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The gas-phase structure of 6,9-CSB8H12 has been determined by electron diffraction and ab initio calculations, and
that of 6,9-CNB8H13 has also been calculated. The accuracy of each structure has been confirmed by 11B NMR
calculations. The position of the sulfur atom is very close to that of the boron atom occupying the equivalent
position in the parent molecule [B10H14]2-, reflecting the similarity of sizes of sulfur and boron atoms. The nitrogen
and carbon atoms, on the other hand, lie much closer to the centers of the cages. The B(8)−X(9)−B(10) angles
increase from 98.7° for X ) S to 122.8° for X ) N. There are also large changes in relative lengths of bonds, with
some bonds lengthening by up to 14.6 pm on introduction of a sulfur atom.

Introduction

Systematic replacement of{BH2}- vertexes in [arachno-
B10H14]2- (Figure 1,1)1 by isoelectrolobal2 units such as
{CH2}, {NH}, and{S} can lead to a variety of ten-vertex
arachnoheteroboranes. These range from monoheteroatomic
species, exemplified by [6-CB9H14]-,3 [6-NB9H13]-,4 and
[6-SB9H12]-,5 to compounds in which the decaborane
framework incorporates more than one electron-rich center.
Such diheteroatomic two-vertex substitution complexes can
be divided into two classes: those in which a single
heteroatom appears twice (e.g., 6,9-C2B8H14,

6 6,9-N2B8H12,7

and 6,9-Se2B8H10;8 6,9-S2B8H10, however, has never been
synthesized) or with mixed heteroatoms (e.g. 6,9-CNB8H13,
2,9 and 6,9-CSB8H12, 3,9 shown in Figures 2 and 3,
respectively). Both mono- and diheteroatomic structures are
in accordance with Gimarc’s topological rule,10 which states
that elements more electronegative than boron (C, N, S)
prefer to occupy the cluster sites with the highest electron
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Figure 1. Molecular structure of [arachno-B10H14]2-, 1, showing boron
numbering.
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density. Natural population analysis (NPA) has shown that
for 1 these sites correspond to boron atoms 6 and 9. (See
Figure 1 for atom numbering.)11 The structures of theC2V-
symmetric dicarba-, diaza-, and diselenaboranes have been
determined by the ab initio/GIAO/NMR method12 and, in
the case of 6,9-C2B8H14, by gas-phase electron diffraction.13

However, no structural studies have been performed for the
mixed diheteroatomic 10-vertexarachno systems in any
phase. To broaden our knowledge of the structural effects
upon substituting the parent1, we have undertaken compu-
tational studies of2 and3. The latter has also been studied
by gas-phase electron diffraction.

Experimental Section

Computational Details.All calculations were performed using
the Gaussian 03 program package14 on a Fujitsu Siemens PC.
Structures for2 and3 were first optimized at the RHF/6-31G* level

of theory with symmetry constraints (Cs). Second-derivative
analysis, carried out at the same level, determined the nature of
the stationary points: both structures displayed one minimum
without imaginary frequencies. Optimization at the RMP2(fc)/6-
31G* level included the effects of electron correlation. The size of
the basis set was then increased sequentially to 6-311++G**. Both
the RMP2/6-311++G** geometry and the RMP2/6-31G* geometry
were used for calculations of chemical shieldings (the latter to
facilitate comparisons with previous structural characterizations).
These were calculated at SCF and MP2 levels with the GIAO
method and employed II′ (TZP, DZ, on H) and II (TZP) Huzinaga
basis sets,15 well-designed for calculation of magnetic properties.
Coordinates for the RMP2(fc)/6-31G* structures of2 and 3 and
the RMP2(fc)/6-311++G** structure for3 are available as Sup-
porting Information (Tables S1-S3). Wiberg bond indices16 were
calculated for1, 2, and3 using the NBO program17 incorporated
into Gaussian03.

Gas Electron Diffraction. A sample of3 was prepared according
to the literature procedure.9 Data were collected on Kodak Electron
Image film using the Edinburgh gas electron diffraction apparatus,18

with an accelerating voltage of ca. 40 kV (ca. 6.0 pm electron
wavelength). Nozzle-to-film distances were calculated using ben-
zene vapor as a standard, immediately after recording the diffraction
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(12) (a) Bühl, M.; Schleyer, P. v. R.J. Am. Chem. Soc.1992, 114, 477.
Examples of the ab initio/IGLO/NMR approach include: (b) AC1
form of B5H11 is favored over theCs structure: Schleyer, P. v. R.;
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Figure 2. Molecular structure ofarachno-6,9-CNB8H13, 2.

Figure 3. Molecular structure ofarachno-6,9-CSB8H13, 3.
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pattern for3. Respective sample and nozzle temperatures of 409
and 441 K were used at the medium nozzle-to-film distance (204.2
mm), and those at the long nozzle-to-film distance (262.0 mm) were
394 and 415 K. The electron-scattering patterns were converted
into digital form using an Epson Expression 1680 Pro flatbed
scanner with a scanning program described previously.19 Data
reduction and least-squares refinements were carried out using the
ed@ed program,20 employing the scattering factors of Ross et al.21

The scale factors,s limits, weighting points, correlation parameters,
and electron wavelengths are provided as Supporting Information
(Table S4).

A molecular model was written for3, converting a set of
refineable, independent parameters into Cartesian atomic coordi-
nates. This model was constructed assumingCs symmetry (as
exhibited by the calculated geometries and11B NMR experimental
data), allowing the structure to be defined in terms of 30
independent parameters (p1-p30, Table 1). The heavy-atom cage
was described using the average of all the B-B, B-C, and B-S
distances (p6) and 11 differences (p7-p17). The remaining two
degrees of freedom were provided by the angle O‚‚‚B(2)-C(6) (p18),
and a fold angle defined as 180° minus B(2)‚‚‚O‚‚‚B(4) (p19). [In
both cases, O denotes the origin, defined as the midpoint of B(1)

and B(3).] The average of all bonded distances to hydrogen was
used in the model (p1). This, in combination with the difference
between the average terminal hydrogen (Ht) and average bridging
hydrogen (Hb) distances (p2), allowed these two distances to be
defined. The difference between the two B-Hb distances (p3) then
allowed both of these to refine. On the basis of the ab initio
calculations, only one B-Ht distance was required. This was derived
using the difference between B-Ht and the average C-H distance
(p4). The difference between C-H(16) and C-H(20) (p5) allowed
these two bond lengths to be found.

The positions of the hydrogen atoms lying in the plane of
symmetry (numbers 12, 14, 16, and 20) were defined using angles
made with the heavy-cage atoms (p20, p21, p22, andp23, respectively).
Similarly, three angles (p24, p26, andp28) and three torsional angles
(p25, p27, and p29) made with the cage were used to define the
respective positions of the terminal hydrogen atoms, H(11), H(15),
and H(19). Finally, the bridging hydrogen atoms were positioned
using the angle B(7)‚‚‚B(5)-H(21) (p30).

GED Refinement. The GED refinement was performed using
the SARACEN method22 incorporating flexible restraints. A Car-
tesian force field was obtained from the RHF/6-31G* calculation
and converted to a force field described by a set of symmetry
coordinates using the program SHRINK.23 From this, the root-mean-
squared amplitudes of vibration (uh1) and perpendicular distance
corrections (kh1) were generated.
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Cowley, A. H.Dalton Trans.2004, 2469.
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T.; McNab, H.; Miller, J.; Morrison, C. A.; Parsons, S.; Rankin, D.
W. H.; Robertson, H. E.; Smart, B. A.J. Phys. Chem.1996, 100,
12280. (c) Mitzel, N. W.; Rankin, D. W. H.Dalton Trans.2003, 3650.
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Table 1. GED (rH1) and Theoretical Molecular Parametersa

independent
parameter description GED MP2/6-311++G** b

p1 rH average 122.3(2) 120.9
p2 rB-Hb average minus B/C-Ht average 15.0(5) 15.3(5)
p3 rB(5)-H(21) minus B(10)-H(21) 4.9(5) 4.9(5)
p4 rB-Ht average minus C-H average 9.9(5) 9.7(5)
p5 rC-H(20) minus C-H(16) 0.4(2) 0.4(2)
p6 rB-B/C/S average 181.7(1) 181.3
p7 rB-B average minus B-C average 9.7(2) 9.4(2)
p8 rB-S average minus B-B average 13.6(3) 13.3(5)
p9 rC-B(5) minus C-B(2) 8.3(4) 8.1(5)
p10 rS-B(4) minus S-B(8) 0.2(5) 0.6(5)
p11 rB-B difference 1c 8.0(1) 7.9(1)
p12 rB-B difference 2d 2.1(2) 1.9(2)
p13 rB-B difference 3e 6.3(3) 6.1(3)
p14 rB(1)-B(4) minus B(1)-B(2) 1.3(2) 1.3(2)
p15 rB(1)-B(10) minus B(2)-B(5) 0.9(2) 0.9(2)
p16 rB(1)-B(5) minus B(1)-B(3) 1.6(2) 1.7(2)
p17 rB(4)-B(10) minus B(5)-B(10) 5.3(5) 5.3(5)
p18 ∠O-B(2)-Cf 116.4(3) 116.1
p19 ∠[180° minus B(2)-O-B(4)]f 35.1(2) 35.4
p20 ∠H(12)-B(2)-C 112.2(5) 112.2(5)
p21 ∠H(14)-B(4)-S 116.1(5) 116.1(5)
p22 ∠H(16)-C-B(2) 111.9(5) 111.8(5)
p23 ∠H(20)-C-B(2) 135.9(5) 136.0(5)
p24 ∠H(11)-B(1)-B(3) 120.5(2) 120.5(2)
p25 φH(11)-B(1)-B(3)-B(2) 109.0(5) 109.1(5)
p26 ∠H(15)-B(5)-B(1) 118.3(2) 118.2(2)
p27 φH(15)-B(5)-B(1)-B(2) 107.3(8) 107.5(10)
p28 ∠H(19)-B(10)-B(1) 120.8(5) 120.8(5)
p29 φH(19)-B(10)-B(1)-B(4) -104.9(9) -104.7(10)
p30 ∠B(7)‚‚‚B(5)-H(21) 103.7(8) 103.5(10)

a Distances are in pm, and angles are in degrees.b Where theoretical values are followed by parentheses, the independent parameter was restrained to this
value in the GED refinement with an uncertainty indicated in brackets.c {[B(1)-B(3)] + 2[B(1)-B(5)] + 2[B(5)-B(10)] + 2[B(4)-B(10)]}/7 - {[B(1)-
B(2)] + [B(1)-B(4)] + [B(2)-B(5)] + [B(1)-B(10)]}/4. d {[B(1)-B(2)] + [B(1)-B(4)]}/2 - {[B(2)-B(5)] + [B(1)-B(10)]}/2. e {[B(1)-B(3)] + 2[B(1)-
B(5)]}/3 - {[B(5)-B(10)] + [B(4)-B(10)]}/2. f O is the model origin, defined as the midpoint of B(1)-B(3).

Hnyk et al.

8444 Inorganic Chemistry, Vol. 45, No. 20, 2006



All 30 independent parameters were refined, 26 of which were
restrained to the values calculated at MP2/6-311++G**. Nine
groups of amplitudes of vibrations were also refined, all of which
were restrained to their RHF/6-31G* values. Eight of these groups
of amplitudes were restrained with uncertainties of 10% of their
values and the remaining group, corresponding to the heavy-atom
bonded distances, with an uncertainty of 5%. A full list of
interatomic distances, amplitudes of vibration and perpendicular
distance corrections are given in Table S5.

The final refinement produced anR factor (RG) of 0.037 (RD )
0.019). A qualitative assessment of the fit can also be obtained by
observing the radial-distribution and molecular-intensity scattering
curves (Figures 4 and S1, respectively), which show good agreement
between the model and experimental data. A set of Cartesian
coordinates relating to the final refined structure is given in Table
S6. The least-squares correlation matrix showing refined parameters
with a correlation greater than or equal to 50% is provided as
Supporting Information (Table S7).

Results and Discussion

The presence of two different heteroatoms in2 and3 is
the principal reason for the change toCs symmetry from the
C2V symmetry exhibited by1. The so-calledarachnocount
is reflected in the molecular shapes:2 and3 display open
six-membered faces in boat conformations, which is in
accordance with the qualitative connectivity considerations
of Williams.24 Further convincing support for structures2
and3 comes from GIAO-SCF calculations (and to a greater
extent from GIAO-MP2 calculations) of11B chemical shifts.
The agreement with experiment is excellent in the case of3
using GIAO-MP2/II, for bothrh1 andre internal coordinates.
The discrepancies between experimental and calculated11B
chemical shifts for B(2) and B(4) in2 are similar to those
observed for twoarachnoclusters derived from1, namely
arachno-6,5,9-NC2B7H12 andarachno-6,5,10-C2NB7H12.25 It
has also been noted that the experimental11B chemical shifts

are solvent dependent. For neutral B10H14, differences in the
range 0.2-2 ppm are typical depending on the solvent.26

The geometries of2 and3 are shown in Figures 2 and 3,
respectively. Calculated parameters and, in the case of3,
GED parameters are compared in Table 3. Despite the fact
that sulfur is a second-row element, the calculated S(9)-
B(8) and S(9)-B(10) bond lengths in3 (193.6 pm at MP2/
6-31G*) are only 4.2 pm longer thanr[B(9)-B(10)] in 1
(189.4 pm). Thus, the size of the 8-9-10 angle has not
changed much with respect to1,11b,25 (98.7° compared to
101.5°). In contrast, the incorporation of carbon and nitrogen
gives substantial deviations of the 5-6-7 and 8-9-10
triangles in2 and the 5-6-7 triangle in3 from that in1, in
effect compressing the carbon and nitrogen atoms toward
the center of the cluster. This flattening of the B(8)-N(9)-
B(10) triangle27 (this BNB angle is 122.8°) is even more
pronounced than that of the corresponding B-C-B triangles
(with BCB angles of 111.4° and 112.9° in 2 and 3,
respectively) and is accompanied by shorter C/N-B bonds
than in1 (see Table 3).

Closer inspection of the bond lengths to the heteroatoms
reveals a second interesting feature of these heteroboranes.
In 1, the longest bond is B(5)-B(6) (189.4 pm) and its three
symmetrical equivalents. In contrast, the adjacent bond,
B(2)-B(6) is one of the shortest (174.9 pm), so that the
difference between these two bond lengths is 14.5 pm (all
MP2/6-31G* values). Replacement of B(6) with carbon
results in a substantial reduction of the difference between
these bonds to 8.1 and 8.7 pm in2 and3, respectively. This
effect is more pronounced when the heteroatom is nitrogen
or sulfur, for which the respective values of [B(8)-X(9)
minus B(4)-X(9)] are -3.4 and 0.1 pm in2 and 3,
respectively. Perhaps even more surprising, however, is the
lengthening of the B(4)-B(8) and B(4)-B(10) bonds relative
to those in [B10H14]2-. Substitution increases these bond
lengths by 11.5 pm in2 and 14.6 pm in3. However, the
analogous increases in the B(2)-B(5) and B(2)-B(7) bond
lengths of 2.7 pm in2 and 1.8 pm in3 are comparatively
small.

(24) Williams, R. E.AdV. Inorg. Chem. Radiochem.1976, 18, 95.
(25) Jelı´nek, T.; Štı́br, B.; Kennedy, J. D.; Hnyk, D.; Bu¨hl, M.; Hofmann,

M. J. Chem. Soc., Dalton Trans.2003, 1326.
(26) Gaines, D. F.; Nelson, C. K.; Kunz, J. C.; Morris, J. H.; Reed, D.

Inorg. Chem.1984, 23, 3252.

Figure 4. Experimental and difference (experimental minus theoretical)
radial-distribution curves,P(r)/r, for 3. Before Fourier inversion the data
were multiplied bys exp[(-0.00002s2)/(ZS - fS)(ZC - fC)].

Table 2. Calculated and Experimental NMR Chemical Shifts for
arachno-6,9-CSB8H12, 2, andarachno-6,9-CNB8H13, 3a

B(1,3) B(2) B(4) B(5,7) B(8,10)

arachno-6,9-CNB8H13, 2
GIAO-HF/II//MP2b -38.0 14.0 2.7 -23.3 -12.1
GIAO-HF/II//MP2c -37.6 14.3 3.0 -22.8 -11.7
GIAO-MP2/II//MP2b -39.3 8.3 -2.6 -28.0 -15.3
GIAO-MP2/II//MP2c -38.9 8.6 -2.2 -27.5 -14.9
experimentald -41.6 5.4 1.5 -28.3 -15.7

arachno-6,9-CSB8H12, 3
GIAO-HF/II//MP2b -33.7 15.7 11.2 -19.1 -9.0
GIAO-HF/II//MP2c -33.5 15.6 11.5 -18.5 -8.7
GIAO-HF/II//GED -33.5 16.1 12.3 -18.0 -8.3
GIAO-MP2/II//MP2b -34.4 10.9 6.2 -22.7 -11.9
GIAO-MP2/II//MP2c -34.1 10.8 6.5 -22.0 -11.5
GIAO-MP2/II//GED -34.0 11.4 7.4 -21.5 -11.2
experimentald -34.1 10.7 6.1 -21.6 -12.6

a Relative to BF3‚OEt2; for calculations, B2H6 was used as a primary
reference.b Using the RMP2/6-31G* optimized geometry.c Using the
RMP2/6-311++G** optimized geometry.d Reference 9.

Arachno-Heteroboranes with Decaborane Frameworks

Inorganic Chemistry, Vol. 45, No. 20, 2006 8445



Inspection of the Wiberg bond indices16 computed by the
NBO program17 (part of the Gaussian software) provides
some insight into these effects, selected results of which are
displayed in Table 4. The first thing to be noted is that,
despite B(5)-B(6) being much longer than the other bonds
in the parent compound,1, the bond indices are remarkably
similar. The origin of this difference is presumably the
smaller number of neighboring atoms. As can be expected,
substitution of BH2

- units significantly disrupts the bond
indices in the vicinity of the substitution. With the exception
of those to sulfur, all increases in bond index are ac-
companied by a reduction in bond length. The decrease in
the bond length differences [B(5)-X(6) minus B(2)-X(6)]
and [B(8)-X(9) minus B(4)-X(9)] on substitution appear
to be the result of an increase in the electron density shared
in the B(5)-X(6) and B(10)-X(9) bonds rather than a
decrease in B(2)-X(6) and B(4)-X(9) bond strengths. The
accompanying decrease in B(2)-B(5) and B(4)-B(10) bond

indices (and corresponding increases in bond lengths) sug-
gests that these bonds are the primary source of electron
density for the strengthening of the B(5)-X(6) and B(4)-
X(9) bonds in the open face.

In summary, all of the deformations occurring within2
and 3 with respect to1 are well described by the RMP2-
(fc)/6-31G* parameters, which may be deemed to be good
representations of the molecular geometries of2 and3, as
revealed by good fits between the computed and experimental
11B chemical shifts. The GED structure of3 lies 4 kJ mol-1

above the computed RMP2(fc)/6-311++G** structure as
calculated at the same level. These energetic and magnetic
criteria thus support the high quality of the experimentally
determined geometry of3.
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Table 3. Selected Geometrical Parameters for [B10H14]2-, 1, arachno-6,9-CNB8H13, 2 andarachno-6,9-CSB8H12, 3a

1
MP2/6-31G*

2
MP2/6-31G*

3
MP2/6-31G* MP2/6-311++G** GED

B(1)-B(2) 177.2 174.3 174.4 175.5 175.7(2)
B(1)-B(3) 180.6 180.3 179.3 180.3 180.7(2)
B(1)-B(4) 177.2 175.6 175.7 176.7 177.0(2)
B(1)-B(5) 177.1 181.3 180.8 182.0 182.3(2)
B(1)-B(10) 177.1 179.2 177.5 178.5 178.8(2)
B(2)-B(5) 174.6 177.3 176.4 177.6 178.0(2)
B(2)-C(6) 174.9 165.6 165.0 166.0 165.9(4)
B(4)-X(9) 174.9 157.8 193.5 194.4 194.8(4)
B(4)-B(10) 174.6 186.1 189.2 190.2 190.7(3)
B(5)-C(6) 189.4 173.7 173.7 174.0 174.2(2)
B(5)-B(10) 186.6 183.7 183.9 184.9 185.4(3)
X(9)-B(10) 189.4 154.4 193.6 193.8 194.6(3)
B(5)-C(6)-B(7) 101.5 111.4 112.9 113.4 113.2(3)
B(8)-X(9)-B(10) 101.5 122.8 98.7 99.2 98.9(2)
C(6)-B(5)-B(10) 114.6 110.3 111.3 111.1 111.7(4)
X(9)-B(10)-B(5) 114.6 115.3 117.8 117.3 117.7(2)
X(6)-B(5)‚‚‚B(7)-B(8) 131.1 132.8 129.9 129.6 130.7(6)
X(9)-B(10)‚‚‚B(8)-B(7) 131.1 144.6 136.9 136.2 136.8(3)

a Distances are in pm and angles, and torsions are in degrees.

Table 4. Selected Wiberg Bond Indices Computed from the MP2/
6-31G* Electron Density and Corresponding Bond Lengths for1, 2,
and3a

[B10H14]2-

X ) B, Y ) B
CNB8H13

X ) C, Y ) N
CSB8H12

X ) C, Y ) S

index length index length index length

B(2)-B(5) 0.53 174.6 0.38 177.3 0.39 176.4
B(2)-X(6) 0.54 174.9 0.57 165.6 0.58 165.0
B(5)-X(6) 0.54 189.4 0.61 173.7 0.61 173.7
B(4)-B(10) 0.53 174.6 0.28 186.1 0.36 189.2
B(4)-Y(9) 0.54 174.9 0.56 157.8 0.65 193.5
B(10)-Y(9) 0.54 189.4 0.68 154.4 0.79 193.6

a Bond lengths are in pm.
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