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*S Supporting Information

ABSTRACT: Gas-phase structure determinations have been per-
formed for arachno-4,6-(CH2)2B7H9 and arachno-4,6-S2B7H9 by
combining quantum-chemical calculations and gas electron diffraction
(GED) data. In addition, the monoanion derivatives of each of the
aforementioned species have been studied using ab initio calculations.
In all cases, comparison with experimental 11B NMR chemical shifts
have been achieved by calculating the appropriate NMR chemical shifts
using GIAO-MP2 methods and the IGLO-II basis set for various
geometries, both experimental and calculated. The NMR parameters
calculated for the geometry obtained from the SARACEN GED
refinement appeared to be quite reasonable, and in general, the fit between theoretical and experimental δ(11B) NMR was found
to be consistently good for all four species investigated.

■ INTRODUCTION
The hypothetical nine-vertex arachno-[B9H9]

6− would have a
geometry that can be related to C2v-symmetrical closo-
[B11H11]

2− through the removal of two {BH}2+ vertices.1 In
this nine-vertex structure, six {BH}2− vertices occupy the open
face of a hexagon, analogous to the chair conformation of
cyclohexane, as shown in Figure 1. In fact, two arachno nine-

vertex anionic borohydrides have previously been synthesized
and characterized using X-ray diffraction, namely, arachno-
[B9H13]

2− and arachno-[B9H14]
− (the former results from

deprotonation of the latter).2 Both exhibit this same geometry,
but with two additional bridging hydrogen atoms and two or
three extra terminal B−H bonds, respectively.
Empirical rules3 say that {BH}2− vertices can be replaced by

isoelectronic and isolobal4 vertices such as {CH}− and {S} at
low-coordination sites. Indeed, the following substituted
boranes have all been synthesized although no diffraction

studies are reported: arachno-4,6,8-C2SB8H10,
5 arachno-4,6-

C2B7H13,
6 and arachno-4,6-S2B7H9.

7 That {CH}− and {S}
vertices prefer sites 4, 6, and 8 is in accordance with Gimarc’s
topological rule,8 which states that elements more electro-
negative than boron prefer cluster sites with the highest
electron density.
In general, very little is known about experimental structures

of arachno heteroboranes. Some 10-vertex species of this cluster
type, based on arachno-[B10H14]

2−, were recently studied9,10 by
employing the technique of gas electron diffraction (GED)
using the SARACEN method.11

Recently, it was also shown that neutral nido-B10H14 forms a
Li@B10H14 complex.

12 The borane exhibits a hexagonal open
face in a boat-like conformation, rather than the chair-like
conformation observed in arachno-4,6-C2B7H13 and arachno-
4,6-S2B7H9. Li@B10H14 is a promising species for nonlinear
optics applications.
In order to expand the family of experimentally determined

arachno structures, we have undertaken the structural studies of
arachno-4,6-C2B7H13 and arachno-4,6-S2B7H9 using the GED/
SARACEN method. As these neutral species are quite prone to
deprotonation, we followed computationally the reaction
pathways and determined the structures of the resulting
monoanions using the ab initio/GIAO/NMR method.13 As a
result of the study of B10H14 exhibiting complexation with
lithium,12 we also undertook computational investigations to
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Figure 1. (left) Structure of closo-[B11H11]
2− and (right) hypothetical

structure of the nine-vertex arachno-[B9H9]
6−.
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see if either of the title molecules in this Article would be
energetically disposed to complexation.

■ EXPERIMENTAL SECTION
Syntheses. Both neutral heteroboranes, 4,6-C2B7H13 (1H) and

4,6-S2B7H9 (2H), were prepared according to the literature method.6,7

Their anions, 1− and 2−, were obtained as PSH(+) salts from the
neutral heteroboranes dissolved in hexane, by addition of the hexane
solution to a proton sponge, PS [PS = 1,8-bis(dimethylamino)-
naphthalene]. The precipitates were filtered off, washed with hexane,
and dried in vacuo.
Computational Details. Whereas the geometries of the neutral

molecules 1H and 2H were fully optimized in Cs point-group
symmetries, optimizations of the monoanions 1− and 2− were run
without symmetry constraints. The calculations for both the neutral
molecules and ions were performed using the Gaussian09 suite of
programs,14 first at the RHF level with the standard 6-31G(d) basis
set.15 See Figure 2 for the structures of 1H, 1−, 2H, and 2−, showing

the atom-numbering scheme. The anion 1− may be formed by
deprotonation of 1H in two separate ways, i.e., by removing a
hydrogen atom from a B−H−B bridge or from one of the carbon
atoms. Both possibilities were considered computationally. The anion
2− can be formed from 2H only by removing a bridging H atom, and
this was examined computationally.
The nature of any stationary points for each species was verified by

frequency calculations followed by further geometry optimizations at
B3LYP,16 M06-2X,17 and MP2(full),18 with 6-311++G(d,p)19 and aug-
cc-pVDZ20 basis sets. As 2H and 2− contain sulfur atoms, further
calculations were performed for these species at the MP2(full)/6-311+
+G(3df,3pd) level.
Magnetic shieldings were calculated using the GIAO-HF and

GIAO-MP221 methods incorporated into Gaussian09 utilizing the
IGLO-II basis.22 11B chemical shifts were calculated relative to B2H6
and converted to the BF3·OEt2 scale using the experimental δ(11B)
value for B2H6 of 16.6 ppm.23

Gas Electron Diffraction (GED). Data were collected for 1H and
2H using the Edinburgh GED apparatus,24 with both species studied

in a single experiment. An accelerating voltage of 40 kV was used,
resulting in an electron wavelength of approximately 6 pm. Scattering
intensities were recorded on Kodak Electron Image films at two
nozzle-to-film distances, namely, 101.0 and 251.0 mm, to maximize the
scattering angles over which data were collected. In order to obtain
suitable vapor pressures and to prevent condensation in the nozzle, the
sample and nozzle were heated to 100 and 115 °C, respectively, for the
longer nozzle-to-film distance, and 115 and 130 °C for the shorter
distance.

The weighting points for the off-diagonal weight matrices,
correlation parameters, and scale factors for both camera distances
are given for 1H and 2H in Table S1 in Supporting Information. Also
included are the electron wavelengths determined using the scattering
patterns for benzene, which were recorded immediately after the
sample patterns. The photographic films were scanned using an Epson
Expression 1680 Pro flatbed scanner as described elsewhere.25 The
data-reduction and least-squares refinement processes were carried out
using the ed@ed v3.0 program26 employing the scattering factors of
Ross et al.27

■ RESULTS AND DISCUSSION
GED Structure Refinement. Molecular models were

written for 1H and 2H converting the refinable independent
parameters to Cartesian coordinates. The derivation of the
model for 1H follows essentially the same route by which it was
synthesized, involving the removal of three BH vertices from
closo-1,7-C2B10H12,

28 and consequently relaxing the symmetry
from C2v to Cs. The model for 2H was constructed in a similar
manner. The calculated geometries provided further support for
this modeling. The structure of 1H was defined using 24
parameters, while 2H required only 20 parameters as shown in
Tables S2 and S3; the additional parameters required for 1H
are to define a CH2 group rather than simply an S atom. Full
descriptions of the models are given in the Supporting
Information.
The GED refinements were performed using the SARACEN

method,11 incorporating flexible restraints derived from the
series of calculations described earlier. Cartesian force fields
were obtained from the B3LYP/6-311++G(d,p) calculations
and converted to force fields described by sets of symmetry
coordinates using the program SHRINK.29 From these, the
root-mean-square amplitudes of vibration (uh1) and perpendic-
ular distance corrections (kh1) were generated.
For 1H, all 24 parameters were refined; 18 of them were

restrained as is normal in a SARACEN refinement to the
MP2(full)/6-311++G(d,p) values, with the uncertainties in the
restraints, shown in Table S2, derived from the spread of values
from a series of calculations. In addition, eight groups of
vibrational amplitudes were refined (see the Supporting
Information, Table S3). Five of these groups were refined
unrestrained, whereas each of the other three groups of
amplitudes was restrained with an uncertainty of ca. 10% of its
calculated [B3LYP/6-311++G(d,p)] value. The quality of fit
can be assessed, numerically, from the final R factor (RG) of
0.050 (RD = 0.033) and, visually, in terms of the radial-
distribution curves (Figure 3a) and the molecular scattering
curves (see Figure S1).
For 2H, all 20 parameters were refined; 15 of them were

restrained to the MP2(full)/6-311++G(3df,3pd) values during
refinements, as shown in Table S4. In addition, eight groups of
vibrational amplitudes were refined (see Table S5). Four of
these groups refined unrestrained, while each of the other four
groups of amplitudes was restrained with an uncertainty of ca.
10% of its calculated value. Again, the quality of the fit can be
assessed both from the final R factor (RG) of 0.043 (RD =

Figure 2. Molecular structures of 1H, 1−, 2H, and 2− showing atom
numbering. Hydrogen atom numbering has been omitted where the H
atom has the same number as the heavy atom to which it is bonded.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302776d | Inorg. Chem. 2013, 52, 4502−45084503



0.022) and from the radial-distribution curves (Figure 3b) and
the molecular scattering curves (see Figure S2).
For both 1H and 2H, the refinements show good agreement

between the model and experimental data. The least-squares
correlation matrices are included in the Supporting Information
(Tables S6 and S7).
Table 1 shows selected experimental (GED) and calculated

geometric parameters for 1H, while the equivalent data for 2H
are given in Table 2. Full sets of GED coordinates, calculated

coordinates, and corresponding energies are given in Tables
S8−S11.
For 1H, the calculations were all in good agreement with the

range of predicted bond lengths, typically varying by less than 2
pm. We observe that the M06-2X method consistently predicts
the shortest bond lengths for the molecule, while comparison of
the 6-311++G(d,p) and aug-cc-pVDZ basis sets at the
MP2(full) level shows that the latter consistently predicts
longer bond lengths. The angles predicted by the two basis sets
are very similar. The GED results for 1H are generally very
close to the values predicted by the calculations; with all bond
lengths found to be within approximately 2 pm of the values
predicted by the calculations. The bond angles also show a
good agreement, although the B(7)−B(2)−C(6) angle is found
to differ from calculated values by ca. 4°.
For 2H, we again find good agreement with the range of

predicted bond lengths varying by less than 3 pm. We find that
in comparing the three basis sets used at the MP2 level of
theory that the bond lengths calculated using the 6-311+
+G(3df,3pd) basis set are shorter than when either the 6-311+
+G(d,p) or the aug-cc-pVDZ are used. Both the 6-311+
+G(d,p) and the aug-cc-pVDZ basis sets seem to predict longer
B−S distances than using 6-311++G(3df,3pd). The GED
values are again in good agreement with the calculated values,
the notable exceptions being the rB(3)−B(8) and rB(2)−B(7),
which vary by approximately 4 pm. As with 1H, the bond
angles show good agreement with the calculated values except
for B(7)−B(2)−S(6), which again is found to differ from the
calculated values by around 4°. Calculations were also
performed at an MP2 level of theory with the aug-cc-pCVDZ
basis set,20,30 as we note that the MP2(full) method improves
upon MP2 with frozen core mostly when core-correlation basis
sets are used. Values are shown in Table 1 for comparison.
However, we found that the results of these calculations
provide no significant improvement on the results of the aug-
cc-pVDZ, with bond lengths varying by a maximum of 0.3 pm.
Calculations were performed using the same methods for the

monoanions, 1− and 2−. For 1−, there was the possibility that it
had formed from 1H either through the loss of one bridging
hydrogen atom or from the loss of H from one of the CH2

groups. Both products were optimized, and it was found that

Figure 3. Experimental radial-distribution curve and theoretical-minus-
experimental difference curve for the refinement of (a) 1H and (b)
2H. Before Fourier inversion, the data were multiplied by s·exp-
(−0.00002s2)/(ZC − f C)(ZB − f B) and s·exp(−0.00002s2)/(ZS −
f S)(ZB − f B), respectively.

Table 1. Selected Structural Data for 1H from the GED Refinement and Calculated Using a Variety of Theory Levels and Basis
Setsa

GED (rh1)
B3LYP/6-311+

+G(d,p)
M06-2X/6-311+

+G(d,p)
MP2(full)/aug-cc-

pVDZ
MP2(full)/aug-cc-

pCVDZ
MP2(full)/6-311+

+G(d,p)

rB(2)−B(3) 178.8(4) 178.6 177.9 179.6 179.3 178.4
rB(3)−B(7) 181.6(6) 182.4 181.0 183.0 182.7 181.7
rB(3)−B(8) 171.9(7) 171.1 171.1 172.5 172.2 171.4
rB(1)−B(2) 172.1(7) 171.2 171.4 172.8 172.5 171.7
rB(2)−C(6) 168.4(5) 168.0 166.6 168.1 167.9 167.3
rB(2)−B(7) 179.4(4) 179.5 178.4 180.2 180.0 179.1
rB(2)−B(5) 174.2(8) 174.1 173.8 176.1 175.8 174.7
rB(5)−C(6) 167.8(10) 170.5 169.5 170.2 170.1 169.8
rC(6)−B(7) 175.0(9) 171.7 171.4 173.2 173.1 172.3
rB(7)−B(8) 183.9(8) 183.5 182.0 183.3 183.1 182.4
∠B(1)−B(2)−B(7) 109.2(2) 108.9 108.6 108.6 108.6 108.6
∠B(1)−B(2)−C(6) 107.1(3) 108.3 108.0 107.7 107.7 107.8
∠B(7)−B(2)−C(6) 63.8(4) 59.1 59.4 59.5 59.6 59.5
∠Y−X−B(5)b 100.4(5) 100.0 100.1 100.4 100.4 100.5

aSee Figure 2 for atom numbering. bX refers to the midpoint of B(1) and B(2), and Y refers to the midpoint of B(7) and B(9).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302776d | Inorg. Chem. 2013, 52, 4502−45084504



the structure formed from the removal of one hydrogen atom
from the methylene group was lower in energy by 44.9 kJ
mol−1. For 2−, the loss of H could only have been from a
bridging position.
As well as the relative energies of two possible isomers of 1−

suggesting that it is the removal of a hydrogen atom from CH2
that leads to its formation, NMR experiments were also
performed as a guide. To predict how many signals would be
observed, we should first consider the removal of one bridging
hydrogen atom from 1H. Subsequent optimization of such a
structure reveals rearrangement to give a geometry with Cs
symmetry, thus yielding five 11B NMR chemical shift signals
(these were calculated to be −26.3, −24.2, −6.5, 23.7, and
−49.3). However, experimental 11B NMR measurements of 1−

reveal seven signals. Removal of an H atom from carbon would
allow C1 symmetry to be maintained, and that is characterized
by seven δ(11B) computed values, which matches the
experiment (see Table 3). This isomer of 1− is characterized

by just one B−H−B bridge. The BH distances around what was
formerly the second bridge are computed to be 121.9 and 194.9
pm, at the MP2/aug-cc-pVDZ level, demonstrating that the
hydrogen atom is bonded only to one boron atom.
There is only one option for removing an H atom from 2H

to give 2−, which involves removing one of the bridging
hydrogen atoms. As was the case for the high-energy isomer of

1−, 2− has Cs symmetry, leading to five 11B NMR computed
and experimental resonances (see Table 4). Selected geometric

parameters for the minimum-energy isomer of 1− and for 2−

are given in Tables 5 and 6, and calculated coordinates are
given in Tables S12 and S13, Supporting Information.
The structural effects of deprotonating 1H and 2H to give 1−

and 2− can be seen from comparing geometric parameters in
Tables 1 and 2, with those in Tables 5 and 6. The parameters
shown for 1− and 2− have been chosen because there are large
changes upon deprotonization. Other bond lengths and angles
were largely unaffected by the removal of H.
Comparison of the computational methods used for 1−

shows that, unlike for 1H, the 6-311++G(d,p) basis set does
not predict consistently shorter bond lengths than the aug-cc-
pVDZ basis. Neither basis set consistently predicts shorter
values, and similarly, the M06-2X method no longer always
produces the shortest bond lengths of the theory levels used.
The largest changes occur around C(6), the carbon atom from
which the hydrogen atom has been lost, with the bond length
rB(5)−C(6) being shortened from 169.8 pm [MP2(full)/6-
311++G(d,p)] in 1H to 155.6 pm in 1−, while rC(6)−B(7) has
shortened from 172.3 to 154.0 pm. The distances involving the
symmetrically equivalent C(4) atom in 1H now differ
significantly from those on the deprotonated carbon; rC(4)−
B(5) has increased from 169.8 to 185.4 pm. Large structural
changes are also observed around B(8), where H(10) has
changed from a bridging hydrogen in 1H to a terminal
hydrogen in 1−. This results in significant lengthening of the

Table 2. Selected Structural Data for 2H from the GED Refinement and Calculated Using a Variety of Theory Levels and Basis
Setsa

GED (rh1)
B3LYP/6-311+

+G(d,p)
M06-2X/6-311+

+G(d,p)
MP2(full)/aug-

cc-pVDZ
MP2(full)/aug-cc-

pCVDZ
MP2(full)/6-311+

+G(d,p)
MP2(full)/6-311+

+G(3df,3pd)

rB(2)−B(3) 179.4(4) 180.1 179.2 180.8 180.6 179.6 178.5
rB(3)−B(7) 179.1(5) 180.2 179.1 181.0 180.8 179.7 178.8
rB(3)−B(8) 172.7(8) 174.1 173.8 175.5 175.3 174.3 173.0
rB(1)−B(2) 174.8(17) 174.2 175.0 176.3 176.0 175.1 174.5
rB(2)−S(6) 194.6(9) 196.2 193.8 196.1 195.9 194.2 192.5
rB(2)−B(7) 189.7(12) 192.3 190.0 192.3 192.2 190.5 189.7
rB(2)−B(5) 183.0(7) 183.2 182.2 184.5 184.2 182.5 182.1
rB(5)−S(6) 190.8(11) 192.0 190.4 191.4 191.2 189.9 188.5
rS(6)−B(7) 190.7(14) 192.7 191.2 192.5 192.5 190.5 189.6
rB(7)−B(8) 179.8(10) 180.9 179.8 181.2 181.0 180.3 178.6
∠B(1)−B(2)−B(7) 107.2(4) 106.9 106.6 106.6 106.7 106.6 106.5
∠B(1)−B(2)−S(6) 114.4(2) 114.3 113.9 113.7 113.7 113.7 113.8
∠B(7)−B(2)−S(6) 63.7(6) 59.4 59.8 59.4 59.5 59.5 59.5
∠Y−X−B(5)b 94.5(7) 94.8 95.2 94.5 94.7 94.7 94.4

aSee Figure 2 for atom numbering. bX refers to the midpoint of B(1) and B(2), and Y refers to the midpoint of B(7) and B(9).

Table 3. Calculated and Experimental (in CD3CN)
11B NMR

Chemical Shifts for 1−a

δ(11B) (ppm)

B(1) B(2) B(3) B(5) B(7) B(8) B(9)

GIAO-B3LYP/
II//B3LYP/6-
31G(d)

−17.9 −54.4 −40.0 −5.8 12.8 −47.7 −28.4

GIAO-HF/II//
MP2/6
-311G(d,p)

−13.8 −50.0 −38.4 −2.3 18.7 −40.9 −25.5

GIAO-MP2/II//
MP2/6
-311G(d,p)

−13.0 −49.2 −33.6 −0.5 17.5 −41.2 −24.5

experimental −17.7 −48.5 −39.2 −3.0 8.9 −44.2 −20.0
aRelative to BF3·OEt2; see text for description and Figure 2 for atom
numbering.

Table 4. Calculated and Experimental (in CD3CN)
11B NMR

Chemical Shifts for 2−a

δ(11B) (ppm)

B(1,2) B(3) B(5) B(7,9) B(8)

GIAO-HF/II//MP2/6-31G(d) −26.9 −11.3 2.3 15.7 −50.5
GIAO-HF/II//MP2/6
-311G(d,p)

−31.8 −16.3 −2.6 10.7 −55.6

GIAO-MP2/II//MP2/6
-311G(d,p)

−29.9 −15.8 1.7 14.4 −53.2

experimental −28.8 −20.6 −1.8 11.1 −50.1
aRelative to BF3·OEt2; see text for description and Figure 2 for atom
numbering.
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bonds rB(3)−B(8), rB(8)−B(9), and rB(7)−B(8), with the
latter increasing from 182.4 to 202.2 pm. Large changes are also
seen in the bond angles with B(1)−B(2)−B(7) and B(1)−
B(2)−C(6) decreasing from 108.6° and 107.8° to 104.6° and
101.9°, respectively. The formerly symmetrically equivalent
angles, B(2)−B(1)−B(9) and B(2)−B(1)−C(4), have widened
from 108.6° and 107.8° to 114.5° and 116.2°, respectively.
A comparison of the computational methods and basis sets

for 2− again shows that, in general, the 6-311++G(3df,3pd)
basis set predicts shorter bond lengths than either 6-311+
+G(d,p) or aug-cc-pVDZ, with the latter reporting the longest
bond lengths; the one exception is rB(1)−B(2), for which the
6-311++G(d,p) basis set predicts the shortest bond length.
Comparing the structures of 2H and 2−, there are only small
changes in bond lengths. The largest change is for the rB(3)−
B(7) bond, which shortens from 178.8 to 175.4 pm
[MP2(full)/6-311++G(3df,3pd)]. rB(1)−B(2) increases from
174.5 to 180.8 pm, while rS(6)−B(7) increases from 189.6 to
192.0 pm. For the rB(2)−B(7) bond, the smaller basis sets and

lower levels of theory predict significant changes in bond
lengths when comparing 2H and 2−, although the changes
observed from the highest level calculations are much smaller.
The angle B(7)−B(2)−S(6) widens from 59.5° to 61.0°, while
little change is observed in the other angles.
Comparing experimental and calculated 11B NMR chemical

shifts will also allow us to gauge the accuracy of our GED
experiments. Table 7 shows comparisons of chemical shifts
based on calculated structures, the GED structures of 1H and
2H, and experimental values collected in CD3CN solution.
Generally, the values obtained using the GED coordinates
match those from experiment reasonably well. Small differences
are often observed because of the poor accuracy of the
hydrogen-atom positions obtained from electron diffraction
experiments. For this reason, we did further quantum chemical
calculations, where the heavy atoms were fixed at GED
positions, and the H atoms were optimized. Upon relaxing the
hydrogen atoms attached to boron, the total energies of 1H and
2H were observed to lower by 25.2 and 26.4 kJ mol−1,
respectively. Furthermore, when the 11B NMR chemical shifts
were recalculated, we saw, as might be expected, that the values
typically moved closer to those obtained from the computa-
tional structure. However, for 1H, the B(7,9) and B(8)
chemical-shift values are in poorer agreement with both
experimental and computational values after hydrogen
positions were allowed to relax.
As mentioned in the Introduction, it was recently reported

that nido-B10H14 forms a complex with lithium.
12 We undertook

a computational study to investigate the possibility of either 1H
or 2H also forming such complexes. However, we found no
significant contact to Li to occur for the chair-like hexagonal
arrangements in 1H and 2H.
Finally, Tables 5, 6, and 7 appear to show an interesting

difference when looking at the boron atom that resonates in the
highest field. For both 1H and 2H, the 11B chemical shifts are
to the lowest frequencies for B(3), while for monoanionic
species, it is B(2) [and to some extent for B(8)] for 1−, and
exclusively B(8) for 2−, that exhibits the most pronounced
upfield chemical shifts of 11B nuclei. This is likely because of the
electron distributions around the heteroatoms that lie roughly
opposite the vertex being shielded. Upon deprotonization, the
electron contribution to the cluster from both types of
heteroatoms is changed, and another atom(s) becomes

Table 5. Selected Structural Data for 1− Calculated Using a
Variety of Theory Levels and Basis Setsa

B3LYP/6-
311+

+G(d,p)

M06-2X/
6-311+
+G(d,p)

MP2(full)/
6-311+
+G(d,p)

MP2(full)/
aug-cc-
pVDZ

rB(3)−B(7) 179.9 179.9 180.3 180.8
rB(3)−B(9) 184.8 182.5 184.4 183.8
rB(3)−B(8) 179.7 178.5 181.0 179.3
rB(1)−B(5) 177.5 177.0 177.7 177.7
rB(2)−B(5) 181.5 180.8 181.7 181.7
rC(4)−B(5) 185.1 180.8 185.4 181.6
rC(6)−B(5) 154.4 154.7 155.6 155.8
rC(4)−B(9) 164.2 164.8 165.6 166.0
rC(6)−B(7) 152.9 152.9 154.0 154.5
rB(7)−B(8) 201.7 197.2 202.2 197.3
rB(8)−B(9) 190.9 188.6 190.2 187.7
∠B(1)−B(2)−B(7) 104.6 104.1 104.6 103.7
∠B(2)−B(1)−B(9) 114.7 114.2 114.5 113.9
∠B(1)−B(2)−C(6) 102.2 102.4 101.9 102.1
∠B(2)−B(1)−C(4) 116.7 115.2 116.2 115.1
∠B(7)−B(2)−C(6) 51.5 51.8 51.8 52.1
∠B(9)−B(1)−C(4) 55.3 56.1 55.8 56.3

aSee Figure 2 for atom numbering.

Table 6. Selected Structural Data for 2− Calculated Using a Variety of Theory Levels and Basis Setsa

B3LYP/6-311+
+G(d,p)

M06-2X/6-311+
+G(d,p)

MP2(full)/6-311+
+G(d,p)

MP2(full)/aug-cc-
pVDZ

MP2(full)/6-311+
+G(3df,3pd)

rB(2)−B(3) 179.3 178.8 179.2 180.4 178.3
rB(3)−B(7) 173.7 173.2 174.0 175.4 173.2
rB(3)−B(8) 175.6 174.7 175.7 176.8 174.1
rB(1)−B(2) 180.0 180.3 179.6 180.8 179.8
rB(2)−S(6) 195.3 193.0 193.4 195.4 191.8
rB(2)−B(7) 188.5 186.8 187.5 189.5 186.6
rB(2)−B(5) 185.1 184.0 184.1 184.6 183.7
rB(5)−S(6) 191.8 190.1 189.8 190.4 188.5
rS(6)−B(7) 197.2 194.8 193.5 195.5 192.0
rB(7)−B(8) 178.7 178.0 179.0 180.1 177.7
∠B(1)−B(2)−B(7) 106.5 106.5 106.7 106.8 106.7
∠B(1)−B(2)−S(6) 113.5 113.2 113.2 113.3 113.3
∠B(7)−B(2)−S(6) 61.8 61.7 61.0 61.0 61.0

aSee Figure 2 for atom numbering.
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opposite. This observation is pictorially demonstrated in the
corresponding HOMO orbitals shown in Figure 4. Such an

effect was also observed, for example, for nido-7,8,10-
C2SB8H10,

31 in which the presence of an electron cloud
above the open pentagonal CCBSB belt caused diamagnetic
shielding of B(1), representing the very bottom of the molecule
when looking down from the pentagonal ring.
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