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ABSTRACT: The B,,F.,* anion, which was formed
as a minor by-product when the B;H ;> anion was
treated with F, in liquid HF, has been isolated as
its N(n-Bu)} salt and characterized by °B, ''B, and
F NMR spectroscopy, electrospray mass spectrome-
try, cyclic voltammetry, single-crystal X-ray diffraction,
and calculations at the DFT level of theory. The B,,F»,*~
anion has idealized Ds symmetry and consists of two
B,F,?~ icosahedra linked by a 2c—2e boron—boron sin-
gle bond with a B—B distance of 1.725(4) A. In the solid
state, the anion interacts with eight N(n-Bu)} cations
via a network of 34 CH---FB hydrogen bonds with
H. - -F distances that range from 2.26 to 2.55 A. These
hydrogen bonds were successfully modeled by DFT
calculations, which showed that the hydrogen bonds
probably have a measurable, albeit subtle, effect on
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the structure of the By, F,,*~. © 2006 Wiley Periodicals,
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INTRODUCTION

We have been interested in poly- and per-B-
fluorinated borane and carborane cluster anions for
the past decade [1], largely because of their poten-
tial use as superweak anions for a variety of applica-
tions [2-6]. The icosahedral anions we have isolated
and studied include 12-CB,;H,;F~ [1], 1-R—CB,,F;;~
(R:H, Me, Et, Bn) [7—9], MG3NB12F117 [10], and
B,F,>~ [11]. Although it has a 2— charge, the
B,F;,>" anion in crystalline [CPh;],[B,F;,] [11] ex-
hibits longer, presumably weaker BF- - -CAr; contacts
(2@3.087(2) A) than were observed in crystalline
[CPh,(p-OMe—CsH,)I[BF,] (2.68 A) and [CPh(p-
OMe—C,H,),1[BF,] (2.68 A) [12,13] (the sum of
van der Waals radii for carbon and fluorine atoms
is 3.17 A [14]). In the course of the synthesis
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SCHEME 1

of salts of the B;,F;,>~ anion, we noted that un-
der certain conditions one or more B,4-containing
species were formed [11], as shown in Scheme 1
(aHF =liquid anhydrous HF). We now report that
the principal B,; species that was formed is the
double-icosahedron B,4F,,*~, which has been iso-
lated as [N(n-Bu),]4[BxF,.] and characterized by
NMR spectroscopy and mass spectrometry, cyclic
voltammetry, single-crystal X-ray diffraction, and
quantum mechanical calculations at the DFT level of
theory.

EXPERIMENTAL
Isolation of (N(n-Bu)4)4B>4F>,

Colorless crystals of this compound were isolated
as follows from the reaction shown at the bottom
of Scheme 1 [11]. After removal of anhydrous HF,
the solid mixture of products was dissolved in wa-
ter. The aqueous solution contained the B,F,*,
B,.F»*, and BF,” anions and the K* and H;O*
cations. Addition of NHEt;Cl caused the precipi-
tation of white, microcrystalline [NHEt;],[B,F;.],
which was isolated by filtration. The filtrate was
treated with N(72-Bu),Cl, which caused the precip-
itation of relatively pure, white, microcrystalline
[N(YZ-BU)4]4[B24F22] (i.e., both [NHEt3][BF4] and
[N(#-Bu),][BF.] are soluble to some extent in wa-
ter). It was purified by successive recrystalliza-
tions from acetone/toluene. The final yield was
less than 10% based on the K,B;;H;, starting
material.

Spectroscopic and Electrochemical
Measurements

Samples for °B, 'B, and "F NMR spectroscopy
were acetonitrile-d; solutions in 5-mm glass tubes
and were recorded on a Varian Inova-300 spec-
trometer. Chemical shifts (§ scale) are relative
to external BF;(OEt,) (B and ''B) and internal
CFCl; (F). Samples for negative-ion electrospray
mass spectrometry were solutions in acetoni-

TABLE 1 Crystallographic Data for [N(n-Bu)414[B24F25]2

Empirical formula=
CsoH72B12F11N2

Empirical formula weight=
823.64

o

a=14.6217(12) A Space group = Pbcn

b=234.858(3) A T=100(1) K
c=17.5935(14) A A=0.71073 A
Degaleq =1.222 g cm—3 1=0.098 mm~1
vV =28967.0(13) A3 R, =0.0514
Z=8 wR, =0.1224

AR =" [IFol — IFcll/Y]] Fols wR2 = {3 IW(F2 — FA2)Y [wF2)2]) 2.

trile and were recorded on a Finnigan LCQ DUO
mass spectrometer. The cyclic voltammogram of
[N(7-Bu),14[B24F,,] in acetonitrile containing 0.1 M
N(#-Bu),ClO, was recorded with a PAR 173 potentio-
stat using a standard three-electrode cell (0.25-mm
diameter platinum working electrode, platinum
wire counter electrode, and SCE reference
electrode).

Single-Crystal X-ray Analysis

An X-ray diffraction dataset from a single crystal
of [N(n-Bu)41s[B:uF>,] was recorded on a Bruker
Nonius SMART CCD diffractometer employing Mo
Ka radiation (graphite monochromator). Selected
crystallographic details are listed in Table 1. Unit cell
parameters were obtained from a least-squares fit to
the angular coordinates of all reflections, and inten-
sities were integrated from a series of frames cov-
ering more than a hemisphere of reciprocal space.
Absorption and other corrections were applied by
using SADABS [15]. The structure was solved by
using direct methods and refined (on F?, using all
data) by a full-matrix, weighted least-squares pro-
cess. All non-hydrogen atoms were refined by us-
ing anisotropic displacement parameters. Hydrogen
atoms were placed in idealized positions and refined
by using a riding model. Standard Bruker Nonius
control (SMART) and integration (SAINT) software
was employed, and Bruker Nonius SHELXTL [16]
software was used for structure solution, refinement,
and graphics.

DFT Calculations

The DFT-optimized structure of B,F.,*~ and the
[N(2-Bu)4 14[B>4F»,] formula unit were determined
with the PRIRODA package [17] using the PBE
functional of Perdew et al. [18] and the TZ2P
{6,1,1,1,1,1/4,1,1/1,1} basis set.



FIGURE 1 Drawing of the By4F2,*~ anion (50% probability

ellipsoids). Selected bond distances (A): B1—B1/, 1.725(4);
other B—B, 1.771(3)-1.808(3); B—F, 1.385(2)—1.393(2).

RESULTS AND DISCUSSION
Molecular Structure of B4 F»,*~

The C,-symmetric B,,F,,* anion, shown in Fig. 1,
consists of two Bj,F;>" icosahedra with a B—B
single bond connecting their respective B1 atoms.
Selected interatomic distances and angles are listed
in Table 2, which also lists the corresponding DFT
values for the isolated B,,F»*~ anion. There is
good agreement between the X-ray and DFT bond
distances except for the 2c-2e B1—B1’ bond dis-
tance, which is 0.05 A shorter than predicted. The
1.725(4) A B1-B1’ distance can be compared with
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the 2c-2e B—B distances linking B;, icosahedra in
rhombohgdral a-boron (1.71(1) A [19]), in AlzlcsBs;
(1.774(3) A[20]), in NaAIB,, (1.756(3) and 1.773(2) A
[21]), and in MgAIB,, (1.75 A [22]). As would be ex-
pected, the B1—B1’ bond is considerably longer than
the 1.576(5) A B—N bond in Me;NB,,F;, [10].

The mean B—F distance in B, F»*, 1.387(2) A,
is marginally longer than the mean fluorocarborane
anion B—F distance of 1.365(3) A in [Cu(CO),][1-
Et—CB,,F,;]and the same as the mean B—F distances
of 1.386(5) and 1.384(5) A in the B;,F;,2” [11] and
Me;NB;,F;;~ [10] anions, respectively (in all cases
the number in parentheses is one estimated standard
deviation for the individual B—F distances).

The pseudo-Cs axes of the symmetry-related
B,F;;?~ moieties in B,4F,,*~ are nearly co-linear (the
F12—B12---B1 and B12.--B1—B1’ angles are 179.7°
and 177.7°, respectively). Therefore, the B,,F,,* an-
ion has idealized Ds symmetry. The three unique
F,---B1-B1'---F, torsion angles are 26.5°+0.3°
(n=2-6). The DFT-predicted symmetry for the iso-
lated B,4F»,*" anion, which was not intentionally
fixed, is Dsq, with all F,---B1—-B1’--.F, torsion an-
gles equal to exactly 36°. The B, cores in the X-
ray and DFT B,;F»,*  anions are both distorted
from idealized icosahedral symmetry by elongation
of the B1...-B12 vector, as shown in Fig. 2. The
B1...B12 distance in B,,F»*", 3.463(3) A, is signif-
icantly longer than the other five antipodal B---B
distances, 3.390(3)-3.409(3) A. Figure 2 also shows
that a similar axial distortion was observed for
the Me;NB,F;;~ anion and, as expected, was not
observed for the B12F1227, B12H1227, and B12M61227

TABLE 2 Selected Interatomic Distances (A) and Angles (°) for the BosFoo%~ Anion?

Parameter X-ray® DFT BoyFoo% DFT [N(n-Bu)4]4[Boy4F 5]

Interatomic distance (A)
B1—B1’ 1.725 1.792 1.745
B1—Bp 1.796-1.808 1.836 1.816
Bub—Bub 1.771-1.784 1.800 1.787
Bu,—Bib 1.795-1.807 1.817 1.802
Bib—Bib 1.796-1.808 1.795 1.783
Bp—B12 1.788-1.794 1.799 1.787
Bu—F 1.378-1.389 1.403 1.405-1.409
Bp—F 1.386-1.393 1.419 1.397-1.403
B12—F12 1.392 1.423 1.388

Interatomic angle (°)
B12...B1—B1’ 177.7 180 178.7
F12—B12.--B1 179.7 180 179.5
Fp---B1—B1'-..F}, 26.2-26.8 36 29.5-29.7

aAll values are from this work; B,,: upper-belt boron atoms connected to B1 (i.e., B2—B6); B,,: lower-belt boron atoms connected to B12 (i.e.,

B7—B11); n=2-6.

bThe estimated standard deviations are 0.004 A for B1—B1’, 0.003 A for other B—B bonds, 0.002 A for all B—F bonds, and 0.1° for the bond

angles.
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FIGURE 2 Comparison of the antipodal B...B distances in
BoaFao*~ (this work), B12F122~ ([11]), MegNB12F 11~ ([10]),
the B12H1227 anion in [NMe4]2[B12H12]~CH3CN ([23]), and
the B12Me122_ anion in [(CsHsN)gCHz][B12Me12] ([24])

anions [10,11,23,24]. In addition, Fig. 2 reveals that
the size of the icosahedral B, core in B;,F;,>~ was
not affected by the substitution of the 12 hydrogen
atoms for fluorine atoms.

Given the current interest in intermolecular/
interionic CH- - -X hydrogen bonding (X =0, N, halo-
gen) [25-32], a relevant aspect of the structure
of [N(n-Bu),14[B,sF»,] is the nature of the cation—
anion interactions. Figure 3 shows two views of
the solid-state packing around one B,,F,,*" anion,
one with eight N(n-Bu),;* nearest neighbors that
form 34 CH.- - -F hydrogen bonds ranging in distance

FIGURE 3 Two drawings of the network of CH- - -FB hydro-
gen bonds shorter than 2.55 A between the BysF2*~ anion
and its nearest-neighbor N(n-Bu)4 ™ cations in the structure of
[N(n-Bu)4]4[BogF22]. The gray atoms and black atoms are flu-
orine atoms and nitrogen atoms, respectively. In the drawing
onthe left, all 34 H- - -F hydrogen bonds from the eight nearest-
neighbor N(n-Bu)4 ™ cations are shown (the H. - -F distances
range from 2.259 to 2.548 A). In the drawing on the right,
only four N(n-Bu),™ cations and 22 H.--F hydrogen bonds
are shown for clarity.

FIGURE 4 Two perpendicular views of the layers of cations
and anions in the structure of [N(n-Bu)4]4[B24F22]. Only the
nitrogen atoms are shown as spheres (arbitrary radius). Hy-
drogen atoms have been omitted for clarity. The figure on the
left reveals the one-dimensional channels in which the prolate
BosFoo?~ anions are stuffed.

from 2.26 to 2.55 A and one, for clarity, with only
four nearest-neighbor cations that form 2 CH..-F
hydrogen bonds. The cations form a sheath of
C—H bonds in which the anion is suspended. For
each By,F;;?>~ fragment, only two of the fluorine
atoms do not form a CH- - -F hydrogen bond shorter
than 2.6 A. The C—H- - -F angles range from 168.4°
(H-- F=2.26 A) to 112.8° (H---F=2.54 A). These
distances and angles are similar to those observed
or calculated for CH- - -F(B,P) interactions involving
the fluoroanions BF,~ and PF,~ [33,34]. Figure 4
shows the packing of anions and cations, revealing
the layering of cations and anions and the extended
one-dimensional channels formed by the cations in
which the anions are stuffed.

We also optimized the geometry of the [N(n-
Bu),14[B,4F,,] formula unit at the DFT level of theory.
Interestingly, the predicted B1-B1’ bond distance de-
creased forom 1.792 A in the isolated B,,F»* anion
to 1.745 A in the [N(1-Bu), 4[ B4 F,, ] formula unit, as
shown in Table 2. In fact, all of the distances and
angles listed in Table 2 for the X-ray determined
structure of the B,,F,,* anion in [N(12-Bu),14[B,4F,,
are better matched by the formula unit DFT struc-
ture than by the isolated B,4F,,*" anion DFT struc-
ture except for the upper-belt B-F bonds. Further-
more, the network of 22 CH- - -FB hydrogen bonds
in the formula unit DFT structure (not shown) is vir-
tually indistinguishable from the right-hand portion
of Fig. 3. Therefore, it appears that aliphatic hydro-
carbon chains on countercations can effectively and
significantly interact with polyhedral fluoroborane
and carborane anions via multiple CH- - -FB hydro-
gen bonds, a cumulative type of interaction that may
be important in determining the structures of ion-
pairs in solution. This is currently under investiga-
tion in our laboratory.
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FIGURE 5 96.3 MHz ''B and '"B{'%F} and 282.3 MHz
19F{11B} NMR spectra of [N(n-Bu)4]a[B4F22] (acetonitrile-
ds, 24°C, external BF30Et, (§(''B)=0) or internal CFCly
(6("°F) = 0). The molecular drawings are end-on views of the
DFT optimized and X-ray structure of the BosF22%~ anion.

Spectroscopic and Electrochemical
Characterization of B,4F»,*~

A negative-ion electrospray mass spectrum of [N(#-
Bu),14[B,4F,, ] in acetonitrile (not shown) exhibited a
group of peaks for the [N(7-Bu),]s[B,4F,,]~ monoan-
ion with the expected isotope pattern (the most in-
tense peak was at ny/z 1404.9 (calcd 1404.8)). Also
present were less intense groups of isotopomers
assigned to the [N(1-Bu),],[B,4F2,1*~ dianion (n/z
581.5, Am/z = £0.5 (caled n/z 581.2)) and the [N(n-
Bu),][B,,F,, >~ trianion (m7/z 303.3, Ami/z < +0.33
(i.e., unresolved; calcd 303.6)). Notably absent from
the mass spectrum were peaks due to fragmentation
of the B,,F»,*" molecular ion into two B;,F;;?>~ dian-
ions. Although the [N(#-Bu),][B,F;;]~ anion would
also have its peaks centered at m/z 581.2, it would
exhibit an isotope pattern with Am/z = +1, and this
was not observed.

Figure 5 shows "B and F NMR spectra of
[N(7-Bu),14[B,sF>,] in acetonitrile-d; solution. The
expected 5:5:1 YF{!!B} pattern at § —256.6, —258.8,
and —268.3 (F12), respectively, was observed. It is
interesting to note that the resonance for F12 is
shielded with respect to the resonances for the upper-
and lower-belt fluorine atoms. The F12 resonances
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FIGURE 6 322 MHz '9B NMR spectra of [N(n-
Bu)4]4[B24F2o] at 25 and 75°C (acetonitrile-ds, external
BF30Et, (6(11B) =0)).

for the 1-H—CB,F;;~, H;NB,F;;~, and Me;NB,F;;~
monoanions are deshielded relative to the F2—F11
resonances, but the F12 resonances are shielded rel-
ative to the F2-F11 resonances in the deprotonated
CB;,F;;* [7]and H,NB;,F;;*~ dianions [10], suggest-
ing that there may be a correlation between the F12
chemical shift and the negative charge density on
F12 [35].

The "B and "B NMR spectra shown in Figs. 5
and 6, respectively, show the B1 resonance at § —40.0,
the B12 resonance at § —15.5, and the upper- and
lower-belt boron resonances at § —15.5 and —17.0
(these two peaks cannot be definitively assigned at
this time). In favorable cases, it has been possi-
ble to measure 'J('B!'B) coupling constants for
symmetry-related boron atoms in a 2c-2e bond by
recording the 1B NMR spectrum and observing the
17 (1*B!B) splitting [36]. However, as shown in Fig. 6,
this was not possible in the present case, even at ele-
vated temperature (i.e., no splittings were observed)
[37]. Although it is possible that the nuclear spin-
spin coupling between B1 and B1’ is very small, many
1J("'B''B) values for the boron atoms in 2c-2e B—B
bonds are greater than 100 Hz [38-40]. Therefore,
it is more likely that the spin-lattice relaxation time
of a 1B atom at the B1 position in B,,F,,*" is suffi-
ciently short (i.e., in the range where 2wJ(**°B!'B)T;
is ca. 0.3) that a single, featureless resonance would
be expected [36].

A cyclic voltammogram of [N(#-Bu),]4[B,4F>,]
taken with a small diameter platinum disc electrode
at a scan rate of 4 V s7! is shown in Fig. 7 (ace-
tonitrile, 0.1 M N(#2-Bu),ClO,). Two quasi-reversible
one-electron oxidations are evident at E,, values of
1.35 V versus SCE (AE,=86 mV) and 1.66 V ver-
sus SCE (AE, =76 mV). For comparison, the second
oxidation occurs at only 10-20 mV less positive than
the first oxidation of B;,F;,2~ in a mixture of ethylene
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FIGURE 7 Cyclic voltammogram of [N(n-Bu)4]4[B24F22] at
25°C (acetonitrile, 0.1 M N(n-Bu)4ClO4, 4 V s~ scan speed).

The background current is relatively large because the con-
centration of [N(n-Bu)4]4[Bo4Foo] was very low.

carbonate and dimethyl carbonate [11].

Possible Mechanism of Formation of By4F,,*~

The B,F»*" anion is not the first structurally
characterized [closo-B,X,_;],* tetraanion. In 1992,
Hawthorne and co-workers reported the structures
of two isomers of B, H;3*", each of which con-
sisted of two B;yH,>~ moieties joined by a 2c-2e
B—B bond (various hydrates of potassium salts of an
equatorial-equatorial and an axial-axial isomer were
studied by single-crystal X-ray diffraction) [41]. The
protonated trianion B,yH;o3>~ [42] and different iso-
mers of the two-electron oxidized dianion B,,H;s>~
[43,44] have also been structurally characterized.
This well-studied system stands in sharp contrast to
the homologous ByyH,,* /BoyH,33 /BoyH,y?* ™ system,
about which much less is known. Electrochemical
oxidation of B;,H;,*” in acetonitrile was reported
to yield the B,;H,;3 trianion [45,46], but the struc-
ture of this species has never been unequivocally de-
termined (i.e., even an unambiguous spectroscopic
characterization of this species has not appeared in
the last 30+ years). The same is true for the puta-
tive monohydroxy derivative, B,,H,,OH3~ [47]. Sim-
ilarly, a number of tetraanions with the formula
B,sH,, X!~ were reported in 1969 (X =ClI, Br, I), but
neither their composition nor their isomeric purity
were established (only elemental analysis, IR spec-
tra, and "B NMR spectra consisting of one or two
broad bands were reported) [46]. Finally, the dianion
B,,H,L,>~ has also been reported but, apparently, has
never been characterized by modern spectroscopic
techniques [48].

Therefore, the B,,F,,*" tetraanion represents the
first well-characterized bis-B;, double-icosahedron

molecular species, although related structures of
icosahedral carboranes joined by a 2c-2e C—C or
B—C bond have been structurally characterized
[49,50]. We suggest that the B,,F,,* anion may be
formed in the early stages of the lower reaction in
Scheme 1 by oxidation of B;,H;,>~ by F, in anhy-
drous HF to the B,;H,;*~ ion, which then under-
goes fluorination to B,4F,,*". The reason that little
or no By, F,,* anion is formed in the upper reaction
sequence in Scheme 1 is probably because the par-
tially fluorinated By,HsF,>~ anion [51] is more diffi-
cult to oxidize. Therefore, the partial fluorination of
B,H,>~ by HF at 70°C prevents the oxidative cou-
pling reaction. In ongoing work, we are exploring
the mechanism of formation and the chemistry
of the B,,F»*" anion and are reinvestigating the
B,y H,, /By H,33 /By Hy,*~ system.

Supplementary Material

CCDC 274277 contains the supplementary
crystallographic data for this paper. These
data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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