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Abstract: Single-crystal conventional-tube and synchrotron X-ray diffraction studies of the anions in [NMe4]-
[arachno-B9H12-4,8-Br2] 1 and K[arachno-B9H14] 2, and also of the series of adducts [arachno-B9H13-4-L],
where L is P(CCH)3 (3), NHEt2 (4), NC5H5 (5), or NH2CH2Ph (6), are reported. Structural studies of 1-6,
determined at low temperatures, located all atoms, including bridging and endo-terminal hydrogen atoms.
The basic boron-hydride clusters of these, and of all the other known species with the arachno nine-vertex
i-nonanborane geometry reported in the literature, are isostructural and feature three bridging and two
endo-terminal hydrogen atoms on the open face. This arrangement is different from that previously reported
for Cs[arachno-B9H14] 7 and for [arachno-B9H13-4-(NCMe)] 9. However, a new X-ray diffraction data set
and refinement experimentally confirm the {3 × µ-H, 2×endo} arrangement for 9 also. The experimental
results for 1-6 support recently reported calculations for [B9H14]-, which predict both the structures and
the 11B NMR chemical shifts. These conclusions are also supported by calculations for 3, 4, and 9 and
also for the [arachno-B9H13-4-(NCS)]- anion in [NMe4][B9H13(NCS)] 8.

Introduction

Thearachnonine-boron nine-vertex borane clusters dealt with
in this paper constitute a fundamental boron-hydride cluster type.
Their i-nonaborane structures provide an interesting and con-
sistent deviation from the coordination number pattern recogni-
tion theory for boranes and carboranes, as described by Williams
in 1971.1 This theory requires that, to generatearachnoclusters
from nido systems, a highest connectivity vertex, adjacent to
the open face, is removed. Thus, starting from the geometry of
nido-B10H14, thearachnonine-vertex configurationI (Chart 1)
would be generated. However, this configuration, known by
historical precedent as the normal orn geometry,2 is in fact
rare, being exhibited in binary boranes only byn-B9H15 itself2

and by isolated examples of metallaboranes such as [η6-(C6-
Me6)RuB8H14]3a and [{(dppe)Pt}2B7H11],3b and more occasion-

ally by metallaheteroboranes such as [(PMe2Ph)2PtB7H10-
NHEt].3c An alternative configurationII , also shown in Chart
1, is derived by the removal of a vertex of low connectivity
from nido-B10H14 (structureIII in Chart 1). This geometry,
discovered after the species ofn geometry and therefore given
an iso or i descriptor, is in fact much more prevalent, being
exhibited by the parent clusteri-B9H15

2 and by the [B9H14]-

anion4 and by a series of neutral ligand derivatives [B9H13L],5

in addition to being ubiquitous as the fundamental structural
motif for whole families of heteroborane derivatives6 based on
[CB8H14],6,7 [NB8H13],8a [SB8H12],6,8c,9[C2B7H13],10 [S2B7H9],8b,11

etc., as well as metallaborane families represented by [(CO)-
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(PMe3)2HIrB8H12]12 and [(PMe2Ph)2PtB8H12]13 and isolated
metallaheteroboranes such as [(PPh3)2PtCB7H11]14aand [(PMe2-
Ph)2PtS2B6H8].14b However, despite the ubiquity of this struc-
tural motif II , there are inconsistencies, both within the literature
and between literature reports and our own experimental
findings, concerning the fundamental hydrogen-atom configura-
tions in its basic nine-boron templates [B9H14]- and [B9H13L].
We now address these inconsistencies and attempt to resolve
them in this present paper.

Discussion of Background

The initial structural studies on thei-nonaborane class of
arachnocompounds were conducted many years ago.15,16Thus,
the [arachno-B9H13L] compound9, where L is the Lewis-base
two-electron donor ligand MeCN, was structurally characterized
by Lipscomb and co-workers in 1961,15b,cfollowing the original
synthesis by Hawthorne and co-workers in 1960.15a The
existence of the related [B9H14]- anion was predicted by
Lipscomb in 196115b and structurally characterized by Green-
wood and co-workers in its Cs+ salt, compound7, in 1970.16b,c

It was originally synthesized by Takacs and co-workers in
1963.16a Because of the nature of the results, discussion and
conclusions in this present paper below, some detail of this
background is required.

The diffraction analysis of compound9 indicated a nine-
vertex polyhedron as in structureII , with two bridging and three
endo-terminal hydrogen atoms in addition to nineexo-terminal
hydrogen atoms and anexo-terminal ligand in the 4-position,
giving the [arachno-B9H13-4-L] formulation represented in Chart
2, structureIV . [Note that in the structures in the present paper,
the vertexes are BH(exo) units and all theendo- and bridging
hydrogen atoms are shown; in structuresVI andXI , the non-
hydrogenexo-substituents, Br inVI and L inX, are included.]
The configuration ofIV would not be inconsistent with the
solution 11B and 1H NMR data, which exhibit the expected
respective 2:2:2:1:1:1 and 2:2:2:2:1:1:1:2 relative-intensity
patterns for a species withCs symmetry.17 Somewhat later,
results from the structural investigation of the isoelectronic, and
formally isostructural, [arachno-B9H14]- anionic species in its
Cs+ salt7, by an ambient-temperature X-ray diffraction analysis
allied with NMR spectroscopic methods, were interpreted in
terms of a very similar basic{2×µH, 3×endo} structure.16b,c

This derived structure differed from that of the [B9H13(NCMe)]
species in the relative positioning of its open-face inner-sphere18

{2×µH, 3×endo} hydrogen atom configuration but was oth-
erwise analogous. Specifically, it had two adjacent bridging
hydrogen atoms at a{BH(µ-H)2} vertex and three mutually
adjacentendo-terminal hydrogen atoms, as in structureV. In
contrast to the neutral [B9H13L] species, the relative-intensity
patterns in the11B and 1H solution NMR spectra of [B9H14]-

are not consistent with the derived solid-state structure. Instead
the 11B spectrum has a 3:3:3 relative intensity pattern whereas
the 1H spectrum has a 3:3:3:5 pattern. These simpler patterns
arise from a fluxionality in solution among all five open-face
inner-sphere hydrogen atoms, as discussed further below. These
two hydrogen-atom configurations, viz.,V for the [arachno-
B9H14]- anion andIV for the neutral ligand species [arachno-
B9H13-4-L], have hitherto been generally regarded as defining
these two basic types.

More recently, and reported contemporaneously with the
definitive experimental work reported herein, ab initio/IGLO/
NMR studies of the [arachno-B9H14]- anion and of neutral
[arachno-B9H13-4-(NCMe)] have been conducted by Hofmann
and Schleyer.19 Their results indicate that the ground state for
the [B9H14]- anion should feature three bridging and twoendo-
terminal hydrogen atoms about the open face of the cluster as
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in structureVII , in contrast to the{2×µ-H, 3×endo} arrange-
ment V suggested from the earlier X-ray diffraction analysis
by Greenwood et al.16b,c The calculational results similarly
indicate that the cluster of neutral [B9H13(NCMe)] should also
possess the{3×µ-H, 2×endo} arrangement of its inner-sphere
hydrogen atoms (structureVIII ), in contrast to the previously
supposed15b,c {2×µ-H, 3×endo} arrangementIV .

Since the publication of the experimentally determined
structures of these two compounds there have been only two
further structural characterizations of thearachno-B9 species
described in the literature, viz., the [arachno-B9H13(NCS)]-

anion,20 where the ligand is the formally anionic pseudohalide
[SCN]-, and a more recent report for the neutral compound
[arachno-B9H13-5-(NC5H4-4-Ph)] (structureX), a structural
isomer of the [arachno-B9H13-4-L] species discussed above.21

Both these species show the{3×µ-H, 2×endo} arrangement
of hydrogen atoms, rather than the{2×µ-H, 3×endo} config-
uration originally deduced for [B9H13(CNMe)]. Several other
[B9H13L] species have also been known for some time,5,22 but
their structures also have generally been presumed to have the
{2×µ-H, 3×endo} configuration IV on the basis of NMR
spectroscopy and the original [B9H13(CNMe)] structural result.
For completeness here, it should also be noted that a nonjournal
structural report by Huffman on the [B9H14]- anion can be
invoked.23 In this, the X-ray analysis, on diffraction data
gathered at low temperature, also indicated the{3×µ-H,
2×endo} configurationVII rather than the{2×µ-H, 3×endo}
configurationV.

Elements of our own entry into this area arose during the
search for new routes to large macropolyhedral borane, hetero-
borane, and metallaborane cluster compounds.24 For these
studies, we attempted to synthesize quantities of the octadeca-
borane compoundanti-B18H22

17,25 by the method of Gaines et
al.26 This procedure formsanti-B18H22 in a reported yield of
ca. 40% via the reaction of the [nido-B9H12]- anion with HgBr2

in CH2Cl2 solution. In our hands, however, we have so far been
able to realize yields ofanti-B18H22 of only ca. 20%, with the
main products appearing to be halogenated nonaborane species,
in inconsistent yields of up to 36%. Although the presence of
these compounds was noted by the original authors, they were
unable to characterize them satisfactorily.27 We therefore carried
out low-temperature single-crystal X-ray diffraction and NMR
spectroscopic studies on the major halogenated nonaborane
byproduct, which is thereby identified as the [arachno-B9H12-
4,8-Br2]- anion, isolated as its [NMe4]+ salt (compound1).
Interestingly, our analysis of this compound showed significant
differences in the arrangement of hydrogen atoms on the open
face of the cluster (see also structureII ), compared to the
arrangementV concluded from the original ambient-temperature
study of the unsubstituted but otherwise equivalent [arachno-
B9H14]- anion in its Cs+ salt 7.16b,c In view of this, therefore,
and in view also of Huffman’s conflicting analysis of the Cs+

salt 7 to give arrangementVII ,23 we have undertaken also the
low-temperature structural study of this [B9H14]- anion as its
K+ salt (compound2),28 in order to clarify its open-face
hydrogen-atom distribution. This last study shows a parallel with
the{3×µ-H, 2×endo} arrangementVI of open-face hydrogen
atoms determined for the dibromo compound1 rather than with
the{2×µ-H, 3×endo} arrangementV reported by Greenwood
et al.16b,c for the Cs+ compound7. The {3×µ-H, 2×endo}
arrangementVII is consistent with the calculations of Hofmann
and Schleyer mentioned above19 and is also in accord with that
described in the 19-year-old nonjournal report of a low-
temperature X-ray diffraction study of the Cs+ salt of [B9H14]-

(compound7) also mentioned above.23

The other set ofarachnononaboranes of configurationII
are the ligand derivatives [arachno-B9H13-4-L], and as men-
tioned above, there is a related inconsistency in the literature
regarding the hydrogen-atom distribution for this set of com-
pounds also. To address this inconsistency, we also report here
the structures and NMR spectra for the mutually related
isoelectronic and isostructural series ofarachno-nonaborane
adducts [B9H13-4-L], where L is P(CCH)3 (3), NHEt2 (4), NC5H5

(5), or NH2CH2Ph (6). These last four species, compounds3-6,
were isolated from a number of unrelated parallel studies but it
is appropriate to report them together herein. They all exhibited
the {3×µ-H, 2×endo} configurationVIII , consistent with the
results obtained for the [B9H13(NCS)]- anion20 and consistent
with the calculations of Hofmann and Schleyer.19 However, they
do not concur with the{2×µ-H, 3×endo} configurationIV
originally reported15b,c for neutral [B9H13(NCMe)] 9. We
therefore undertook a collection and analysis of single-crystal
X-ray diffraction data for9 at low temperature. This enabled a
reassessment, and a new refinement, which now indicates the
{3×µ-H, 2×endo} structureVIII for this last species also. The
dichotomy between the observed 2:2:2:1:1:111B NMR relative
intensity pattern and the pattern of nine signals of equal intensity
expected for configurationVIII arises because of fluxional
exchange in solution betweenendoand bridging positions for
the two inner-sphere open-face hydrogen atoms associated with
the B6B7B8 site,19 as discussed in more detail below. Here it
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L.; Rath, N. P.J. Chem. Soc., Chem. Commun. 1997, 2405. (f) Bould, J.;
Clegg, W.; Kennedy, J. D.; Teat, S. J.J. Chem. Soc., Dalton Trans. 1998,
2777. (g) Bould, J.; Barrett, S. A.; Barton, L.; Rath, N. P.; Kennedy, J. D.
Inorg. Chem. Commun. 1998, 1, 365. (h) Bould, J.; Clegg, W.; Teat, S. J.;
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is convenient to note that numbering schemes for the anionic
and ligated compounds have differed historically due to their
perceived structural differences. However, as we describe below,
the clusters of both classes can now be regarded as isostructural
in terms of their{3×µ-H, 2×endo} hydrogen-atom distribution.
We have, therefore, adopted a single numbering scheme that is
based on the [arachno-B9H13-4-L] compounds as shown in Chart
3.

Experimental Section

The compounds [NMe4][nido-B9H12]29 and triethynylphosphine,
[P(CCH)3],30 were prepared according to literature methods, and HgBr2

was used as received (Aldrich). The samples of [arachno-B9H13-4-
(NHEt2)] 4, [arachno-B9H13-4-(SMe2)], and [arachno-B9H13-4-(NCMe)]
9 were prepared by literature methods.31,22 The sample of K[arachno-
B9H14] 2 was obtained serendipidously in attempts to obtain single
crystals from solutions of [Cd(B5H8)2] in tetrahydrofuran that also
contained KCl.28 Solvents were dried by standard methods, and reactions
were carried out under dry dinitrogen by standard Schlenk techniques.
Thin-layer chromatography (TLC) was carried out on 0.1× 20 × 20
cm layers of silica gel, Fluka type GF254, on glass plates produced
from aqueous slurries followed by drying in air at ca. 80°C. NMR
studies were carried out at 5.9 and 9.4 T (fields corresponding to 250
and 400 MHz1H NMR frequencies, respectively). Chemical shiftsδ
are given in parts per million (ppm) to high frequency (low field) of¥
100 MHz (SiMe4) for 1H (quoted(0.05 ppm) and¥ 32.083 971 MHz
(nominally [BF3(OEt2)] in CDCl3) for 11B (quoted(0.5 ppm),¥ being
as defined by McFarlane.32 The chemical shifts were calibrated with
solvent deuteron or residual proton resonances as internal secondary
standards. Infrared spectra were recorded on a Perkin-Elmer FTIR 1600
spectrometer.

Synthesis of [NMe4][arachno-B9H12-4,8-Br2] 1. Dichloromethane
(ca. 30 cm3) was condensed into a 100 cm3 round-bottomed flask,
containing [NMe4][nido-B9H12] (0.93 g, 5.1 mmol) and HgBr2 (1.91 g,
5.3 mmol), attached to one end of an extractor. The mixture was allowed
to warm to room temperature with stirring, during which time a gray
precipitate formed. After ca. 1 h the product mixture was filtered, and
the filtrate was reduced to dryness under vacuum. The resultant yellow
solid was extracted into toluene and filtered with a second extractor,
affording a gray-white powder, which was identified as [NMe4]-
[arachno-B9H12-4,8-Br2] (compound1) (620 mg, 1.82 mmol, 36%).
Removal of toluene from the filtrate allowed isolation ofanti-[B18H22]
as a very pale yellow solid (150 mg, 710µmol, 18%). Diffusion of
hexane into a solution of1 in CDCl3 allowed isolation of crystals
suitable for X-ray analysis.

Synthesis of [arachno-B9H13-4-{P(CCH)3}] 3. Diethyl ether (ca.
10 cm3) was condensed into a two-necked round-bottomed flask
containing a magnetic stirring bar and freshly prepared K[B9H14] (248
mg, 1.6 mmol). After dissolution, giving a clear solution, 1 equiv of

HCl was condensed into the flask and stirring continued for 30 min.
The compound [P(CCH)3] (172 mg, 1.6 mmol) was then added against
a flow of dinitrogen. The solution was stirred for a further 30 min and
filtered in air, and the solvent was removed at ambient temperature on
a rotary evaporator (water-pump pressure). The residue was redissolved
in CH2Cl2 and applied to a preparative TLC plate, which was then
developed with CH2Cl2/hexane (75:25). A single band observed under
ultraviolet light (Rf 0.7) was removed from the plate and extracted with
CH2Cl2, and the extract was evaporated, affording [arachno-B9H13-4-
{P(CCH)3}] (compound3), 133 mg, 0.61 mmol, 38%; infrared/cm-1

(KBr disk): υ(C-H) 1411w and 1398w;υ(CtC) 2070vs;υ(B-H)
2519sh, 2535vs, 2551sh, and 2591m,υ(tCH) 3251vs and 3270vs. Mass
spectrometry (FAB):m/e215 corresponding to the calculated envelope
for (M - 2H)+. NMR data are listed in Table 5.

Attempts to produce single crystals by slow diffusion of hexane into
chloroform solutions of the compound were unsuccessful. However,
rapid evaporation under a dinitrogen stream of a solution of the
compound in Et2O (ca. 0.5 cm3 of a saturated solution in a 1 cm3 sample
tube under a nitrogen stream delivered through a Pasteur pipet) gave
small, indeed very small, colorless single-crystal plates requiring a
synchrotron X-ray radiation source for sufficient diffraction intensity
for structural elucidation.

Synthesis of [arachno-B9H13-4-(NC5H5)] 5. Pyridine (470µL, 580
µmol) was added to a stirred solution of [arachno-B9H13-4-(SMe2)]
(100 mg, 580µmol) in CH2Cl2 (20 cm3), effecting an immediate color
change, from colorless to pale orange. Stirring was continued for 30
min, after which time the more volatile components were removed
(rotary evaporator, 45°C bath, water-pump pressure). Diffusion of
hexane into a concentrated solution of the product in CH2Cl2 yielded
dark tan-colored crystals of [arachno-B9H13-4-(NC5H5)] (compound5)
of suitable quality for a single-crystal X-ray diffraction study (37 mg,
0.20 mmol, 35%).

Synthesis of [arachno-B9H13-4-(NH2CH2Ph)] 6. This compound
was isolated as an unexpected minor product during an attempted
synthesis of [(PhCN)2PtB8H12] from K[B9H14] and [trans-PtCl2(NCPh)2].
Thus, [trans-PtCl2(NCPh)2] (300 mg, 635µmol) was added to a solution
of K[B9H14] (290 mg, 2.0 mmol) in methanol (ca. 15 cm3), and the
mixture was stirred under dinitrogen for 30 min. Unreacted [PtCl2-
(NCPh)2] (250 mg) was then retrieved from the reaction mixture by
filtration. The amber-colored filtrate was subjected to TLC separation
(80:20 CH2Cl2/hexane). The only identifiable product from the reaction,
[arachno-B9H13-4-(NH2CH2Ph)] (compound6), appeared as a chro-
matographic band (Rf 0.65) that weakly fluoresced under ultraviolet
irradiation. Evaporation of the CH2Cl2 extract of this band gave trace
quantities of compound6 as a colorless solid. Slow diffusion of hexane
into a CH2Cl2 solution of the compound yielded colorless single crystals
suitable for the single-crystal X-ray diffraction experiments.

Calculational Method. Structures were initially optimized with the
STO-3G and 6-31G* basis sets by the standard ab initio methods
package Gaussian 98.33 Final optimizations, frequency analyses to
confirm true minima, and GIAO nuclear shielding predictions were
performed by B3LYP methodology, also as incorporated in the Gaussian
98 and with the 6-31G* basis set. Gas-phase nuclear shielding
predictions were calibrated to the11B NMR chemical-shift scale via a

(29) Graybill, M.; Ruff, J. K.; Hawthorne, M. F.J. Am. Chem. Soc.1961, 83,
2669.

(30) Voskuil, W.; Arens, J. F.Rec. TraV. Chim. 1964, 1301.
(31) Graybill, B. M.; Pitochelli, A. R.; Hawthorne, M. F.Inorg. Chem.1962,

1, 626.
(32) McFarlane, W.Proc. R. Soc. London1986, A306, 185.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.Gaussian
98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
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prediction on diborane, which is taken to have a gas-phaseδ(11B) value
of -16.6 ppm with respect to [BF3(OEt2)].

X-ray Crystallography. Single crystals of compounds1, 2, 3, 5,
and6 were obtained as described above. Crystals of [arachno-B9H13-
4-NHEt2)] 4 were obtained from acetonitrile solutions at-10 °C by
the technique of overlayering with diethyl ether. Data collection and
refinement details are listed in Table 1. The structures were solved by
direct methods and refined by full-matrix least-squares methods on all
measuredF 2 values, with a weighting schemew-1 ) σ2(Fo

2) +
(aP)2 + (bP), whereP ) (Fo

2 + 2Fc
2)/3. Residuals were defined by

R1 ) Σ||Fo| - |Fc||/Σ|Fo|, wR2 ) x[Σw(Fo
2 - Fc

2)2/Σw(Fo
2)2]. Pro-

grams consisted of standard control software for the diffractometers,
local programs, and members of the SHELX family for1, 3, 4, 5, 6,34a

9,34b and 2.35 The very thin plates (0.01 mm) that were obtained for

(34) (a) Sheldrick, G. M., SHELX97, University of Go¨ttingen, Germany, 1997.
(b) Sheldrick, G. M. SHELXTL manual, Bruker AXS, Madison, WI, 1994
and 1998.

(35) See, for example, Bould, J.; Rath, N. P.; Barton, L.Inorg. Chem.1996,
35, 35. Data reduction was done per XSCANS, Siemens Analytical
Instruments, Madison, WI, 1994, and refinement per Sheldrick, G. M.,
Siemens Analytical X-ray Division, Madison, WI, 1994.

Table 1. Crystal Data and Structure Refinement for [NMe4][B9H12Br2] 1, K[B9H14] 2, [B9H13P(C2H)3] 3, [B9H13NHEt2] 4, [B9H13NC5H5] 5,
[B9H13NH2(CH2Ph)] 6, and [B9H13NCMe] 9

compound 1 2 3 4
empirical formula C4H24B9Br2N H14B9K C6H16B9P C4H24B9N
formula weight 343.35 150.50 216.45 183.53
temp/K 146(2) 143(2) 200(2) 150(2)
diffractometer Stoe STADI 4 Siemens P4 Bruker Smart CCD Nonius Kappa CCD
source andλ/Å Cu KR 1.54184 Mo KR 0.71073 synchrotron 0.6942 Mo KR 0.71073
crystal system monoclinic monoclinic monoclinic orthorhombic
space group P21/c P21/c P21/c Pbca
a/Å 8.8043(4) 7.717(2) 6.0434(7) 9.5057(1)
b/Å 18.4412(7) 11.674(2) 18.628(2) 12.8371(2)
c/Å 10.0523(4) 10.054(2) 12.6874(15) 20.9018(3)
â/deg 99.256(4) 95.091(3) 92.062(2) 90
V/Å-3 1610.86(12) 902.2(3) 1427.4(3) 2550.55(6)
Z 4 4 4 8
D (calc)/Mg m-3 1.416 1.108 1.007 0.956
abs coeff/mm-1 6.089 0.496 0.154 0.044
cryst size/mm 0.53× 0.36× 0.19 0.30× 0.20× 0.20 0.25× 0.11× 0.01 0.20× 0.20× 0.20
F(000) 680 312 448 800
θ range for data collcn/deg 2.40-32.29 2.65-32.59 2.14-25.99 2.9-26
index ranges -10 e h e 10,

0 e k e 21,
0 e l e 11

-11 e h e 10,
-17 e k e 17,
0 e l e 15

-7 e h e 7,
-23 e k e 23,
-16 e l e 16

-11 e h e 11,
-15 e k e 15,
-25 e l e 25

reflcns collected 2584 6063 11 724 25 229
indep reflcns 2584 (Rint ) 0.0000) 3022 (Rint ) 0.034) 3008 [R(int) ) 0.029] 2498 [R(int) ) 0.058]
max, min transmission 0.349, 0.162 0.874, 0.695 0.998, 0.963 0.991, 0.991
data/restraints/parameters 2584/0/239 3022/0/147 3008/0/197 2498/0/186
goodness-of-fit onF2 1.052 1.06 1.11 1.063
final R indices [I > 2σ(I)] R1 0.042 0.033 0.040 0.039
final R (all data)wR2(F2) 0.1118 0.070 0.103 0.106
largest diff peak and hole/e Å-3 0.88,-0.75 0.33,-0.17 0.50,-0.20 0.18,-0.12

compound 5 6 9
empirical formula C5H18B9N C7H22B9N C2H16B9N
formula weight 189.49 217.55 151.45
temp/K 160(2) 150(2) 150(2)
diffractometer Siemens Smart CCD Nonius Kappa CCD Nonius Kappa CCD
source andλ/Å Cu KR 1.54184 Mo KR 0.71073 Mo KR 0.71073
crystal system triclinic orthorhombic monoclinic
space group P1h P212121 P21

a/Å 5.7787(4) 10.1178(3) 5.6183(11)
b/Å 10.1992(7) 5.6413(1) 9.0867(18)
c/Å 10.4677(8) 24.5250(8) 9.844(2)
R/deg 87.154(2) 90 90
â/deg 76.907(2) 90 90.41(3)
γ/deg 84.296(2) 90 90
V/Å-3 597.70(7) 1399.83(7) 502.56(17)
Z 8 4 2
D (calc)/Mg m-3 1.053 1.032 1.001
abs coeff/mm-1 0.337 0.050 0.045
cryst size/mm 0.53× 0.36× 0.19 0.35× 0.09× 0.06 0.27× 0.17× 0.13
F(000) 200 464 160
θ range for data collcn/deg 2.17-44.50 3.20-26.00 4.14-26.00
index ranges -7 e h e 7, -13 e k e 13,

-13 e l e 13
-10 e h e 12,-6 e k e 6,

-29 e l e 30
-6 e h e -6, -10 e k e 11,

-11 e l e 12
reflcns collected 7237 2726 5544
indep reflcns 2671(Rint ) 0.024) 2446(Rint ) 0.072) 1045(Rint ) 0.048)
max, min transmission 0.983, 0.997 0.994, 0.988
data/restraints/parameters 2671/4/189 2726/0/207 1045/0/108
goodness-of-fit onF2 1.055 1.049 1.09
final R indices [I > 2σ(I)] R1 0.0412 0.0395 0.040
final R (all data)wR2(F2) 0.111 0.0930 0.110
largest diff peak and hole/e Å-3 0.23,-0.17 0.18,-0.19 0.15,-0.13
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compound3 necessitated the use of synchrotron radiation for sufficient
diffracted-beam intensity for structural analysis. The cation in1
exhibited disorder, which was resolved as two different orientations of
the methyl groups in the ratio 67:33.

Results and Discussion

Reaction of [NMe4][nido-B9H12] with HgBr2 in CH2Cl2,
followed by toluene extraction of theanti-B18H22 product, leaves
a toluene-insoluble white solid.11B and1H NMR spectroscopy
showed that this solid consists of a mixture of two borane
compounds. Yields of these two compounds are variable, but
in one experiment, we obtained the main component sufficiently
in excess to enable its crystallization as a pure species in 36%
yield. This enabled its full characterization as off-white, air-
stable [NMe4][arachno-B9H12-4,8-Br2] (compound1, structure
VI ) by a single-crystal X-ray diffraction analysis (Tables 2 and
3 and Figure 1), together with11B and1H NMR spectroscopy
(Table 4). The bromine substitution is observed to have occurred
at two of the more prominent crown point open-face sites, B4
and B8, rather than at open-face notch positions or at off-face
positions, and it is of interest that the bromination occurs so
specifically at these sites and in reasonable yield. Here,
incidentally, it may be noted that we have a report that the anion
of compound1 may be produced more conveniently by direct
bromination of thearachno-[B9H14]- anion in CH2Cl2 solution.36

A stoichiometry may be written as follows:

Interestingly, as discussed below, the [arachno-B9H12-4,8-Br2]-

anion in compound1 has an open-face hydrogen-atom disposi-
tion different from that originally reported16b,c for the unsub-
stituted [arachno-B9H14]- anion as its Cs+ salt (compound7).

Contemporaneously, in unrelated experiments, our attempts
to crystallize [Cd(B5H8)2] from solutions in tetrahydrofuran that
also contained KCl led to the serendipitous isolation of high-
quality crystals of K[arachno-B9H14] (compound2).28 We were
thence also able to examine this in a low-temperature X-ray

diffraction study of a single crystal (Tables 1-3 and Figure 1).
Selected interatomic distances (Table 2) and angles (Table 3)
for both 1 and 2 are listed together to aid comparison. The
borane cluster geometries for the [arachno-B9H12-4,8-Br2]- and
[arachno-B9H14]- anions in compounds1 and2 are seen to be
isostructural as far as the boron skeleton and attached hydrogen

(36) Brellochs, B.Abstracts, Tenth International Conference on Boron Chem-
istry, Durham, U.K., July 1999; Paper PA-13.

Table 2. Selected Interatomic Distancesa for [NMe4][B9H12Br2] (1) and KB9H14 (2) Together with Calculated Distances for the [B9H14]- Anion

1 2 calcb 1 2 calcb

Br4-B4 2.018(5) Br8-B8 2.006(5)
B1-B2 1.778(6) 1.787(2) 1.796 B2-B3 1.798(7) 1.795(2) 1.796
B1-B3 1.786(6) 1.787(2) 1.786 B2-B5 1.768(7) 1.798(2) 1.794
B1-B4 1.724(7) 1.732(2) 1.733 B2-B6 1.710(7) 1.713(2) 1.706
B1-B5 1.731(6) 1.733(2) 1.731 B2-B7 1.761(7) 1.765(2) 1.757
B1-B9 1.750(6) 1.740(2) 1.728 B3-B7 1.732(6) 1.744(2) 1.734
B3-B8 1.761(6) 1.772(2) 1.780 B3-B9 1.769(7) 1.790(2) 1.782
B4-B5 1.952(7) 1.913(2) 1.931 B4-B9 1.868(7) 1.873(2) 1.881
B5-B6 1.785(7) 1.816(2) 1.797 B6-B7 1.790(7) 1.786(2) 1.778
B7-B8 1.994(7) 2.004(2) 2.023 B8-B9 1.876(7) 1.885(2) 1.878
B1-H1 1.14(4) 1.092(14) B2-H2 1.05(4) 1.107(14)
B3-H3 1.11(4) 1.07(2) B4-H4ac 1.101(14)
B4-H4bc 1.085(14) B5-H5 1.05(4) 1.080(14)
B5-H56 1.16(4) 1.28(2) B6-H6 1.08(4) 1.05(2)
B6-H56 1.25(5) 1.27(2) B6-H67 1.22(4) 1.20(2)
B7-H7 1.17(4) 1.07(2) B7-H67 1.27(5) 1.32(2)
B8-H8ac 1.070(14) B8-H8bc 1.10(2)
B8-H89 1.40(6) 1.34(2) B9-H9 1.12(5) 1.10(2)
B9-H89 1.20(7) 1.21(2)

a Interatomic distances are given in angstroms, with s.u’s in parentheses.b Calculated distances for [B9H14]- anion. Data were taken from ref 19.c H4a
and H8a denoteendo-terminal H atoms and H4b and H8b denoteexo-terminal H atoms in compound2.

[B9H12]
- + HgBr2 f [B9H12Br2]

- + HgV

Table 3. Selected Interatomic Anglesa for [NMe4][B9H12Br2] (1)
and KB9H14 (2)

1 2 1 2

B4-B1-B5 68.8(3) 67.00(7) B4-B1-B9 65.0(3) 65.29(7)
B5-B1-B9 119.4(4) 118.83(8) B4-B1-B3 113.0(3) 114.14(8)
B5-B1-B3 108.9(3) 110.29(8) B9-B1-B3 60.0(3) 60.98(7)
B4-B1-B2 119.5(3) 118.37(8) B5-B1-B2 60.5(3) 61.41(6)
B9-B1-B2 114.6(3) 114.47(8) B3-B1-B2 60.6(3) 60.29(6)
B6-B2-B7 62.1(3) 61.80(7) B6-B2-B1 109.8(3) 109.35(8)
B7-B2-B1 105.9(3) 105.20(8) B6-B2-B3 110.4(3) 110.95(9)
B7-B2-B3 58.2(3) 58.65(7) B1-B2-B3 59.9(3) 59.84(6)
B6-B2-B5 61.7(3) 62.23(7) B7-B2-B5 107.6(3) 107.49(8)
B1-B2-B5 58.4(3) 57.81(6) B3-B2-B5 106.8(3) 107.02(7)
B7-B3-B8 69.9(3) 69.49(7) B7-B3-B1 106.7(3) 106.12(8)
B8-B3-B1 111.1(3) 111.87(8) B7-B3-B9 118.2(4) 115.32(8)
B8-B3-B9 64.2(3) 63.89(7) B1-B3-B9 59.0(3) 58.22(6)
B7-B3-B2 59.8(3) 59.81(7) B8-B3-B2 119.1(3) 120.29(8)
B1-B3-B2 59.5(3) 59.87(6) B9-B3-B2 112.7(3) 111.67(7)
B1-B4-B9 58.2(3) 57.55(6) B1-B4-B5 55.8(3) 56.52(6)
B9-B4-B5 103.8(3) 104.32(8) B1-B4-Br4 119.9(3)
B5-B4-Br4 119.5(3) B9-B4-Br4 116.8(3)
B5-B4-Br4 117.9(8) B1-B4-H4ab 112.7(8)

B9-B4-H4ab 118.3(8)
B1-B5-B2 61.1(3) 60.78(6) B1-B5-B6 108.5(3) 107.16(8)
B2-B5-B6 57.5(3) 56.59(6) B1-B5-B4 55.4(3) 56.48(6)
B2-B5-B4 108.7(3) 109.07(8) B6-B5-B4 118.3(3) 117.01(9)
B2-B6-B7 60.4(3) 60.53(7) B2-B6-B5 60.7(3) 61.19(7)
B7-B6-B5 105.6(3) 105.80(8)
B2-B7-B6 57.6(3) 57.68(7) B3-B7-B8 55.9(3) 55.92(7)
B2-B7-B8 109.4(3) 110.19(8) B6-B7-B8 118.4(3) 121.11(8)
B3-B8-B9 58.1(3) 58.52(7) B3-B8-B7 54.5(3) 54.59(6)
B9-B8-B7 101.8(3) 100.27(8) B3-B8-Br8 112.1(3)
B9-B8-Br8 115.3(3) B7-B8-Br8 122.9(3)
B9-B8-H8ab 113.2(8) B3-B8-H8ab 108.2(8)

B7-B8-H8ab 124.4(8)
B1-B9-B3 61.0(3) 60.80(6) B1-B9-B4 56.8(3) 57.16(6)
B3-B9-B4 107.1(3) 107.48(8) B1-B9-B8 107.5(3) 108.79(8)
B3-B9-B8 57.7(3) 57.59(6) B4-B9-B8 111.5(3) 114.32(8)

a Interatomic angles are given in degrees, with s.u’s in parentheses.b H4a
and H8a denoteendo-terminal H atoms and H4b and H8b denote
exo-terminal H atoms in compound2.
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atoms are concerned: for both species the majority of equivalent
interatomic distances and angles are the same within experi-
mental error. The positions of the boron atoms and theexo-
hydrogen atoms are also very similar to those reported from
the earlier room-temperature study of Cs[B9H14] (compound7,
structureV).16b,c Significantly, however, the anions in2 and7
do differ; specifically, in the positioning and nature of the five
inner-sphereendo-terminal and bridging hydrogen atoms. Thus
the [B9H14]- anion in compound7 had previously been analyzed
to have the{2×µ-H, 3×endo} configuration of structureV,
whereas both the dibrominated anion in1 and, more importantly,
the [B9H14]- anion in2 have the mutually analogous{3×µ-H,
2×endo} configurations (structuresVI andVII , respectively).
The question therefore arises as to whetherV or VII is the
ground-state structure for the anion, particularly so as the older,
but now ostensibly unique,{2×µ-H, 3×endo} configurationV
is generally quoted as being the definitive structural motif. At
this point, it is interesting to note that a relatively recent report
of the structure of the [arachno-B9H11-6,7,8-Cl3]- anion indi-
cates that this species too exhibits the{3×µ-H, 2×endo}
disposition derived for1 and2;37 additionally, this disposition
has now also been derived for the Cs+ salt of 7 from its low-

temperature diffraction data.23 Similarly, a structural type that
is a variant of the [arachno-B9H13-4-L] system, the series of
compounds [arachno-B9H13-4-L] with the ligand now on the
notched 5-position rather than the exposed 4-position, also shows
the same{3×µ-H, 2×endo} configuration (structureX).21

Neutral heteroborane adducts such as [arachno-6-NB8H11-
4-L] also have closely related configurations.38

The fluxionality of these anions may have significance with
respect to the{3×µ-H, 2×endo} versus{2×µ-H, 3×endo}
structural motif. The [B9H14]- anion is fluxional with regard to
complete exchange of the five inner-sphere hydrogen atoms,
with the fluxional process apparently having a very low
activation energy. Thus a very rapid exchange of these five
hydrogen atoms among inner-sphere bridging andendo-terminal
sites on the open face engenders on time-average an effective
C3V symmetry for the remaining{B9H9} cluster unit and a
resulting 3:3:311B NMR relative-intensity pattern, withδ(11B)
values ca.-6.6, -19.7, and-21.6 ppm.39 On the assumption
that the static structure has a{3×µ-H, 2×endo} open-face
configuration analogous to that of the [B9H13L] derivatives
established below, which is reasonable in that [H]- is an
effective two-electron donor to the cluster, then these three mean
chemical shift values are reasonably derived from the averaging
of the shifts for the 1,2,3, the 4,6,8, and the 5,7,9 positions,
generating the idea that the BH2 vertex at position 4 would have
a δ(11B) value of ca.-6 ppm. This experimental perception
concurs with the Hofmann/Schleyer calculations19 of the 11B
chemical shifts, based on the structure of the [B9H14]- ion in
which all the B atoms are unique (Table 4) and in which the
δ(11B) value for the BH2(4) unit in the (static) anion is predicted
to be -7.0 ppm on the basis of the IGLO calculations. The
fluxionality cannot be arrested down to 203 K,22d implying
∆Gq < ca. 30 kJ mol-1. The dibromo species1 reported herein
is also similarly fluxional, although probably with a somewhat
higher activation energy, as incipient NMR peak separation is
observed with an implied coalescence temperature of ca. 233
K, giving an upper limit for∆Gq

233 of ca. 40 kJ mol-1. The
manifestation of this fluxonality is that although the [B9H12Br2]-

anion in the solid-state structure of compound1 has no
symmetry, a 2:2:2:1:1:111B NMR relative-intensity pattern is
observed at all temperatures (Table 4). The fluxionality gives
on time-average an effective plane of symmetry with respect
to the Br substituents at positions 4 and 8, which renders each
of the pairs of atoms B5/B7, B1/B3, and B4/B8 equivalent in

(37) Hamilton, E. J. M.; Liu, J.; Meyers, E. A.; Shore, S. G.Abstracts of the
213th National Meeting of the American Chemical Society, Paper INOR-
313; San Francisco, CA, April 1997.

(38) Price, C.; Do¨rfler, U.; Kennedy, J. D.; Thornton-Pett, M.Acta Crystallogr.
2000, C56, 600.

(39) Schaeffer, R.; Sneddon, L. G.Inorg. Chem. 1972, 11, 3102.

Table 4. 11B and 1H NMR Chemical Shift Dataa for [NMe4][B9H12Br2] in CD2Cl2 Solution

assignment
δ(11B)
(300 K) J(B−H)/Hz

(11B−11B)
COSY

δ(1H)
(300 K)

δ(1H)
(185 K)

(1H−1H)
(185 K)

COSY
(203 K)

δ(11B) [B9H14]-

IGLO calcdb

(5), (7) +3.5(2) 146 (1,2,3)s, (6,8)w +3.19(2) +3.10(2) +13.8,-10.5 (+1.7)
(6) -4.7 151 (1)s +2.87 +2.89 µ{(4,5),(4,9)}w µ{(4,5),(4,9)}w -7.0
(1), (3) -9.1(2) 128 (1,5,6,7,8,9)s +2.31(2) +2.15(2) (1)m, (2,3)s, (6,8)s +8.7,-24.9 (-8.1)
(4), (8) -15.9(2) c (7)s, (5,9)w -0.36(2) +1.80(2) µ(6,7)s -24.0,-25.4 (-24.7)
(9) -30.1 142 (2,3,6,8)s +1.09 +0.95 -33.1
(2) -48.1 150 (2,3,4,5,9)s -0.36 -0.54 (2,3)m,µ{(4,5),(4,9)w -52.5
H(8,9) -0.36(3) -1.31 (6,8)s
H(6,7), (5,6) -2.53(2) (4)w (4)w
N(CH3)4 +3.06 +3.19

a Chemical shift data are given in parts per million.b IGLO calculated chemical shifts forarachno-[B9H14]- anion, with mean chemical shifts in parentheses,
are given for comparison. Data were taken from ref 19.c Site of bromine substituents.11B resonance sharpens on proton decoupling, indicating unresolved
coupling toendo-terminal protons.

Figure 1. Crystallographically determined molecular structures for the
[arachno-4,8-Br2B9H12]- anion in [NMe4][arachno-4,8-Br2B9H12] 1 and the
[arachno-B9H14]- anion in K[arachno-B9H14] 2, drawn with 50% probability
ellipsoids for1 and 40% for2, with hydrogen atoms shown as small circles
of arbitrary radii.
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the pairs indicated. If the mean of the IGLO-calculatedδ (11B)
values of Hofmann19 are taken for each of the B5/B7 and B1/
B3 pairs in the [B9H14]- ion, they compare well to the observed
values for the [B9H12Br2]- anion in compound1. With the
imposition of a reasonably estimated upfield shift of ca.+10
ppm40 arising from the bromine substituents on B4 and B8 in
[B9H12Br2]-, the experimental and calculated shifts also compare
satisfactorily (Table 4). Our attempts to perform ab initio
calculations and thus derive gauge-invariant atomic orbital
(GIAO) calculated chemical shift values for the [B9H12Br2]-

anion have so far been unsatisfactory, possibly because of
relativistic effects due to the heavier bromine atom not being
taken into account in the B3LYP/6-31G* model employed.41At
lower temperatures, however, the five inner-sphere hydrogen
atoms of [B9H12Br2]- do exhibit a 2:2:11H NMR relative
intensity pattern, rather than the five equal resonances otherwise
expected from consideration of the asymmetric solid-state
structure. This now implies a two-stage fluxionality: one with
a higher activation energy, involving exchange among all five
of the inner-sphere hydrogen atoms, and a residual lower-energy
process involving the interchange of character betweenendo
and bridging of the two inner-sphere hydrogen atoms associated
with the B6B7B8 notch (structuresIXa andIXb in Chart 4). A
similar low-energy process is apparent for the isoelectronic
arachnonine-vertex [4-SB8H11]-, [4-NB8H12]-, and [4-CB8H13]-

anions,42-44 which have{S}, {NH}, and{CH2} units at position
6 instead of the{BH(µ-H)2} unit of Figure 1. The behavior is
also related somewhat to the well-discussedendohydrogen-
atom behavior at the BH2, 1-position of neutralarachno-B5H11.45

The same two-hydrogen fluxional process also seems likely in
the B6B7B8 notch of thearachno-type nine-vertex metallabo-
ranes such as [L2PtB8H12] and [L2PdB8H12],46 with original
suppositions13a,47 about the dual partial bridging character of
these two inner-sphere hydrogen atoms in these species having
now also to be revised appropriately. This latter type of
fluxionality applies also to the B6B7B8 notch of the [arachno-
B9H13-4-L] species discussed below. There is also relevance
here to the behavior ofnido- andarachno-octaborane species,
viz., neutral B8H12 and neutral B8H14 and the [B8H11]- and
[B8H13]- anions.48 In all these species, including the [B9H12Br2]-

anion, this residual two-hydrogen fluxional process is of very
low energy and is not quenched at low temperatures.

The sum of the above evidence clearly stimulates a reassess-
ment of the original{2×µ-H, 3×endo} configurationV derived
for the [B9H14]- anion in Cs[B9H14]. There now seems little
doubt that the [B9H14]- anion{3×µ-H, 2×endo} configuration
VII is in fact the ground state and that it also obtains in the
crystals of compounds2 and7. Although the ready fluxionality
suggests very low energy differences between different hydrogen-
atom configurations, so that in principle configurationV could
arise from the different crystal packing forces in the Cs+ versus
K+ salts7 and2, it seems reasonable that the apparently different
structure arises almost certainly from the inherently larger
experimental error present in the earlier room-temperature
studies rather than, for example, differences in crystal packing
forces due to the effects of the differing Cs+ and K+ counter-
ions in the two determinations. Additionally, of course, the
{3×µ-H, 2×endo} configuration is additionally supported by
the results of Huffman’s low-temperature diffraction study on
compound7 itself.23

The [B9H13-4-L] species are also similarly fluxional when L
is an anionic ligand, such as the{NCS}- or {(NC)BH3}-

moiety.22d In this regard, of course, the ligand L is effectively
H- in the [B9H14]- anion discussed above. The NMR peak-
coalescence temperature of 243 K for the [arachno-B9H13-4-
(NCS)]- species22d gives ∆Gq

243 ca. 43 kJ mol-1, similar to
that of the [B9H12Br2]- anion reported herein. As mentioned in
the Introduction, a similar{3×µ-H, 2×endo} arrangement of
inner-sphere hydrogen atoms to those of [B9H12Br2]- and
[B9H14]- anions in compounds1 and2 was noted some time
ago in structural studies of thearachno-[B9H13(NCS)]- anion
in its [N(PPh3)2]+ salt (compound8, structureVIII ).20 For this
last anion, the results of extended-Hu¨ckel molecular-orbital
(MO) calculations were taken to support the idea that this
different arrangement would arise in [B9H13L] species where L
is a π-acceptor ligand such as [NCS]-, as distinct from a pure
σ-bonded ligand such as the effective [H]- ligand in the
unsubstituted [B9H14]- anion itself. These conclusions, however,
were based on a comparison with the ambient-temperature
structural determination of Cs[B9H14] (compound7)16b,cthat had
derived configurationV for the [B9H14]- anion, whereas, as
discussed above, structureVII is now best regarded as the most
reasonable for [B9H14]-, and so theπ-acceptor character of the
[NCS]- versus the H- ligand is not so fundamentally decisive
in this case. The B-µ-H-B moieties in the anions in1 and2
show some asymmetry, as has been observed often in borane
chemistry49 and as can be seen from the derived B-µ-H
distances. In each case, the single hydrogen bridge at B8B9
shows more asymmetry than the pair of adjacent bridges at
B5B6 and B6B7; this is perhaps expected, as it is in the most
asymmetric environments in both1 and 2. The interboron
distances for the pair of anions are quite unexceptional. The
longest of these are B4-B5 and B7-B8: interestingly, these
long values of 1.953(7) and 1.994(7) Å, respectively, approach
the longnido-decaboranyl “gunwale” distances of ca. 2.0 Å.50

(40) Heřmánek, S.Chem ReV. 1992, 92, 325.
(41) Bühl, M.; Kaupp, M.; Malkina, O. L.; Malkin, V. G.J. Comput. Chem.

1999, 20, 91.
(42) Baše, K.; Wallbridge, M. G. H.; Fontaine, X. L. R.; Greenwood, N. N.;

Jones, J. H.; Kennedy, J. D.; Sˇ tı́br, B. Polyhedron1989, 8, 2089.
(43) Baše, K.; Plešek, J.; Herˇmánek, S.; Huffman, J.; Ragatz, P.; Schaeffer, R.

J. Chem. Soc., Chem. Commun.1975, 934.
(44) Wille, A. E.; Plesˇek, J.; Holub, J.; Sˇ tı́br, J.; Carroll, P. J.; Sneddon, L. G.

Inorg. Chem. 1996, 35, 5342.
(45) (a) Leach, J. B.; Onak, T. P.; Spielman, J.; Rietz, R. R.; Schaeffer, R.;

Sneddon, L. G.Inorg. Chem. 1970, 9, 2170. (b) Rietz, R. R.; Schaeffer,
R.; Sneddon, L. G.J. Am. Chem. Soc. 1970, 92, 3414.

(46) Londesborough, M. G. S.; Kilner, C. A.; Thornton-Pett, M.; Kennedy, J.
D. Manuscript in preparation.

(47) Kennedy, J. D.Prog. Inorg. Chem.1986, 34, 211.

(48) (a) Condick, P. N.; Fox, M. A.; Greatrex, R.; Ormsby, D. L.Spec. Publ.
R. Soc. Chem. 2000, 253, 179. (b) Tebben, A. J.; Ji, G.; Williams, R. E.;
Bausch, J. W.Inorg. Chem.1998, 37, 2189. (c) Lipscomb, W. N.Pure
Appl. Chem. 1977, 49, 701. (c) Hall, J. H., Jr.; Dixon, D. A.; Kleier, D.
A.; Halgren, T. A.; Brown, L. D.; Lipscomb, W. N.J. Am. Chem. Soc.
1975, 97, 4202.

(49) Beaudet, R. A.Mol. Struct Energ. 1988, 5, 417.
(50) Tippe, A.; Hamilton, W. C.Inorg. Chem. 1969, 8, 464.
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There are also inconsistencies in published perceptions about
the inner-sphere open-face hydrogen-atom distribution in the
family of neutral, rather than anionic, ligand species [arachno-
B9H13-4-L]. As mentioned above in the context of the [B9H14]-

configuration, an ab initio/IGLO/NMR study that compares the
computed chemical shifts and the geometry of a range of
arachno-nonaborane species was published contemporaneously
with our ongoing experimental work that is the basis of this
present paper.19 The results suggested the{3×µ-H, 2×endo}
structureVIII for [B9H13(NCMe)] 9, in contrast to the experi-
mental conclusion15b,c by Lipscomb and co-workers that the
species had the{2×µ-H, 3×endo} configurationIV . Members
of the [B9H13-4-L] family are relatively simple to synthesize
and also occur as byproducts in a variety of reactions. Since
the initial structural study on [B9H13(NCMe)] 9 by Lipscomb
and co-workers,15b,c a range of them have been characterized
by NMR spectroscopy.5,22 However, possibly due to the
perception that the structural class was fully described by
Lipscomb’s study, no further structurally defined examples of
the class have been published: the one exception to this
generalization is compound8,20 mentioned above, which is in
any event anionic and not neutral. We have therefore looked to
examples of [B9H13L] species that have arisen during related
work in our laboratories over some time and have thereby
extended the number of cases with single-crystal X-ray diffrac-
tion studies to include four additional [B9H13L] species, specif-
ically those where L) P(CCH)3 (3), NHEt2 (4), NC5H5 (5),
and NH2CH2Ph (6). We have also extended the computational
work by performing density functional theory (DFT) calculations
on further representative [B9H13L] species, specifically where
L ) P(CCH)3 (3), NHEt2 (4), {NCS}-, as in compound8, and
MeCN (9) (Table 5). Selected calculated and experimental
interatomic dimensions for3-6 are given in Table 6, and
projection views of the molecular structures are shown in Figure
2.

Allowing for the inherent limited accuracy of the X-ray
diffraction technique in the location of hydrogen atoms, an
examination of the detailed interatomic dimensions shows a set
of results that are consistent with regard to the hydrogen-atom
positions in these compounds, suggesting that the data do now
provide a reasonable consensus for the positions of the open-
face inner-sphere hydrogen atoms in this class of compound.
The{3×µ-H, 2×endo} configuration, together with the bridging
hydrogen atom asymmetry that is evident for the [B9H12Br2]-

and [B9H14]- anions in compounds1 and 2 is mirrored in

compounds3-6. For example, theµH6,7 atoms show consis-
tently shorter distances to the B6 positions at 1.15(2)-1.230-
(15) Å than to the B7 atoms at 1.352(17)-1.54(2) Å. Similarly,
the µH8,9 atoms are closer to the B9 than to the B8 atoms
[1.268(18)-1.282(14) versus 1.268(18)-1.348(15) Å]. The pairs
of bridging hydrogen atoms attached to the B6 atoms in these
ligated species feature very long B-H distances of 1.352(17)-
1.54(2) Å to the B7 atom versus 1.15(2)-1.230(15) Å in the
shorter arm to the B5 atom, similar to the differential distances
in the [B9H14]- anion in2 [1.32(2) versus 1.20(2) Å] and are
in general agreement with the calculated values shown in Table
6. The extreme distance of 1.54(2) Å in [B9H13NC5H5] 5 is
probably partly a result of experimental uncertainty in hydrogen-
atom location.

The interatomic distances for equivalent heavy-atom pairs
in the series are very similar within experimental error. Similarly
to the equivalent positions in the [B9H12Br2]- and [B9H14]-

anionic clusters in compounds1 and2, the group of [B9H13L]
compounds3-6 feature longer connections spanning B4-B5
and B7-B8, with the connectivities for the amine compounds
4 and6 at ca. 1.9044(16)-1.981(2) Å being ca. 0.06-0.10 Å
longer than for the phosphine compound3 and the pyridine
species5. These longer distances are comparable to the long
“gunwale” distances of 1.973(4) Å innido-decaborane(14).50

Interestingly, the experimentally observed distances for the B4-
B5/B7-B8 pair in 3 are somewhat shorter than the calculated

Table 5. 11B, 1H, and 31P NMR Chemical Shift Data for [B9H13P(C2H)3] (3) in CD2Cl2 Solution at 300 K along with Calculated 11B Chemical
Shifts and Comparison NMR Dataa

[B9H13P(C2H)3] (3) [B9H13NCS] (8) [B9H13NCMe] (9)

assignment
δ(11B) GIAO

calcdb

δ(11B)
exptl J(B−H)/Hz δ(1H)

δ(11B) GIAO
calcdb

δ(11B)
exptl

δ(11B) GIAO
calcdb

δ(11B)
exptl

(1) +5.9 +4.1 141 +3.12c +3.7 +4.2 +6.1 +5.6
(2), (3) -49.6,-25.3 (-36.8) -38.6 139 +0.56(2) -47.3,-28.0 (-38.8) -38.3 -49.8,-25.3 (-37.5) -38.3
(4) -33.6 -34 d -0.30 -22.7 -22.0 -32.1 -27.0
(5), (9) -6.0,-20.6 (-15.2) -13.3 141 +2.07(2) -10.9,-33.7 (-17.8) -16.4 -6.0,-20.6 (-13.3) -14.0
(6), (8) -12.4,-26.0 (-18.8) -22.7 142 +1.98(2),+0.12(2) +3.3,-6.2 (-17.0) -18.0 -12.4,-26.0 (-19.2) -20.2
(7) +21.3 +19.5 152 +4.16 +13.0 +14.8 +19.5 +17.1
µ-H(5,6), (8,9) -3.36(2)
P(C2H)3 +3.49e

a δ(31P) at 300 K:-39.5 ppmquartet. Chemical shift data are given in parts per million. Comparison NMR data for [B9H13NCS] [N(PPh3)2] (8) and
[B9H13NCMe] (9) were taken from ref 22d.b DFT-GIAO//B3LYP/6-31G* calculated11B chemical shifts are given. Average shift is shown in parentheses.
c Doublet probably due to coupling to31P with 3J(31P-1H) ) 33.2 Hz.d Doublet,2J(31P-11B) ) 104 Hz.e 3J(31P-1H) ) 10.3 Hz.

Figure 2. Crystallographically determined molecular structures, drawn with
50% probability ellipsoids and with hydrogen atoms shown as small circles
of arbitrary radii, for [arachno-B9H13-4-(PCCH)3] 3, [arachno-B9H13-4-
(NHEt2)] 4, [arachno-B9H13-4-(NC5H5)] 5, and [arachno-B9H13-4-(NH2-
CH2Ph)] 6.
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distances, with 1.843(2) and 1.885(3) Å (obsd) versus 1.873
and 1.977 Å (calcd).

There remains the question of the hydrogen-atom placement
in the borane cluster of [B9H13(NCMe)] 9, of which the
structural elucidation as exhibiting the{2×µ-H, 3×endo} open-
face inner-sphere configurationIV initially defined the area15b,c

and has subsequently been assumed generally as the representa-
tive [arachno-B9H13-4-L] structural motif. This original struc-
tural analysis of the cluster in9 was followed by the ambient-
temperature study of the [B9H14]- anion in 7, in which the
hydrogen atom positions were not accurately located but for
which the{2×µ-H, 3×endo} configurationV was concluded.16b,c

The combination of these structural determinations has hitherto
given rise to the perception that there were two different{2×µ-
H, 3×endo} structural forms, one for the neutral [arachno-
B9H13-4-L] species and the other for the anionic [arachno-
B9H14]- species. However, our calculations and those of
Hofmann and Schleyer19 now indicate that the inner-sphere
hydrogen-atom configuration of the MeCN compound9 should
also mirror that of the{3×µ-H, 2×endo} configurationVIII
exhibited by all the other [arachno-B9H13-4-L] species. It also

is apposite here to note that one of the class of macropoly-
hedral boranes, B15H23,51 which consists of a{B9H13} cage of
geometryII that shares at its 4-position a pair of electrons with
the basal B4-B5 bond of anido-B6H10 cage, also has the same
{3×µ-H, 2×endo} configuration adopted by all thearachno-
B9H13-4-L systems described in this paper.

In the initial diffraction analysis of9, the presence of the
crystallographically imposed plane of symmetry along the
CCNB1B4B7 plane presumably obscured the differentiation
between a supposed third bridging hydrogen atom versus the
third endo-terminal hydrogen that we see in the other [arachno-
B9H13-4-L] species reported herein and elsewhere.20,22d,51X-ray
diffraction has inherent problems in locating hydrogen atoms
and this limitation, together with the presence of the symmetry
plane, would obscure the observation of the asymmetric
disposition of the inner-sphere hydrogen atoms. In addition, the
endo-terminal and bridging hydrogen atoms that are associated
with the B6B7B8 notch in the [B9H13-4-L] species rapidly
exchange on the NMR time scale at all available temperatures.
This fluxional exchange gives rise to the 2:2:2:1:1:1 pattern in
the11B spectrum, which, in the absence of other evidence, would
reasonably suggest the presence of two mutually equivalent
bridging hydrogen atoms, which in turn would be consistent
with a molecule withCs symmetry, and thence consistent with

(51) (a) Huffman, J. D. Report 81902, Molecular Structure Center, Indiana
University Department of Chemistry, 1981. Obtained from the website
http://www.iumsc.indiana.edu/. (b) Rathke, J.; Schaeffer, R.Inorg. Chem.
1974, 13, 3008.

Table 6. Selected Calculated and Experimental Interatomic Distances and Angles for [B9H13P(C2H)3] (3), [B9H13NHEt2] (4), [B9H13NC5H5]
(5), and [B9H13NH2(CH2Ph)] (6)a

3 4 5 6 3 4 5 6

B1-B4 1.732(2) 1.726(2) 1.729(2) 1.723(2) B1-B9 1.749(2) 1.742(2) 1.743(2) 1.741(2)
[1.735] [1.726] [1.749] [1.735]

B1-B5 1.751(2) 1.737(1) 1.747(2) 1.740(2) B1-B3 1.758(2) 1.772(1) 1.766(2) 1.768(2)
[1.760] [1.744] [1.756] [1.764]

B1-B2 1.764(2) 1.775(1) 1.775(2) 1.782(2) B3-B7 1.775(2) 1.7490(2) 1.766(2) 1.749(2)
[1.756] [1.775] [1.738] [1.736]

B3-B8 1.750(3) 1.762(2) 1.742(2) 1.775(2) B3-B9 1.798(2) 1.795(2) 1.801(2) 1.792(2)
[1.782] [1.781] [1.816] [1.806]

B2-B3 1.791(2) 1.808(2) 1.803(2) 1.806(2) B2-B6 1.724(2) 1.7210(2) 1.734(2) 1.714(2)
[1.804] [1.810] [1.714] [1.714]

B2-B7 1.777(2) 1.767(2) 1.771(2) 1.775(2) B2-B5 1.797(2) 1.798(2) 1.796(2) 1.804(2)
[1.778] [1.770] [1.805] [1.799]

B4-B5 1.843(2) 1.904(2) 1.858(2) 1.909(2) B4-B9 1.843(2) 1.858(2) 1.877(2) 1.843(2)
[1.873] [1.894] [1.833] [1.855]

B7-B8 1.885(3) 1.950(2) 1.892(2) 1.981(2) B8-B9 1.868(3) 1.876(2) 1.865(2) 1.887(2)
[1.977] [1.991] [1.913] [1.904]

B6-B7 1.824(3) 1.819(2) 1.846(2) 1.789(2) B4-P/N4 1.8999(14) 1.593(1) 1.570(1) 1.5848(19)
[1.796] [1.793] [1.924] [1.616]

B6-B5 1.839(2) 1.830(2) 1.838(2) 1.817(2)
[1.826] [1.820]

B9-H89 1.268(18) 1.229(14) 1.282(14) 1.272(18) B8-H89 1.268(18) 1.348(15) 1.293(14) 1.339(16)
[1.289] [1.283] [1.359] [1.374]

B6-H67 1.15(2) 1.230(15) 1.208(19) 1.224(17) B7-H67 1.46(2) 1.411(15) 1.54(2) 1.352(17)
[1.280] [1.283] [1.396] [1.393]

B5-H56 1.32(2) 1.269(13) 1.238(15) 1.248(16) B6-H56 1.27(2) 1.281(13) 1.255(15) 1.259(17)
[1.331] [1.323] [1.322] [1.335]

P4-C3 1.742(01) P4-C1 1.746(1)
[1.752] [1.762]

C1-C2 1.171(2) C3-C4 1.176(2)
[1.208] [1.212]

C5-C6 1.170(2) P4-C5 1.741(1)
[1.209] [1.750]

N/P4-B4-B9 119.11(9) 114.50(8) 118.17(9) 116.82(12) N/P4-B4-B1 116.34(9) 110.56(8) 112.30(9) 109.65(11)
B9-B4-B5 108.25(10) 104.97(8) 105.83(8) 105.07(10) N/P4-B4-B5 116.92(9) 119.83(8) 117.26(9) 116.97(11)
B8-B7-B6 125.98(13) 121.94(9) 123.45(10) 121.18(12) B4-B9-B8 113.08(12) 116.39(8) 115.61(9) 115.31(12)
B6-B5-B4 113.86(11) 116.70(8) 116.62(9) 117.74(11) B7-B6-B5 103.70(10) 104.82(8) 103.54(9) 105.69(11)
C2-C1-P4 175.99(16) C4-C3-P4 175.53(14)
C5-C6-P4 178.63(16)

a Interatomic distances are given in angstroms and angles in degrees, with s.u’s in parentheses. Calculated values are shown in brackets.
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the early X-ray diffraction structural derivation.15b,c Indeed
Lipscomb15b discarded the notion of two additional bridging H
atoms because such would violate his topological rules and have
two Hµ atoms on a boron atom bonded to four other boron
atoms.18 The presence of only three, noncontiguous, bridging
H atoms does not violate his topological rules. As discussed
above, the [B9H12Br2]- anion in 1 (Table 4), and the
[B9H13(NCS)]- anion in 820,22d also feature the{3×µ-H,
2×endo} configuration. In both these cases the rapid hydrogen-
atom exchange is quenched at lower temperatures, revealing
the presence of three B-µH-B proton NMR resonances, two
being very similar in chemical shift, giving an apparent relative
intensity pattern of 2:1 for the three resonances. The crystallo-
graphic plane of symmetry imposed in the crystal-structure
analysis of the borane cage in compound9 is primarily based
on the location of the electron density of the non-hydrogen
atoms. In this regard it may be noted that, in the original analysis
of 9, the MeCN ligand lies on the B1B4B7 symmetry plane,
whereas compounds3-6 contain asymmetrically orientated non-
hydrogen atoms in their attached ligands, thus giving rise to
space groups of lower symmetry. One consequence of this is
that the two inner-sphere hydrogen atoms associated with the
B6B7B8 notch would refine identically. We thence surmised
that if the X-ray data for [B9H13NCMe] 9 were refined in a
space group of lower symmetry, then, in conjunction with the
other physical and calculational evidence described above, it
would provide a reasonable test for the asymmetric disposition
of the hydrogen atoms in this compound. To test this hypothesis,
we collected a new good-quality, low-temperature X-ray dif-
fraction data set on a single crystal of9 (presented as Supporting
Information) and refined the structure in the appropriate space
group of lower symmetry, i.e.,P21 instead ofP21/m. Refinement
of the data in the centrosymmetric space groupP21/m thence
reproduced the{3×µ-H, 2×endo} structural result reported by
Lipscomb. However, alternative refinement in the lower-
symmetry noncentrosymmetric space groupP21 now clearly
revealed the presence of the third bridging hydrogen atom and
the adjacentendo-terminal hydrogen atom in the{3×µ-H,
2×endo} configurationVIII (Figure 3). The Lipscomb structure
IV , which was refined in the ostensibly correct space group, is
therefore not an exception but an artifact of the imposed
symmetry plane: the imposition of the crystallographic plane
of symmetry necessarily inhibited the observation of the
asymmetric disposition of the inner-sphere hydrogen atoms.

Summary and Conclusions

We have investigated the structures of a series ofarachno-
nonaboranes, both experimentally and with theoretical calcula-
tions. These include established species as well as the new
[B9H12Br2]- anion and some new [arachno-B9H13-4-L] systems.
We conclude that, contrary to some hitherto accepted literature
reports, they all are isostructural with respect to the arrangement
of the bridging andendo-hydrogen atoms around their cluster
open faces. All have the same{2×µ-H, 3×endo} configuration
of their open-face inner-sphere hydrogen atoms. Our experi-

mental work adds credence to the similar conclusions arising
from calculations by Hofmann and Schleyer.19 In sum, we have
provided experimental evidence supported by both MO and DFT
calculations that the solid-state geometries with respect to
hydrogen atom positions are the same for both the [B9H14]-

and [B9H12Br2]- anionic species and for the series of neutral
and anionic [B9H13-4-L] species. Definitive statements in the
literature that the important [arachno-B9H14]- anion is of the
{2×µ-H, 3×endo} configurationV should therefore be revised
in favor of the {3×µ-H, 2×endo} configuration VII , and
analogous assumptions of the{2×µ-H, 3×endo} structuresIV
for the very well-used [arachno-B9H13-4-L] neutral species
should also similarly be revised in favor of the{3×µ-H,
2×endo} configuration as inVIII .
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Figure 3. Crystallographically determined molecular structure of [arachno-
B9H13-4-(NCMe)]9, from data refined in theP21 space group. This clearly
shows the presence of a third bridging hydrogen atom spanning B6-B7,
and anendo-terminal inner-sphere hydrogen atom on B8, rather than two
identicalendo-type hydrogen atoms, or two identical hybridendo-bridging
hydrogen atoms, at B6 and B8. Drawn with 40% probability ellipsoids and
with hydrogen atoms shown as small circles of arbitrary radii.
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