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Structure and small molecule activation reactivity of a 
metallasilsesquioxane of divalent ytterbium. 
Aurélien R. Willauer,a† Anna M. Dabrowska,a† Rosario Scopelliti,a and Marinella Mazzanti*a

The first metallasilsesquioxane of a divalent lanthanide, 
[Yb{Cy7Si7O11(OSiMe3)}(THF)]2, 1, was synthesized and structurally 
characterized. The Cy7Si7O11(OSiMe3)2- ligands in 1 bind two Yb(II) 
ions in a bridging mode. The dinuclear complex effects the two-
electrons reduction of azobenzene yielding the Yb(III) complex 
[{Yb(Cy7Si7O11(OSiMe3))(THF)2}2(PhNNPh)], 2, and the CO2 
reduction to CO and carbonate. 

Metallasilsesquioxanes1 of f-elements are of interest in 
material science and catalysis because they provide attractive 
homogeneous analogues of silica-supported lanthanide 
catalysts2 and precursors to rare earth silicates which find 
application in optoelectronics.3 However, the chemistry of  
metallasilsesquioxanes of f-elements remain limited to a few 
examples in part due to the difficulties encountered in the 
crystallization and characterization of these compounds. 
Moreover, the synthesis of silsesquioxane complexes of highly 
reducing low-valent f elements is anticipated to be particularly 
challenging because of the tendency of silsesquioxanes to 
promote metal oxidation (U(IV) to U(VI) 4  and Ce(III) to Ce(IV)5). 
This chemistry differs from that of monoanionic siloxides which 
led to the isolation of U(III), U(IV)6, Ce(III)7 and Ln(II)8 complexes.  

Metallasilsesquioxane complexes have been reported only 
recently for uranium in different oxidation states ranging from 
+IV to +VI.4 9 In contrast, the first example of a Ce(IV) 
silsesquioxane, [Ce(Cy7Si8O13)2(py)3], which is a molecular 

analogue of silica-supported Ce(IV) oxidation catalyst was 
reported 20 years ago by Edelmann and coworkers.5 In the last 
20 years a handful of silsesquioxane complexes of lanthanides 
in the +III oxidation have also been synthesized and 
characterized1b, 2d, 10 for Nd,11 Yb,12 Sm,13 Eu14 and Er15 providing 
attractive functional models for heterogenous Ln(III) silicate 
catalyst16 that find application in important organic 
transformations. 

The catalytic activity of heterogeneous systems comprising 
divalent lanthanides is increasingly studied.17 Moreover, it has 
become evident that ligand design is particularly important for 
tuning the reactivity of complexes of divalent lanthanides in 
small molecule activation.18 However, despite the attractive 
redox reactivity and properties of the few isolated Ln(II) 
complexes of monoanionic siloxides,8, 19 17b, 20 silsesquioxane 
complexes of lanthanides in the +2 oxidation state have not yet 
been reported. 

Here we report the synthesis of the first example of a 
metallasilsesquioxane of a divalent lanthanide, and we show 
that silsesquioxanes can act as effective supporting ligands in 
Ln(II) chemistry. 
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Scheme 1. Synthesis of complex 1. 

The divalent ytterbium complex [Yb{Cy7Si7O11(OSiMe3)} 
(THF)]2, 1, was obtained in 73 % yield by reacting 
[Yb{N(SiMe3)2}2(THF)2] with one equivalent of the mono-
silylated silsesquioxane Cy7Si7O9(OSiMe3)(OH)2 21 (Cy = 
cyclohexyl) in THF at room temperature (Scheme 1). Crystals of 
1 suitable for X-ray diffraction were obtained from a 
concentrated THF solution of complex 1 after one night at room 
temperature.  

The complex 1 crystallizes in the triclinic space group P21/c. 
The molecular structure of 1 is presented in Figure 1 and shows 
the presence of a centrosymmetric dinuclear complex. Two 
divalent ytterbium centers are five-coordinate in a distorted 
square pyramidal geometry and bound by three siloxide oxygen 
atoms, one silyl ether oxygen and one THF molecule. Two 
siloxide oxygen atoms bridge both Yb(II) ions in a symmetric 
fashion. The Yb–Yb distance in 1 (3.625 (2) Å) is slightly bigger 
than in the dinuclear Yb(II) siloxide complex [Yb2L4] (L = 
(OtBu)3SiO-) (3.2303(3) Å)19b due to the presence of the bulkier 
silsesquioxane ligand. The values of the Yb–Osiloxide distances 1 
(2.193(13) – 2.397(13) Å) are larger than those found in the 
mononuclear Yb(III) silsesquioxane complex [Li2Yb{Cy7Si7O12} 
{Cy7Si7O11(OSiMe3)}(THF)2(MeCN)] (2.115(12) – 2.236(11) Å).12b 
This is in agreement with the presence of the larger 
ytterbium(II) (difference in ionic radius = 0.15 Å) in complex 1. 

Complex 1 is the first example of a divalent lanthanide 
complex supported by incompletely condensed polyhedral 
oligomeric silsesquioxane cages. 

 
Figure 1. Solid-state molecular structure of 1 (50% probability ellipsoids). 

Hydrogen atoms, cyclohexyl groups, residual solvent molecules and a second 
molecule of 1 present in the unit cell are omitted for clarity. Selected bond 
lengths (Å): Yb1–Yb11 = 3.6253(19); Yb–Osiloxide range= 2.193(13) – 2.397(13); 

mean Yb–Osiloxide = 2.29(8); Yb–Osilylether =2.621(13) – 2.651(14); Yb–OTHF = 
2.423(13) – 2.445(14). Symmetry transformation used to generate equivalent 
atoms:11-x, 2-y, 1-z. 

 

The 1H NMR spectrum of 1 in THF-d8 shows the presence of 
broad overlapping signals assigned to the protons of the ligand’s 
cyclohexyl groups along with a narrow signal at d = 0.3 ppm 
assigned to the CH3 protons of the OSiMe3 moiety. The 1H NMR 
spectrum of 1 in Tol-d8 is better defined with seven sets of 
signals identified for the cyclohexyl’s protons and the signal 
corresponding to the CH3 protons of the OSiMe3 moiety at d = 
0.6 ppm. In both solvents the 1H NMR signals are all found in the 
diamagnetic region in agreement with the presence of the f14 
Yb(II) ions in 1. 

Complex 1 is stable in solid state and in solution at -40 °C, 
however, slight signs of decomposition can be detected by 1H 
NMR studies after 24 h at room temperature in THF-d8, and 
complete decomposition is observed in Tol-d8 after one week 
resulting in the formation of paramagnetic Yb(III) species (see 
Supporting Information). Decomposition is likely to arise from 
solvent reduction which is often observed in low valent 
lanthanide chemistry22 but alternative decomposition pathways 
involving Ln(II) disproportionation to Ln(III) and Ln(0)23 cannot 
be ruled out. 

 
Scheme 2. Reductive disproportionation of carbon dioxide by 1. 

Preliminary reactivity studies were carried out with 
azobenzene and CO2 in order to assess the ability of 
silsesquioxanes to act as effective supporting ligands in Ln(II) 
chemistry. 

When a THF-d8 solution of 1 was exposed to 13CO2 (~5 
equivalents) an immediate colour change was observed from 
orange to yellow. 1H NMR studies of the reaction mixture in 
THF-d8 shows the immediate disappearance of the signal 
assigned to 1. The 13C NMR spectrum of the reaction mixture in 
THF-d8 shows two signals corresponding to free 13CO and excess 
13CO2. The formation of CO suggests that the complex 1 effects 
the reductive disproportionation of CO2 to afford CO and 
carbonate (Scheme 2). The signal corresponding to 13CO32- was, 
however, not observed in the 13C NMR spectrum in THF-d8, 
suggesting that it is bound to the paramagnetic Yb(III) metal 
center in solution. The formation of Yb(III)-carbonate species is 
likely to proceed via a concerted mechanism as previously 
found for the reductive disproportionation of CO2 promoted by 
mononuclear and dinuclear Ln(II) complexes supported by bulky 
ligands19c, 24 rather than involve oxo formation. 

The quantitative 13C NMR spectrum of the residue (after 
removal of the solvent and of excess 13CO2) in basic D2O (pD = 
13), confirmed the presence of carbonate (d = 168.3 ppm) as the 
product of carbon dioxide reduction in 100% yield with respect 
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to the value expected from the conversion of 2 CO2 molecules 
into 13CO32- and CO (measured using 13C labelled sodium 
acetate). The formation of carbonate in 100% yield was also 
obtained when the reaction of 1 with CO2 was carried out in a 
non-polar solvent (toluene). The high selectivity towards 
carbonate formation from the reductive disproportionation of 
CO2 observed for the Yb(II) silsesquioxane complex contrasts 
with the lower selectivity reported in apolar solvents for the 
reaction of the Yb(II) siloxide complex [Yb2L4K2]8 (CO32-:C2O42- 
=2.2:1). A slightly lower selectivity was also reported for 
[Yb2L4]19c (CO32-:C2O42- =50:1). These results suggest that the 
bulky silsesquioxane ligand provide a better control of the Yb(II) 
redox reactivity. 

In view of these results we also set out to explore the 
reactivity of 1 with azobenzene. 

The addition of 1 equivalent of azobenzene to an orange THF 
solution of 1, at -40 °C, resulted in the immediate darkening of 
the solution (Scheme 3). 1H NMR spectroscopy studies showed 
the complete disappearance of the signal assigned to 1 in THF-
d8 and the appearance of new sets of signals in the 
paramagnetic region. The two-electrons reduced azobenzene 
product [{Yb(Cy7Si7O11(OSiMe3))(THF)2}2(µ-h2:h1PhNNPh)], 2, 
could be isolated from the reaction mixture in 72 % yield. 
Crystals of 2 suitable for X-ray diffraction were obtained by 
storage of a concentrated THF solution of complex 1 at room 
temperature for 2 days. 

 
Scheme 3. Two electron reduction of azobenzene by 1 affording complex 2. 

The complex 2 crystallizes in the triclinic space group 𝑃1# 
(Figure 2). The solid-state structure shows the presence of an 
asymmetric dinuclear complex displaying a two-electron 
reduced azobenzene moiety bridging the two trivalent 
ytterbium metal centers. One ytterbium center is six-coordinate 
and bound by three siloxide oxygen atoms, two oxygen atoms 
from two THF molecules, and one hydrazido nitrogen from the 
reduced PhNNPh2-. The second ytterbium ion is seven-
coordinate and bound by two siloxide oxygen atoms,  two 
oxygen atoms from two THF molecules, one silyl ether O atom 
from a silsesquioxane ligand and two nitrogen atoms from the 
reduced PhNNPh2- moiety. The two ytterbium centers are 
bridged by a reduced PhNNPh2- moiety in a h2: h1 fashion and 
by a siloxide oxygen. The azobenzene moiety in 2 is oriented in 
a cis-fashion as found in the previously reported Sm(III) 
[(C5Me5)Sm{µ-OSi(OtBu)3}2(N2Ph2)SmOSi(OtBu)3]25 and Yb(III) 
[Me2Si(C5Me4)(NPh)Yb(thf)(N2Ph2)Yb(NPh)(C5Me4)SiMe2]26 

complexes. The Yb–Yb distance in 2 (3.7038(6) Å) is slightly 
bigger than in 1 (3.6253(19) Å) which is consistent with the 
incorporation of the bridging PhNNPh2- ligand. The mean 
Yb(III)–Osiloxide distance in 2 (2.19(9) Å) is reasonably close to the 
mean distance (2.20(4) Å)12b found in the mononuclear Yb(III)-
silsesquioxane complex reported by H.C. Aspinall et al. The N1–
N2 bond length in 2 (1.433(7) Å) is longer compared to free 
azobenzene (1.25 Å)27 and the radical anion KPhNNPh 
(1.331(17) Å)8 which is consistent with the presence of a 
dianionic reduced azobenzene. Furthermore, the value of the 
N1–N2 bond length in 2 is similar to those found in other 
ytterbium-PhNNPh2- complexes (1.470(6) and 1.47(2) Å). 18b, 28 
The Yb–N distances in 2 (2.148(5) – 2.576(5) Å) are comparable 
with those reported for the ytterbium complexes 
[Me5Cp(THF)(N2Ph2)YbIII]2 18b (2.188(5) – 2.572(5) Å) and [Yb4(µ-
h2: h2-N2Ph2)4(µ3-NPh)2(THF)4]28 (2.20(2) – 2.57(1) Å). 

The two electron reduction of azobenzene by mononuclear 
divalent lanthanide complexes was reported previously for La, Sm, 
Yb and Tm with cyclopentadienyl derivatives, naphthalenide and 
amide as supporting ligands.18b, 25-26, 28-29 In most cases, the reaction 
is accompanied by ligand scrambling and/or by the formation of 
azobenzene four-electron reduction products.28, 29b, 29d, 30  Only one 
example of a two-electron azobenzene reduction by a binuclear 
Yb(II) complex was reported previously.25 In contrast, the Eu(II) 
siloxide complex [EuII(OSi(OtBu)3)4K2] only effects the one electron 
reduction of azobenzene to yield the azobenzene radical anion 
mononuclear complex [Eu(h2-PhNNPh)(OSi(OtBu)3)4K2].8 In  the case 
of Yb(II) compounds, the [Yb(C10H8)(thf)] complex promoted both the 
two- and four-electron reduction of azobenzene affording the ligand 
redistribution product [Yb4(µ-h2:h2-N2Ph2)4(µ3-NPh)2(THF)4].28 Ligand 
redistribution was also observed after the two-electron reduction of 
azobenzene by [Me5Cp2Yb(THF)] to yield [Me5Cp(THF)(N2Ph2)YbIII]2.18b 
Here, the dinuclear complex 1 promotes the selective two-electron 
reduction of azobenzene.  Moreover, the dianionic charge and the 
polydentate binding mode of the silsesquioxane prevent ligand 
redistribution during the reaction of 1 with azobenzene.  

 
Figure 2. Solid-state molecular structure of 2 (50% probability ellipsoids). Hydrogen 
atoms, cyclohexyl groups and residual solvent molecules are omitted for clarity. 
Selected bond lengths (Å): Yb1–Yb2 = 3.7038(6); Yb–Osiloxide range= 2.078(4) – 2.328(4); 
mean Yb–Osiloxide = 2.19(9); Yb–Osilylether = 2.921(4); Yb1–N1 = 2.335(5); Yb2–N1 = 
2.576(5); Yb2–N2 = 2.148(5). N1–N2 = 1.433(7), Yb–OTHF = 2.323(5) – 2.418(5). 

In summary we have synthesised and crystallographically 
characterized the first example of a metallasilsesquioxane of a 
divalent lanthanide. The dinuclear complex 
[Yb{Cy7Si7O11(OSiMe3)}(THF)]2, 1, was prepared in good yield 
from the protonolysis of  [Yb{N(SiMe3)2}2(THF)2] with  the mono-
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silylated silsesquioxane Cy7Si7O9(OSiMe3)(OH)2. The dianionic 
Cy7Si7O11(OSiMe3)2- ligand acts as a tridentate bridging ligand 
holding together the two Yb(II) ions. We also showed that 
silsesquioxane acts as an effective ligand for building dinuclear 
complexes of Ln(II) that can transfer two electrons to substrates 
such as azobenzene or CO2, without undergoing ligand 
scrambling or ligand loss. Future studies will be directed to 
investigate the silsesquioxane chemistry with other Ln(II) ions 
and Sm(II) in particular. 
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