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The amine elimination reaction of W(NtBu)2(NHtBu)2 with the di-basic carborane acid nido-7,8-C2B9H13 generates
the tungsten() carborane complex, [W(NtBu)(NHtBu)2(C2B9H11)] 1, in which a C2B9H11 ligand has replaced one
imido ligand. One of the remaining amido ligands can be substituted by acidic functions, thus 2,6-dimethylphenol
yields [W(NtBu)(NHtBu)(2,6-Me2C6H3O)(C2B9H11)] 2, and water gives the µ-oxo complex {[W(NtBu)(NHtBu)-
(C2B9H11)]2(µ-O)} 3 as a mixture of racemic and meso diastereomers. Complexes 1 and 2 have been characterised
by single crystal X-ray diffraction, revealing that replacing an amido ligand in 1 by a weaker π-donor phenoxide
in 2 results in shorter metal–amido and metal–dicarbollide distances. Substitution of one amido ligand in 1 by a
chloro ligand is achieved using Me3SiCl giving [W(NtBu)(NHtBu)Cl(C2B9H11)] 4. Insertion of acetonitrile into
the tungsten amido bond, followed by proton transfer gives {W(NtBu)2[N(H)C(Me)NHtBu](C2B9H11)} 5, the
N-tert-butyl acetamidine adduct of the unknown M(1σ2π)3 complex [W(NtBu)2(C2B9H11)]. A structural study
by X-ray diffraction reveals that compound 5 contains one short linear (W–N 1.750(3) Å; W–N–C 173.8(3)�) and
one longer bent (1.795(3) Å, 151.4(3)�) imido ligand, with a hydrogen bond between the amidine and bent imido
ligand, demonstrating for the first time that a sp2 hybridised bent imido ligand can act as a hydrogen bond acceptor.

Introduction
The coordination chemistry of the dicarbollide ligand
(C2B9H11) with middle and late transition metals has been estab-
lished by a number of research groups,1,2 and recently this
ligand has been applied to lanthanide 3 and early transition
metal chemistry in pursuit of metallocene analogues.4 The η5-
C2B9H11 and imido (NR) ligands are 4-electron LX2 ligands 5

and both ligands share an electronic relationship with cyclo-
pentadienyl, so that the fragment [W(NR)(C2B9H11)] is
isoelectronic with [Hf(η-C5H5)2]. The metallacarborane chem-
istry of group 6 has been dominated for some time by the
work of Stone and co-workers,6 but few complexes containing
W() or Mo() have been reported.7 Do and co-workers
synthesised both {[MoO2(η

5-C2B9H11)]2(µ-O)}2� and [MoO3-
(η1-C2B9H11)]

2� from the oxidation of the dithiolate complex
[NMe4]2[Mo(CO)2(SPh)2(C2B9H11)].

8 The complex [W(NAr)-
(Me)(Cl)(C2B9H11)] (Ar = 2,6-dimethylphenyl) has been pre-
pared from the reaction of [C2B9H13] with the tungsten alkyl
complex [W(NAr)Me3Cl] and the evolution of two equivalents
of methane.9

We have recently reported the preparation of [M(NMe2)3-
(C2B9H11)] (M = Nb, Ta) by the reaction of [M(NMe2)5] with
C2B9H13.

10 The amminolysis reaction of metal amido ligands
with acids is well-known,11–13 and a reaction between a M–NR2

ligand and a Brønsted acid is thermodynamically feasible if the
acid is more acidic than the eliminated HNR2, pKa = 35–40,
although reactions are kinetically favoured if the “acid” is able
to coordinate prior to proton transfer. Amido ligands insert
into polar multiple bonds, and acetonitrile reacts with early

† Electronic supplementary information (ESI) available: rotatable 3-D
crystal structure diagrams of 1, 2 and 5 in CHIME format. See http://
www.rsc.org/suppdata/dt/b1/b100572n/

transition metal M–NR2 to form N,N-dialkylamidinate ligands,
M–NC(Me)NR2.

14,15 The group 6 homoleptic amido complexes
M(NR2)6 are difficult to prepare,16 and the readily synthesised 17

[W(NtBu)2(NHtBu)2] is an alternative W() starting
material.18–20 The reactions of this imido amido complex with
weak Brønsted acids,21 basic metal alkyls (LiMe,22 AlMe3

23),
and insertion chemistry with isocyanates have been investi-
gated.24 Whilst [W(NtBu)2(NHtBu)2] is believed monomeric, the
isopropyl analogue, [W(µ-NPri)(NPri)(NHPri)2]2, is dimeric in
the solid state.25

Organoimido complexes 26,27 have come under considerable
scrutiny in recent years, in part due to their presumed involve-
ment in industrial processes such as propylene ammoxid-
ation,28 nitrile reduction,29 hydrodenitrogenation catalysis,30

and application to carbodiimido metathesis 31 and imine
metathesis.32 Although traditionally considered to be inert
spectator ligands capable of stabilising high oxidation state
metals,33 highly reactive LnM��NR species have been generated
that can engage in cycloaddition chemistry,34 function as [NR]
transfer reagents 35 and C–H activate alkanes.36

Two alternatives have been identified for the coordination of
a terminal imido ligand;37 the vast majority of structurally
characterised complexes contain linear 4-electron LX2 ligand
with M–N–C angles between 180 and 160�, but there are a
number of well-characterised bent 2-electron X2 imido ligands
with M–N–C angles less than 150� 38–42 and some examples con-
taining bent ligands as part of chelate rings.43 Angles between
150 and 160� are frequently considered as distorted linear, since
calculations reveal that there is a soft potential energy surface
for bending the M–N–C unit.44

Here we report the synthesis and reaction chemistry of a
tungsten() metallacarborane complex prepared by the reac-
tion of [W(NtBu)2(NHtBu)2] with nido-7,8-C2B9H13, demon-
strating that the C2B9H11 ligand is compatible with high
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Scheme 1 The preparation and reactions of [W(NtBu)(NHtBu)2(C2B9H11)] 1. Reagents: (i) C2B9H13; (ii) 2,6-dimethylphenol; (iii) wet CH2Cl2;
(iv) Me3SiCl; (v) acetonitrile.

oxidation state tungsten. We also report the observation of a
bent imido ligand acting as a hydrogen bond acceptor.

Results and discussion
The reaction of [W(NtBu)2(NHtBu)2] with nido-7,8-C2B9H13

results in the evolution of one equivalent of tBuNH2 and
formation of the monomeric imido carborane complex
[W(NtBu)(NHtBu)2(C2B9H11)] 1. This compound is highly
air- and moisture-sensitive, and on contact with either changes
colour from a golden yellow to blue.

The difference between the 13C NMR chemical shifts of α
and β carbon atoms (∆δ) of d0 transition metal tert-butylimido
complexes can be used as a experimental probe of the electron
density on the nitrogen atom.45 The value observed in 1
(∆δ = 41.5 ppm), is typical of a mono(tert-butylimido)-
tungsten() complex. In solution, the 1H and 13C NMR spectra
show two different tBu groups in a 2 : 1 intensity ratio
(amido : imido). This, along with the presence of five resonances
in the 11B{1H} NMR spectrum in a 2 : 2 : 3 : 1 : 1 ratio, suggests
a Cs symmetric solution state structure for 1.

Complex 1 can be converted into other mono-dicarbollide
W() complexes by ligand substitution protonolysis reactions.
Thus 1 reacts with one equivalent of 2,6-dimethylphenol to
form [W(NtBu)(NHtBu)(OC6H3Me2)(C2B9H11)] 2 (Scheme 1).
This complex has C1 symmetry and both the 1H and 13C NMR
spectra of 2 indicate the presence of an unsymmetrical
carborane cage with two CH resonances in a 1 : 1 intensity ratio
at δH 3.19 and 2.81, respectively. The 1H NMR spectrum shows
only one resonance for the methyl groups on the phenoxide
ligand, as well as a simple pattern in the aromatic region,
indicating free rotation of the phenoxide ligand around the
O–C bond. In the 13C NMR spectrum the tert-butyl imido
group reveals a ∆δ value of 46 ppm.

The reaction of 1 with an excess of HOAr (Ar = 2,6-
dimethylphenyl) results in the exclusive formation of 2, imply-
ing that the replacement of one of the amido ligands in 1 by an
alkoxo ligand in 2 reduces the susceptibility of the complex to
further electrophilic attack.

During an attempt to isolate crystals of 1, the hydrolysis
product, [{W(NtBu)(NHtBu)(C2B9H11)}2(µ-O)] 3, was
obtained. The hydrolysis reaction was repeated quantitatively
using a saturated solution of water in degassed dichloro-
methane. Complex 3 possesses two chiral tungsten atoms,
resulting in C2-symmetric rac- and Ci-symmetric meso-
diastereomers, drawn as rac-3 and meso-3 in Scheme 1; the rac

diastereomer comprises the RR and SS enantiomers, which
cannot be distinguished spectroscopically. For each diastereo-
mer, there is expected to be one set of NMR resonances for
NHCMe3, one set of NCMe3 resonances, plus two C–H and
nine B–H resonances for each diastereomer, providing that
these broad resonances can be resolved; in each diastereomer
the C2B9H11 ligands are equivalent and have local Cs symmetry.
The 1H and 13C NMR spectra do indeed show four independent
CMe3 resonances in an approximately 0.9 : 1 : 1 : 0.9 intensity
ratio, indicating the presence of both diastereomers in an
approximately 9 : 10 ratio. The 1H NMR spectrum shows two
N–H resonances at δH 8.07 and 8.10, respectively. The 13C
NMR spectrum shows a single broad resonance for the
α-carbon atoms in the imido group, giving ∆δ ~ 41. Poor reso-
lution and extensive overlap of resonances results in the
11B{1H} and 1H{11B} NMR spectra showing only six and nine
broad resonances in a 1 : 1 : 1 : 3 : 2 : 1 and 2 : 2 : 2 : 2 : 2 :
2 : 2 : 2 : 2 intensity ratio, respectively.

The mono-chloro complex [W(NtBu)(NHtBu)Cl(C2B9H11)] 4
is formed as the exclusive tungsten-containing product in the
reaction between 1 and an excess of Me3SiCl. Even when the
reaction is carried out in neat Me3SiCl, only one amido ligand
is substituted, a consequence of replacing one of the amido
ligands in 1 by a weaker π-donor resulting in a stronger, less
reactive, bond to the remaining amido ligand.

The 1H and 13C NMR spectra of 4 show an unsymmetrical
molecule with two CMe3 groups in a 1 : 1 intensity ratio and
two carborane CH resonances, also in a 1 : 1 intensity ratio. The
1H{11B} NMR spectrum shows the presence of eight {BH}
resonances in 1 : 1 : 2 : 1 : 1 : 1 : 1 : 1 intensity ratio, however
the 11B{1H} NMR spectrum shows coincidental overlapping
of the boron peaks, with six broad resonances observed in a
2 : 1 : 2 : 2 : 1 : 1 intensity ratio.

Stirring 1 in acetonitrile results in an insertion reaction and
quantitative conversion to the amidine complex,46 {W(NtBu)2-
[N(H)C(Me)NHtBu](C2B9H11)} 5. The 1H and 13C NMR
spectra of 5 show three different tert-butyl environments in
a 1 : 1 : 1 ratio and two carborane CH peaks. The 1H{11B}
and 11B NMR spectra are consistent with an unsymmetrical
carborane cage, with nine resonances in both spectra. The
bonding and geometry of this compound are discussed in more
detail below, but the solution spectroscopic data are clearly
consistent with a C1 symmetric structure. The hypothetical
complex {W(NtBu)2(C2B9H11)} would represent an example of
an apparently 18-electron M(1σ2π)3 complex, and as such
would have insufficient metal orbitals of appropriate symmetry
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to accommodate π-donation from all three 1σ2π ligands.26,47–49

All known examples of 18-electron M(1σ2π)3 complexes readily
coordinate a neutral 47,48,50,51 or anionic 52 donor ligand, to give
formally 20-electron d0 complexes.

Structural characterisation

The structures of (imido)2MX2 compounds (M = Cr, Mo and
W) are related to those of the valence isoelectronic bent
metallocene Cp2MX2 (M = Ti, Zr, Hf) complexes.53,54 The
relationship between the metallacarborane fragment, closo-
3,1,2-[MC2B9H11], and the cyclopentadienyl fragment, M(η-
C5H5) has been discussed in detail elsewhere.1 Complexes of
formula (imido)(C2B9H11)MX2 can also be expected to adopt
pseudo-metallocene structures, noting that in the dicarbollide
ligand the two π-donor orbitals are non-degenerate, resulting in
an orientational preference, often described as a strong trans
influence of the dicarbollide ligand, as observed in indenyl,55,56

pyrollyl,57 carbonyl 58 and amido 10 complexes.
The molecular structure of [W(NtBu)(NHtBu)2(C2B9H11)] 1,

is shown in Fig. 1 and selected bond lengths are given in Table
1. The asymmetric unit also contains one molecule of toluene
with the methyl group disordered over two adjacent sites on the
ring. The imido ligand is close to linear, indicating that
the nitrogen is sp-hybridised and the M–N bond (1.721(3) Å)
closely approaches a triple bond. Together with the solution
state ∆δ value, this suggests that the imido ligand is the domin-
ant π-donor ligand. The amido ligands in 1 are both planar
(sum of angles around N(2) is 358.6�, and N(3) is 359.9�), and
are orientated such that their alkyl groups are pointing away
from the dicarbollide ligand, the W–N distances are in the
range of other W–N amido complexes (1.87–2.03 Å).59

In d0 Cp2M(ER2)2 complexes (E = N, P), E→M π-donation is
maximised when the plane of the ER2 ligand lies perpendicular
to the E–M–E plane with a dihedral angle between the two
planes of 90�, and π-donation is zero when the two planes are
parallel with a dihedral angle of 0�.60 Experimentally, a wide
range of dihedral angles (≠90�) is observed in d0 Cp2M(NR2)2

complexes,61 suggesting that steric rather than electronic factors
may play a role in these complexes. Complexes with a dominant
π-donor ligand adopt structures with one short (double) M–E
bond to a planar, sp2-hybridized ER2 group, and one long
(single) M-E bond to a pyramidal, sp3-hybridised ER2 group.62

Fig. 1 The molecular structure of 1 (50% displacement ellipsoids)
with hydrogen atoms drawn as arbitrary sized spheres.

In Cr(NC6H3Pri
2-2,6)2(NHtBu)Cl the dihedral between the

amido ligand plane and the N–Cr–Cl plane (87.9�) is reported
to be consistent with the two imido ligands dominating the
π-bonding,63 but also implies maximum amido to metal
π-donation. In common with the metallocene complexes,
the dihedral angles between the N–W–N plane and the
amido H–N–C planes in 1 are 60.7� for N(3) and 24.8� for
N(2).

As noted earlier, most previously known structurally charac-
terised closo-(3,1,2-WC2B9H11) complexes contain 18 electron
tungsten centres in low oxidation states with π-acceptor ligands,
and show W–Cb (where Cb is the centroid of the C2B3 ring)
distances between 1.744 Å 64 and 1.945 Å.65 The complex most
closely related to those in the present work is the high oxidation
state molybdenum complex {[(C2B9H11)MoO2]2(µ-O)}2�, con-
taining π-donor oxide ligands, with Mo–Cb of 2.064 Å.8 The
W–Cb distance in 1 is 2.026(4) Å, and the carborane ligand tilts,
with the W–C bonds 5 to 7% longer than the W–B bonds. The
“slippage” of a carborane ligand on an electron rich metal
centre is well established in late transition metal metalla-
carboranes.66 The carborane cage is orientated with the C–C
centroid (C2) approximately trans to the imido ligand (C2–Cb–
W–N(1) τ = �157.9�).

The molecular structure of [W(NtBu)(NHtBu)(2,6-Me2C6-
H3O)(C2B9H11)] 2, is shown in Fig. 2 and selected bond lengths
and angles are given in Table 1. The imido ligand is close to
linear, and the dicarbollide ligand is orientated with the imido
ligand trans to the C2 unit of the C2B3 face. The amido ligand is
orientated with a dihedral angle (N–M–O/R–N–H) of 82�,
which is close to optimised for π-donation to the tungsten. The
phenoxide ligand also has a dihedral angle that is close to the
optimum; although the W–O distance is comparable to those
where the phenoxide ligand is acting as a 1-electron ligand.67

The orientation of the phenoxide ligand may be caused by the
ligand attempting to move away from the dicarbollide ligand,
reducing steric interactions between the two ligands. The data
in Table 1 demonstrate that replacement of one amido ligand in
complex 1 by a weaker π-donor phenoxide ligand in 2 results in
a significant shortening of the remaining W–amido bond and a
shortening of the metal to carborane centroid distance; there is
little or no tilting of the cage in 2. The metal–imido distance
is unaltered, suggesting that this is the dominant π-donor,
providing maximum π-bonding in both complexes.

Table 1 Selected bond lengths (Å) and angles (�) in [W(NtBu)-
(NHtBu)X(C2B9H11)] complexes, X = NHtBu 1 and 2,6-Me2C6H3O 2

1 Y = N(3) 2 Y = O(1)

W–N(1)
W–N(2)
W–Y
N(1)–C(11)
N(2)–C(21)
Y–C(31)
W–C(1)
W–C(2)
W–B(3)
W–B(4)
W–B(5)
W–Cb

Cb–W–N(1)
Cb–W–N(2)
Cb–W–Y
W–N(1)–C(11)
W–N(2)–C(21)
W–Y–C(31)
N(1)–W–N(2)
N(1)–W–N(3)
N(2)–W–Y

1.721(3)
1.955(3)
1.949(4)
1.472(5)
1.427(6)
1.496(5)
2.531(4)
2.572(4)
2.507(4)
2.437(4)
2.392(4)
2.026(4)

124.5(3)
113.0(3)
109.7(3)
165.3(3)
141.6(3)
134.8(3)
101.7(2)
105.6(2)
99.2(2)

1.720(2)
1.926(2)
1.934(2)
1.481(3)
1.497(3)
1.387(3)
2.471(3)
2.516(2)
2.491(3)
2.401(3)
2.392(3)
1.984(3)

124.7(3)
112.9(3)
108.5(3)
168.8(2)
137.3(2)
128.03(14)
101.25(9)
104.30(9)
102.99(8)

Cb = centroid of the coordinated η5-C2B3 ring of the C2B9H11 ligand.
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Crystals of 3, suitable for single crystal X-ray diffraction,
have been grown from two different solvents, CDCl3 and
CH2Cl2. It has not proved possible to find a suitable model for
the considerable disorder of the molecule of 3 and the co-
crystallised solvent, but, after collecting and partially solving
four datasets, we are confident that the geometry of the heavy
atoms is that shown in Fig. 3. There is disorder in two of the
tert-butyl groups attached to the same metal atom, which may
arise from co-crystallisation of the meso- and rac-isomers.
Solid-state inter-conversion of the diastereoisomers is poten-
tially facile, since it only involves transfer of a proton between
adjacent amido and imido ligands on the same tungsten atom.
In solution there is some broadening and shift of tert-butyl
resonances in the 1H NMR at lower spectrometer operating
frequencies (smaller peak separation in Hz), but no conclusive

Fig. 2 The molecular structure of 2 (50% displacement ellipsoids)
with hydrogen atoms drawn as arbitrary sized spheres.

Fig. 3 The molecular structure of 3, showing one model adopted for
the disordered structure. Only the heavy atoms are shown, drawn as
arbitrary sized spheres.

evidence was obtained for dynamic proton exchange. Although
no confidence can be placed on the bond lengths and angles,
it is clear that the molecule adopts a transoid configuration
with the two cages as far away from each other as possible.
The supplementary information (ESI) for this paper does not
include .cif or .xyz files for 3.

The molecular structure of {W(NtBu)2[N(H)C(Me)NHtBu]-
(C2B9H11)} 5 is shown in Fig. 4, with selected bond lengths and
angles in Table 2. The molecule contains a dicarbollide ligand
and two imido ligands, one of which is short and linear (W–N
1.750(3) Å, W–N–C 173.8(3)�) and the second is longer and
bent (1.795(3) Å, 151.4(3)�), the bond length to the linear imido
is comparable to those seen in compounds 1, 2, and other
tungsten tert-butyl imido ligands.19 The coordination sphere is
completed by the neutral N-tert-butyl acetamidine ligand. The
long tungsten–dicarbollide centroid distance, 2.065 Å, reflects
the electronic saturation in 5. As with the dicarbollide ligand in
1 the carbon atoms in the C2B3 face of the ligand are moved
further away from the metal atom, with W–Cav being 5% longer
than the average W–B bond length. The dicarbollide ligand is
orientated with the C2 unit approximately trans to the bent
imido ligand, as illustrated in Fig. 5. The amidine ligand is
involved in a novel N � � � H–N hydrogen bond,68 with the imido
nitrogen as the hydrogen bond acceptor, the N(2) � � � H(4N) dis-
tance is 2.43(4) Å and N(2) � � � N(4) is 3.199(4) Å, lying within
the accepted parameters for N � � � H–N hydrogen bonds.69

Noting that atoms H(3N), N(3), C(11), C(12), N(4), H(4N)
and C(13) of the amidine ligand are required to be planar due

Fig. 4 The molecular structure of 5 (50% displacement ellipsoids)
with hydrogen atoms drawn as arbitrary sized spheres.

Table 2 Selected bond lengths (Å) and angles (�) in 5

W(1)–N(1)
W(1)–N(2)
W(1)–N(3)
N(1)–C(3)
N(2)–C(21)
N(3)–C(11)
C(11)–N(4)
C(11)–C(12)

Cb–W(1)–N(1)
Cb–W(1)–N(2)
Cb–W(1)–N(3)
W(1)–N(1)–C(3)

1.750(3)
1.795(3)
2.094(3)
1.461(4)
1.469(4)
1.318(4)
1.320(4)
1.496(4)

114.5(4)
124.9(4)
109.3(4)
173.8(3)

N(4)–C(13)
W(1)–C(1)
W(1)–C(2)
W(1)–B(4)
W(1)–B(8)
W(1)–B(9)
W(1)–Cb

W(1)–N(2)–C(7)
N(1)–W(1)–N(2)
N(1)–W(1)–N(3)
N(2)–W(1)–O(1)

1.504(4)
2.620(4)
2.573(3)
2.461(4)
2.469(4)
2.455(4)
2.065(4)

151.4(3)
107.21(14)
95.89(12)
99.90(13)

Cb = centroid of the coordinated η5-C2B3 ring of the C2B9H11 ligand.
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to π-conjugation, the hydrogen bond completes a very distorted
six-membered ring for the atoms N(2), W(1), N(3), C(11), N(4)
and H(4N). Whilst π-systems are known to act as hydrogen
bond acceptors,70 and it is possible that the hydrogen bond
acceptor here is the imido M���N bond, we propose that bending
of the imido ligand containing N(2) generates a localisation of
electron density (i.e., a lone pair) at this atom, and it is this
which acts as the hydrogen bond acceptor.

It is likely that the first stage in the formation of 5 from 1 and
MeCN (Scheme 2) is the insertion of one molecule of

acetonitrile into one of the W–NHtBu bonds of 1, to form an
amidinate ligand 15 which undergoes an intramolecular proton
transfer from the remaining W–NHtBu ligand to the amidinate,
so that the structure of 5 is {W(NtBu)2[N(H)C(Me)NHtBu]-
(C2B9H11)}, with two imido ligands and a neutral amidine donor,
rather than the imido, amido, amidinate tautomer, {W(NtBu)-
(NHtBu)[HNC(Me)NtBu](C2B9H11)}. Such rearrangement
does not occur in the case of insertion of acetonitrile into a
Zr–PHR bond.71 The observed structure of 1 in both the solu-
tion- and solid-state is [W(NtBu)(NHtBu)2(C2B9H11)] with an
imido and two amido ligands, rather than the tautomer with
two imido ligands and a coordinated amine, i.e., [W(NtBu)2-
(NH2

tBu)(C2B9H11)], analogous to that in [W(NtBu)2(NHtBu)2]
and [W(NAr)2(NHAr)2].

48 These structural preferences pre-
sumably reflect the relative basicities of the ligands. More
delicately balanced equilibria have been reported, where

Fig. 5 A view of the molecular structure of 5 emphasising the
presence of the amidine–imido hydrogen bond. Atoms are drawn as
arbitrary size spheres, all cage atoms other than the η5-C2B3 face are
omitted as are hydrogen atoms other than N–H.

Scheme 2 The formation of 5 by the insertion of acetonitrile into one
of the W–NHtBu bonds of 1, and subsequent proton transfer.

both tautomers can be observed,20 and the α-elimination of
M(NHR)2 to give reactive M(NR) is well documented.72

The hydrogen bond in 5 represents one localisation of a
proton in the act of transfer between the imido and amidine
ligands, and suggests that the first step in the reaction of an
imido with an N–H is bending of the imido ligand to generate a
hydrogen bond acceptor orbital to interact with the incoming
N–H. This structure thus represents a functional model for the
reaction of imido ligands with amines to give imido exchange.
Indeed the seminal work on the mechanism of the imido
exchange reaction notes that “It is possible that hydrogen
bonding between the N–H and the imido nitrogen plays an
important role”.73

In conclusion, we have prepared and characterised the first
examples of metallacarboranes of tungsten(), demonstrating
the electronic relationships between the tert-butyl imido,
Me3CN, and dicarbollide, C2B9H11, ligands. Many of the com-
plexes are π-electron loaded, yet the metallacarborane fragment
generally remains undistorted, with only modest ring slippage
observed, although the M–Cb distances are typically longer
than those seen in previously characterised low oxidation state
tungsten metallacarborane complexes, where the tungsten
carries π-acceptor ligands. An unusual example of a weak
hydrogen bond between a coordinated amidine and an imido
ligand has been observed, where the hydrogen bond acceptor
site is generated by bending of the imido ligand.

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. When required, solvents were dried by prolonged
reflux over an appropriate drying agent prior to distillation and
deoxygenation by freeze–thaw processes. NMR solvents were
vacuum distilled from suitable drying agents and stored in
ampoules under dry nitrogen. Elemental analysis was per-
formed by the micro-analytical service of this department.
Infrared spectra were run as liquid films on a Perkin-Elmer
1615 FTIR spectrometer or as solid samples on a Graseby
Specac 10500 Golden Gate coupled to a Perkin-Elmer 1000
series “Paragon” spectrometer. Mass spectra were recorded on
a Micromass Autospec instrument operating in EI mode; [M]
denotes the molecular ion.

All NMR spectra were recorded at ambient temperature on a
Varian Unity-300 (1H, 11B, 11B{1H} and 13C{1H}). 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 (C6D5H, 7.15 ppm; CHCl3, 7.26 ppm; CDHCl2, 5.25
ppm). 13C NMR spectra were referenced to the solvent reson-
ance (C6D6, 128.0 ppm; CDCl3, 77.0 ppm; CD2Cl2, 53.5 ppm).
11B NMR spectra were referenced externally to BF3 : Et2O,
δ = 0 ppm.

[W(NtBu)(NHtBu)2(C2B9H11)] 1

A stirred toluene (50 cm3) solution of W(NtBu)2(NHtBu)2 (4.7
g, 10 mmol) was treated dropwise at room temperature with
a toluene (20 cm3) solution of nido-7,8-C2B9H13 (1.34 g, 10
mmol). The solution was stirred at room temperature for 12 h,
during which time the solution gradually darkened. The solu-
tion was then refluxed for 12 h, after which it was cooled to
room temperature and the solvent removed under reduced
pressure, leaving a golden honeycomb solid, which was washed
with pentane (2 × 10 cm3) and isolated by filtration before
drying in vacuo overnight. Crystals suitable for diffraction
studies were grown by cooling a toluene solution to �30 �C.
Yield 4.8 g, 91%. 1H NMR (C6D6): δ 7.96 (br s, 2H, NH), 2.79
(br s, 2H, C2B9H11), 1.46 (s, 9H, CMe3), 1.12 (s, 18H, CMe3).
Additional peaks in 1H{11B} NMR (C6D6): δ 4.28 (1H), 3.31
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(2H), 3.06 (1H), 2.87 (1H), 2.72, (2H), 1.62 (2H). 13C{1H}
NMR (C6D6): δ 72.5 (1 × CMe3), 58.5 (2 × CMe3), 55.7, (br,
C2B9H11), 32.8, (2 × CMe3), 31.0 (CMe3). 

11B{1H} NMR
(C6D6): δ 2.2 (2B), �1.9 (2B), �9.4 (3B), �11.7(1B), �13.0
(1B). Calc. for C14H40B9N3W(C7H8)0.9: C, 39.67; H, 7.74; N,
6.84. Found: C, 39.83; H, 7.67; N, 6.27%. MS: m/z 532 [M�],
424 [M � C2B9H11

�].

[W(NtBu)(NHtBu)(OC6H3Me2-2,6)(C2B9H11)] 2

A stirred toluene (10 cm3) solution of 1 (0.53 g, 1 mmol) was
treated dropwise with a toluene solution (10 cm3) of
Me2C6H3OH (0.12 g, 1 mmol). The yellow solution was refluxed
for 12 h. The reaction mixture was then allowed to cool to room
temperature and the solvent evaporated under reduced pres-
sure. The yellow residue was extracted with fresh toluene (10
cm3) and filtered. The filtrate was carefully layered with pentane
(10 cm3) and slowly cooled to �30 �C, producing yellow
crystals of 2, which were isolated by filtration. Yield 0.45 g,
78%. 1H NMR (C6D6): δ 8.09 (br s, 1H, NH), 6.85 (d, 2H, meta-
CH), 6.73 (t, 1H, para-CH), 3.19 (br s, 1H, C2B9H11), 2.81 (br s,
1H, C2B9H11), 2.02 (s, 6H, OC6H3Me2), 1.27 (s, 9H, CMe3), 1.08
(s, 9H, CMe3). Additional peaks in 1H{11B} NMR (C6D6):
δ 4.61 (1H), 4.19 (1H), 3.36 (1H), 3.22 (1H), 3.10 (1H), 2.92
(1H), 2.78 (1H), 2.47 (1H), 2.34 (1H). 13C{1H} NMR (C6D6):
δ 160.1 (ipso-OC6H3Me2), 129.2 (meta-CH), 127.1 (ortho-
CMe), 122.6 (para-CH), 77.3 (CMe3), 65.3 (br, C2B9H11), 62.3
(CMe3), 53.4 (br, C2B9H11), 33.1 (CMe3), 31.0 (CMe3), 17.3
(OC6H3Me2). 

11B{1H} NMR (C6D6): δ 3.4 (3B), �4.7 (1B),
�6.7 (br d, 1B), �8.9 (br d, 2B), �10.9 (br d, 1B), �12.2 (br
d, 1B). Calc. for C18H39B9N2OW: C 37.23; H 6.77; N 4.82.
Found: C 37.25, H 6.42; N 4.79%. MS: m/z 580 [M�], 448
[M � C2B9H11

�].

[{W(NtBu)(NHtBu)(C2B9H11)}2(�-O)] 3

A stirred dichloromethane (10 cm3) solution of 1 (1 g, 2 mmol)
was treated dropwise with 20 cm3 of a saturated solution of
water in dichloromethane. The yellow solution was stirred for
12 h. The solvent was then evaporated under reduced pressure.
The pale yellow residue was extracted with fresh dichloro-
methane (10 cm3), and the resulting solution was filtered. The
filtrate was carefully layered with pentane (10 cm3) and slowly
cooled to �30 �C producing yellow crystals of 3, which were
isolated by filtration. Yield 0.79 g 84%. The same procedure was
followed using 4 (1 g, 2 mmol) in dichloromethane to yield 0.6
g, 64% of 3. 1H NMR (CD2Cl2): δ 8.10 (br s, 1H, NH), 8.07 (br
s, 1H, NH), 3.20 (br s, 2H, C2B9H11), 3.12 (br s, 2H, C2B9H11),
1.58 (s, 9H, CMe3), 1.55 (s, 9H, CMe3), 1.40 (s, 9H, CMe3), 1.37
(s, 9H, CMe3). Additional peaks in 1H{11B} NMR (CD2Cl2):
δ 3.49 (2H), 2.96 (2H), 2.78 (2H), 2.56 (2H), 2.39 (2H), 2.33
(2H), 2.18 (2H), 1.69 (2H), 1.59 (2H). 13C{1H} NMR (CD2Cl2):
δ 72.3 (br, NCMe3), 64.1 (br, C2B9H11), 63.3 (br, C2B9H11), 61.2
(N(H)CMe3), 61.1 (N(H)CMe3), 32.4 (CMe3), 32.3 (CMe3),
30.5 (CMe3), 30.4 (CMe3). 

11B{1H} NMR (CD2Cl2): δ 3.0 (2B),
1.3 (2B), �2.4 (2B), �6.1 (2B), �8.6 (6B), �12.3 (4B). Calc. for
C20H60B18N4O1W2(CH2Cl2)0.8: C, 24.91; H, 6.19; N, 5.59.
Found: C, 25.15; H 6.17; N 5.07%. MS: m/z 934 [M�], 800
[M � C2B9H11

�].

[W(NtBu)(NHtBu)Cl(C2B9H11)] 4

A stirred toluene (20 cm3) solution of 1 (0.53 g, 1 mmol) was
treated dropwise with neat Me3SiCl (0.54 g, 5 mmol) at room
temperature. After stirring at room temperature for 12 h, the
solution was refluxed for 1 h, and then allowed to cool to room
temperature. Solvent and residual Me3SiCl were removed under
reduced pressure. The residue was washed with hexanes (2 × 10
cm3) and then extracted with dichloromethane and the resulting
solution was filtered. The dichloromethane solution was layered
with pentane (10 cm3) and cooled to �30 �C giving yellow
microcrystalline product, which was isolated by filtration and

washed with a small volume of pentane. Yield 0.3 g, 61%. 1H
NMR (CDCl3): δ 9.78 (br s, 1H, NH), 3.85 (br s, 1H, C2B9H11),
3.37 (br s, 1H, C2B9H11), 1.72 (s, 9H, CMe3), 1.58 (s, 9H, CMe3).
Additional peaks in 1H{11B} NMR (CDCl3): δ 3.89 (1H), 3.36
(1H), 3.24 (1H), 2.83 (1H), 2.71 (1H), 2.63 (1H), 2.48 (2H),
2.03 (1H). 13C{1H} NMR (CDCl3): δ 74.0 (NCMe3), 64.1
(N(H)CMe3), 62.3 (br, C2B9H11), 54.3 (br, C2B9H11), 32.7
(N(H)CMe3), 30.3 (NCMe3). 

11B{1H} NMR (CDCl3): δ 3.1
(2B), �5.0 (1B), �7.5 (2B), �8.9 (2B), �11.5 (1B), �13.6 (1B).
Calc. for C10H30B9Cl1N2W: C, 24.27; H, 6.11; N, 5.66. Found:
C, 25.19; H, 6.22; N, 5.72%.

{W(NtBu)2[N(H)C(Me)NHtBu](C2B9H11)} 5

Complex 1 (1 g, 2 mmol) was dissolved in 20 cm3 of dry
degassed acetonitrile and stirred until the entire solid had dis-
solved. The solution was then filtered and the volume of solvent
was reduced to 10 cm3. Slow recrystallisation over 48 h at
�20 �C gave yellow crystals, which were isolated by filtration
and washed with a small volume of pentane. Yield 0.95 g, 83%.
1H NMR (C6D6): δ 6.44 (br s, 1H, NH), 5.27 (br s, 1H, NH),
3.42 (br s, 1H, C2B9H11), 2.81 (br s, 1H, C2B9H11), 1.53 (s, 3H,
CH3), 1.46 (s, 9H, CMe3), 1.35 (s, 9H, CMe3), 1.32 (s, 9H,
CMe3). Additional peaks in 1H{11B} NMR (C6D6): δ 4.54 (1H),
4.06 (1H), 3.82 (1H), 3.64 (1H), 3.40 (1H), 3.19 (1H), 2.93 (1H),
2.38 (1H), 1.38 (1H). 13C{1H} NMR (CDCl3): δ 168.9
(N��C(Me)–N), 71.6 (CMe3), 69.1 (CMe3), 58.2 (CMe3), 56.5
(C2B9H11), 49.6 (C2B9H11), 34.0 (CMe3), 32.5 (CMe3), 31.5
(CMe3), 30.9 (CH3). 

11B{1H} NMR (C6D6): δ 2.2 (1B), 0.8 (1B),
�0.1 (1B), �4.8 (1B), �8.9 (1B), �10.6 (1B), �12.9 (1B),
�14.2 (1B), �18.4 (1B). Calc. for C16H43B9N4W1: C, 33.56; H,
7.57; N, 9.78. Found: C, 33.76; H, 7.58; N, 9.67%.

X-Ray crystallography

Single-crystal diffraction experiments were carried out with a
SMART 1K CCD area detector, using graphite-mono-
chromated Mo-Kα radiation (λ

—

= 0.71073 Å). The reflection
intensities were corrected for absorption by numerical integ-
ration based on measurements of the crystal and face-indexing
(for 1 and 5, using SHELXTL software 74) or by a semi-
empirical method based on multiple scans of identical reflec-
tions and Laue equivalents using SHELXTL software for 2.
The structures were solved by direct methods and refined by
full-matrix least squares against F2 of all data, using SHELXTL
programs.74 Crystal data and experimental details are listed in
Table 3. For 2 the monoclinic angle β is nearly 90�; possible

Table 3 Crystallographic data

1�C7H8 2 5

Empirical formula
Formula weight
Crystal system
Temperature/K
Space group
a/Å
b/Å
c/Å
β/�
U/Å3

Z
µ(Mo-Kα)/mm�1

Reflections
collected

Independent
reflections

Rint

Reflections with
I ≥ 2σ(I)

R [I ≥ 2σ(I)]
wR(F2), all data

C21H48B9N3W
623.76
Orthorhombic
150(2)
P212121

11.404(1)
11.501(1)
22.696(1)

2976.7(4)
4
3.895
25039

8084

0.0306
7682

0.0237
0.0603

C18H39B9N2OW
580.65
Monoclinic
150(2)
P21/c
11.053(2)
11.859(2)
20.074(4)
90.016(4)
2631.3(8)
4
4.403
29490

6033

0.0306
5314

0.0184
0.0397

C16H43B9N4W
572.68
Monoclinic
120(2)
P21/c
17.825(3)
10.920(2)
13.523(3)
95.333(4)
2620.7(8)
4
4.418
21485

7346

0.0526
5273

0.0311
0.0560
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orthorhombic, i.e., mmm Laue symmetry was examined as
follows. Merging 26857 reflections assuming mmm Laue sym-
metry gives Rint = 0.412 (41.2%), while for the monoclinic case
(Laue symmetry 2/m) merging 23946 reflections gives Rint =
0.031 (3.1%). For this reason, no attempt was made to solve the
structure in an orthorhombic space group. At the end of the
refinement, the results were tested using the ADDSYMM pro-
gram,75 and no extra crystallographic symmetry was found.

CCDC reference number 156702–156704.
See http://www.rsc.org/suppdata/dt/b1/b100572n/ for crystal-

lographic data of 1, 2 and 5 in CIF or other electronic format.
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