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The ab initio/IGLO/NMR method clarifies the structures of several 9-vertex boron hydride clusters by comparing
computed chemical shifts using various geometries with NMR data in solution. The experimental coordinates of
n-B9H15 give an energy 110 kcal mol-1 above the fully optimized ab initio geometry. The experimental boron
positions were shown to be accurate, but not the hydrogen placements.n-B9H15, which has a 7-vertex open face
binding five bridge hydrogens and one endo terminal H, is 2.2 kcal mol-1 lower in energy than the isomer,
i-B9H15. i-B9H15 has aC3V symmetric structure in solution with six asymmetric hydrogen bridges on the open B6

face of the 9-vertexarachnocluster. In contrast to theCs structure reported for the solid state, [B9H14]- is shown
to have a fluctionalC1 structure in solution with an additional hydrogen bridge. However, theCs andC1 geometries
are very similar and the barriers for endo hydrogen rearrangements are 2.4 kcal mol-1 or less. B9H13‚NCCH3

favorsC1 symmetry in solution in contrast to the reportedCs solid-state structure which has one fewer hydrogen
bridge. In contrast to the experimental solid-state structures, in solution B9H13‚NCCH3 and [B9H14]- are isostructural.
A solid-state model for [B9H13]2- based on the presence of only three instead of five possible structures is proposed.
These three structures may also coexist in a fluctuating mixture in solution.

Introduction

The Erlangen ab initio/IGLO1 (or GIAO)/NMR method2 has
become a powerful tool for structure determination with
numerous applications in boron chemistry.2-10 Comparison of
measured chemical shifts with those computed1 using various
geometries showed that the best agreement for a large set of
reference molecules and ions was obtained with theoretical
rather than experimental structures.1b The first application
clarified the structures ofarachno-B5H11 andarachno-B6H12.3,4

A long-lasting uncertainty was decided in favor of a fluxional
C1 and against a staticCs symmetric B5H11 solution structure.3

The experimental geometric parameters for B6H12 determined
from gas phase electron diffraction were found to be highly
inaccurate;4 the reliability of the ab initio structure was
confirmed by subsequent electron diffraction redetermination.5

The ab initio/IGLO or GIAO/NMR method also has been used
extensively more recently to characterize newly synthesized
compounds6 e.g. thearachno-2,5-µ-CH2-1-CB4H8 derivatives.7

Computed11B NMR chemical shifts have also been applied to
check, to refine and even to correct structures which were
suggested in the earlier literature.7b For example, the widely
acceptedcloso-C,3-Me2-1,2-C2B3H3 proposal was shown to be
mistaken, recently.8 Hence, such theoretical studies are espe-
cially helpful complements to experiments. Not only do they
allow an independent assessment of the accuracy of experimental
structure determinations, but also provide insights into structures
and dynamic behavior of compounds in solution.9

Our recent study of 10-vertex arachno and hypho boron
hydrides10 determined the structures of [B10H13]- (C1, fluxional)
and [B10H12]2- (C2, fluxional) in solution. The formation of
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Bühl, M.; Schleyer, P. v. R.Inorg. Chem.1994, 33, 2572. (l) Brain,
P. T.; Rankin, D. W. H.; Robertson, H. E.; Alberts, I. L.; Hofmann,
M.; Schleyer, P. v. R.Inorg. Chem.1994, 33, 2565. (m) Hnyk, D.;
Rankin, D. W. H.; Robertson, H. E.; Hofmann, M.; Schleyer, P. v.
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v. R.; Bühl, M. J. Chem. Soc., Dalton Trans.1994, 2885. (o) Brain,
P. T.; Rankin, D. W. H.; Robertson, H. E.; Alberts, I. L.; Downs, A.
J.; Greene, T. M.; Hofmann, M.; Schleyer, P. v. R.J. Chem. Soc.,
Dalton Trans.1995, 2193. (p) Hnyk, D.; Hofmann, M.; Schleyer, P.
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adducts with solvent molecules, concluded from experimental
findings, could be shown not to be important. Theoretical
investigations are particularly favorable adjunct to experiments
when highly reactive compounds such as the [B10H12]2-

dianion11 are involved, since instability does not pose any special
problems for computations. We now apply the ab initio/IGLO/
NMR method to examine the solid state and solution structures
of the [B9H13]2- dianion and other 9-vertex arachno boron
hydrides, i.e.,n-B9H15

12 and its isomer,i-B9H15,13 as well as
[B9H14]- 14 and B9H13‚L.15 The results differ significantly from
the experimental findings for all these species.

Computational Details

Structures usually were optimized consecutively at the HF/
3-21G, HF/6-31G*, and MP2(fc)/6-31G* levels of theory16 using
the Gaussian 94 program package.17 Unless noted otherwise,
only the MP2 geometries are reported. Analytical frequency
calculations at HF levels establish the nature of the stationary
points. Relative MP2(fc)/6-31G* energies were corrected for
scaled (0.89) differences in zero point vibrational energies (HF/
6-31G*). Chemical shifts were computed with the IGLO
method1,18using Huzinaga DZ basis sets19 in the recommended
contraction scheme: 3s [21] for H and 7s3p [4111,21] for B.
B2H6 (σ ) 114.88) served as a primary reference for computed

11B chemical shifts; the experimental B2H6 gas-phase value,δ
) 16.6,20 was used to convert to the experimental standard, BF3‚
OEt2. Coupling constants were computed using the density
functional aproach21 implemented in the deMon program.22 The
exchange functional by Perdew and Wang23 together with the
Perdew correlation functional,24 a radial 64 point grid, the
IGLO-III basis set ((11s7p2d) [5111111,211111,11] for B and
(6s2p) [3111,11] for H);18c,19a perturbation parameter of 0.001
based on the center of the hydrogen atoms was applied.

Results and Discussion

n-B9H15. Isolated from a discharge reaction from diborane-
(6) and pentaborane(9),25 n-B9H15 was the first new borane12

described (over 30 years later) after the seminal work of Stock.26

The X-ray structure27 of n-B9H15 did not correspond to the
arachno-9-vertex cluster with an open VI-face (arachno-9〈VI 〉,
see Scheme 1) expected from empirical rules,28 but to the open
VII-face alternative (arachno-9〈VII 〉) which results from remov-
ing vertex 5 instead of vertex 6 from thenido-10 cluster (nido-
10〈VI 〉). As then-B9H15 molecules do not lie on an element of
symmetry in the crystal (space groupP21/n), the molecular point
group from the solid state structure determination is onlyC1.
However, the deviations fromCs are small suggesting that
isolated molecules might haveCs symmetry.

In his interpretive review, “The Molecular Structures of
Boranes and Carboranes”,29 Beaudet recommended geometrical
parameters of an averagedCs symmetric structure ofn-B9H15

based on the data of ref 27. However, when this recommended
geometry is used for a single point computation, the MP2(fc)/
6-31G* energy is 110.7 kcal mol-1 higher than that computed
with full optimization (1, Figure 1). The large error is mostly
due to the hydrogen atom positions which were not determined
accurately in the early X-ray analysis.30 This is shown by a
partial optimization (“H popt”). All the hydrogen parameters
were allowed to vary while keeping all the boron atom
coordinates fixed. This procedure lowers the relative energy to
only 3 kcal mol-1 above that of the fully optimized geometry.
Although the averaged experimental B-Hµ distances given in
Figure 1 appear to be reasonable (e.g. B4,9-Hµ ) 1.31 Å),
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some of the individual experimental values differed substan-
tially; for example B4-Hµ (1.07 Å) and B9-Hµ (1.55 Å). The
former value is even shorter than some of the terminal B-H
distances.

The 11B NMR chemical shifts forn-B9H15, computed and
measured,31,32 are compared in Table 1. Theδ11B ) 3.3 and
7.131 (2.7 and 6.6 in ref 32) signals could not be assigned
unequivocally experimentally, but these are differentiated by
the theoretical data: B5,8 (δ ) 3.3) and B6,7 (δ ) 7.6). The
agreement between the experimental11B shifts and the values
computed using Beaudet’s averaged experimentalCs structure
is worse but the discrepancies (the maximum deviation is 6.3
ppm for B1) are not as serious as one might expect in view of
the large error in the energy due to the poor hydrogen
placements (see above).

The computed11B chemical shifts of individual boron atoms
(of pairs which become identical inCs symmetry) differ
considerably for the experimentalC1 geometry, but their average
is relatively close to the experimental NMR values. The large
C1 δ11B differences are due to the inaccurate H positions. The
H-optimized geometry (“H popt”) gives boron shifts much closer
to each other and their average compares with experimental data
as well as those of the fully optimized structure.

i-B9H15. Protonation of the [B9H14]- anion results in the
thermally unstablen-B9H15 isomer known as “i-B9H15”.13 At
temperatures above-35 °C this isomer loses H2 and forms
B8H12, B10H14, andn-B18H22 or, in the presence of Lewis bases

L, gives B9H13‚L adducts.33 As in [B9H14]-, the boron atoms
are expected to comprise a cluster with an open VI-face (Scheme
1), typical for nine vertex arachno compounds. However, the
exact positions of the six extra hydrogens are not known. The
experimental11B NMR spectrum is simple: three doublets,
suggestingC3V symmetry (see2 in Figure 2).13,34 Moody and
Schaeffer redetermined the1H and11B NMR spectra and agreed
with the earlierC3V proposal.35 However, they concede that the
possible rapid exchange of three bridge and three terminal
hydrogens (instead of six equivalent bridging H’s in theC3V
geometry) could not be excluded. In particular, it was questioned
whether six hydrogen bridges could be accommodated on an
open B6 face, since this might be unfavorable sterically.35

Perhaps in view of these considerations, Herma´nek’s review
depicted aC3 structure with three BH2 groups and three H
bridges,3,36 which also would be consistent with the experi-
mental observation of only three11B signals with equal intensity.

In addition to the earlieri-B9H15 proposals,2 (C3V) and 3
(C3), we also computed structure4, which might result from
protonating the B6-B7 edge of the [B9H14]- minimum (7, see
below). A stationary point could be located for3 only at the
HF/3-21G level; moreover, this had three imaginary frequencies
(227i cm-1 E, 142i cm-1 A2). At HF/6-31G*, a starting
geometry based on3 converged to minimum2. A C1 input
geometry for4 optimizes to aCs minimum at HF/3-21G and
also at HF/6-31G*. Relative energies at MP2(fc)/6-31G* are
0.0, 12.7, and 0.8 kcal mol-1 for 2, 3, and4, respectively. While
2 and4 could be optimized at MP2(fc)/6-31G*, the value for3
(a stationary point only at HF/3-21G), is based on an MP2(fc)/
6-31G*//HF/3-21G single point energy calculation.

Computed11B chemical shifts are compared to experimental
results in Table 2. The very large deviation for3 reflects its
high relative energy and the fact that3 is not a stationary point
at higher levels of theory. Since4 is very close in energy to2,
rapid interchange of endo and bridge hydrogens might give the
experimentally observed peaks. However, this is not the case:
averaging the computed chemical shifts for4 results in large
differences from the observed NMR data. Hence, both3 and4
are ruled out as structural candidates. In contrast, theC3V
symmetric structure2 shows satisfactory agreement with the
measured chemical shifts. This confirmation of2 as thei-B9H15

solution structure demonstrates that six hydrogen bridges can
be accommodated on an open B6-face. Note that the hydrogen
bridges are quite asymmetric. Computed B-Hµ distances are
1.255 and 1.474 Å for B4,6,8 and B5,7,9, respectively. Typical
B-Hµ distances are around 1.30-1.35 Å. Moody and Schaeffer
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Figure 1. The Cs symmetry molecular structure ofn-B9H15, 1,
optimized at MP2(fc)/6-31G*, compared with the best experimental
data (ref 29, averaged from theC1 X-ray crystal structure of ref 27).

Table 1. 11B NMR Chemical Shifts [ppm] Computed for Various
n-B9H15 (1) Geometries Compared to Measured Data

B1 B2 B3 B4, B9 B5, B8 B6, B7

//expta 22.7 -46.7 -1.9 -28.2 0.5 6.0
//exptb 27.2 -43.7 3.3 -42.9,-10.9 13.1, 1.6 10.5, 3.3
//expt,b av 27.2 -43.7 3.3 -26.9 7.4 6.9
//Hpopt,c 19.0 -50.2 4.4 -33.1,-34.5 6.5, 7.6 7.6, 12.5
//Hpopt,c av 19.0 -50.2 4.4 -33.8 7.1 10.1
//MP2(fc)/6-31G* 19.3 -51.3 2.4 -34.2 3.3 7.6
experimentd 17.2 -47.5 3.5 -32.0 3.3f 7.1 f

experimente 15.9 -46.0 - -32.0 2.7f 6.6 f

a Averaged (Cs) experimental geometry, taken from ref 29.b Ex-
perimental geometry (C1) taken from ref 27.c Heavy atom coordinates
according to experimental geometry in ref 27, hydrogen positions
optimized at MP2(fc)/6-31G*.d Reference 31.e Reference 32.f Ex-
perimentally, B5,8 and B6,7 could not be assigned.

Scheme 1
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deduced “a slight asymmetry of the bridges”, toward B4,6,8
and away from B5,7,9, from the observed largeJ11B-1H coupling
of 50 Hz between B4,6,8 and bridging hydrogens.35 They also
gave a rough estimate of 25-35 Hz for the B5,7,9-Hµ coupling.
TheseJ11B-1H values are reproduced computationally for struc-
ture 2 quite well: 51.9 and 26.5 Hz, respectively (Table 3).
For 3, however, we compute 90.7 (B4-Hendo), 38.2 (B4-Hµ),
-6.9 (B5-Hendo,B4) and 50.9 Hz (B5-Hµ). Averaging (assuming
a rapid interconversion of bridge and endo terminal H’s in3)
gives 64.4 (B4-H) and 22.0 Hz (B5-H). Like δ11B, these
values also do not agree well with the experimental data either.
Hence, comparison of computed and measuredδ11B chemical
shifts andJ11B-1H coupling constants (compare Table 3) favor
structure2 over 3.

i-B9H15 is one of the rare cases where more than one boron
hydride isomer is known experimentally. Williams wrote
“appraisal suggests that the six skeletal hydrogens in the aberrant
n-B9H15 structure are considerably more stable than ini-B9H15”.28

While i-B9H15 decomposes more easily, and thus has a higher
reactivity, it is almost as stable asn-B9H15 thermodynamically.
The computed relative energy ofi-B9H15 is only 2.2 kcal mol-1

higher.
[B9H14]-. arachno-[B9H14]- was first obtained by Benjamin

et al. in 1963 from the basic degradation of B10H14 in H2O.14

As [B9H14]- could be transformed into B9H13‚NMe3, the anion
was postulated to have a structure similar to B9H13‚NCMe, for
which an X-ray structure was known.37 The [B9H14]- cluster

belongs to thearachno-9-〈VI 〉 category (see Scheme 1). Both
B5/B6 and B8/B9 are hydrogen bridged while B4, B6, and B8
have additional endo H’s (5, Figure 3). In B9H13‚L, the exo
terminal H at B4 is replaced by L.

Keller’s subsequent11B NMR spectrum did not support a
static [B9H14]- solution structure with an endo hydrogen
arrangement analogous to the B9H13‚NCMe X-ray: the three
different boron signals of equal intensity each show only one
kind of coupling to1H.34 Keller’s success in exchanging five
hydrogens by deuterium suggested that there were five bridging
H’s. 11B NMR chemical shifts, not given by Keller, have only
been published by Greenwood et al. who also were able to
determine the X-ray structure of [B9H14]- in the Cs salt.38 The
three BH2 moieties found in the solid state are not arranged
like those in B9H13‚NCMe. Instead, B4 shares hydrogen bridges
with B5,9; in addition, B7 and B6,8 have terminal hydrogens
(6). Greenwood et al. speculated that fluctuation in solution is
responsible for the effectiveC3V symmetry on the NMR time
scale. However, the possibility of five hydrogen bridges in
solution could not be excluded. Jacobson et al. finally compared
various neutral and anionic B9H13‚L compounds and assigned
11B signals based on isotope labeling experiments.39

Structure6, determined to haveCs symmetry in the solid
state,38 is characterized as a transition structure (457i cm-1) by
HF/6-31G* computations (which pertain to the gas phase).
Optimization without symmetry restrictions converged to the
C1 minimum, 7 (Figure 3). This has an additional H bridge
between B7/B8 and is 2.3 kcal mol-1 more stable than6 (which

(37) Wang, F. E.; Simpson, P. G.; Lipscomb, W. N.J. Chem. Phys.1961,
35, 1335.

(38) (a) Greenwood, N. N.; Gysling, H. J.; McGinnety, J. A.; Owen, J. D.
J. Chem. Soc., Chem. Commun.1970, 505. (b) Greenwood, N. N.;
Gysling, H. J.; McGinnety, J. A.; Owen, J. D.J. Chem. Soc., Dalton
Trans.1972, 986.

(39) Jacobsen, G. B.; Morris, J. H.J. Chem. Soc., Dalton Trans.1984,
415.

Figure 2. Optimized geometries ofi-B9H15 candidate structures2, 4 (//MP2(fc)/6-31G*), and3 (//HF/3-21G*). (The 3-fold symmetry axes of2
and3 pass through the centers of the B1-B2-B3, as well as the B4-B6-B8 and B5-B7-B9 triangles.)

Table 2. IGLO/DZ Computed Chemical Shifts [ppm] fori-B9H15

Structures2, 3, and4 Compared to Experiment

B1, B2,3 B4, B6,8 B5,9, B7

2, C3V -38.6 -47.3 4.6
3, C3

a -16.8 27.6 -29.6
4, Cs -49.0,-7.8 -16.7,-41.3 23.2,-16.9
4, Cs, av -21.5 -33.1 23.5
experimentb -32.9 -44.8 4.39

a At the HF/3-21G geometry.b Reference 35.

Table 3. Experimental and Theoreticala 11B-1H Coupling
Constants [Hz] fori-B9H15

B4,6,8-Hµ B5,7,9-Hµ

2b 51.9 26.5
3c 64.4d 22.0
experimente 50 25-35

a SOS-IGLO/PW86/III.b //MP2(fc)/6-31G*.c //HF/3-21G.d Aver-
age value assuming rapid interconversion of bridge and endo terminal
hydrogens; individual values are 90.7 (B-Hendo) and 38.2 (B-Hµ).
e Reference 35.
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is the transition structure for the B7-Hµ-B8 to B7-Hµ-B6
H-shift). Structure7 also was obtained when ai-B9H15 starting
geometry with one bridge proton removed was used for aC1

optimization. The barrier for endo/bridge hydrogen exchange
involving transition structure5 (411i cm-1) is only 2.4 kcal
mol-1. Changing the B4/B9 bridge hydrogen in7 to a terminal
hydrogen bound to B4 leads to5. (Note that the atom numbering
is different: B9 in7 becomes B7 in5.) Bridging of the endo H
at B8 or B6 to B7 in 5 leads to 7 or to its enantiomer,
respectively.

We applied the SCRF method to model the influence of a
polarizable medium (i.e. in solution and in the crystal) on the
structure.40 SCRF optimization also results in a B7-B8
hydrogen bridge. Crystal packing effects, not considered in the
SCRF treatment, are unlikely to be important because theC1

and theCs cluster geometries do not deviate significantly. That
is, the equivalent B-B distances in7 (C1) are almost the same
and their averages are very close to the corresponding values
in 6 (Cs). The largest difference is 0.1 Å betweend(B5-B6)
(1.931 Å) andd(B8-B9) (2.023 Å). All other distances deviate
less than 0.03 Å. In particular, the endo (6) or bridge character
(7) of the additional hydrogen at B7 does not change the B6-
B7 and B7-B8 separations: these are 1.883 Å in6 and 1.881

and 1.878 Å in7, respectively. Hence, it seems possible that
[B9H14]- forms three hydrogen bridges in the solid state as well
as in solution and in the gas phase. Perhaps this was not
recognized in the X-ray structure analysis because theC1 cluster
geometry, despite its additional H bridge, deviates very little
from Cs symmetry. Furthermore, the two enantiomers should
be distributed equally over the positions in the lattice. Deter-
mination of the proton positions by X-ray diffraction was not
possible. Getman et al.41 mention that a second, low-temperature
structure of [B9H14]- which shows a B6/B7 hydrogen bridge42

was determined at-174 °C. Besides this additional H bridge,
the low-temperature structure is in line with the findings at room
temperature.38 Unfortunately, details are not available to us.
Coordinates of the high-temperature structure have been pub-
lished38 and the fixed boron positions were used as input for a
partial hydrogen parameter optimization.43 As this has to be
carried out inC1 symmetry (the salt crystallizes in space group
P1), the endo hydrogen at B7 becomes a B7-B8 hydrogen
bridge (d(B7-Hµ) ) 1.376 Å, d(B8-Hµ) ) 1.283 Å). The
energy is only 0.5 kcal mol-1 higher than that of the full
optimization.

The ab initio/IGLO/NMR method allows the determination
of the solution structure of [B9H14]-. Relatively small changes
in geometry (e.g. those between6 and7) can have a large effect
on the chemical shifts (compare Table 4). For most of the boron
atoms, the differences are more than 10 ppm between6 and7.
Only for B1 and B4, which are farthest away from the B7-H/

(40) (a) SCRF optimizations employed the 6-31G* basis set and the
following parameters: dielectric constantε ) 78.1 (modeling water)
and a radius of the cavityr ) 4.43 Å. This givesd(B7-Hµ) ) 1.263
Å, d(B8-Hµ) ) 1.406 Å,d(B6-Hµ) ) 2.330 Å,d(B6-B7) ) 1.920
Å, d(B7-B8) ) 1.919 Å. The MP2(fc)/6-31G* single point energy
for this geometry is 1.8 kcal mol-1 higher than that for the fully MP2
optimized structure. Chemical shifts computed for the SCRF geometry
are-50.2 (B1), 10.9 (B2),-25.8 (B3),-3.7 (B4),-9.2 (B5),-18.0
(B6), -32.2 (B7),-13.0 (B8), and 17.6 (B9). Averaging gives-21.7
(B1,2,3),-11.6 (B4,6,8) and-8.0 (B5,7,9). (b) Examples are known
whose experimental structure differ considerably in the gas and in
the solid phases. These differences are reproduced well by ab initio
computations with and without the SCRF procedure; see: Jiao, H.;
Schleyer, P. v. R.J. Am. Chem. Soc.1994, 116, 7429.

(41) Getman, T. D.; Krause, J. A.; Niendenzu, P. M.; Shore, S. G.Inorg.
Chem.1989, 28, 1507.

(42) Reference 10 in ref 41: Huffman, J. Report No. 82210, Indiana
University Department of Chemistry Molecular Structure Center.

(43) The coordinates in ref 38b appear to have errors and give a B7-H
distance of more than 4 Å (it should be 1.04(6) Å according to another
table). Computing the energy or chemical shifts for such a geometry
does not seem to be useful. The boron coordinates, however, seem to
be correct as all B-B distances correspond to the listed values.

Figure 3. Optimized geometries (//MP2(fc)/6-31G*) of various [B9H14]- structures5, 6, and7. C1 X-ray data from ref 38b are given together with
7 for comparison.43 Note, however, that the experimental structure was described to have no bridging hydrogen between H7 and H8, but anendo-H
at B7 (like 6).
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B7-Hµ-B8 site, have smaller differences. Averaged values for
6 and7, however, are similar. Nevertheless,7 can be identified
as the correct solution structure since the experimental assign-
ment39 is followed. For6, the B(4,6,8) and B(5,7,9) assignment
has to be reversed, and this contradicts the experimental
findings.39 Thus, the computational results show that triply
hydrogen bridged7 (C1) is the solution structure of [B9H14]-.

B9H13‚L. Various Lewis base (L) aducts,arachno-B9H13‚L,
of the still elusivenido-B9H13 have been investigated intensively
experimentally.15 These species are obtained from acid-induced
degradation of [B10H13][HL] solutions in water or by ligand
exchange from B9H13‚SEt2, which allow the introduction of
neutral (L ) NH2Et, NHEt2, NEt3, PPh3, NCMe, pyridine)15

and anionic (NCS-, NCSe-, NCBPh3-) ligands.39,44The X-ray
structure of B9H13‚NCMe in the solid state has been deter-
mined.37 The arachno cluster has an open VI-face (arachno-

9〈VI 〉 in Scheme 1). The exo ligand L is bound to B4. Endo
hydrogens are bound terminally to B4, B6 as well as B8 and
also bridge B5/B6 as well as B8/B9 (Cs symmetry, compare
model9a in Figure 4).

Model compound B9H13‚NCH is a transition structure at HF/
6-31G* in Cs symmetry (9a) connecting two degenerateC1

symmetric minima,8a. In 8a, there is an additional hydrogen
bridge between B6/B7 instead of an endo terminal H (as in9a).
This feature lowers the energy by only 0.1 kcal mol-1. While
such a tiny energy difference between9aand8adoes not allow
a definitive decision, the computed chemical shifts show clearly
that aC1 (8) and not aCs structure (9) is present in solution.
As the chemistry of HCN and MeCN is very different, a referee
doubted the validity of our results on models8a and 9a. We
therefore repeated the computations with L) MeCN (8b and
9b) but the optimized geometries, relative energies (Figure 4),
and chemical shifts (Table 5) are almost identical. The maximum
difference in chemical shifts (1.6 ppm) between8a/8b and

(44) Meina, D. J.; Morris, J. H.J. Chem. Soc., Dalton Trans.1985, 1903.
(45) Schaeffer, R.; Sneddon, L. G.Inorg. Chem., 1972, 11, 3102.

Table 4. 11B NMR Chemical Shifts [ppm] for [B9H14]- Candidate Structures Together with Available Experimental Data

B1 B2, B3 B4 B6, B8 B5 B7 B9

5, Cs 4.8 -45.7 -32.7 -30.3 -18.8 22.7 -18.8
5, Cs, av -28.9 -31.1 -5.0

6, Cs -52.3 -5.6 -1.7 -7.2 1.5 -53.4 1.5
6, Cs, av -21.2 -5.4 -16.8

7, C1 -51.8 -25.5,-25.5 -6.3 -23.0,-20.8 -10.2 -33.2 14.8
7, C1, av -22.8 -16.7 -9.5
//expta

Hpopt -52.5 8.7,-24.9 -7.0 -25.4,-24.0 -10.5 -33.1 13.8
Hpopt, av -22.9 -18.8 -9.9

exptb -23.69 -20.37 -8.17
exptc -21.6 -19.7 -6.6
exptd -22.4 -19.2 -6.8

a Fixed boron geometries from the X-ray structural analysis of the Cs salt, ref 38b, but with the hydrogen positions optimized at MP2(fc)/6-
31G*.43 b Cs+ salt in Me2SO, without assignment, ref 38a.c Reference 45.d [NMe4]+ salt in CD3CN, refs 39 and 44.

Figure 4. C1 (8) andCs (9) structures (//MP2(fc)/6-31G*) of model compound B9H13‚L, L ) HCN (a), MeCN (b, in parentheses) corresponding
to the solution and solid-state structures, respectively. Experimental data refer to B9H13‚NCMe from ref 37.
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between9a/9b is found for B4 which is directly bound to the
ligand L. The conclusions remain the same. Again, only the
averaged shifts of theC1 structure (8b) are in satisfactory
agreement with experimental data (the maximum difference is
5.6 ppm for B1, Table 5).Cs symmetric9b shows discrepancies
up to 11.5 ppm (B6,8). This strongly suggests aC1 solution
structure for B9H13‚NCMe.

Thearachno-[B9H14]- anion can also be considered to be an
arachno-B9H13‚L compound with a hydride ion as Lewis base
L. Hence, both are expected to be isostructural. However, the
experimental solid-state structures of Cs[B9H14]38 and B9H13‚
NCMe37 are different. The underlying B9 cluster is the same,
but [B9H14]- has two geminal hydrogen bridges (between B4/
B5 and B4/B9) together with three endo terminal H’s at B6,8
and B7 (6 in Figure 3). In contrast, B9H13‚NCMe shows two
separated bridge hydrogens (between B5/B6 and B8/B9), endo
terminal H’s at B4 as well as B6,8 and a boron atom B7 neither
participating in a hydrogen bridge nor carrying an endo terminal
hydrogen. Our ab initio/IGLO/NMR results reveal that different
structures analogous to each other are favored in solution.
Replacing the L (HCN) in8a by H- gives the lowest energy
[B9H14]- structure,7, directly. (Note the change in numbering:
B4 in 8a is labeled B6 in7 and vice versa.) The only difference
in solution is that an exo terminal ligand L seems to prevent
the geminal endo terminal hydrogen atom from bridging. Thus,
on the NMR time scale, B9H13‚L appears to haveCs while
[B9H14]- seems to haveC3V symmetry.

[B9H13]2-. arachno-[B9H13]2- may be obtained from depro-
tonating [B9H14]- e.g. by NaNH2 in liquid ammonia.41 An X-ray
structure and NMR data have been reported, but the experi-
mental work was discontinued because of explosions when
handling Na[B9H14] and Na2[B9H13].41 This invites computa-
tional investigations which do not have such practical problems.

Experimental structural investigations revealed a B9 cluster
for [B9H13]2- analogous toi-B9H15 and [B9H14]-. However, the
four endo hydrogen atoms are disordered and were postulated
to occupy five positions (each with an equal probability of
0.8): endo terminal positions at B6, B7 and B8 and two bridge
positions between B4/B5 and B4/B9.41 In solution, all four endo
H’s fluctuate and there are only threeδ(11B) signals. In the solid
state, five structures should be present according to this model.
They can be derived fromX (see Figure 5) by leaving each
one of the five endo H positions blank:X-45 (no H bridge
between B4/B5),X-6 (no endo terminal H at B6),X-7, X-8,
andX-49. Relative energies from single point calculations and
from hydrogen parameter optimizations, listed in Table 6 for
all these possibilities, do not agree with the “five structure”
model. The single point results (based on the experimental boron
skeleton geometry) show large differences in the relative
energies. When the H positions inX-45 andX-49 are optimized,
the endo terminal H at B7 bridges to B6. The resulting energies

are somewhat lower thanX-7 (-1.8 and-1.5 kcal mol-1,
respectively). StructuresX-6 andX-8 do not survive optimiza-
tions of the hydrogen positions, and converge to the sameX-7
geometry. The assumption of “five equally populated structures”
is not supported. An alternative suggestion seems more realistic.
Our model has two endo terminal H’s at B6 and B8 together
with two endo hydrogen atoms disordered over the four possible
bridge positions between B4/B5,9 and B7/B6,8 (i.e.10, 11 and
12 also postulated to be also present in solution, see below).

Three geometries starting with the X-ray coordinates have
been optimized fully: 10 (corresponding toX-7), 11 (corre-
sponding toX-45), and12 (corresponding toX-49; Figure 6).
Both in 11 and in12, the endo H attached to B7 bridges to B8.
The relative energies are very close: 1.3, 0.0, and 0.1 kcal mol-1

for 10, 11 and12, respectively. Structure13 with two geminal
hydrogen bridges at B7 (B6/B7 and B7/B8) also is a minimum,
but much higher in energy (Erel ) 34.4 kcal mol-1). A Cs starting
geometry with endo terminal hydrogen atoms at B4 and B7 and
with hydrogen bridged B5/B6 and B8/B9 converged to14which
has four endo terminal H’s (at B4, B6,8 and B7). Structure14
is a second-order stationary point (713i A′′, 418i cm-1 A′′) 7.7
kcal mol-1 higher in energy than11. Optimization of14 in C1

symmetry converged to11.
Individual and averaged11B NMR chemical shifts computed

for 10 to 14 are compared to experimental data in Table 7. The

Table 5. Experimental (L) NCMe) 11B NMR Chemical Shifts [ppm] for B9H13‚L in Comparison to Computed Valuesa for C1 (8) andCs (9)
Structures (a, L ) NCH; b, L ) NCMe)

B1 B2, B3 B4 B5, B9 B6, B8 B7

8a, C1 calcd 11.0 -51.6,-27.2 -29.0 -8.1,-23.6 -9.9,-26.1 21.6
8b, C1 calcd 11.2 -51.8,-27.2 -27.4 -9.5,-24.7 -9.5,-25.6 21.2

8a, C1 calcd, avb 11.0 -39.4 -29.0 -15.9 -18.0 21.6
8b, C1 calcd, avb 11.2 -39.5 -27.4 -17.1 -17.6 21.2

9a, Cs calcd 4.6 -47.5 -33.3 -13.3 -31.9 16.2
9b, Cs calcd 5.1 -47.6 -31.7 -13.9 -31.7 16.6

B9H13‚NCMe, experimentc 5.6 -38.3 -27.0 -14.0 -20.2 17.7

a IGLO/DZ//RMP2(fc)/6-31G*.b Averaged toCs symmetry supposing a rapid degenerate rearrangement of8 through transition state9.
c B9H13‚NCMe in CD3CN, ref 39.

Figure 5. Experimental solid-state structure,X, of the [B9H13]2-

dianion according to Getman et al.41 Four of the five endo hydrogen
positions (identified by dark labels) are occupied and the five possible
structures are postulated to be equally weighted.

Table 6. Relative Energiesa for Various [B9H13]2- Geometries
Postulated to be Present in the Solid State

X-45 X-6 X-7 X-8 X-49

//expt 8.2 45.2 0.0b 45.1 13.3
//H poptc -1.8 -d 0.0e -d -1.5

a In kcal mol-1 at MP2(fc)/6-31G*.b The energy ofX-7 relative to
11 is 56.8 kcal mol-1. c Hydrogen position optimized for fixed heavy
atom coordinates from the X-ray structure (ref 41).d X-6 and X-8
converge toX-7 upon optimization of hydrogen parameters.e The
energy ofX-7 relative to11 is 6.0 kcal mol-1.
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Figure 6. Geometries optimized at MP2(fc)/6-31G* for various [B9H13]2- structures10 to 17.
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experimental low field signal at-4.55 is reproduced well only
by 10. However, this structure gives a large deviation of 7.7
ppm for the computed B4,6,8 value of-36.7 ppm. The results
for 11 and12 are not satisfactory, either. The best assignments
still give maximum deviations of 8 (11) and 6 ppm (12). While
individual shifts for11 and12 differ significantly (up to 17.2
ppm for B3), the only significant deviation of the averaged shifts
is 5.1 ppm for B4,6,8. Structures14 and13 with considerably
higher relative energies than10, 11 and12 show even larger
chemical shift discrepancies. Averaging over10, 11 and 12,
which are very close in energy, gives a set of theoretical shifts
(B1,2,3,-27.0; B4,6,8,-24.5; B5,7,9,-8.6) which compare
well with the measured values (-29.0,-24.9,-4.55).41 This
suggests that three isomeric structures of [B9H13]2- may be
important in solution:10, 11, and12, each of which have two
endo terminal and two hydrogen bridges.

This model implies that all three isomers can rearrange into
one other very easily. Therefore, we located the transition
structures connecting the minima10, 11 and12. One hydrogen
bridge in11 has to shift in going to12. In the corresponding
transition structure, this bridging H becomes an endo terminal
H at B4 (B4-Hµ-B9 shift to B4-Hµ-B5) or at B7 (B7-Hµ-
B8 shift to B6-Hµ-B7, which gives the12 enantiomer). The
corresponding transition structures,15 (267i cm-1) and16 (383i
cm-1) have relative energies of 4.6 and 2.2 kcal mol-1,
respectively. The rearrangement from10 to 11 may occur by
B8-Hendobridging to B9 together with a conversion of the B4/
B5 bridge hydrogen to B4-Hendo. (The numbering changes: B8
becomes B4 (and vice versa), B3 becomes B1 etc.) The
transition structure search starting with a geometry interpolated
between10 and 11 converged to15. On the other hand, the
change of B4-Hµ-B9 to B4-Hendoin 10, accompanied by the
B8-Hendo bridging to B7 rather than B9, gives12 instead of
11. The corresponding transition structure,17 (273i cm-1), has
a relative energy of 3.6 kcal mol-1 (B8 in 10 and17 becomes
B4 in 12, B5 becomes B7 etc.). These results show that10, 11,
and12can easily interconvert and that all endo hydrogen atoms
can exchange their chemical environments with a maximum
barrier of 4.6 kcal mol-1.

Conclusion

The application of the ab initio/IGLO/NMR method to various
9-vertexarachnoboron hydrides clarifies a number of structural
details. The “best” experimental geometry forn-B9H15 recom-
mended by Beaudet29 has satisfactory boron placements but the
hydrogen parameters are in error. Not only is the computed
energy very high, but the IGLO computed chemical shifts also

show large discrepancies with the experimental NMR data in
comparison to the results using a fully optimized geometry,1
(Figure 1).

The i-B9H15 isomer favors aC3V structure in solution,2, with
six strongly asymmetric hydrogen bridges. It is only 2.2 kcal
mol-1 less stable thann-B9H15. The alternativeC3 proposal36

with three hydrogen bridges and three endo terminal hydrogen
atoms has two imaginary frequencies at HF/3-21G and is not a
stationary point at all at higher levels employed.

TheCs symmetric [B9H14]- structure,6, reported for the solid
state,38b is found computationally to be a transition structure.
The correspondingC1 minimum,7, with the endo hydrogen at
B7 bridging to B8, is shown to be the solution structure by
comparing the computed with the measured11B NMR chemical
shifts. As the cluster geometries of6 and 7 do not differ
appreciably, the possibility is raised that the additional hydrogen
bridge was not recognized in the X-ray structure analysis.

In contrast to expectations, the experimental solid-state
geometries of [B9H14]- (6) and [B9H13‚L] (analogous toCs 9a,b)
are not isostructural.38 However, the solution structures, com-
puted for [B9H14]- (7) and [B9H13‚NCMe] (C1, 8b), are closely
related.

Based on X-ray diffraction data in the solid state, the
[B9H13]2- dianion was postulated to have five disordered
structures differing in endo H placements.41 However, two of
these have ca. 45 kcal mol-1 higher energies and converge to
one of the low energy structures when the hydrogen positions
are optimized. Hence, we propose that only three disordered
structures 10, 11 and 12 are present in the solid state.
Experimental11B NMR chemical shifts only are reproduced if
these three different structures, very close in energy, are taken
into consideration. The hydrogen rearrangements which inter-
convert10, 11 and12 have low barriers of 4.6 kcal mol-1 or
less.
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Table 7. Computed11B NMR Chemical Shifts for [B9H13]2- Structures10-14 in Comparison to Measured Data

B1 B2, B3 B4 B6, B8 B7 B5, B9

10, Cs -55.8 -11.7 -24.6 -42.8 -1.1 -5.6
10, Cs, av -26.4 -36.7 -4.1

11, C1 -47.1 4.3,-39.3 3.0 -33.0,-20.4 -37.8 -9.0, 13.9
11, C1, av -27.4 -16.8 -11.0

12, C1 -54.5 -4.3,-22.1 -4.5 -30.4,-30.7 -43.3 -2.1, 13.2
12, C1, av -27.1 -21.9 -10.7

13, Cs -40.9 -28.6 5.9 -45.3 -27.0 21.3
13, Cs, av -32.7 -28.2 5.2

14, Cs -32.9 -10.4 -35.0 -19.3 -56.0 39.1
14, Cs, av -17.9 -25.1 7.4

av (10, 11, 12)a -27.0 -24.5 -8.6
exptb -29.0 -24.9 -4.55

a Equally weighted combined averaged shifts for10, 11, and12. b K+ salt in ND3 at -40 °C, without assignment, ref 41.
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