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Polyhedral expansion, a method developed by Hawthorne,[1]

has proved to be very efficient for the synthesis of increasingly
larger metallacarboranes.[2] This method has also been
successfully applied to the synthesis of supercarboranes.[3]

For example, by using carbon-atoms-adjacent (CAd) carbor-
ane anions as starting materials,[4] 13- and 14-vertex carbor-
anes were prepared recently.[5, 6] As theoretical calculations
suggested that [B14H14]

2� and [B15H15]
2� have similar stabil-

ity,[7] one may wonder whether such a cage-opening followed
by boron or metal insertion would allow the preparation of
15-vertex clusters. This spurred us to prepare 15-vertex
carboranes and metallacarboranes. Unfortunately, the reac-
tions of Na2-nido-[(CH2)3C2B12H12] with different borane
reagents RBX2 under various reaction conditions did not
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give any 15-vertex carborane, and rather afforded 14-vertex
(CH2)3C2B12H12 and a mixture of inseparable boron-contain-
ing species of high polarity. However, a metal fragment did
insert into the 14-vertex nido-carborane cage to generate a 15-
vertex metallacarborane. On the other hand, redox reactions
were observed between nido-[MR2C2B11H11]

2� and R’BX2 or
MX2. These results are reported herein.

The starting material 2,3-(CH2)3-2,3-C2B12H12 (2) was
prepared from [{(CH2)3C2B11H11}{Na2(thf)4}]n (1) by the
method developed by us.[6] Single-crystal X-ray analysis[8]

revealed that 2 is an isomer of 2,13-(CH2)3-2,13-C2B12H12
[6]

(Figure 1). Treatment of 2 with an excess of finely cut sodium

metal in THF at room temperature gave, after recrystalliza-
tion, 14-vertex nido-carborane salt [{(CH2)3C2B12H12}{Na2-
(thf)4}]n (3) that was isolated in 80% yield (Scheme 1). Its
1H NMR spectrum supported a molar ratio of four THF
molecules per cage. The 11B{1H} NMR spectrum displayed a
1:2:2:3:2:1:1 pattern in the range 0.2 to�50.6 ppm, which was
also observed in the reaction of 2 with an excess of lithium
metal in THF. This result indicated that Group 1 metals can
only reduce closo-(CH2)3C2B12H12 to nido-
[(CH2)3C2B12H12]

2�, which suggests that nido-

[(CH2)3C2B12H12]
2� is a stronger reducing reagent than nido-

[(CH2)3C2B10H10]
2�, as the latter can be reduced to arachno-

[(CH2)3C2B10H10]
4� by lithium metal.[4e] This high reducing

power of 3 may prevent its capitation with HBBr2·SMe2.
The molecular structure of 3 was confirmed by single-

crystal X-ray diffraction (Figure 2).[8] It is a coordination
polymer in which [Na(thf)2]

+ ions connect nido-carborane

cages to form infinite one-dimensional zigzag chains. The 14-
vertex nido-carborane dianion has an open bent pentagonal
face with displacement of B9 by 0.55 ? out of the C1-C2-B5-
B6 plane. This value is smaller than that of 0.68 ? in 1.[4e]

There are two seven-coordinate boron atoms (B7 and B8) in
this cage. The average bond lengths between them and their
neighboring vertices are 1.878(3) ? for B7 and 1.891(3) ? for
B8, which are comparable to that of 1.902(3) ? in 2,13-
(CH2)3-2,13-C2B12H12.

[6] Unlike 2,13-(CH2)3-2,13-C2B12H12,
the two hexagonal planes in 3 are not parallel; rather, they
share the B4�B10 bond as common edge.[6]

Reaction of 3 with 0.5 equivalents of [{(p-cymene)-
RuCl2}2] in THF afforded 15-vertex ruthenacarborane 1,4-
(CH2)3-7-(p-cymene)-7,1,4-RuC2B12H12 (4) in 62% yield after
column chromatographic separation (Scheme 1). To our
knowledge compound 4 is one of the largest metallacarbor-
anes known.[9,14] It is noteworthy that the reaction of 3 with
HBBr2·SMe2, [NiCl2(dppe)] (dppe= 1,2-bis(diphenylphos-
phanyl)ethane), or [RuCl2(PPh3)3] under various reaction
conditions gave either the 14-vertex carborane 2,13-(CH2)3-
2,13-C2B12H12 or a mixture of inseparable products, and this
indicates that the {(p-cymene)Ru} fragment is crucial for the
formation of the 15-vertex species. Complex 4 is quite stable
in air and soluble in polar organic solvents such as CH2Cl2,
CHCl3, and THF. It was fully characterized by 1H, 13C, and
11B NMR spectroscopy, as well as high-resolution mass
spectrometry. Its 11B{1H} NMR spectrum displayed a
1:2:1:2:1:1:1:1:1:1 pattern in the range 14.8 to �31.1 ppm,
indicative of a species of low symmetry.

An X-ray analysis revealed that 4 adopts a closo structure
with 26 triangular faces and has approximate D3h symmetry
with a C3 axis passing through the centers of the C1-B2-B3

Figure 1. Molecular structure of 2. Selected bond lengths [D]: C2�C3
1.608(4), B1�C2 1.907(5), B1�C3 1.917(4), B1�B4 1.881(5), B1�B5
1.864(5), B1�B6 1.866(5), B1�B7 1.886(5).

Scheme 1. Synthetic routes to 14- and 15-vertex ruthenacarboranes.

Figure 2. Left: a portion of the infinite polymeric chains in 3. Right:
structure of the anion in 3. Selected bond lengths [D]: C1�C2 1.404(3),
C1�B6 1.696(2), C2�B5 1.605(3), B5�B9 1.684(3), B6�B9 1.840(3).
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and B13-B14-B15 planes if the tethering group is omitted and
the differences among the Ru, B, and C atoms are ignored.[8]

This geometry is very similar to that predicted for [B15H15]
2�

by theoretical calculations.[10] In this sandwich-type molecule
(Figure 3), the arene ring is parallel to the hexagonal bonding
face (C4-B2-B5-B10-B12-B15) of the carborane ligand with

an Ru�Ar(cent) distance of 1.78 ? and Ru�CB5(cent)
distance of 1.41 ?, which are comparable to the correspond-
ing values of 1.73 and 1.46 ? in 14-vertex (p-cyme-
ne)2Ru2C2B10H12.

[9e] The average Ru–cage atom distance of
2.247(3) ? and average Ru�C(Ar) distance of 2.272(3) ? are
very close to those of 2.249(3) and 2.225(3) ? in (p-
cymene)2Ru2C2B10H12.

[9e] Examination of the structures of 3
and 4 shows that significant cage rearrangement occurred
during the reaction. High-temperature 11B NMR experiments
suggested that 4 is a thermodynamically stable product.

After the successful preparation of 4, we wondered if it
could be synthesized by the capitation reaction of Na2-nido-
[(p-cymene)Ru{(CH2)3C2B12H12}] with HBBr2·SMe2. The new
14-vertex metallacarborane 2,3-(CH2)3-1-(p-cymene)-1,2,3-
RuC2B11H11 (5a) was readily isolated in 72% yield from the
reaction of 13-vertex nido-carborane salt [{(CH2)3C2B11H11}-
{Na2(thf)4}]n (1) with 0.5 equivalents of [{(p-cymene)RuCl2}2]
in THF. Complex 5a was treated with an excess of sodium
metal in THF to produce a new species with an 11B{1H} NMR
spectroscopic signature (d=�11.50 (1B), �14.88 (2B), and
�32.81 ppm (8B)) distinct from those of 1 and 5a, which was
presumed to be Na2-5a. This salt reacted with 2 equivalents of
HBBr2·SMe2 in toluene to give 5a and 2,13-(CH2)3-1-(p-
cymene)-1,2,13-RuC2B11H11 (5b) in 80 and 5% yield of
isolated product, respectively, after column chromatographic
separation (Scheme 1). This reaction was monitored by
11B NMR spectroscopy, and no 4 was detected. In
view of the successful preparation of 13- and 14-vertex
bimetallic metallacarboranes (C5H5)2Fe2C3B8H11,

[11]

(C5H5)2Co2C2B10H12,
[9d] and (p-cymene)2Ru2C2B10H12,

[9e] the
reaction of Na2-5a with 0.5 equivalents of [{(p-cymene)-
RuCl2}2] in THF was then examined. Again, a redox reaction
lead to 5a and 5b in a ratio similar to that mentioned above
after column chromatographic separation. These results

indicate that the reducing power of the 14-vertex nido-
metallacarborane is much higher than those of 12- and 13-
vertex nido-metallacarboranes.

Complexes 5a and 5b are air- and moisture-stable and
soluble in polar organic solvents such as CH2Cl2, CHCl3, and
THF. They were fully characterized by various spectroscopic
techniques. The 11B{1H} NMR spectrum of 5a displayed a
3:3:3:2 pattern in the range d=�3.8 to �18.8 ppm, whereas
that of 5b showed a 1:1:2:1:1:1:1:2:1 pattern in the range 1.9
to �27.3 ppm, which indicates that 5a has higher symmetry.
The 1H and 13C NMR spectra also exhibited consistent
symmetry patterns. Variable-temperature 11B NMR experi-
ments in nBu2O (20–140 8C) showed that both 5a and 5b are
thermally stable and 5a can not be transformed into 5b under
these conditions. Hence, 5b must be formed in a redox
reaction.

Single-crystal X-ray analyses revealed that 5a and 5b are
isomers with a bicapped hexagonal antiprism geometry,[8]

similar to that of 14-vertex carboranes.[6] The Ru atom
occupies one of the apical vertices and the two cage carbon
atoms are located in the 2,3- and 2,13-positions, respectively,
as shown in Figures 4 and 5. The Ru�C2B4(cent) distance of
1.46 ? in 5a and Ru�CB5(cent) distance of 1.40 ? in 5b are
close to that of 1.41 ? in 4 and 1.46 ? in (p-cyme-
ne)2Ru2C2B10H12.

[9e] Examination of the structures of 1[6] and

Figure 3. Molecular structure of 4. Selected bond lengths [D]: C1�C4
1.641(4), Ru7�C4 2.234(3), Ru7�B2 2.190(3), Ru7�B5 2.263(3), Ru7�
B10 2.269(3), Ru7�B12 2.262(3), Ru7�B15 2.265(3).

Figure 4. Molecular structure of 5a. Selected bond lengths [D]: C2�C3
1.644(12), Ru1�C2 2.268(8), Ru1�C3 2.251(9), Ru1�B4 2.258(11),
Ru1�B5 2.288(10), Ru1�B6 2.280(9), Ru1�B7 2.252(8).

Figure 5. Molecular structure of 5b. Selected bond lengths [D]: C2�C13
1.631(5), Ru1�C2 2.192(3), Ru1�B3 2.231(4), Ru1�B4 2.275(4), Ru1�
B5 2.290(4), Ru1�B6 2.276(4), Ru1�B7 2.199(4).
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5a,b indicates that significant cage rearrangement took place
in the reaction of 1 with [{(p-cymene)RuCl2}2] . A similar
phenomenon was also observed in the formation of 4.

In conclusion, we have prepared several new 14- and 15-
vertex ruthenacarboranes. These supermetallacarboranes are
air-, moisture-, and heat-stable. They are best described as
18e� metal species in which the 13- and 14-vertex nido-
carboranes act as 6e� p ligands. This work clearly indicates
that the reducing power of nido-carborane dianions increases
with increasing cluster size and the nido-metallacarborane
dianion is a very strong reductant, which limits success in the
preparation of supercarboranes. Prevention of redox reac-
tions is the key to obtaining successively larger clusters.[14]

Experimental Section
3 : Finely cut sodium metal (100 mg, 4.35 mmol) was added to a
solution of 2 (208 mg, 1.00 mmol) in THF (10 mL), and the mixture
was stirred at room temperature for one week to give a clear yellow
solution. After removal of excess sodium metal, the resulting yellow
solution was concentrated to about 5 mL, and 4 mL of toluene was
added. Complex 3was obtained as colorless crystals after this solution
was kept at room temperature for one week (434 mg, 80%). 1H NMR
(300 MHz, [D5]pyridine): d= 3.65 (m, 16H), 1.60 (m, 16H; THF),
2.95 (m, 2H; CH2CH2CH2), 2.55 ppm (m, 4H; CH2CH2CH2);

13C{1H}
NMR (100 MHz, [D5]pyridine): d= 67.84, 25.47 (THF), 37.81
(CH2CH2CH2), 31.70 ppm (CH2CH2CH2), signals for the cage
carbon atoms were not observed; 11B{1H} NMR (128 MHz, THF):
d= 0.21 (1), �4.62 (2), �15.91 (2), �32.39 (3), �36.01 (2), �44.32 (1),
�50.56 ppm (1); IR (KBr): ñ= 2455 cm�1 (vs; BH); C,H analysis (%)
calcd for C19H46B12Na2O3.5 (3�0.5THF): C 45.08, H 9.16; found: C
44.74, H 9.02.

4 : A solution of 3 (542 mg, 1.00 mmol) in THF (10 mL) was
slowly added to a suspension of [{(p-cymene)RuCl2}2] (306 mg,
0.50 mmol) in THF (10 mL) at �78 8C, and the mixture was then
stirred at room temperature for 12 h to give a deep brown solution.
Removal of the precipitate and solvents gave a brown sticky solid.
Chromatographic separation (SiO2, 300–400 mesh, n-hexane/CH2Cl2
(1:4) as eluent) afforded 4 as a pale orange solid (275 mg, 62%).
Single crystals suitable for X-ray analysis were grown from a THF
solution. 1H NMR (300 MHz, CDCl3): d= 5.89 (d, J= 6.6 Hz, 1H),
5.81 (d, J= 6.6 Hz, 1H), 5.51 (d, J= 6.3 Hz, 1H), 5.35 (d, J= 6.3 Hz,
1H; CH3C6H4CH(CH3)2), 3.27 (m, 1H; CH2), 3.05 (m, 1H; CH), 2.72
(m, 1H; CH2), 2.31 (s, 3H; CH3C6H4CH(CH3)2), 2.09 (m, 4H; CH2),
1.30 (d, J= 6.6 Hz, 3H), 1.26 ppm (d, J= 6.6 Hz, 3H; CH3C6H4CH-
(CH3)2);

13C{1H} NMR (100 MHz, CDCl3): d= 122.9, 112.9, 100.0,
97.13, 96.01, 92.79 (CH3C6H4CH(CH3)2), 46.99, 36.53, 29.93, 28.14,
23.13, 22.13, 17.89 ppm, signals for the cage carbon atoms were not
observed; 11B{1H} NMR (128 MHz, CDCl3): d= 14.83 (1), 2.46 (2),
�0.45 (1), �6.17 (2), �9.87 (1), �12.99 (1), �17.78 (1), �19.81 (1),
�26.83 (1), �31.12 ppm (1); IR (KBr): ñ= 2506 (vs), 2450 cm�1 (s;
BH); HRMS calcd for [C15H32B12Ru]+: m/z 444.2731; found:
444.2735.

5a : A solution of 1 (531 mg, 1.00 mmol) in THF (10 mL) was
slowly added to a suspension of [{(p-cymene)RuCl2}2] (306 mg,
0.50 mmol) in THF (10 mL) at �78 8C, and the mixture was then
stirred at room temperature for 12 h to give a deep brown solution.
Removal of the precipitate and solvents gave a brown sticky solid.
Chromatographic separation (SiO2, 300–400 mesh, n-hexane/CH2Cl2
(1:4) as eluent) afforded 5a as a yellow solid (310 mg, 72%). Single
crystals of 5a·THF suitable for X-ray analysis were grown from a
THF solution. 1H NMR (300 MHz, CDCl3): d= 5.51 (d, J= 6.6 Hz,
2H), 5.41 (d, J= 6.6 Hz, 2H; CH3C6H4CH(CH3)2), 3.76 (m, 4H), 1.85
(m, 4H; THF), 3.13 (m, 2H; CH2), 2.95 (m, 1H; CH3C6H4CH(CH3)2),
2.47 (m, 4H; CH2), 2.29 (s, 3H; CH3C6H4CH(CH3)2), 1.31 ppm (d, J=

6.9 Hz, 6H; CH3C6H4CH(CH3)2);
13C{1H} NMR (100 MHz, CDCl3):

d= 117.4, 108.1, 94.87, 92.03 (CH3C6H4CH(CH3)2), 67.96, 25.59
(THF), 42.38, 27.86 (CH2), 30.20 (CH), 29.93, 22.43 ppm (CH3),
signals for the cage carbon atoms were not observed; 11B{1H} NMR
(128 MHz, CDCl3): d=�3.84 (3),�12.17 (3),�15.22 (3),�18.82 ppm
(2); IR (KBr): ñ= 2512 cm�1 (vs; BH); HRMS calcd for
[C15H31B11Ru]+: m/z 432.2560; found: 432.2550.

5b : Finely cut sodium metal (69 mg, 3.00 mmol) was added to a
solution of 5a (432 mg, 1.00 mmol) and naphthalene (13 mg,
0.10 mmol) in THF (10 mL), and the mixture was stirred at room
temperature for two days to give a deep green solution. After removal
of excess sodium metal, [{(p-cymene)RuCl2}2] (367 mg, 0.60 mmol)
was added to the solution at �30 8C in one portion, and the mixture
was stirred at room temperature for 6 h. Chromatographic separation
(SiO2, 300–400 mesh, n-hexane/CH2Cl2 (1:2) as eluent) afforded 5a
(346 mg, 80%) and 5b (22 mg, 5%), both as yellow solids. Single
crystals of 5b suitable for X-ray analysis were grown from a THF
solution. 1H NMR (300 MHz, CDCl3): d= 5.51 (m, 4H; CH3C6H4CH-
(CH3)2), 2.69 (m, 6H; CH2), 2.28 (m, 4H; CH3C6H4CH(CH3)2),
1.11 ppm (s, 6H; CH3C6H4CH(CH3)2);

13C{1H} NMR (100 MHz,
CDCl3): d= 118.7, 108.8, 95.16, 94.26, 91.88, 91.61 (CH3C6H4CH-
(CH3)2), 42.82, 41.40, 30.24, 29.69, 22.99, 22.35, 18.37 ppm, signals for
the cage carbon atoms were not observed; 11B{1H} NMR (128 MHz,
CDCl3): d= 1.89 (1), �1.67 (1), �6.62 (2), �9.23 (1), �11.01 (1),
�20.39 (1), �23.62 (1), �24.81 (2), �27.28 ppm (1); IR (KBr): ñ=
2517 cm�1 (vs; BH); HRMS calcd for [C15H31B11Ru]+: m/z 432.2560;
found: 432.2550.
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