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ABSTRACT: Synthesis of manganese cluster complexes templated by polyhedral oligomeric silsesquioxane (POSS)-derived 
ligands is described. MnII3(Ph7Si7O12)2Pyr4 (1), and MnII4(Ph4Si4O8)2(Bpy)2(Py)2 (3) are prepared by replacement of the amide 
ligands of Mn(NR2)2 (R = SiMe3) via ligand protolysis by the acidic proton of the respective silsesquioxane-derived silanols. 
Complex 1 is shown to undergo ligand rearrangement by reaction with O2, which results in oxidation of the cluster to a mixed 
MnII/III cluster, concomitant with cleavage of the Si-O bonds of the ligand, releasing a [Ph2Si-O]+ unit, opening a new ligating 
siloxide group, and resulting in the formation of Mn3(Ph6Si6O11)2Pyr4 (2). The ligand framework of 1 can also be perturbed by 
base. Addition of LiOH/BuLi delivers a soluble equivalent of Li2O to 1, resulting in cleavage of Si-O bonds, and linkage of the 
resulting exposed silicon atoms by the new oxide, giving a linked ligand variant that templates a Li2Mn3 cluster, 
Mn3Li2(Ph7Si7O12OPh7Si7O12)DMF5Pyr (4). These systems are characterized by single-crystal X-ray diffraction, absorption 
spectroscopy, FTIR, Cyclic Voltammetry, and CHN combustion analysis. Mechanistic implications for the Si-O bond cleavage 
events are discussed. 

Polyhedral oligomeric silsesquioxane (POSS) and related 
compounds have sparked new hybrid organic/inorganic 
nanomaterials studies due to their organic-inorganic hybrid 
composition and ability to mediate mixing of nanoparticles 
with polymers.1 POSS-derived compounds have been exam-
ined as models for catalytic oxide surfaces2,3 and for the syn-
theses of new catalysts.4-8 Multidentate oxo-containing lig-
ands are of interest as models of mineral surfaces, and can 
give rise to catalytic chemistry that is more easily scrutable 
than those occurring at defect active sites of bulk materi-
als.9,10  

The most utilized strategy of linking metal species to the 
silsesquioxane compounds is to use partially condensed 
silsesquioxane alcohols, which allow for protolysis of the 
hydroxyl groups and has been previously reported in syn-
thesis of a variety of metal silsesquioxanes. A search of the 
Cambridge Crystal Structure Database (CSD)11 reveals more 
than a hundred transition metal complexes, though only a 
few examples with manganese.3,12 A study by Lorenz et al. 
describes the synthesis of heterometallic silsesquioxane-
derived clusters using Na(N(SiMe3)2), Li(N(SiMe3)2), MnCl2 
and (c-C6H11)7Si7O9(OH)3 resulting in Mn2Na2L2 and 
Mn4Li2L2 compounds, but the reactivity of these clusters 
was not further discussed.12 In another study from Riollet et 
al, the silsesquioxane ligand was studied as a model of a sil-
ica-surface-templated active heterogeneous catalytic spe-
cies.3 Among other first-row d-block metal complexes of 
silsequioxanes, Ti,13-24 Fe,25-31 V,32-37 and Zn31,38-40 are most 
common, though there are examples with Co,41-45 Cr,37,46,47 
Cu,40,48-52 and one with Sc.53 We report here the synthesis of 

multinuclear Mn complexes of POSS-derived ligands via re-
action of Mn(N(SiMe3)2)2 and 1,3,5,7,9,11,14-heptaphenyl-
2,4,6,8,10,12,13,15,16-nonaoxa-1,3,5,7,9,11,14-heptasi-
latricyclo[7.3.3.15,11]hexadecane-3,7,14-triol 
(Ph7Si7O9(OH)3, (L1)H3) and (2s,4s,6s,8s)-2,4,6,8-tetra-
phenyl-1,3,5,7,2,4,6,8-tetraoxatetrasilocane-2,4,6,8-tetraol 
(Ph4Si4O4(OH)4,, (L2)H4). Ligands L1 and L2 are illustrated 
in Scheme 1. L2 is an unusual silsesquioxane template, with 
only three structural reports of coordination complexes to 
our knowledge.24,45,54 The L1 ligand scaffold is much more 
common, representing the templating ligand for the manga-
nese chemistry of Lorenz et al.,12 as well as four other re-
ports of complexes of 1st row transition metals.32,33,38,42 We 
additionally present rearrangement chemistry of ligand L1 
involving Si-O bond cleavage reactions mediated by O2 and 
by hydroxide. 

Reaction of Mn(NR2)255 with (L1)H3 results in a colorless 
crystalline compound with the formula, 
Mn3(Ph7Si7O12)2Pyr4 (1), isolated in good yield (Scheme 1). 
The product was identified with single crystal X-ray diffrac-
tion (Figure 1) and is pure based on CHN combustion anal-
ysis.  

The crystal structure of 1 reveals an asymmetric trinu-
clear metal complex with each of the Mn metal centers hav-
ing unique ligand environments (Figure 1), and a cluster 
structure that is unique to silsesquioxane systems based on 
a search of the CSD.11 Each L1 pro-ligand (L1)H3 provides 
two μ-oxygen bridges and a terminal oxygen ligand. Mn(2) 
has a pseudotetrahedral geometry and is coordinated by a 
terminal pyridine, a terminal silsesquioxane oxygen ligand, 



 

and two μ-oxygen atoms to Mn(1) and Mn(3). Mn(1) is a 
five-coordinate metal center that is bound by two terminal 
pyridine molecules and three bridging μ-oxygen atoms (two 
μ-oxygen to Mn(3) and one μ-oxygen to Mn(2)). Mn(3) is an-
other five-coordinate metal center that is ligated by a termi-
nal pyridine, one terminal siloxide-O atom, and two μ-oxy-
gen bridges to Mn(1) and one μ-oxygen to Mn(2). In addi-
tion, the rhomb that is formed between Mn(1), Mn(3), and 
the corresponding μ-oxygen bridges from separate L1 cages 
display different bond lengths (see Table S2). 

Scheme 1. 

 

Due to the paramagnetic nature of 1, 1H NMR spectros-
copy did not reveal any assignable resonances. UV/visible 
spectroscopy of 1 in THF only shows a small shoulder peak 
at 315 nm and a large charge transfer band that tails into 
the UV region. The lack of d-d transition supports a MnII ox-
idation state assignment. Cyclic voltammetry reveals a re-
versible oxidation wave at 0.172 V vs Fc as well as an irre-
versible reduction at -2.04 V vs Fc (Figure S1). 

Complex 1 is air sensitive, changing color from colorless 
to dark purple upon exposure to oxygen. The resulting 
UV/visible spectrum displays an overall increase in absorb-
ance with a small peak at 450 nm, which we attribute to a d-
d transition from the oxidized Mn species (Figure S4). With 
the aid of heating to push the reaction to completion, a prod-
uct of the decomposition could be isolated in modest yield 
(Scheme 1). The byproduct was identified and character-
ized using single-crystal X-ray diffraction as 
Mn3(Ph6Si6O11)2Pyr4 (2, Figure 1). The most striking feature 
of the resulting cluster is the loss of a [SiOPh]+ unit from the 
L1 trianion via the cleavage of two Si-O bonds to form a new 
tetraanionic ligand (Scheme 2A). This loss of a Si-O group 
results in a ligand that is C2v symmetric, as opposed to L1, 
which is C3v symmetric.  We noted that the isolation of 2 was 
successful only when the introduction of O2 was halted, and 

the reaction mixture was subsequently heated in pyridine. 
It is supposed that the oxidation of MnII to MnIII in the pres-
ence of O2 provides a more Lewis acidic metal center that 
facilitates heterolysis of the Si-O bonds via stabilization of 
the new anionic siloxide donor atoms. If O2 addition is per-
mitted to continue for longer (3 hours), the material is in-
tractable. We propose complete oxidation of the Mn metals, 
which may lead to further Si-O heterolysis, and the for-
mation of an impure, intractable product mixture. 

  

Figure 1. Crystal structure of Mn3(Ph7Si7O12)2Pyr4 (1) and 
Mn3(Ph6Si6O11)2Pyr4 (2). Ellipsoids shown at 30% probability. 
Carbon atoms shown as wireframe, H atoms omitted for clarity. 

The Mn metal centers are now in a linear arrangement 
with a Mn-Mn distance of 3.0856(17) Å and the outer Mn 
are ligated by two pyridine solvent ligands. Charge counting 
considerations in 2 lead to the assignment of a formal 1-
MnII:2-MnIII species. Coordination geometries of the three 
Mn atoms permits assignment of oxidation states to specific 
metal ions. The bond lengths of Mn(2)-O(3)/O(10) (Table 
S8) are shorter (1.84-1.87 Å) in comparison to the central 
Mn(1) atom (2.06-2.10) and Mn(2) is in a pseudo- octahe-
dral geometry vs the central Mn(1) in a pseudo-tetrahedral 
geometry. These structural features support the assignment 
of MnIII to the exterior metal ions, and MnII to the interior. 
The UV/visible spectrum exhibits peaks at 437 and ~570 
nm assigned as d-d transitions (Figure S4). The cyclic volt-
ammogram shows a quasi-reversible reduction wave at -
1.38 V vs Fc (Figure S2). 

The ligand architecture in 2 has been previously ob-
served in a few other structural reports. In one instance, an 
NMR-assigned structure indicated the formation of this lig-
and geometry upon the base-mediated hydrolytic ring 
opening of a trigonal prismatic Cy6Si6O9 POSS system.56 In a 
crystallographically characterized example, this ligand type 
formed upon the addition of MeO- to induce the base-medi-
ated extrusion of a [PhSiOSiPh]4+ unit and two water mole-
cules from a different incompletely condensed silsesquiox-
ane, Ph4Si4O8(OH)4. The subsequent addition of an iron pre-
cursor resulted in the condensation of two ligand units 
around a hexanuclear iron cluster.30 In another crystallo-
graphically characterized example, a pentanuclear copper 
cluster was self-assembled from [PhSi(OEt)(OH)(O)]- 



 

fragments in solution.51 Both of these reported metal clus-
ters have cores that are geometrically dissimilar from 2.  

Scheme 2. Reactions of L1 by disruption of Si-O bond 
framework. 

 

We also explored the reaction of Mn(NR2)2 with the tetra-
dentate pro-ligand (L2)H4. Only in the presence of addi-
tional 2,2’-bipyridine (Bpy) did we obtain a tractable prod-
uct, Mn4(Ph4Si4O8)2(Bpy)2(Py)2 (3) in good yield (Scheme 
1).  

 

Figure 2. Crystal structure of Mn4(Ph4Si4O8)2(Bpy)2(Py)2 (3). 
Ellipsoids shown at 30% probability. Carbon atoms shown as 
wireframe, H atoms and solvent omitted for clarity. 

The structure of 3 (Figure 2) shows two equivalent L2 lig-
ands on either side of an approximately square arrange-
ment of MnII ions. Compound 3 possesses two equivalent 
five-coordinate Mn(2) metal centers each with one pyridine 
ligand and two six-coordinate Mn(1) metal centers termi-
nally coordinated by Bpy. Each L2 oxygen atom bridges two 
Mn atoms. The Mn-Mn distances between adjacent metal 
centers are 3.1937(7) Å and 3.1034(7) Å. The structure type ex-
hibited by 3 is unique among silsesquioxane ligands to our 
knowledge.11 Once crystals of 3 are formed, the solid is insol-
uble in pyridine or THF and only slightly soluble in DMF. 

When the reaction was attempted without Bpy, no crystals 
were obtained, but instead only insoluble, amorphous solid. 
In addition, the reaction must be completed on a small scale 
(~50 mg) due to the insolubility of the resulting complex, 
which results in production of amorphous solid in larger 
scale reactions. Presumably a similar molecule forms in the 
absence of Bpy, but did not form a crystalline phase. 

When a suspension of 3 in DMF is stirred in an O2 atmos-
phere, a similar change is observed to that of 1, and the 
white, cloudy suspension turns to a clear dark purple solu-
tion. A similar d-d band is observed at 465 nm along with 
the growth of a shoulder at 370 nm. However, we were un-
able to obtain crystalline products from this decomposition.  

We were also able to demonstrate modifications to the L1 
ligand scaffold manganese complex by the base mediated 
rupture of an Si-O bond and crosslinking of two L1 units by 
a new oxygen atom. This O2- addition was achieved via the 
sequential addition of LiOH and BuLi (a combination which 
ultimately provides a soluble equivalent of Li2O) A sample 
of 1 is prepared in situ by the addition of Mn(NR2)2 to 
(L1)H3 in a 1:1 pyridine:toluene solution. This is combined 
with a solution of LiOH in N,N-dimethylformamide (DMF), 
followed immediately by n-butyllithium in diethylether to 
absorb the OH proton. Subsequent crystallization using di-
ethylether and pentane as a precipitant resulted in isolation 
of crystals of Mn3Li2(Ph7Si7O12OPh7Si7O12)(DMF)5(Py) (4) 
(Scheme 1), which was identified with XRD. The structure 
of 4 (Figure 3) is asymmetric with three unique MnII metal 
centers. Two Li metal centers are coordinated at one side of 
the structure and the L1 cages are bridged via a newly 
formed Si-O-Si bond to form a linked pair of L1-type ligands. 
The Mn metal centers are in a linear arrangement and all 
have unique ligand environments. Mn(1) and Mn(2) are 
bridged to the Li metal centers, while Mn(3) is only bridged 
to Mn(2). It has been previously shown that the addition of 
base can catalyze the cleavage of the Si-O-Si moieties in the 
silsesquioxane cage and result in additional silanol func-
tionalities.56 In this reaction, the superbase n-butyllithium 
can deprotonate the LiOH, providing an oxide nucleophile 
to form the bridging O(13) atom between the cleaved L1 
units. This transformation is illustrated in Scheme 2B. While 
we note that silsesquioxane rearrangement mediated by 
base is a known phenomenon,30,56 4 represents a new in-
completely condensed silsesquioxane framework to our 
knowledge. 

 



 

Figure 3. Crystal structure of 
Mn3Li2(Ph7Si7O12OPh7Si7O12)DMF5Pyr (4). Ellipsoids shown at 
30% probability. Carbon atoms shown as wireframe, H atoms 
and solvent omitted for clarity. 

Mn-Mn distances are 3.2106(10) Å and 3.2112(10) Å. 
Two Mn metal centers are in distorted trigonal bipyramidal 
geometries and the central Mn is in a distorted square py-
ramidal geometry. Mn(3) is ligated by a pyridine and DMF 
solvent molecules, one terminal siloxide oxygen, and two μ-
oxide ligands to Mn(2). Mn(2) is ligated by two μ-oxides to 
Mn(3) and two μ-oxides to Mn(1) in addition to a μ-oxide 
with Li(2) and a μ3-oxide between Mn(1)/Mn(2) and Li(2). 
Mn(1) has a μ-oxide to Mn(2), a μ3-oxide with Mn(2) and 
Li(2), a μ-oxide to Li(1), a neutral μ-O donor from DMF to 
Li(1) and a μ-oxide to Li(2).  

Compound 4 was also reactive to O2. In DMF, a solution of 
4 exposed to O2 showed the appearance of a small broad 
peak in the 388 and 480 nm regions, signifying d-d transi-
tions, though no crystalline material was isolated. The cyclic 
voltammogram shows a quasi-reversible oxidation at - 
0.1455 V vs Fc and an irreversible reduction at -2.5695 V vs 
Fc (Figure S3).  

In summary, four multinuclear manganese clusters tem-
plated by different silsesquioxane-derived ligand scaffolds 
are described. These ligands template Mn cluster complexes 
in varied geometric arrangements. Despite a C3v symmetry 
in the pro-ligand (L1)H3, the cluster complex of Mn(II) (1) 
is asymmetric, possessing three separate manganese envi-
ronments, whereas the C4v symmetric (L2)H4 pro-ligand re-
sults in a nearly D4h symmetric square core of manganese 
ions. Though the molecular symmetry is reduced to an ap-
proximate D2h system by the ligation of two opposing Bpy 
ligands in (3), the ligand symmetry is more or less imposed 
upon the cluster complex. Similarly, upon oxidation of 1 in 
the presence of O2, a ligand rearrangement results whereby 
a [PhSiO]+ unit is extruded, giving an ostensibly C2v symmet-
ric tetroxide ligand in 2. The resulting manganese complex 
retains the two fold symmetry with the metal ions rearrang-
ing into a linear trinuclear core with approximate D2h, sym-
metry.  Finally, in the case of the insertion of Li2O into the 
L1 scaffold, the result is cleavage of an Si-O bond and the 
linkage of two of the resulting fragments by oxide. While the 
ligand framework has, in principle, C2v symmetry, the as-
sembled pentanuclear Li2Mn3 cluster is asymmetric, with 
both lithium ions at one edge of the cluster core, and the 
three manganese ions forming a linear trinuclear cluster of 
three corner-fused rhombs, in which all atoms are environ-
mentally unique.  
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A series of manganese and lithium-manganese complexes templated by ligand derivatives of poly-
hedral oligomeric silsesquioxane (POSS) are described. We describe Si-O bond rupture and for-
mation to fragment or join silsesquioxane ligands. Above is shown an asymmetric Li2Mn3 cluster 
templated by a large octanuclear silsesquioxane ligand formed by linkage of two smaller ligands. 
SiO3C tetrahedra are shown in orange. 

 

 

 

 

 


