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[{u-CysSigOq3},Ca(DME)Ca(THF),] — The First Metallasilsesquioxane
Derivative of a Heavier Alkaline Earth Metal
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Abstract. [{¢-CysSigO,3},Ca(DME)Ca(THF),] (2), the first metalla-
silsesquioxane derivative of a heavier alkaline earth metal, has been
prepared by a reaction of Cy;Si;O9(OH); (1) with metallic Ca in
liquid ammonia / THF followed by recrystallization from DME.
In the course of the reaction ligand rearrangement under formation
of the (CygSigO;3)~ dianion takes place. In the dinuclear calcium

complex 2 the anionic silsesquioxane cages act as bridging ligands.
The Ca?* ions are unsymmetrically coordinated by THF and
DME molecules.

Keywords: Calcium; Silsesquioxanes; Metallasilsesquioxanes; Cry-
stal structure

Introduction

Polyhedral oligosilsesquioxanes of the general formula
(RSi0; 5),, form an unusual and interesting class of organo-
silicon compounds which currently have a strong impact on
both catalysis research [1, 2] and materials science [3]. In
accordance with several unique properties, the polyhedral
silsesquioxanes have been termed the “smallest particles of
silica possible” [4] or “small soluble chunks of silica” [2].
With respect to catalysis research the chemistry of metalla-
silsesquioxanes also receives considerable current interest
[1, 2, 5, 6]. Incompletely condensed silsesquioxanes such as
Cy;Si;O9(OH); (1, Cy = cyclohexyl) share astonishing
structural similarities with f-tridymite and f-cristobalite
and are thus quite realistic models for the silanol sites on
silica surfaces [1, 2, 6—11]. Metal complexes derived from
1 are therefore commonly regarded as “realistic”” models for
industrially important metal catalysts immobilized on silica
surfaces [1, 2, 7].

Metallasilsesquioxanes containing alkaline earth metals re-
main a little investigated class of compounds. Until now,
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the lighter beryllium and magnesium are the only elements
of Group 2 which have been successfully incorporated
into silsesquioxane cages. The structurally characterized
compound [Cy;Si;O,BeLi[,2THF was prepared from
[Cy;Si;09(OLi);] and anhydrous BeCl, in THF [12]. The
only other alkaline earth metal for which metallasilses-
quioxanes have been reported is magnesium. The first Mg
derivative was reported in 1996 [13, 14]. Butylethylmagnes-
ium reacts with 1 to give [Cy;Si;Oo(OH)O,Mg], (n = 1,2).
A polymeric magnesasilsesquioxane material was made by
Lichtenhan et al. from a silsesquioxane disilanol and di-
alkylmagnesium derivatives [15], and another magnesium
silsesquioxane has been used as an intermediate in reactions
with epoxides [16]. The reaction of the cyclopentyl analogue
of 1 with MeMgCl led to an unprecedented tetranuclear
magnesium silsesquioxane complex [17]. Catalytically
active microporus Mg-Si-O materials have been obtained
from the controlled calcination of magnesium silsesquiox-
ane complexes [18]. Simple calcium siloxides such as
[(Ph3Si0),Ca(THF),4] have recently been reported to be pro-
mising precursors for the production of fine calcium ce-
ramic nanoparticles [19a], and calcium silsesquioxanes have
been discussed as intermediates in the formation of organo-
siloxane-based inorganic-organic hybrid materials [19b]. We
report here the preparation and characterization of
[{1-CysSigOq3},Ca(DME)Ca(THF),] (2), the first metalla-
silsesquioxane derivative of a heavier alkaline earth metal.
It is also a rare example of a metallasilsesquioxane contain-
ing the (CygSigO,5)>~ dianion formed by ligand rearrange-
ment.

Results and Discussion

Initial studies showed that the preparation of a calcium sil-
sesquioxane complex is not straightforward. A metathetical
reaction between [Cy;Si;O9(OLi)3] [20] and Cal, failed to
give a well-defined product. We therefore decided to try a
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Scheme 1 Preparation of [{u-CygSigO,3},Ca(DME)Ca(THF),] (2).

preparative route starting directly from Ca metal. It is well
established in the previous literature that the formation of
organocalcium compounds or calcium amides, alkoxides,
and siloxides can be greatly accelerated through the pres-
ence of ammonia [21]. This can be achieved either by using
liquid ammonia or by saturating ethereal organic solvents
with ammonia. In our case, an excess of calcium was dis-
solved in dry liquid ammonia and treated with a solution
of 1 in THF. The ammonia was allowed to evaporate, and
the crude product obtained after removing the THF was
recrystallized from DME to afford a colorless crystalline
material. The '"H NMR spectrum indicated the presence of
both THF and DME in the product. Quite surprisingly, the
2981 NMR spectrum displayed eight distinct signals, which
is in contrast to the Cs, symmetry of the starting material
1 and the presence of only seven Si atoms. An informative

Figure 1 Molecular structure of 2.
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mass spectrum of the product could not be obtained. Fortu-
nately, the crystals obtained by slow cooling of a DME
solution were suitable for X-ray diffraction. The single-crys-
tal X-ray structural analysis revealed the presence of the
first calcium metallasilsesquioxane which unexpectedly con-
tains difunctional (CygSigQ;3)?>~ dianions as bridging li-
gands. Thus the overall reaction can be formulated as illus-
trated in Scheme 1.

Figure 1 shows the molecular structure of 2. Crystal and
structure refinement data are summarized in Table 1, while
selected bond lengths (A) and angles (°) for 2 are listed in
Table 2. Similar to previously reported metallasilsesquiox-
anes e.g. of beryllium [12] and indium [22], compound 2 is
a dinuclear complex in which the two Ca?" ions are bridged
be two silsesquioxane cages. The X-ray study confirms the
presence of both THF and DME as additional ligands com-
pleting the coordination sphere of calcium. However, the
most surprising structural feature of 2 is the presence of
difunctional (CysSigO;3)>~ dianions acting as bridging li-
gands despite the fact that pure Cy,;Si;Oo(OH); (1) was
used as starting material. There is only one report in the
literature on the formation of the same octasilsesquioxane
ligand starting from 1 [23]. Treatment of Ce[N(SiMes),];
with two equivalents of 1 in diethyl ether in the presence of
an excess of pyridine afforded the diamagnetic cerium(IV)
complex [{CygSigO;3},Ce(py);] in low yield. The same
compound could also be prepared in a more deliberate way
[23] by reaction of either Ce[N(SiMes),]; or anhydrous
CeCl; with two equivalents of the “correct” precursor
CysSigO1(OH), [24] in a THF/pyridine mixture. In both
the cerium and the calcium case it is not clear how the octa-
silsesquioxane ligand (CygSigOQ;3)>~ is formed during the
course of the reaction. However, in the case of the Ca com-
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plex 2 it is plausible to assume a cage rearrangement reac-
tion under the chosen reaction conditions as the compound
is not just a minor by-product but can be isolated in about
50-60 % yield (the exact yield cannot be precisely calculated
due to the silsesquioxane cage rearrangement). Notable in
both cases is the fact that the reactions are accompanied by
oxidation of the metal atoms (Ce** — Ce*", Ca® — Ca’").
Despite that, the mechanism of the silsesquioxane cage re-
arrangement remains unknown.

Table 1 Crystal data and structure refinement for [¢-CygSigO3],-
Ca(DME)Ca(THF), (2)

Empirical formula C11,H310Ca,03,Si;6

Formula weight 2582.40
Temperature / K 180(2)
Wavelength / A 0.71073

Crystal system, space group
Unit cell dimensions

monoclinic, P2(1)
a=14.281(3) A
b = 25.509(5) A
¢ =20.440(4) A
f = 107.16(3)°

VA3 7115(2)
Z, Calculated density / g cm—3 2, 1.205
Absorption coefficient /mm™! 0.280
F(000) 2788

0.50 x 0.40 x 0.40 mm

0 range for data collection 3.18° to 28.08°

Limiting indices —17=h=18, —33=k=33, —26=1=26
Reflections collected 58630

Reflections unique 33616 [R(int) = 0.0820]
Completeness to 0 = 28.08 98.3%

Absorption correction None

Max. and min. Transmission 0.8962 and 0.8726

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 33616/ 1/ 1489
Goodness-of-fit on F? 0.834

Final R indices [I>26(1)] Ry = 0.0648, wR, = 0.1295

R indices (all data) R, = 0.1345, wR, = 0.1516
Absolute structure parameter 0.53(4)

Largest diff. peak and hole /e-A=3  0.776 and —0.312

Crystal size

The coordination around both calcium ions in 2 is highly
distorted octahedral, with the calcium atom being bonded
to oxygen atoms only. Hexacoordination results from bond-
ing of two siloxide oxygen atoms (one bridging and one
terminal), two O atoms of the solvent ligands, and one cage
oxygen atom. Interactions of cage oxygen atoms with the
metal atoms in metallasilsesquioxanes is not uncommon
and has for example been observed in structurally charac-
terized lithium and potassium derivatives of 1[20, 25]. With
Ca-O distances in the range of of 2.233(4)—2.349(4) A the
bonding to the bridging siloxide oxygen atoms is slightly
unsymmetrical, as was observed in a calcium f-diketiminate
complex containing (Me3;SiO)~ bridging ligands [21D].
These distances can also favorably be compared to the Ca-
O bond lengths in the structurally characterized calcium
triphenylsiloxide derivative [(Ph3Si0)4Ca(NH;)4(tol-
uene) s] (Ca-O: 2.252(5), 2.334(5), and 2.462(5) A). In this
compound three of the siloxide anions act as bridging li-
gands [26]. With Ca(1)-O(2) 2.174(4) A and Ca(2)-O(15)
2.165(4) A the Ca-O distances to the siloxide functions of
the silsesquioxane ligands are significantly shorter. All
other distances and angles within the silsesquioxane frame-
work are in the normal range.
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Table 2 Selected bond lengths/A and angles/® for [u-CygSigO13],-
Ca(DME)Ca(THF), (2)

Bond lengths

Ca(1)-0(2)  2.174(4) Ca(2)-O(4L) 2.439(5) Si(9)-0(15)  1.556(5)
Ca(1)-O(14) 2.233(4) Ca(2)-O(3L) 2.443(4) Si(9)-0(18)  1.640(5)
Ca(1)-O0(1)  2.349(4) Ca(2)-0(16) 2.844(4) Si(9)-0(17)  1.642(5)
Ca(1)-O(1L) 2.417(5) Si(1)-0(2)  1.556(4) Si(10)-O(14) 1.582(4)
Ca(1)-O(2L) 2.521(4) Si(1)-0(6)  1.634(4) Si(10)-0(26) 1.623(4)
Ca(1)-0(3)  2.635(3) Si(1)-0(7)  1.667(4) Si(10)-0(16) 1.659(4)
Ca(2)-O(15) 2.165(4) Si(2)-0(1)  1.575(4)

Ca(2)-O(1)  2.254(4) Si(2)-0(4)  1.630(4)

Ca(2)-O0(14) 2.318(4) Si(2)-0(3)  1.675(4)

Bond angles

0O(2)-Ca(1)-0(14) 105.7(1) 0O(15)-Ca(2)-0(1) 107.6(1)
0O(2)-Ca(1)-0(1) 117.0(1) 0O(15)-Ca(2)-0(14) 107.7(1)
O(14)-Ca(1)-O(1) 79.0(1) O(1)-Ca(2)-0(14) 79.3(1)

0O(2)-Ca(1)-O(1L) 88.6(1) 0O(15)-Ca(2)-0(4L) 87.5(1)

0O(14)-Ca(1)-O(1L) 100.9(1) O(1)-Ca(2)-0(4L) 105.4(1)
O(1)-Ca(1)-O(1L) 153.8(1) 0O(14)-Ca(2)-0(4L) 162.2(1)
0(2)-Ca(1)-O(2L) 152.2(1) O(15)-Ca(2)-O(3L) 158.5(1)
O(14)-Ca(1)-O(2L)  91.2(1) O(1)-Ca(2)-O(3L) 89.5(1)

O(1)-Ca(1)-O(2L) 87.4(1) 0O(14)-Ca(2)-0(3L) 87.7(1)

O(1L)-Ca(1)-O(2L)  66.3(1) O(4L)-Ca(2)-O(3L)  75.3(1)

0O(2)-Ca(1)-0(3) 96.8(1) 0O(15)-Ca(2)-0(16) 89.2(1)

0O(14)-Ca(1)-0(3) 140.1(1) O(1)-Ca(2)-0(16) 137.8(1)
O(1)-Ca(1)-0(3) 61.4(1) 0O(14)-Ca(2)-0(16) 58.7(1)

O(1L)-Ca(1)-O(3) 112.4(1) O(4L)-Ca(2)-0(16) 114.0(1)
O(2L)-Ca(1)-O(3) 83.0(1) O(3L)-Ca(2)-0(16) 86.3(1)

In summarizing the results reported here, the reaction of
Ca metal in liquid ammonia with the incompletely con-
densed silsesquioxane trisilanol 1 provided an access to the
first metallasilsesquioxane derivative of calcium. This is
only the second example of a metal complex containing the
difunctional (CygSigOQ;3)>~ dianion as ligand. It can be ex-
pected that related metallasilsesquioxanes of strontium and
barium are accessible in a similar manner.

Experimental Section

The reaction was carried out in an atmosphere of dry nitrogen with
the use of standard Schlenk techniques. THF and DME were dried
over Na/benzophenone and freshly distilled under nitrogen prior
to use. The IR spectrum was recorded on a Perkin Elmer FT-IR
Spectrometer System 2000. NMR spectra were recorded on a
Bruker DPX 400 NMR spectrometer (‘H 400.13 MHz, '’C
101.62 MHz, 2°Si 79.49 MHz). Chemical shifts are reported in ppm
and referenced to residual solvent resonances ('H, '*C) or an in-
ternal standard (*’Si: TMS = 0 ppm). The elemental analysis was
performed at the Chemistry Department of the Otto-von-Guericke-
Universitét using a Leco CHNS 932 apparatus. The starting mate-
rial Cy,;Si;O9(OH); (1) was prepared according to a literature pro-
cedure [27].

Preparation of 2: A solution of 2.0 g (2.05 mmol) Cy,Si;O9(OH);
(1) in 100 ml THF was added to 0.3 g (7.32 mmol) of Ca metal,
dissolved in liquid NH; at —40 °C. The reaction mixture was al-
lowed to warm up to room temperature and was stirred for 12 h.
Insoluble particles were filtered off, and the solvent was evaporated
in vacuum. The solid residue was recrystallized from DME to af-
ford 1.35 g of [{u-CysSigO,3},Ca(DME)Ca(THF),] (2) as colorless
crystals. These crystals contain one additional equivalent of THF
which is lost upon thorough drying in vacuum. Analysis calcd for
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C112H210C3203|Si16 (M = 2582.4 g'mol_l): C 5209, H 820, found
C 51.64, H 7.87 %.

TH NMR (400.1 MHz, THF-ds, 22 °C): 3.56 (br s, 8H,-CH,O-,
THF), 3.36 (s, 4H,-CH,O-, DME), 3.20 (s, 6H, CH;0-, DME),
1.90-1.50 (br m, 80H, CH,, ¢-C¢H,,; 8H, -CH,-, THF), 1.35-1.00
(br m, 80H, CH,, ¢-C¢H,), 0.75-0.55 (br m, 16H, -CH-Si, ¢-C4H;)
ppm. 3C NMR (100.6 MHz, THF-ds, 22°C): 72.7 (-CH,O-,
DME), 68.1 (-CH,O-, THF), 58.9 (CH;O-, DME), 30.0-27.4
(-CH,-, c-C¢H,,) 26.3 (-CH,-, THF), 25.8-24.0 (-CH-Si, c-C¢H,,)
ppm. 2°Si NMR (79.5 MHz, THF-dg, 22 °C): —64.5, —65.2, —69.5,
—69.6, —69.7, —72.1, —72.4, —73.3ppm. IR (KBr): 2919vs,
2849vs, 2666w, 1494m, 1448s, 1268s, 1196vs, 1119vs, 894s, 848m,
825m, 739w, 687w, 515vs, 466m, 415m cm .

The X-ray crystallographic study of 2 was carried out on a Stoe
IPDS 2T with MoK,-radiation (A = 0.71073 A) and graphite
monochromator. Data were collected at 180(2). The structure was
solved by direct methods using SHELXS-97 [28a] and refined using
SHELXL-97 [28b]. Refinement was by full-matrix least-squares on
F2. Anisotropic thermal parameters were refined for all non-hydro-
gen atoms. The structure was refined in the chiral space group P2,
as a racemic twin. All treatments to refine it in the centrosymmetric
spacegroup P2,/m failed. Furthermore the program PLATON [28c]
did not suggest additional obvious symmetry. Crystallographic
data for the crystal structures reported in this paper can be
obtained from the Cambridge Crystallographic Data Center, 12
Union Road, Cambridge CB21EZ, UK (fax: +44-1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk or www.http:/ccde.cam.ac.uk) by
referring to the CIF deposition code CCDC 654593 for 2.
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