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Adducts of o-Silaborane With Water and Methanol

Lars Wesemann,*[a] Michael Trinkaus,[b] Yves Ramjoie,[b] Beate Ganter,[b] Ulli Englert,[b] and
Jens Müller*[b]

Keywords: Silaboranes / Cluster compounds / Siloxanes / Silicon / Boranes

The synthesis of alkoxide adducts of o-silaborane
[(TMPDAH)2][(Me2Si2B10H10)2O] (3) and [TMPDAH][(Me2-
Si2B10H10)OMe] (4) are presented (TMPDA = tetramethylpro-
pylenediamine). For both silaborate clusters 3 and 4 the re-
sults of the NMR spectroscopic investigations together with
the X-ray single crystal structure determinations are discus-

Introduction

Wade and Williams have developed a classification for
borane and heteroborane clusters into groups of different
numbers of skeleton electron pairs depending on the num-
ber of skeleton atoms.[1,2] On the basis of these rules the
structure of a cluster with known composition can often be
predicted. A closo cluster with n vertices can be trans-
formed into a nido cluster by increasing the number of clus-
ter electrons by two. The geometry of this nido cluster can
be derived from the skeleton of the next higher closo cluster
(n 1 1 vertices). Figure 1 shows the thirteen vertex
deltahedra and the three primary fragments that result from
the removal of a single 4k, a selected 5k, and one of the
6k vertices.

Figure 1. closo Clusters with 12 and 13 vertices and nido clusters
with 12 vertices; in A the 6k vertex, in B the 5k vertex, and in C
the 4k vertex is removed

Hawthorne et al. have found a cluster-opening reaction
with the reduction of o-carborane (geometry A).[3] Ex-
amples for geometry B have been published by Paetzold et
al. with the adducts of aza-closo-dodecaborane(12).[4] So
far, 12-vertex nido clusters with geometry C, exhibiting a
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sed. The geometries of ab initio calculations (HF and B3LYP
methods) on the hydroxide adduct [Si2B10H12(OH)]– are com-
pared with the structures of 3 and 4. The dynamic behaviour
of the adducts 3 and 4 in solution is discussed with respect
to the calculated energy profile for the rotation of the
HSi(OH) group.

quadrangle as the open cluster face, are unknown.[1] How-
ever, nido 12-vertex clusters with a geometry other than the
primary fragments are known. In the case of the fluxional
tetracarbon cluster R4C4B8H8 a variety of cluster geomet-
ries has been determined by crystal structure analysis or
NMR spectroscopy.[5–7] Depending on the substituents pre-
sent at the carbon vertices, cluster skeletons exhibiting two
neighboring quadrangles or a hexagonal open face have
been characterized in the solid state. Adducts of closo-
heterodicarbaboranes (MC2B9H11 or MC2B4H6) show
opened-cluster frameworks, which have been considered as
slip distorted geometries with respect to the central het-
eroatom.[8]

The reaction of the commo-cluster [Si(C2B9H11)2] with
PMe3 or pyridine results, in both cases, in an opened-cluster
geometry.[9] Interestingly, the phosphane removes a boron
vertex from the framework and pyridine attacks the silicon
resulting in η1-coordination of the silicon at the cluster.
The first studies on the nucleophilic degradation of 1,2-di-
methyl-1,2-disila-closo-dodecaborane(12) (o-silaborane)
(1)[10] have resulted in the isolation of a surprising adduct
between the closo-cluster and dialkylamides.[11] Adducts of
this type have been isolated in the case of dimethyl- and
diphenyl-o-silaborane.[11,12] Regarding the cluster electron
count of these adducts, an opened arachno-cluster geometry
is expected according to the cluster rules. Surprisingly, the
adducts show a structure which is closely related to the
starting material and is not in agreement with Williams to-
pological systematics (Scheme 1).

Scheme 1

The crystallographically determined structure and the
NMR chemical shifts (11B, 29Si) of 1 and 2 have been repro-
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duced by ab initio calculations. The LUMO of the o-sila-
borane should be responsible for the interesting acceptor
abilities. This empty orbital is essentially concentrated on
the two silicon atoms and shows bonding character with
respect to the silicon–silicon distance. In order to get fur-
ther insight into the acceptor abilities of o-silaborane we
studied the reaction with other nucleophiles.

Results and Discussion

Synthesis, NMR Spectroscopy, and X-ray Diffraction
Studies

In this publication we present oxide o-silaborane adducts
exhibiting a hitherto unknown cluster geometry. By acci-
dent we found a reaction of the closo-silaborane with water.
During our studies on the reactivity of the icosahedral clus-
ter 1 towards tertiary amines, the remaining moisture in the
inert gas was found to be the source of water. One equiva-
lent of o-silaborane (1) reacts with water and one equivalent
of tetramethylpropylenediamine (TMPDA) to give the ox-
ide adduct 3 in quantitative yield (Scheme 2).

Scheme 2

The silaborane could be completely recovered after addi-
tion of aqueous HCl to a THF solution of the dianion 3,
indicating the reversibility of this acid-base reaction. Exclu-
sion of water from the inert gas enabled us to introduce
other less-acidic reagents into this reaction. Thus methanol
reacts with TMPDA and one equivalent of o-silaborane to
give the methoxide adduct 4 (Scheme 3). This adduct
formation is also reversible, as is shown by the complete
recovery of o-silaborane after acidification of a solution of
the methoxide adduct 4.

Scheme 3

Compounds 3 and 4 have been characterized by ele-
mental analysis, multinuclear/multidimensional NMR spec-
troscopy, and X-ray structure analysis. In both cases crys-
tals suitable for X-ray diffraction were obtained by slow
diffusion of hexane into a THF solution of the salts 3 and
4. Perspective views of the cluster anions of 3 and 4 are
depicted in Figure 2 and Figure 3, respectively. Selected in-
teratomic distances are listed in Table 1 and Table 2.
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Figure 2. Structure of the anion of 3 in the crystal (PLATON re-
presentation,[16] ellipsoids at 30% probability level)

Figure 3. Structure of the anion of 4 in the crystal (PLATON
representation,[16] ellipsoids at 30% probability level)

Table 1. Selected interatomic distances in the anion of 3 and 4 [Å]

Anion of 3 Anion of 4

Si–Si 2.391(2), 2.374(2) 2.478(2), 2.364(2) 2.391(2)
Si1–O 1.629(3), 1.647(3) 1.643(4), 1.651(3) 1.674(3)
Si1–B3 2.255(6), 2.281(6) 2.229(6), 2.301(5) 2.254(5)
Si1–B4 2.076(6), 2.092(6) 2.081(5), 2.098(6) 2.081(5)
Si1–B5 2.172(5), 2.141(6) 2.119(6), 2.181(6) 2.126(6)
Si1–B6 2.458(6), 2.408(6) 2.395(6), 2.385(6) 2.400(6)
Si2–B3 2.064(6), 2.075(6) 2.035(6), 2.074(6) 2.082(6)
Si2–B6 2.056(4), 2.048(6) 2.005(5), 2.086(6) 2.040(6)
Si2–B7 2.055(6), 2.048(6) 2.044(6), 2.058(6) 2.051(5)
Si2–B11 2.068(6), 2.053(6) 2.021(6), 2.048(6) 2.060(6)

Table 2. Selected bond angles in the anion of 3 and 4 [°]

Anion of 3 Anion of 4

Si2–Si1–O 120.3(1), 121.0(1) 156.8(1), 123.3(1) 125.0(1)
Si–O–Si 164.2(2), 154.6(2) –
Si–O–C – 132.3(3)
Si1–Si2–C2 127.4(3), 127.3(2) 123.4(3), 128.9(1) 126.6(2)
Si2–Si1–C1 114.1(3), 113.7(3) 87.7, 123.3(3) 109.1(3)
O–Si1–B12–B9 84.1(4), 87.2(3), 33.3(4), 98.4(4) 80.9(3)

Two equivalents of the salt [(TMPDAH)2][(Me2-
Si2B10H10)2O] (3) were found to crystallize independently in
the asymmetric unit, thus allowing the interatomic para-
meters of two different Si–O–Si bridged clusters to be dis-
cussed. The variations of the Si–O–Si angles [Si1–O1–Si3
164.2(2), Si5–O2–Si7 154.6(2)] and the Si–O bond lengths
[Si1–O1 1.629(3), Si3–O1 1.647(3), Si5–O2 1.643(3), Si7–
O2 1.651(3)] in the two dianions suggests flexibility of this
linkage. This phenomenon has been well-established by
several structural and theoretical studies on molecules bear-
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ing disiloxane moieties.[17] Thus, an increase in the Si–O–Si
angle causes a decrease in the Si–O distance. The presented
structural data of the oxide bridged silaboranes are in
agreement with this tendency.

The cluster geometries of the oxide and methoxide ad-
ducts show a high degree of similarity. In both cases the Si–
B distances are in the range of 2.3–2.0 Å. The longest dis-
tances between silicon and boron are found in each cluster
between Si1, the silicon atom carrying the alkoxide, and B3,
the boron atom which is still coordinated to both silicon
atoms [2.254(5), 2.255(6), 2.281(6), 2.229(6), 2.301(5) Å].
This adduct formation is also a cluster-opening reaction.
The silicon atom attacked by the nucleophile is coordinated
to only three boron atoms. Obviously, the bond to the
boron atom opposite to the entering nucleophile was
broken during adduct formation (see Table 1 Si1–B6).
Therefore, the adduct features a quadrangle consisting of
two silicon atoms and two boron atoms (Type C in Fig-
ure 1). Overall the coordination number of Si1 remains as
six. The silicon atom not attached to the oxygen atom is
embedded in the cluster framework as in the starting mat-
erial. The geometry of the oxygen adducts of o-silaborane
can be derived from the 13-vertex closo skeleton by removal
of the four-coordinate vertex (4k).

The static geometries of the silaborate derivatives 3 and
4 in the solid state are not compatible with the NMR spec-
troscopic studies at room temperature. Instead, the number
of signals in the 1H-, 11B-, 13C-, and 29Si-NMR spectra
equals the number observed for o-silaborane, possessing C2v

symmetry. A dynamic process involving migration of the
oxygen between the neighboring silicon atoms accounts for
the smaller number of signals than would be expected for
the static compounds. This fluxional process is too rapid on
the NMR time scale to be quenched at room temperature.

Ab Initio Calculations

In order to get further insights into the dynamic behavior
we studied the oxygen adducts by ab initio calculations.[18]

Instead of the anion of compound 4, we conducted the cal-
culations with the parent compound [Si2B10H12(OH)]–. Fig-
ure 4 shows the relative energies at the HF/6-31G(d) level
dependent on the rotation of the SiH(OH) group (see Ex-
perimental Section). We chose Si1–B12 as the axis of rota-
tion; i.e., we varied the O–Si1–B12–B9 (Figure 3) torsion
angle in steps of 10° and optimized the resulting 19 geomet-
ries. We checked that Figure 4 describes an internal reaction
path by frequency analyses. This surface scan (Figure 4) cle-
arly shows two minima, M1 and M2, and two transition
states, TS1 and TS2. Moreover, we conducted full optim-
izations for the two equilibrium geometries and the trans-
ition state highest in energy (TS2), both at the HF/6-31G(d)
and the B3LYP/6-31G(d) levels of theory. The calculated
structures are depicted in Figure 5 and selected bond
lengths and additional data are compiled in Table 3.
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Figure 4. Surface scan for the rotation of the SiH(OH) group in
[Si2B10H12(OH)]– at the HF/6-31G(d) level

Besides M1, M2, and TS2, Figure 5 shows the two addi-
tional geometrical conformers, M3 and TS3. The transition
state TS3 has the OH group symmetrically bound to both
Si atoms (Cs point group). This transition state connects
two enantiomers of M3 (C1 point group) and corresponds
to an exchange of the OH group between the two Si atoms.
The barrier for this process is only 29.9 kJ mol–1 [B3LYP/
6-31G(d)].

The major difference between the structures of M1, M2,
TS1, and TS2 on the one side, and M3 and TS3 on the
other, is the conformation of the OH group. Whereas for
M1–TS2 the H atom of the hydroxy group is directed to-
wards the surface of the cluster (torsion angle H–O–Si1–
B12 5 180°), for M3 and TS3 the H atom is directed in the
opposite direction (Figure 5). Obviously, the two reaction
coordinates M1–TS1–M2–TS2 (Figure 4) and M3–TS3 are
related by the rotation of the OH group along the Si1–O
bond. Therefore, we took several geometries from the sur-
face scan of Figure 4 and rotated the OH group by 180° to
give a new set of starting geometries. These optimizations
led to two minima at the HF/6-31G(d) level which were
similar to M3; i.e., 17.4 and 18.8 kJ mol–1 higher in energy
than M2. The barrier for SiH(OH) rotation is just 30.7
kJ mol–1 at the B3LYP/6-31G(d) level (Figure 5).

The geometry corresponding to the minimum M2, and
the structure of the anion of 4, are very similar. In particu-
lar, the calculated and measured torsion angle O–Si1–B12–
B9 is 75.3° (75.6°) and 80.9(3)°, respectively. The corres-
ponding torsion angles of the two independent anions of 3
in the solid state are 84.1(4) and 87.2(3)° for one molecular
unit, and 33.3(4) and 98.4(4)° for the other molecular unit.
These torsion angles are in the flat region of the calculated
surface (Figure 4) showing the high degree of flexibility.
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Figure 5. Minimum structures and transition states of [Si2B10H12(OH)]–; relative energies in kJ mol–1 at the B3LYP/6-31G(d)
and the HF/6-31G(d) level (in parentheses); two views are depicted for each molecule

Table 3. Bond lengths in Å calculated at the B3LYP/6-31G(d) and
the HF/6-31G(d) level (in parentheses)

M1 M2 M3 TS2 TS3

Si1–Si2 2.492 2.377 2.422 2.461 2.329
(2.502) (2.377) (2.424) (2.462) (2.315)

Si1–O 1.706 1.708 1.732 1.723 1.996
(1.684) (1.686) (1.708) (1.702) (1.970)

Si1–B3 2.279 2.288 2.255 2.258 2.103
(2.278) (2.283) (2.257) (2.250) (2.102)

Si1–B4 2.082 2.112 2.077 2.107 2.066
(2.085) (2.116) (2.083) (2.112) (2.075)

Si1–B5 2.082 2.116 2.111 2.107 2.071
(2.085) (2.123) (2.116) (2.112) (2.079)

Si1–B6 2.279 2.391 2.199 2.258 2.111
(2.278) (2.387) (2.197) (2.250) (2.108)

The geometry corresponding to the transition state TS3
compares well with the structure of the dimethylamide ad-
duct 2 (Scheme 1).[11]

Experimental Section

General Considerations: All manipulations were carried out under
an atmosphere of nitrogen using standard Schlenk techniques.
THF was distilled from sodium/benzophenone, and hexane from
potassium, and each was stored under nitrogen. – Elemental ana-
lyses were performed by the Mikroanalytisches Labor Pascher (Re-
magen) or the Analytischen Laboratorien (Lindlar). – NMR spec-
troscopy was performed on a Varian Unity 500 MHz spectrometer
(1H: 500 MHz, 11B: 164 MHz, 13C: 125 MHz, 29Si: 100 MHz).

[(TMPDAH)2][(Me2Si2B10H10)2O] (3): A solution of 1 (264.2 mg,
1.29 mmol) in THF (15 mL) was treated with TMPDA (1.0 g,
7.68 mmol) and H2O (0.015 mL, 0.94 mmol). The colorless solu-
tion was stirred overnight. All volatiles were removed and the re-
maining colorless solid was characterized by NMR spectroscopy to
be almost quantitatively 3. Crystalline material was obtained by
slow diffusion of hexane into a THF solution of 3 (Yield: 426 mg,
0.62 mmol, 96%). – 1H{11B} NMR (500 MHz, TMS, CD2Cl2): δ 5

0.84 (s, 6 H, SiCH3), 1.25 (s, 2 H, H9/12), 1.39 (s, 2 H, H4/5/7/11),
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1.67 (s, 2 H, H8/10), 1.86 (quin., 2 H, NCH2CH2CH2N), 1.86 (s, 2
H, H3/6), 2.59 (s, 12 H, NCH3), 2.98 (t, 4 H, NCH2CH2CH2N),
11.19 (s, 1 H, NHN). – 11B NMR (160 MHz, BF3 ⋅ Et2O): δ 5 –
11.6 (d, 1J 5 122 Hz, B3/6), –14.5 (d, 1J 5 134 Hz, B8/10), –17.3
(d, 1J 5 122 Hz, B4/5/7/11), –21.1 (d, 1J 5 122 Hz, B9/12). –
13C{1H} NMR (125.6 MHz, TMS): δ 5 6.6 (MeSi), 21.7 (s,
NCH2CH2CH2N), 44.7 [s, N(CH3)2], 60.1 (s, NCH2CH2CH2N). –
29Si NMR (MHz, TMS): δ 5 –73.7. – C18H70B20N4OSi4 (687.35):
calcd C 31.46, H 10.27, N 8.15, O 2.33; found C 31.27, H 10.51,
N 8.03, O 2.12.

X-ray Crystallographic Analysis of 3: C18H70B20N4OSi4, ENRAF-
Nonius CAD4; Mo-Kα radiation, λ 5 0.71073 Å, graphite monoch-
romator; data collection with ω-2θ scan at 203 K, Colorless translu-
cent platelet 0.7 3 0.5 3 0.1 mm, triclinic space group P1̄ (no. 2);
a 5 8.451(2), b 5 22.697(3), c 5 22.992(3) Å, α 5 97.42(1), β 5

100.01(1), γ 5 100.32(1)°, U 5 4214(1) Å3, Z 5 4, ρcalcd 5 1.083
gcm–3, µ(Mo-Kα) 5 1.60 cm–1, F(000) 5 1480; 15805 reflections in
the range 2 , θ , 26°, 15226 independent reflections. Structure
solution by direct methods[13] and refinement[14] on F2 for 1366
variables; all nonhydrogen atoms refined isotropically. Convergence
at R 5 0.074 for 7172 observations with Fo . 4σFo, wR2 5 0.154
for all reflections, w–1 5 σ2(Fo

2) 1 {0.052[max(Fo
2,0) 1 2Fc

2]/3}2,
GOF 5 0.929.

[TMPDAH][(Me2Si2B10H10)OMe] (4): A solution of 1 (330.0 mg,
1.61 mmol) in THF (15 mL) was treated with TMPDA (255.3 mg,
1.21 equiv.). After stirring for 30 min CH3OH (55 mg, 1.07 equiv.)
was added. The colorless solution was stirred overnight. All volat-
iles were removed and the remaining colorless solid was character-
ized by NMR spectroscopy to be almost quantitatively 4. Crystal-
line material was obtained after slow diffusion of hexane into a
THF solution of 4 (yield: 572 mg, 1.56 mmol, 97%). – 1H{11B}
NMR (500 MHz, TMS, THF): δ 5 0.76 (s, 6 H, SiCH3), 1.22 (s, 2
H, H9/12), 1.37 (s, 4 H, H4/5/7/11), 1.72 (s, 4 H, H3/6/8/10), 1.88
(quin., 2 H, NCH2CH2CH2N), 2.61 (s, 12 H, NCH3), 2.97 (t, 4 H,
NCH2CH2CH2N), 11.04 (s, 1 H, NHN). – 11B NMR (160 MHz,
BF3 ⋅ Et2O): δ 5 –13.8 (d, 1J 5 140 Hz, B3/6/8/10), –17.5 (d, 1J 5

128 Hz, B4/5(7/11), –20.5 (d, 1J 5 128 Hz, B9/12). – 13C{1H} NMR
(125.6 MHz, TMS): δ 5 3.6 (MeSi), 21.2 (NCH2CH2CH2N ), 44.5
[–N(CH3)2], 60.2 (NCH2CH2CH2N). – 29Si NMR (MHz, TMS):
δ 5 –69.3. – C10H38B10N2OSi2 (366.71): calcd C 32.75, H 10.45, N
7.64; found C 32.53, H, 10.24, N 7.79.
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X-ray Crystallographic Analysis of 4: C10H38B10N2OSi2, ENRAF-
Nonius CAD4; Cu-Kα radiation, λ 5 1.54184 Å, graphite mono-
chromator; data collection with ω-2θ scan at 180 K. Colorless
platelet 0.36 3 0.24 3 0.08 mm, monoclinic space group P21/c (no.
14); a 5 8.808(1), b 5 9.139(1), c 5 28.218(7) Å, β 5 94.24(2)°,
U 5 2265.(1) Å3, Z 5 4, ρcalcd 5 1.078 gcm–3, µ(Cu-Kα) 5 14.10
cm–1, F(000) 5 792; 5639 reflections in the scan range 4 , θ ,

70°, 2599 independent observations with I . σ(I) in structure solu-
tion with direct methods[13] and refinement[15] on F for 306 vari-
ables; all nonhydrogen atoms refined with anisotropic replacement
parameters, hydrogen atoms refined isotropically. Convergence at
R 50.066, Rw 5 0.063, w–1 5 σ2(Fo), GOF 5 1.094.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
nos. CCDC-114742 (3) and CCDC-114741 (4). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 144–1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].

Ab Initio Calculations: The Gaussian 94 package,[18] run on a clus-
ter of workstations (Rechenzentrum der RWTH Aachen), was ap-
plied for all ab initio calculations. The calculations were conducted
in redundant internal coordinates. The surface scan of Figure 4 was
performed by a step-by-step change of the torsion angle O–Si1–
B12–B9 by 10° followed by an optimization of all other geometrical
parameters. All full geometry optimizations were conducted with-
out any symmetry restrictions (Figure 5). The total energies Eh (in
Hartrees; B3LYP/6-31G(d) and HF/6-31G(d) in parentheses) and
ZPVE calculated at HF/6-31G(d) level (in kJ
mol–1; in square brackets) are as follows: M1: –910.812603
(–907.220984) [483.2], M2: –910.814022 (–907.221375) [483.4],
M3: –910.805689 (–907.214743) [482.1], TS2: –910.802310
(–907.208467) [481.8], TS3: –910.794274 (–907.196112) [481.4].
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