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In 1968 Hawthorne et al. published the preparation and
characterization of 7,8-dicarba-nido-undecaborate(1ÿ ) (2),
the product of the nucleophilic degradation of o-carborane (1)
(Scheme 1).[1] The reaction of dicarba-closo-dodecabor-
ane(12) with potassium hydroxide in ethanol gave the

Scheme 1. o-Carborane and o-silaborane and their degradation products.

eleven-vertex cluster anion 2. An adduct formed from the
attacking ethoxide anion and the neutral closo cluster was
formulated as a possible reaction intermediate. In o-silabor-
ane[2] (3), the silicon atoms are unique in that they are
incorporated in the skeleton of a borane cluster framework.
We are interested in the reactivity patterns of this icosahedral
cluster and especially in the silicon centers. The first reaction
of o-silaborane to be explained was the nucleophilic degra-
dation.[3] Removal of a silicon vertex from the icosahedral
cluster results in almost quantitative isolation of the sila-nido-
undecaborate(1ÿ ) (4). This eleven-vertex cluster is a versa-
tile starting material for the synthesis of transition metal
complexes with interactions between the silicon and the
metal.[4, 5]

In this paper we present first insights into the nucleophilic
degradation of o-silaborane. Attack of one equivalent OHÿ in
H2O, MeOÿ in MeOH, or pure NH3, results in the removal of
a silicon vertex from the closo cluster 3.[3] According to a
plausible mechanism for the degradation, in the first step an
adduct is formed comprising the nucleophile and the closo
cluster (Scheme 2). This adduct should then react with a protic
solvent to form the isolated reaction product.

Scheme 2. Nucelophilic degradation of o-silaborane 3 to sila-nido-un-
decaborate(1ÿ ) 4.

In order to verify the existence of the adduct, we studied
nucleophilic attack on 3 in an aprotic solvent by NMR
spectroscopy. The cluster 3 was treated with one equivalent of
LiNEt2 in THF, and the 11B NMR spectrum (Figure 1) of the
reaction mixture shows the quantitative formation of a new
compound. Four signals in the 11B NMR spectrum corre-
sponding to ten boron atoms indicate that the product still has
C2v symmetry. A shift of the 29Si signal from ÿ38 to ÿ76 ppm
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Figure 1. 11B NMR spectra of o-silaborane (from left to right: B8/10, B9/
12, B3/6, B4/5/7/11) and the anionic adduct with diethylamide (from left to
right: B4/5/7/11, B8/10, B9/12, B3/6).

can be interpreted as an increase of the coordination number
for the silicon atoms in the cluster. The silicon resonance
signal was detected indirectly with the HMQC 1H/29Si NMR
pulse sequence. As expected, the two-dimensional NMR
spectrum shows a correlation between the silicon signal and
the signal for the methyl groups attached to the silicon atoms.
Interestingly, a second correlation with the CH2 signal of the
diethylamido group is also observed. From these spectro-
scopic features, it can be concluded that the diethylamido
group is connected to both silicon atoms. The solid-state
structure of the anionic adduct was determined by investiga-
tion of the [Zr(NEt2)3(thf)2][(Et2N)(MeSi)2B10H10] salt (5).[6]

This adduct was obtained quantitatively from the reaction of 3
with an excess of [Zr(NEt2)4] (Scheme 3 a). The stoichiomet-
ric reaction, in contrast, resulted in an equilibrium between

Scheme 3. Reaction conditions and products: a) THF, n> 1 (excess),
M�� [Zr(NEt2)3(thf)2]� , 5 ; b) THF, n� 1, equilibrium mixture of 3 and
5 ; c) CH2Cl2, n� 1, 2py', M�� [Zr(NEt2)3(py')2]� , 6 (py'� 4-tert-butyl-
pyridine).

starting materials and product (Scheme 3 b). The same ratio
was observed after dissolution of the crystalline adduct 5,
which had been previously characterized by elemental
analysis. Use of a stronger donor ligand such as 4-tert-
butylpyridine in a stoichiometric reaction results in almost
complete formation of the adduct (Scheme 3 c). In all cases,
the initial closo cluster 3 was recovered by the reaction of the
adduct 5 with methyl iodide.

The solid-state structure of the anion in 5 is shown in
Figure 2.[6] As indicated by NMR spectroscopy, the Si ± Si
cluster edge is bridged by a diethylamido group. The SiÿN
distances of 1.999(2) and 1.967(2) � are slightly longer than
the sum of the covalent radii and can be compared with the
SiÿN distance of 1.95 � in cyclic [(Me2N)SiH3]5.[9] To our
surprise, the BÿB, SiÿB, and SiÿSi distances show only small
differences from those in 3. Thus the SiÿSi distance in the
adduct (2.332(1) �) is only 0.024 � longer than in the

Figure 2. Structures of the anion (left) and the cation (right) of 5 in the
crystal (PLATON representation,[8] ellipsoids at 30 % probability level).
Selected distances [�] and angles [8]: Si1ÿSi2 2.332(1), Si1ÿN1 1.999(2),
Si2ÿN1 1.967(2), Si1ÿB3 2.091(3), Si1ÿB4 2.082(3), Si1ÿB5 2.091(3),
Si1ÿB6 2.103(3), Si2ÿB3 2.108(3), Si2ÿB6 2.114(3), Si2ÿB7 2.089(3),
Si2ÿB11 2.079(3), B3ÿB4 1.866(5), B3ÿB7 1.869(4), B3ÿB8 1.777(4),
B4ÿB5 1.777(4), B4ÿB8 1.757(5), B4ÿB9 1.769(5), B5ÿB6 1.866(4),
B5ÿB9 1.770(5), B5ÿB10 1.774(5), B6ÿB10 1.764(4), B6ÿB11 1.860(4),
B7ÿB8 1.772(5), B7ÿB11 1.768(4), B7ÿB12 1.759(5), B8ÿB9 1.765(5),
B8ÿB12 1.786(4), B9ÿB10, 1.786(4), B9ÿB12 1.738(5), B10ÿB11 1.765(4),
B10ÿB12 1.780(5), B11ÿB12 1.766(4), ZrÿO2 2.246(2), ZrÿN2 2.024(2),
ZrÿN3 2.028(2), ZrÿN4 2.027(2); C1-Si1-Si2 152.3(1), C2-Si2-Si1 154.3(1);
Zr-O1 2.245(2).

unbridged o-silaborane (2.308(2) �). The biggest structural
change is the enlargement of the C-Si-Si angle by 288. The
structure of the cation is related to the published structure of
the [Ti(NMe2)3py2]� cation (py� pyridine).[10]

In order to understand the properties of silaboranes better,
we performed ab initio calculations.[11] There are two equiv-
alent solutions for the 11B/11B COSY NMR spectra for the
starting compound 3 and the anion in 5. In order to make an
unambiguous assignment, we calculated the chemical shifts
with the GIAO method[12] at the B3LYP/6-311�G(d,
p) level[13] based on B3LYP/6-31G(d) geometries.[14] Table 1
summarizes the observed and calculated bond lengths and
angles, and Figure 3 depicts the ab initio geometries and the
11B and 29Si NMR chemical shifts. The calculated structural

Table 1. Selected bond lengths [�] and angles [8] for 3 and the anion in 5.
Calculated (B3LYP/6-31G(d)) and mean observed values (figures in
parentheses).

3[a] Anion in 5[b]

Si ± N 2.03 (1.98)
Si ± C 1.87 (1.83) 1.91 (1.87)
Si ± Si 2.32 (2.31) 2.38 (2.33)
Si ± B3, 6 2.14 (2.11) 2.11 (2.10)
Si ± B4, 5 2.03 (2.02) 2.08 (2.09)
B3 ± B4, 7 1.86 (1.85) 1.89 (1.87)
B3 ± B8 1.78 (1.77) 1.79 (1.77)
B4 ± B5 1.88 (1.86) 1.79 (1.77)
B4 ± B8 1.77 (1.77) 1.78 (1.77)
B4 ± B9 1.77 (1.77) 1.77 (1.77)
B8 ± B9 1.79 (1.78) 1.79 (1.78)
B9 ± B12 1.79 (1.78) 1.75 (1.74)
C-Si-Si 126 (124) 152 (153)

[a] Values in parentheses were taken from ref. [2]. [b] Calculations were
performed on a m-NH2 group (see Figure 3).
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data matches the measured data well (Table 1), and there is
also good agreement between the theoretical and experimen-
tal NMR data.

The greatest differences are found for 11B NMR shifts for
the vertices B3 and B6: d� 3.1 for 3 and 2.7 for the anionic
cluster in 5. The calculated value of d(29Si)�ÿ36.3 for the o-
silaborane deviates by only 1.5 ppm from the experimental
shift. In contrast, the predicted d(29Si) value for the amino-
bridged species is shifted 21.8 ppm upfield in comparison with
the measured value of ÿ76.2. Evidently, this difference must
be mainly due to the alkyl groups of the bridging N atom since
the ab initio calculation was performed on a m-NH2 instead of
a m-NEt2 group.

The relationship between the empirical formula, the
electron count, and geometry of an electron-deficient cluster
has been reported by Williams and Wade.[15] As expected from
these cluster rules, aza-closo-dodecaborane reacts with nucle-
ophiles to form twelve-vertex nido compounds.[16] A Et2Nÿ

group in a bridging position donates four electrons to a cluster
framework. Therefore, the closo-silaborane 3 should form an
arachno compound after reaction with [Zr(NEt2)4]. Surpris-
ingly, the twelve-vertex cage of 3 is almost unchanged by
addition of Et2Nÿ. Although the structural effects are small,
the NMR properties of the anion in 5 are distinctively
different from the starting borane 3 ; the upfield shift and the
enlargement of the range of the 11B resonances (see Figures 1
and 3) are a result of electron donation to the cluster. In short,
the anion of 5 exhibits a closo cluster framework with an
arachno electron count. Evidently the disila unit has acceptor
properties reminiscent of silicon compounds that can act as
inverse chelate ligands.[17]

Experimental Section

5 : [Zr(NEt2)4] (1.876 g, 4.94 mmol) was added to 3 (0.460 g, 2.25 mmol) in
THF (25 mL) at room temperature. The solution turned slightly yellow and
was stirred overnight. The yield of 5 was quantitative relative to 3, as shown
by NMR spectroscopy. Crystals suitable for elemental analysis and X-ray
crystallography were obtained from a mixture of THF and toluene at room
temperature in a yield of 85.0 % (1.393 g, 1.91 mmol).[19] NMR spectra were
recorded in [D8]THF at 25 8C with an excess of [Zr(NEt2)4], which has been
omitted from the spectra. 1H{11B} NMR (500 MHz, TMS): d� 0.66 (s, 2H,
H3/6), 0.70 (s, 6H, SiMe), 1.01 (t, 6 H, m-NCH2CH3), 1.04 (s, 2H, H8/10),
1.13 (tr, 18H, ZrNCH2CH3), 1.27 (s, 4H, H4/5/7/11), 1.31 (s, 2 H, H9/12),
1.77 (m, 8H, coord. THF, O(CH2CH2)2), 3.08 (q, 4 H, m-NCH2CH3), 3.49 (q,
12H, ZrNCH2CH3), 3.62 (m, 8H, coord. THF, O(CH2CH2)2); 11B NMR
(160 MHz, Et2O ´ BF3): d�ÿ16.5 (d, 1J� 122 Hz, B4/5/7/11), ÿ17.1 (d,

1J� 147 Hz, B8/10), ÿ21.7 (d, 1J� 134 Hz, B9/
12), ÿ30.7 (d, 1J� 122 Hz, B3/6); 13C{1H} NMR
(125 MHz, TMS): d� 8.1 (MeSi), 12.4 (m-
NCH2CH3), 14.9 (ZrNCH2CH3), 26.2 (coord.
THF, O(CH2CH2)2), 37.8 (m-NCH2CH3), 41.8
(ZrCH2CH3), 68.0 (coord. THF, O(CH2CH2)2);
29Si NMR (100 MHz,TMS): d�ÿ76.2.

6 : [Zr(NEt2)4] (0.522 g, 1.375 mmol) and a slight
excess of 4-tert-butylpyridine (600 mL, ca.
3 equiv) were added to 3 (0.281 g, 1.375 mmol)
in CH2Cl2 (30 mL) at room temperature. The
reaction mixture was stirred for 14 h during
which time the color changed to orange-brown.
The solvent was changed to THF, 30 mL of
toluene was added and the solution was slowly
evaporated at 10ÿ1 mbar. Yellow crystals were
obtained which were filtered and washed several

times with toluene. Recrystallization from THF/toluene gave 6 in 90.0 %
yield (1.058 g, 1.24 mmol).[19] NMR spectra were recorded in [D8]THF at
25 8C; 1H{11B} NMR (500 MHz, TMS): d� 0.66 (s, 2H, H3/6), 0.70 (s, 6H,
SiMe), 0.99 (tr, 3J� 7.3 Hz, 6 H, m-NCH2CH3), 1.04 (s, 2H, H8/10), 1.10 (br.,
ZrNCH2CH3), 1.27 (s, 4H, H4/5/7/11), 1.31 (s, 2 H, H9/12), 1.32 (s, 18H,
tBu), 3.08 (q, 3J� 7.3 Hz, 4H, m-NCH2CH3), 3.47 (q, 3J� 6.4 Hz, 12H,
ZrNCH2CH3), 7.30 (br., 4 H, ppy), 8.46 (br., 4 H, opy); 11B NMR (160 MHz,
Et2O ´ BF3): d�ÿ16.4 (d, 1J� 122 Hz, B4/5/7/11), ÿ17.0 (d, 1J� 147 Hz,
B8/10), ÿ21.6 (d, 1J� 134 Hz, B9/12), ÿ30.4 (d, 1J� 122 Hz, B3/6); 13C{1H}
NMR (125 MHz, TMS): d� 8.1 (MeSi), 12.4 (m-NCH2CH3), 14.7
(ZrNCH2CH3), 30.3, 30.5 (tBu), 37.8 (m-NCH2CH3), 42.0 (ZrNCH2CH3),
123.9, 150.5 (py), (the signal for C4 was not observed); 29Si NMR
(100 MHz,TMS): d�ÿ76.0.
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The mercury(ii)-catalyzed addition of alcohols to alkynes
has been known for almost three-quarters of a century.[1] The
original catalyst has been further developed,[2] but its prep-
aration by the heating of red mercury(ii) oxide with boron
trifluoride etherate and trichloroacetic acid in methanol still
retains a touch of alchemy, and very little is known about the
reaction mechanism.[2g] This material catalyzes the addition of
primary, secondary, and even some tertiary alcohols to

acetylene[2a] as well as to mono-[2b] and disubstituted acetyle-
nes.[2c] However, it has the serious drawback that under the
reaction conditions the mercury(ii) is quickly reduced to
metallic mercury, which is catalytically inactive, so 100 moles
of product at most can be produced per mole of mercury(ii)
salt introduced.

An alternative mercury-free catalyst for this reaction has
long been sought, but with little success.[3] Two recent papers
describe the use of gold(iii) catalysts (NaAuCl4) for the
addition of water and methanol to nonactivated alkynes,[4] but
this catalyst shows the same disadvantage: It is quickly
reduced to inactive metallic gold, so no more than 50 moles of
product can be synthesized per mole of gold. The fact that the
literature on homogeneous catalysis with gold complexes is
extremely sparse,[4, 5] and that until recently gold was thought
to be ªcatalytically dead,º[6] made the quest for an efficient
gold(i) catalyst all the more interesting.

Here we report a new, very efficient class of gold(i) catalysts
for the addition of alcohols to alkynes under mild conditions
(T� 20 ± 50 8C, H� as cocatalyst).[7] In numerous studies
carried out in our laboratory we have found that cationic
gold(i) complexes of the general type [L ± Au�] (where L is a
phosphane, a phosphite, or an arsine)[8] are excellent catalysts
for the addition of alcohols to alkynes. These catalysts achieve
total turnover numbers of up to 105 moles of product per mole
of catalyst, with turnover frequencies of up to 5400 hÿ1. They
are neither water nor air sensitive, and the reaction can
usually be conducted without a solvent. Scheme 1 shows
examples of the addition of alcohols to unsubstituted alkynes
with methyl(triphenylphosphane)gold(i) and methanesulfonic
acid as precursors for in situ generation of the catalyst.

Scheme 1. Addition of alcohols to unsubstituted alkynes in the presence
of the catalyst prepared from methyl(triphenylphosphane)gold(i) and
methanesulfonic acid.
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