with the exception of B,F, % experimental
structures of the polyboron fluorides are unknown. It is
notable that no report of a theoretically predicted structure of
BgF ), has appeared since the molecule was first postulated to
adopt a borane-like structure, B,(BF,)s, in 1972. Herein we
describe the experimentally determined structures of BgF,,
and of a completely new boron subhalide B,;F,,, both
obtained by means of X-ray crystallography at low temper-
atures.

The yellow liquid BgF,, was prepared, as earlier reported,
by low-temperature decomposition of (BF,),BF, which had
been made by condensing gaseous BF with the vapor of B,F,
at 77 K.BI The colorless compound B, F;, was discovered by
X-ray crystallography as a component of the mixture of the
less volatile boron fluorides formed by the condensation of
BF. The thermal stability of B,;F;, seems comparable to or
higher than that of BgF),, but both compounds decompose
quite rapidly at 273 K. Samples of BgF},, and the fraction
containing B,;F,, were sealed in glass capillaries and crystals
were grown at low temperatures on a diffractometer by using
the laser technique employed by Boese and Nussbaumer.!
Structures were determined by X-ray crystallography for pure
BgF},, "% BgF,,:0.5BF;, and B, F;,["'! Molecular structures of
BgF,, and of B10F12 are shown in Figure 1 and Figure 2,
respectively.

There are two crystallographically independent molecules
of BgF}, in the structure of BgF,,-0.5BF;, and four in that of
pure BgF, However, the structures of all six of these
molecules are essentially the same. It is interesting to view
the structure of BgF, in relation to earlier attempts to
understand the structure of diborane.l'”l It has both bridge
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Figure 1. Structure of BgFy, in the crystal. The numbering scheme
shown was used for all molecules of BgF;, observed in this study. In
the supplemental data,®! atoms in molecule 1 are labeled B11, B21
etc. Molecules 1-4 occur in BgF,,, 5-6 in BgF,,-0.5 BF;. Average distan-
ces [in AJ: B1-F1 1.303(3), B1-F2 1.301(5), B3-F3 1.335(4), B3-F4
1.316(4), B5-F5 1.311(5), B5-F6 1.313(10), B6-B7 1.328(6), B6-F8
1.315(6), B7-F9 1.309(7), B7-F10 1.312(9), B&-F11 1.316(7), B8-F12
1.311(9), B1-B4 2.11(4), B1-B2 1.86(2), B2-B3 1.792(18), B3-B4
1.92(4), B2-B5 1.745(6), B2-B6 1.714(6), B4-B7 1.736(5), B4-B8
1.717(8), B2-B4 1.667(6). The errors quoted are unweighted sample
standard deviations based on the dimensions of the six independent
molecules observed crystallographically in BgF,, and BgF,,-0.5 BF;; indi-
vidual B—B and B—F distances in these structures had standard uncer-
tainties of around 0.002 A and 0.003 A, respectively. Thermal ellipsoids
are drawn at the 30% probability level.

bonds and a short central B—B bond, that is, it combines all
the structural elements once considered diborane. Unlike the
equivalent B(p-H),B unit of diborane, however, the core B(pu-
BF,),B unit of BgF;, is both nonplanar, with average angles
between the B1-B2-B4 and B2-B3-B4 planes of 123.1° (range
121.6-125.7°), and markedly asymmetric, with the four B—B
bridge bonds varying in length in all the six crystallograph-
ically independent molecules in the range of 1.79(2) to
2.11(4) A in the sequence B2—B3 < B2-B1 < B3—B4 <B1—
B4. Overall, these bond lengths are consistent with there
being less electron density available for bridge bonding than
in the classic three-center, two-electron bridge bonds of
diborane, and with substantial electron density associated
with the short, central B2—B4 bond (av 1.667(6) A). The bond
lengths and fold angles within the core B, unit might be
expected to be easily deformed within a crystal, but all six
independent molecules have very similar structures. The
results of molecular orbital calculations at the MP2/6-31G*
level'>11 show that this distorted and folded structure does
indeed lie in an energy minimum in the gas phase. The
optimized C,, (mm?2) structure with a nonplanar B, unit, in
which the core B—B bond lengths are constrained to be equal,
is not a potential energy minimum and is 8.77 kJ mol~! higher
in energy than the distorted structure.

More detailed and extensive calculations (which will be
the subject of a subsequent full paper) are needed to fully
understand the origin of the observed unsymmetrical struc-
ture, but preliminary results indicate that intramolecular F---B
interactions play a critical role. For example, for the
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compound BgF}, a long bifurcated interaction between F3 and
the boron atoms B5 and B7 in two of the terminal BF, groups
pulls the B3 atom out of the plane of B1, B2, and B4 (Figure 1;
observed experimental ranges 2.603(2)-2.675(2) A for F3--B5
and 2.620(2)-2.693(2) A for F3--B7; calculated ab initio
values 2.572 and 2.587 A, respectively). These interactions
also affect the B3—F3 bond which, at an average of 1.335(4) A
(caled 1361 A), is longer than other such bonds in the
molecule. Furthermore, the atoms B2, B4, B5, B7, and B8 are
coplanar, but B6 is displaced from this plane by an average of
0.43(7) A to accommodate an interaction between F7 and BS.
The longest B-F interaction (obs. 2.733(2)-2.942(2) A; calcd
2.855 A) is formed between F5 and B1. This contact may be
responsible for the lengthening of the B1-B4 bridge bond.
While the results of calculations at the MP2/6-31G* level
point to some polarity in the B2—B4 bond (Mulliken charges;
B2 —0.95, B4 —0.41), the very high volatility of BgF;, indicates
a compound with negligible intermolecular dipole—dipole
interactions.

Calculations!> on the model compound BgH,F;, in
which the bridging BF, groups are replaced by bridging BH,
groups, reveal a symmetrically bridged structure with a planar
central B, unit and overall D, (222) symmetry. The calcu-
lations also indicate a twisting of the planes of the BH, groups
with respect to the central B, unit, which can be attributed to
intramolecular interactions between the highly electron-
deficient bridging boron atoms and the fluorine atoms of
terminal BF, groups. The mt-donating ability of fluorine atoms
means that BF, is less electron deficient than BH,. However,
in BgF), the fluorine atoms of both the bridging and terminal
BF, groups seem to be involved in long-range interactions
with the boron atoms of other BF, groups. Clearly both the
observed intramolecular interactions and the inherent elec-
tronic properties are critical in determining the precise
structures adopted.

As pointed out by a referee, unsymmetrical bridging is
well-known in carbocation chemistry, where there is a
continuum of hyperconjugation, asymmetric bridging, and
symmetric bridging, depending on the strength of interaction
between a o donor and a center of electron deficiency. To
quote the referee, “BgF;, would seem to belong to the world
between pure classical and pure nonclassical structures”. The
detailed calculations referred to above should shed light on
these structural issues (as well as the reasons for the intense
yellow color of the compound) and we are currently trying to
refine gas-phase electron-diffraction data for the molecule.

The structure of B(F,, (Figure 2) has crystallographic S,
symmetry and is based on a central distorted tetrahedron of
boron atoms (B1 and its symmetry equivalents B1A, B1B, and
B1C) each with a terminal BF, substituent, similar to the
known B,X, tetrahedra,['l but with BF, bridges across the B1-
B1B and BIA-B1C edges. If each BF, group is replaced by an
H atom, this structure equates to B,H,(u-H),. Organic
derivatives of B,H,(u-H), of type B,R,(u-H), have been
reported'®17l and while the structures were not established by
X-ray crystallography, there seems little doubt that they have
a similar B, core to B, F;, but with bridging H atoms across
opposite edges of the tetrahedron. Nevertheless, such organo-
boron compounds and related derivatives of tetrabor-
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Figure 2. Structure of B,Fy, in the crystal. Bond lengths [A]: B1-B1A
1.7583(14), B1-B1B 1.6053(18), B1-B2 1.8070(15), B1-B3 1.7037(13),
B2-F1 1.3266(9), B3-F2 1.3052(11), B3-F3 1.3191(11). Thermal ellip-
soids are drawn at the 30% probability level.

ane (6)!'3°! are much more electron rich and thus more
stable than B(F;,, which depends on relatively weak F—B -
bonding to compensate for its electron deficiency.

Exchange reactions of BCl; with BgF, and BF,, were
studied, and are a route to the formation of new polyboron
chlorides.””! Polyboron fluorides less volatile than B,(F,, are
also formed by the condensation of BF, and efforts are being
made to determine their molecular structures by X-ray
crystallography.

Experimental Section

The volatile products, obtained from the condensation of gaseous BF
(1.5 g, 50 mmol) with excess gaseous B,F, at 77 K, were fractionated
on a low-temperature distillation column®?!l to yield (F,B),BF (ca.
0.35 g, 2.7 mmol), which came off the column at about 200 K, and a
fraction (ca. 0.2 g) that was partly liquid, partly crystalline on the
column, which came off slowly at about 235 K. The (F,B),BF was held
at 250K to allow it to disproportionate to BgF,, (ca. 0.17 g,
0.54 mmol) and B,F,, which were easily separated. Both BgF,, and
the 235 K fraction were sealed in Pyrex capillaries (ca. 0.3 mm bore)
on a vacuum line. Crystals of the compounds were grown in these
capillaries, which were mounted on a Bruker AXS Smart Apex
diffractometer equipped with an Oxford Cryosystems Cryostream
and an OHCD IR laser-assisted crystallization device. Crystal growth
of BgF;, was hampered by glass formation, but crystals were grown
from a sample that had been annealed into a polycrystalline powder
at 160 K, by moving the point of focus along the capillary over a
period of 13 h, then ramping down the laser power from 1.9 W to zero
over 1 h. Prior to this study, crystallization of BgF;, had never been
observed to occur; when it was handled at low temperature on a
vacuum line, it always formed a glassy solid.

A crystal of BjF;, was grown without difficulty by establishing a
stable solid-liquid equilibrium at 200 K with a laser power of 2.5 W at
one end of the sample. The position of the phase boundary was moved
along the length of the sample over the course of 5 min, then the laser
power was ramped down to zero over another 5 min.
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