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The cage-alkylated metallacarborane complex [4,4,4-(NMe2)3-3-Me-4,1,2-closo-TaC2B9H10] 8, is obtained as the only
product from the reaction of Ta(NMe2)5 with nido-11-Me-2,7-C2B9H12 4, which is prone to skeletal rearrangement
under basic conditions. That no rearrangement occurs indicates that the hydroamminolysis reaction is a clean
synthetic method. The isomeric metallacarboranes [3,3,3-(NMe2)3-4-Me-3,1,2-closo-TaC2B9H10] 9 and [2,2,2-
(NMe2)3-3-Me-2,1,7-closo-TaC2B9H10] 10 are produced from the reaction of Ta(NMe2)5 with [Me3NH][nido-9-Me-
7,8-C2B9H11] 5 and [Me3NH][nido-8-Me-7,9-C2B9H11] 6 respectively. Identities of the metallacarboranes 8, 9 and 10
are deduced by detailed multinuclear (11B, 13C and 1H) NMR spectroscopy. These geometries are supported by boron
NMR shift predictions based on observed shifts of the known non-methylated analogues [3,3,3-(NMe2)3-closo-3,1,2-
TaC2B9H10] 1 and [3,3,3-(NMe2)3-closo-3,1,2-TaC2B9H10] 2 and calculated shifts (GIAO-B3LYP/6-311G*//MP2/6-
31G*) of the B-methyl carboranes, closo-3-Me-1,2-C2B10H11 11, 4-Me-1,2-C2B10H11 12 and 2-Me-1,7-C2B10H11 13.
The molecular structure of 8 has been determined by X-ray diffraction.

Introduction
The coordination chemistry of the well known carborane
ligand C2B9H11 with middle and late transition metals has been
established by a number of research groups,1 typically by the
reaction of alkali metal salts of nido-7,8-C2B9H11

2� with metal
halides, leading to elimination of alkali metal halide. More
recently the coordination chemistry of C2B9H11 with early trans-
ition metals 2–4 has been explored, including their application
to catalysis.5 The amine-elimination reaction 6 of metal amides
M–NR2 with acidic ligand precursors has found use as a novel
method for coordinating ligands,7 and providing routes to
thermodynamic product ratios.8 Early transition metal metalla-
carborane complexes with M–NMe2 groups have been prepared
by the reaction of neutral carboranes or their mono-anionic
ammonium salts with metal amides.9 Metal amides have also
found use in the synthesis of metal complexes of silaboranes,10

and provide means to metallate ligands which are not stable as
their alkali-metal salts.11

Recently we have reported the synthesis of a series of metal-
lacarboranes (C2B9H11)M(NMe2)3 (M = Nb, Ta), from reac-
tions of M(NMe2)5 with 11-vertex nido-carboranes, together
with studies of their chemistry.12–14 For example, [3,3,3-
(NMe2)3-3,1,2-closo-TaC2B9H11] 1, [2,2,2-(NMe2)3-2,1,7-closo-
TaC2B9H11] 2 and [2,2,2-(NMe2)3-2,1,12-closo-TaC2B9H11] 3
(Fig. 1) were formed from the hydroamminolysis of Ta(NMe2)5

with 7,8-C2B9H13, [NMe3H
�][7,9-C2B9H12

�] and 2,9-C2B9H13

respectively.12,13

We were attracted to the neutral B-methylated carborane 11-
Me-2,7-C2B9H12 4,15–18 prepared from the reaction of nido-7,8-
C2B9H11

2� with MeI followed by acidification. The carborane
can lead to three isomeric B-methylated nido carborane anions
MeC2B9H11

� on deprotonation.15,16 As shown in Scheme 1, the
double deprotonation of 4 with two equivalents of a strong

† Electronic supplementary information (ESI) available: rotatable 3-D
molecular structure diagram of 8 in CHIME format. See http://
www.rsc.org/suppdata/dt/b1/b103353k/

base, such as NaH, and subsequent mono-protonation results
in the formation of 9-Me-7,8-C2B9H11

� 5. The cage in 4 can be
rearranged to 8-Me-7,9-C2B9H11

� 6 on mono-deprotonation by
bases such as amines at temperatures above 20 �C. These nido-
carborane anions 5 and 6 are formed from 4 via 11-Me-2,7-
C2B9H11

� 7 which has been isolated at low temperatures in
the mono-protonation of 4. These isomerisation reactions are
driven by electronic factors, including the preference for a
methyl group to be terminal rather than bridging in the initial
methylation, and for hydrogen atoms to bridge B–B rather than
B–C bonds on the open face in the subsequent protonation steps.

Fig. 1 The known isomers of (NMe2)3TaC2B9H11 1–3 (exo-hydrogens
omitted for clarity).
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Scheme 1 The three isomeric nido-anions 5–7 obtained from 11-Me-2,7-nido-C2B9H12 4.

The reaction of the neutral B-methyl carborane 4 with trans-
ition metal amides has been explored to determine if it is
possible to metallate 4 without skeletal rearrangement. The
metallation of carborane precursors containing certain bulky
substituents is well known to result in isomerisation during
metathesis, or to give complexes which are subsequently prone
to isomerisation, as a result of steric factors.19–24 Here we report
the reaction of Ta(NMe2)5 with carboranes 4, 5 and 6, and the
characterisation of the metallacarborane products.

Results and discussion
Treating 11-Me-2,7-nido-C2B9H12 4 with Ta(NMe2)5 as a
toluene solution at room temperature for 2 days affords only
one product in high yield, identified as [4,4,4-(NMe2)3-3-Me-
4,1,2-closo-TaC2B9H10] 8, Scheme 2. The reaction was repeated
in benzene-d6 in an NMR tube and found to be clean and quan-
titative. Since one aim of this work is to demonstrate that metal-
lation occurs without skeletal rearrangement, we took great
care to identify the metallacarborane 8 by detailed multi-
nuclear NMR spectroscopy and X-ray crystallography which
are discussed in detail later. Complex 8 is the first 4,1,2-MC2B9

type metallacarborane to be directly formed from a nido carbo-
rane with a 2,7-C2B9 cage and not produced by skeletal
rearrangement on metallation of 11-vertex nido-carboranes.21

Having demonstrated that 4 can be metallated without struc-
tural rearrangement, we investigated the reactions of the anions
5 and 6 with Ta(NMe2)5 with the aim of characterising the
likely rearrangement products. We have previously observed
that the reactions of neutral carborane precursors with metal
amides proceed readily at room temperature, whilst the
ammonium salts of carborane anions require elevated reaction
temperatures, as in the case of [NHMe3][7,9-nido-C2B9H12].

13

Heating a toluene solution of [NHMe3][9-Me-7,8-nido-C2B9-
H11] 5 and Ta(NMe2)5 in a sealed ampoule at 120 �C for 18
hours results in the formation of [3,3,3-(NMe2)3-4-Me-3,1,2-
closo-TaC2B9H10] 9 identified by detailed NMR spectroscopy.
This reaction is clean, and does not result in the production of
side-products. Crystals of 9, which were apparently suitable for
X-ray diffraction studies, were obtained from toluene–pentane
mixtures, but are systematically twinned, and a satisfactory
structure solution has not been obtained.

Heating a solution of [NHMe3][8-Me-7,9-nido-C2B9H11] 6
and Ta(NMe2)5 in toluene to 120 �C in a sealed ampoule for 18

hours produces a successful reaction. The reaction is however
not clean, and a number of unidentified borane products are
obtained in addition to [2,2,2-(NMe2)3-3-Me-2,1,7-closo-
TaC2B9H10] 10. The metallacarborane 10 can be isolated pure,
albeit in low yield, by crystallisation and was characterised by
multinuclear NMR spectroscopy.

Scheme 2 The synthesis of the isomeric tantalum carboranes 8–10
described in this work.
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We are not aware of mechanistic studies of the hydro-
amminolysis or amine–elimination reaction of M(NR2)x with
acidic ligands (A–H = alcohols, primary or secondary amines,
cyclopentadienes, carboranes), but it seems likely that the reac-
tion involves a σ-bond metathesis type four-centred transition
state, which may be assisted by prior coordination of A–H. Of
relevance, the mechanism of metal–imido (M = R) ligand
exchange with primary amines (R�NH2) has been studied,25

and we have previously noted that metal amides react faster
with a secondary amine, able to pre-coordinate, than with a
thermodynamically more acidic cyclopentadiene.26 The double
deprotonation and coordination reaction of 4 and other neutral
di-basic carboranes with Ta(NMe2)5 may be concerted or
involve two separate deprotonation steps. If it is the latter, the
presumed non-isolable intermediate [(NMe2)4TaC2B9H11Me]
must rapidly eject HNMe2 to form the closo-metallacarborane
and the skeletal rearrangement may be prevented by the
Ta(NMe2)4 moiety in the intermediate. Furthermore, the elim-
inated HNMe2 does not deprotonate, and hence rearrange, 4
under the reaction conditions. The reaction of Ta(NMe2)5 with
trialkyl ammonium salts of carborane anions 5 and 6, is pre-
sumed to proceed by deprotonation of the trialkyl ammonium
cation followed by the slow reaction of Ta(NMe2)4L (L =
HNMe2 or R3N) with the carborane mono-anion.

In a reaction analogous to those reported by Wesemann for
metallasilaboranes,27 the tris(amide) metallacarboranes 8, 9
and 10 react slowly with CD2Cl2 to replace the NMe2 units
stepwise by Cl units. The same reaction is observed for the
previously reported metallacarboranes 1, 2 and 3; these reac-
tions and the characterisation of the resulting mixed amide
chloride substituted metallacarboranes will be reported on
separately.

NMR spectroscopy

Proton NMR data for 8, 9 and 10 reveal a single resonance
(δ 3.55–3.53) for the Ta–NMe2 units in each compound, all six
amide methyl groups being equivalent on the NMR timescale.
These observations must indicate fluxional processes in solu-
tion, as widely observed for other early transition metal amide
species such as 1, 2 and 3.12,13 The single peak corresponding to
the methyl group attached to boron in the region δ 0.45–0.31 in
compounds 8, 9 and 10 sharpens on broad-band boron
decoupling.

The 1H, 11B and 13C NMR spectra of 8 are entirely consistent
with a closo-metallacarborane of formula (NMe2)3TaC2B9-
H10Me with no plane of symmetry. Two dimensional 11B–11B-
{1H} COSY NMR spectroscopy is a very useful tool for
assignments of boron peaks in compounds such as the car-
boranes and metallacarboranes discussed here.4,13,28 In the 2D
11B–11B{1H} COSY spectrum of 8 the peak corresponding to
the methylated boron has two cross-peaks implying that this
boron is linked to only two neighbouring boron atoms. The
only isomer consistent with this NMR observation is [4,4,4-
(NMe2)3-3-Me-4,1,2-closo-TaC2B9H10]. Further support for
this configuration is the presence of a sharp peak and a broad
peak corresponding to the cage carbons in the 13C{1H} NMR
spectrum. Similar peak shapes are observed in the 13C{1H}
NMR spectrum of [2,2,2-(NMe2)3-2,1,12-closo-TaC2B9H10] 3
where one cage carbon is next to the metal atom whereas the
other cage carbon is not.13 Only broad resonances correspond-
ing to cage carbons are observed in [3,3,3-(NMe2)3-3,1,2-closo-
TaC2B9H10] 1 and [2,2,2-(NMe2)3-2,1,7-closo-TaC2B9H10] 2
where the cage carbons are next to the tantalum atom.

Proton, boron and carbon NMR data for 9 are also in
agreement with a closo-(Me2N)3TaC2B9H10Me isomer without a
plane of symmetry. In the 2D 11B–11B{1H} COSY spectrum for
9, the peak corresponding to the methylated boron has three
cross-peaks indicating that this atom has three neighbouring
boron atoms. The two peaks assigned to the cage carbons in the

13C spectrum of 9 are broad like those found for 1 and 2 where
the cage carbons are linked to the metal atom. These observ-
ations are consistent with the formulation of 9 as [3,3,3-
(Me2N)3-4-Me-3,1,2-closo-TaC2B9H10].

For 10, the 11B, 1H and 13C NMR data are consistent with a
closo-metallacarborane of formula (Me2N)3TaC2B9H10Me with
a mirror plane of symmetry. The broad peak assigned to the
cage carbons in the 13C NMR spectrum shows that the cage
carbons are next to the metal atom. Based on this observation
only two isomers [3,3,3-(Me2N)3-8-Me-3,1,2-TaC2B9H10] and
[2,2,2-(Me2N)3-3-Me-2,1,7-TaC2B9H10] are possible for 10.
Comparison of the proton and carbon NMR data for 10 with
that for the non-alkylated metallacarborane 2 shows similar-
ities, so that compound 10 is assigned as [2,2,2-(Me2N)3-3-Me-
2,1,7-closo-TaC2B9H10].

Missing cross-peaks are however not unusual in 2D 11B–
11B{1H} COSY spectra so to support the spectroscopic identi-
fication of the three isomeric metallacarboranes 8, 9 and 10,
boron chemical shift predictions for these compounds were
carried out.

Whilst reliable results are obtained from ab initio calculations
of the structures and 11B NMR chemical shifts of boranes and
carboranes, it is not possible to perform reliable calculations on
metallacarboranes. Our approach therefore is to calculate at the
highest possible level of theory for the parent closo-carboranes
3-Me-1,2-C2B10H11 11,29 4-Me-1,2-C2B10H11 12 30 and 3-Me-1,7-
C2B10H11 13 31 which are analogues of 8, 9 and 10 respectively
on replacing the {(NMe2)3Ta} vertex with a {BH} vertex, Fig. 2.
We then investigate the chemical shift differences caused by
methylating one boron atom, or by replacing a {BH} vertex
with {(NMe2)3Ta}. Experimentally assigned boron chemical
shifts are not known for 11, 12 and 13. The carborane 3-Me-
1,7-C2B10H11 should be correctly numbered as 2-Me-1,7-C2-
B10H11 but the former numbering is used here to correspond
with the numbering in 10.

Optimised geometry determinations for the B-methyl-closo-
carboranes 11, 12 and 13 were carried out at the MP2/6-31G*
level of theory and boron chemical shifts were computed from
these geometries at the GIAO-B3LYP/6-311G* level. The good
accuracy of boron chemical shifts at these levels of theory for
carboranes has already been demonstrated elsewhere,32 and is
demonstrated here by comparison of experimental and calcu-
lated shifts listed in Table 1 for the well known ortho-carborane,
1,2-C2B10H12, and meta-carborane 1,7-C2B10H12 which reveals
the largest shift difference to be only 1.6 ppm.

As listed in Table 1, on replacing an exo-hydrogen of a boron
atom with a methyl group, e.g. from 1,2-C2B10H12 to 11 or 12
(entries A and B) and from 1,7-C2B10H12 to 13 (entry C), only
the shifts of the methylated and the antipodal boron atoms are
significantly influenced. Similar effects are noted in the assigned
experimental chemical shifts for 9-Et-1,7-C2B9H11.

33 By adding
the shift differences caused by the methyl group to the assigned
boron shifts of the known complexes 1 and 2, the boron shifts
generated differ from observed shifts of 9 and 10 by 3.0 to �1.3

Fig. 2 The B-methyl-closo-carboranes 11–13 related to
metallacarboranes 8–10 by replacing the Ta(NMe2)3 vertex by a BH
vertex.
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Table 1 Experimental (in bold), ab initio calculated and empirically predicted 11B NMR chemical shifts (δ) for compounds discussed in this study

 Vertex

 3 4 5 6 7 8 9 10 11 12

1,2-C2B10H12 experimental �15.1 �14.0 �14.0 �15.1 �14.0 �9.6 �2.9 �9.6 �14.0 �2.9
1,2-C2B10H12 ab initio �16.7 �14.7 �14.7 �16.7 �14.7 �9.3 �2.0 �9.3 �14.7 �2.0
Difference 1.6 0.7 0.7 1.6 0.7 �0.3 �0.9 �0.3 0.7 �0.9
 
3-Me-1,2-C2B10H11 11 ab initio �6.8 �12.7 �15.1 �15.1 �12.7 �9.3 �1.7 �13.1 �15.2 �1.7
A = difference between 11 and ab initio 1,2-C2B10H12 9.9 2.0 �0.4 1.6 2.0 0.0 0.3 �3.8 �0.5 0.3
 
4-Me-1,2-C2B10H11 12 ab initio �15.9 �4.5 �14.1 �16.4 �14.3 �8.5 �0.3 �9.2 �18.4 �2.6
B = difference between 12 and ab initio 1,2-C2B10H12 0.8 10.2 0.6 0.3 0.4 0.8 1.7 0.1 �3.7 �0.6
 
[4,4,4-(NMe2)3-3-Me-4,1,2-TaC2B9H10] 8 �0.5  �6.8 �12.6 �11.0 1.0 7.6 �12.1 �19.9 �1.5
Replace (NMe2)3Ta for BH at vertex 4 in 11 �5.9  �4.1 �15.4 �13.3 1.5 9.7 �8.2 �22.9 �1.6
Difference between predicted and observed for 8 5.4  �2.7 2.8 2.3 �0.5 �2.1 �3.9 3.5 0.1
 
[3,3,3-(NMe2)3-3,1,2-TaC2B9H11] 1  �5.7 �13.8 �13.8 �5.7 1.8 �3.4 �16.2 �13.8 �3.4
[3,3,3-(NMe2)3-4-Me-3,1,2-TaC2B9H10] 9  3.2 �10.2 �13.1 �6.2 2.4 �1.2 �16.6 �16.6 �2.3
Predicted for 9 (1 � B)  4.5 �13.2 �13.5 �5.3 2.6 �1.7 �16.1 �17.5 �4.0
Difference between predicted and observed for 9  �1.3 3.0 0.4 �0.9 �0.2 0.5 �0.5 0.9 1.7
 
1,7-C2B10H12 experimental �17.1 �17.1 �13.6 �7.0 �13.6 �13.6 �10.9 �10.9 �13.6 �7.0
1,7-C2B10H12 ab initio �18.6 �18.6 �14.3 �7.3 �14.3 �14.3 �10.5 �10.5 �14.3 �7.3
Difference 1.5 1.5 0.7 0.3 0.7 0.7 �0.4 �0.4 0.7 0.3
 
3-Me-1,7-C2B9H11 13 �17.4 �9.4 �13.1 �7.1 �13.8 �13.1 �9.9 �14.1 �13.8 �7.1
C = difference between 13 and ab initio 1,7-C2B10H12 1.2 9.2 1.2 0.2 0.5 1.2 0.6 �3.6 0.5 0.2
 
[2,2,2-(NMe2)3-2,1,7-TaC2B9H11] 2  �11.8 �13.1 �5.9 �5.2 �13.1 �16.9 �11.1 �5.2 �5.9
 
[2,2,2-(NMe2)3-3-Me-2,1,7-TaC2B9H10] 10  �6.0 �11.6 �6.6 �6.6 �11.6 �19.2 �15.5 �6.6 �6.6
Predicted for 10 (2 � C)  �2.6 �11.9 �5.7 �4.7 �11.9 �16.3 �14.7 �4.7 �5.7
Difference between predicted and observed for 10  �3.4 0.3 �1.7 �1.9 0.3 �2.9 �0.8 �1.9 �0.9

ppm and �3.4 to 0.3 ppm, respectively. These results confirm
the identities of 9 and 10.

What about predicted boron chemical shifts for 8? Since the
complex 4,4,4-(NMe2)3-4,1,2-closo-TaC2B9H11 is not known
experimentally, we cannot apply the chemical shift differences
caused by B-methylation. In our previous report on the syn-
thesis of the 2,1,7 and 2,1,12 isomers of {[(NMe2)3Ta]-
C2B9H11},13 and comparison of their NMR data with that of
the 3,1,2 isomer,12 we noted that replacing a BH vertex in the
appropriate isomer of C2B10H12 by a Ta(NMe2)3 vertex results
in a consistent change in the 11B shielding of remaining boron
vertices which are neighbouring (NE), butterfly (BE) or anti-
podal (AE) with respect to the Ta(NMe2)3 vertex. Thus using
the typical values of NE = 10 ppm, BE = 1 and AE = �5, the
boron shifts generated from 3-Me-1,2-C2B10H11 by replacing a
{BH} unit at vertex 4 with a {Ta(NMe2)3} unit differ from
observed boron shifts for 8 by 5.4 to �3.9 ppm. The larger error
range in the chemical shifts for 8 calculated by this empirical
method is not surprising in view of the crude prediction method
used. Nevertheless this result supports the identity of 8 as
[4,4,4-(NMe2)3-3-Me-4,1,2-closo-TaC2B9H10].

X-Ray crystallography

To further confirm the identity of [4,4,4-(NMe2)3-3-Me-4,1,2-
closo-TaC2B9H10] 8, its structure was determined by X-ray dif-
fraction. The molecular structure appears in Fig. 3 and selected
bond lengths and angles are given in Table 2. The structure
consists of a 12 vertex closo-metallacarborane, and confirms
the assignment of a 3-Me-4,1,2-closo-TaC2B9H10 structure
made from the spectroscopic data. Details of how the carbon
and boron atoms were distinguished are given in the experi-
mental section. The Ta–Cb (= CB4 centroid) distance of 1.982
Å is comparable with those observed in other Ta(carbo-
rane)(NMe2)3 complexes,13 and the Ta–C and Ta–B distances
are essentially equal, with no folding of the CB4 face. The

Ta(NMe2)3 fragment adopts a propeller-like configuration,
although the blades are not inclined at the same angle, the
dihedral angles between the Cb–Ta–N and C–N–C planes are
21.5� for N(3), 22.8� for N(1) and 71.8� for N(2). The more
horizontal amide ligand, that containing N(2), displays the

Fig. 3 The molecular structure of [4,4,4-(NMe2)3-3-Me-4,1,2-closo-
TaC2B9H10] 8, showing 40% displacement ellipsoids, with hydrogen
atoms as arbitrary sized spheres.
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shortest Ta–N distance, 1.988(4) Å, suggesting that this is the
strongest π-donor of the three amides, a feature previously
observed in 1 and 3.12,13 The MeC2B9H10 ligand, by analogy
with C2B9H11, will offer one σ- and two π-donor orbitals to
tantalum, with the π-orbitals non-degenerate, resulting in an
orientational preference for the carborane ligand, and account-
ing for the two vertical one horizontal arrangement of the
amide ligands. The Ta–NMe2 groups are planar with the sum of
angles at nitrogen being 360� in each case within experimental
error.

It is instructive to compare the geometry of the CB4 face of 8
with those of the non-metallated precursor 11-Me-2,7-C2B9H12,
4,15 and two late transition-metal products of sterically induced
rearrangement, 1,2-Ph2-4,4-(dppe)-4,1,2-closo-NiC2B9H9,

21 and
(η5-2,7-Me2-2,7-C2B9H9)Pd(cod).24 The relevant data are illus-
trated in Fig. 4 and demonstrate that the tantalum atom in 8 is
centred over the CB4 face which is almost a regular pentagon.
By contrast the nickel and palladium complexes display a sig-
nificant slip away from the carbon atom and a lengthening of
the two non-contiguous boron–boron edges; such ring slips in
18-electron late transition metallacarboranes are well doc-
umented.34 The C–C bond length is longest in the diphenyl
substituted metallacarborane. The most notable features of 4
are two B–H–B bridges on the open face, and a long unbridged
B–B edge.

In conclusion, we have demonstrated that Ta(NMe2)5 reacts
with a carborane, 4, which is prone to undergo skeletal
rearrangement under basic conditions. The reaction proceeds in

Fig. 4 Bond lengths in structurally characterised carboranes and
metallacarboranes.

Table 2 Selected bond lengths (Å) and angles (�) for 8 a

Ta(4)–N(2) 1.967(4) Ta(4)–Cb 1.982
Ta(4)–N(3) 1.988(4) C(1)–C(2) 1.625(6)
Ta(4)–N(1) 2.000(5) C(3)–B(3) 1.600(7)
Ta(4)–C(1) 2.475(4) C(1)–B(5) 1.673(6)
Ta(4)–B(5) 2.475(5) C(1)–B(3) 1.712(7)
Ta(4)–B(3) 2.479(6) B(3)–B(8) 1.798(7)
Ta(4)–B(9) 2.488(5) B(5)–B(9) 1.792(7)
Ta(4)–B(8) 2.491(5) B(8)–B(9) 1.804(7)
 
N(2)–Ta(4)–N(3) 96.63(16) N(3)–Ta(4)–N(1) 105.35(16)
N(2)–Ta(4)–N(1) 95.46(18)
a Cb = centroid of the CB4 face of the ligand.

high yield without such rearrangement, and the structure of the
product has been determined by spectroscopic and diffraction
methods. The higher temperature reaction of Ta(NMe2)5 with 5
and 6, the trialkylammonium salts of the carborane anions
obtained by skeletal rearrangement of 4, also gives rise to the
respective metallacarboranes, characterised by spectroscopic
methods. The structures of the metallacarboranes are in accord
with their predicted 11B NMR chemical shifts.

Experimental
All manipulations of air- and moisture-sensitive compounds
were performed on a conventional vacuum/nitrogen line using
standard Schlenk and cannula techniques or in a nitrogen
filled glove box. Toluene and pentane were dried by prolonged
reflux over the appropriate drying agent, prior to distillation
and deoxygenation by freeze–pump–thaw processes where
appropriate. CD2Cl2 was vacuum-distilled from CaH2 and
stored under a dry nitrogen atmosphere. Elemental analysis was
performed by the micro-analytical service within this depart-
ment. NMR spectra were recorded on the following instru-
ments: Varian Unity-300 (1H, 11B, 13C), Bruker AM250 (1H,
13C) and Varian 500 (1H, 11B NMR). 2D 11B–11B COSY spectra
were recorded on the 500 whereas 1H{11B} and 1H{11B-
selective} spectra were recorded on the Unity, and used to fully
assign the 1H spectra. All chemical shifts are reported in
δ (ppm) and coupling constants in Hz. 1H NMR spectra were
referenced to residual protio impurity in the solvent (CDHCl2,
δ 5.32). 13C NMR spectra were referenced to the solvent reson-
ance (CD2Cl2 δ 53.5). 11B NMR were referenced externally to
Et2O�BF3, δ = 0.0 ppm and are given as chemical shift (multi-
plicity in proton coupled spectrum, 1J(1H–11B), assignment).
Peaks corresponding to the B–Me group are not observed in
13C{1H} NMR spectra here, usually they can only be seen with
neat or highly concentrated NMR samples, with very long
acquisition times, with broad-band boron decoupling or at low
temperatures.

Microanalyses were consistently low in carbon, even for crys-
talline samples used for X-ray diffraction studies, presumably
due to the formation of incombustible TaN, TaC and BN. The
reported values are the best of four independent determin-
ations. The preparation of Ta(NMe2)5 followed a literature pro-
cedure.35 Preparations (which are modifications of literature
methods 16,17) of 4, 5 and 6 will be described elsewhere.

Syntheses

[4,4,4-(NMe2)3-3-Me-4,1,2-closo-TaC2B9H10] 8. A toluene
solution (5 ml) of freshly prepared 4 (0.30 g, 2 mmol) was added
dropwise to a toluene solution (10 ml) of Ta(NMe2)5 (0.80 g,
2 mmol) and left to stir at room temperature for 2 days. The
bright yellow solution was then layered with pentane (ca. 50 ml)
whereupon interdiffusion of the two solvents afforded bright
yellow crystals. 0.48 g, 52%. Calc. for C9H31B9N3Ta: C, 23.5; H,
6.8; N, 9.1. Found: C, 20.6; H, 6.9; N, 8.3%. NMR data: 11B,
δ 7.6 (d, 124, B9), 1.0 (d, 126, B8), �0.5 (s, B3), �1.5 (d, 141,
B12), �6.8 (d, 132, B5), �11.0 (d, 155, B7), �12.1 (d, B10),
�12.6 (d, B6), �19.9 (d, 156, B11); 13C δ 59.5 (C2), 56.7 (C1),
49.5 (NMe2); 

1H δ 3.62 (NMe2), 3.53 (C2-H), 3.00 (B11-H), 2.84
(C1-H), 2.63 (B12-H), 2.63 (B6-H), 2.16 (B7-H), 2.12 (B10-H),
1.93 (B8-H), 1.93 (B9-H), 1.52 (B5-H), 0.44 (B-Me); 11B–
11B{1H} COSY, observed cross peaks B9–B8 (s), B9–B12 (m),
B9–B5 (s), B9–B10 (m), B8–B3 (m), B8–B12 (w), B8–B7 (m),
B3–B7 (w), B12–B7 (m), B12–B10 (m), B12–B11 (m), B5–B10/6
(m), B7–B11 (w), B10/6–B11 (m).

[3,3,3-(NMe2)3-4-Me-3,1,2-closo-TaC2B9H10] 9. A toluene
solution (5 ml) of freshly prepared 5 (0.10 g, 0.47 mmol) was
added dropwise to a stirred toluene solution (10 ml) of
Ta(NMe2)5 (0.22 g, 0.55 mmol). The ampoule was then placed
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in an oil-bath and the temperature slowly raised to 120 �C and
heating continued for 18 h. The volatiles were removed in vacuo
and the residues washed with pentane (2 × 25 ml) to afford a
crude bright yellow solid. Crystallisation from a toluene–
pentane solution afforded a bright yellow crystalline solid 0.064
g, 30%. Calc. for C9H31B9N3Ta: C, 23.5; H, 6.8; N, 9.1. Found:
C, 20.4; H, 6.8; N, 7.9%. NMR data: 11B δ 3.2 (s, B4), 2.4 (d,
129, B8), �1.2 (d, 141, B9), �2.3 (d, 169, B12), �6.2 (d, 133,
B7), �10.2 (d, 161, B5), �13.1 (d, 160, B6), �16.6 (d, B10 and
B11); 13C δ 53.2 (partially obscured by CD2Cl2, cage C), 51.4
(cage C), 49.3 (NMe2); 

1H δ 3.55 (NMe2), 2.89 (B10-H), 2.88
(C2-H), 2.64 (C1-H), 2.31 (B12-H), 2.26 (B9-H), 2.23
(B6-H), 2.04 (B5-H), 1.96 (B11-H), 1.64 (B8-H), 1.55 (B7-H),
0.31 (B4-Me); 11B–11B{1H} COSY, observed cross peaks B4–B8
(w), B4–B9 (w), B4–B5 (w), B8–B9 (w), B8–B12 (w), B8–B7 (s),
B9–B12 (w), B9–B5 (m), B9–B10 (m), B12–B7 (m), B12–B10/11
(m), B5–B10 (m), B5–B6 (w), B6–B10/11 (w).

[2,2,2-(NMe2)3-3-Me-2,1,7-closo-TaC2B9H10] 10. A toluene
solution (5 ml) of freshly prepared 6 (0.10 g, 0.47 mmol) was
added dropwise to a stirred toluene solution (10 ml) of
Ta(NMe2)5 (0.22 g, 0.55 mmol). The ampoule was then placed
in an oil-bath and the temperature slowly raised to 120 �C for 18
h. The volatiles were removed in vacuo and the residues washed
with pentane (2 × 20 ml) to afford a crude bright yellow solid.
Crystallisation from a toluene–pentane solution gave a bright
yellow crystalline solid 0.032 g, 15%. NMR data 11B δ �6.0 (s,
B3), �6.6 (d, B5, B6, B11 and B12), �11.6 (d, 155, B4 and B8),
�15.5 (d, 138, B10), �19.2 (d, 155, B8); 13C δ 59.1 (C1 and
C7), 49.1 (NMe2); 

1H δ 3.55 (NMe2), 2.74 (B9-H), 2.38 (B5-H
and B12-H), 2.19 (C1-H, B4-H, C7-H and B8-H), 1.58 (B6-H
and B11-H), 0.45 (B3-Me).

Computational section

All ab initio computations here were carried out with the
Gaussian 94 package.36 The geometries of 1,2-C2B10H12, 1,7-
C2B10H12 and the B-methyl carboranes MeC2B10H11 11, 12
and 13 were optimised at the HF/6-31G* level with no sym-
metry constraints. No imaginary frequencies were found from
frequency calculations on these optimised geometries at the
HF/6-31G* level. The HF-optimised geometries were then
determined at the computationally intensive MP2/6-31G*
level. NMR shifts at the GIAO-B3LYP/6-311G* level were then
calculated for the MP2-optimised geometries. Theoretical
11B chemical shifts at the GIAO-B3LYP/6-311G*//MP2/6-
31G* level listed in Table 1 have been referenced to B2H6

(δ 16.6 38) and converted to the usual BF3�OEt2 scale; δ(11B) =
102.83 � σ(11B).

X-Ray crystallography

The single-crystal diffraction study of 8 was carried out with
a SMART 1K CCD area detector, using graphite-mono-
chromated Mo-Kα radiation (λ̄ = 0.71073 Å). The reflection
intensities were corrected for by a semi-empirical method based
on multiple scans of identical reflections and Laue equivalents
using SHELXTL software.38 The structure was solved by direct
methods and refined by full-matrix least squares against F 2 of
all data, using SHELXTL programs. Crystal data and experi-
mental details are listed in Table 3. The cage carbon atoms were
identified as follows: (a) these atoms form the shortest bonds to
the other atoms of the cage; (b) if all atoms of the cage are
refined as boron, these atoms display unreasonably small
anisotropic displacement factors (ADPs); (c) of a variety of
least-squares refinements with the C atoms in different pos-
itions, the present assignments give the smallest dispersion of
the equivalent isotropic U of the cage atoms.

CCDC reference number 163356.
See http://www.rsc.org/suppdata/dt/b1/b103353k/ for crystal-

lographic data in CIF or other electronic format.
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