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Abstract 
 

Molecular Models and Precursors for Catalytic Single Sites Incorporating Group 13 and 14 
Elements 

 
by 
 

James Paul Dombrowski, Jr. 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor T. Don Tilley, Chair 
 

 
The work contained within this dissertation describes the synthesis and study of a series of 
molecular complexes that mimic the connectivity and geometry of active sites in heterogeneous 
catalysis.  The molecular complexes serve two purposes; they serve as models of surface sites for 
spectroscopic comparison to metals sites on silica described in the literature and as thermolytic 
molecular precursors to new materials and isolated metal centers on silica supports by the 
thermolytic molecular precursor (TMP) method.  This dissertation focuses on the development 
of molecular precursors and model complexes based on group 13 and 14 elements which can be 
used to model or generate metal sites with relevance to catalysis.  In chapter one, methods are 
explored and developed to control the nuclearity of gallium metal centers in silica materials 
formed by direct decomposition of molecular precursors which influences their acidity and 
coordination environments.  In chapter two, novel molecular models of catalytic sites reported in 
the literature are synthesized, characterized and used to investigate proposed initiation steps in 
heterogeneous catalysis.  Finally, chapter three explores new molecular precursors for doping 
metal centers on silica with germanium, which has previously been shown to influence catalysis. 
 
Chapter one describes the use of a new molecular precursor, Ga[OSi(OtBu)3]3•THF, to generate 
gallium-containing silica materials by direct thermolysis of the molecular precursor dissolved in 
a hydrocarbon solvent.  The use of a block co-polymer, P-123 Pluronic, as templating agent 
during thermolysis was investigated in conjunction with the inclusion of tris(tert-butoxy)silanol 
as a co-thermolysis partner.  Co-thermolysis was pursued to tune the Ga:Si ratio of the resulting 
materials,  denoted UCB1-GaSiX.  When P-123 pluronic was added as a template in the direct 
thermolysis of Ga[OSi(OtBu)3]3•THF, the resulting material displayed uniform vermicular pores.  
However, a decrease in the uniformity of these vermicular pores and eventual generation of 
primarily textural mesoporosity was found as the gallium content of the final material was 
decreased through co-thermolysis with tris(tert-butoxy)silanol. It was observed by powder X-ray 
diffraction and 71Ga MAS-NMR that the inclusion of tris(tert-butoxy)silanol in the precursor 
mixture also affected the geometry and state of gallium; elimination of observable gallium oxide 
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domains and formation of proposed isolated sites as the gallium content of the material decreased 
is reported.   
 
Chapter two describes the synthesis and characterization of a series of gallate and aluminate 
complexes containing M–O–SiO3 linkages that mimic two important sites in zeolite chemistry; 
framework sites with the structure M[–O–SiO3]4

–, and partially-hydrolyzed framework sites with 
the structure HOM[–O–SiO3]3

–.  These anionic complexes were paired with Li(12-Crown-4)x 
cations to form charge-separated or weakly-associated cation-anion pairs.  Single-crystal X-ray 
diffraction studies, vibrational spectroscopy, NMR spectroscopy and EXAFS predictions were 
performed in order to place the synthesized complexes within the context of zeolite literature and 
molecular models of group 13 metals in silica previously reported.  An investigation of the 
reactivity of the models for partially-hydrolyzed framework sites, HOM[–O–SiO3]3

–, with 
alcohols was performed and showed formation of ROM[–O–SiO3]3

– structures in analogy with 
proposed initiation steps in the formation of active species for Meerwin-Ponndorf-Verley (MPV) 
transfer hydrogenation catalysts. 
 
Chapter three describes the generation of a new ligand precursor for the synthesis of thermolytic 
molecular precursors to tertiary metal oxides containing first-row transition metals, germanium 
and silicon.  The synthesis of iron-, chromium- and manganese-based precursors is described and 
their thermolytic behavior is investigated.  These precursors undergo thermolysis at moderate 
temperatures and were investigated for the deposition of germanium and transition metal atoms 
onto a silica support. The grafting of these precursors onto silica was explored and the resulting 
surface species were probed by EPR and NMR spectroscopies.  The grafted materials were 
calcined to remove organic residues and the changes in the resulting surface species from the 
grafted precursors was investigated by UV-vis and EPR spectroscopies.  The resulting calcined 
materials were compared to Fe, Mn, and Cr centers deposited in the absence of germanium for 
their catalytic activity in alcohol oxidation and alkene epoxidation, however, in cases where 
catalytic activity was observed, the activity was indistinguishable between germanium-doped 
and un-doped materials for a given metal center.  Possible explanations for this are provided and 
related to prior work on the TMP method in order to be illustrative of the successes and potential 
limitations of molecular precursor design for generation of new materials. 
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Introduction 
 
Zeolitic and mesoporous gallium-containing materials have attracted interest as heterogeneous 
catalysts for a variety of industrially important transformations.1 For example, zeolites 
containing gallium have been widely studied as catalysts for propane dehydrogenation to 
propene and propene aromatization, a reaction sequence commercialized as the Cyclar process.1,2 
It has been proposed that both framework gallium, i.e. directly occupying a silicon position in the 
crystalline lattice, and extra-framework gallium play a role in this catalysis.2 Mesoporous 
gallium-containing materials have also been used as catalysts for several liquid phase reactions 
including epoxidation and Friedel-Crafts alkylation.3–7 Interestingly, gallosilicates appear to 
exhibit catalytic properties that are different from those of comparable aluminosilicates, though 
the former are relatively less studied. For example, the Friedel-Crafts benzylation of benzene 
with benzyl chloride occurs readily over gallium-incorporated mesoporous silicas, while the 
aluminum analog is significantly less active.7,8 The reverse is found when benzyl alcohol is used 
as the alkylating reagent.7 These differences suggest that additional study of gallium-containing 
silicas may yield important new discoveries in catalysis.  
 
A better understanding of the chemical properties associated with gallium centers should result 
from studies of gallium siloxide molecular models, or molecular chemistry designed to provide 
well-defined, single-site gallium materials. However, while complexes containing a Ga–O–Si 
linkage are well known,9–33 few molecular precursors have been used to generate gallium-
containing materials by thermolysis.30–33 This laboratory has employed a synthetic strategy, 
termed the thermolytic molecular precursor (TMP) method, to utilize appropriately designed 
molecular complexes that serve as spectroscopic and structural models for an active site, and as 
precursors to materials that possess such active sites. This approach starts with an oxygen-rich 
molecular precursor containing the active core of interest, using ligands that model the oxide 
support. For example, a M–O–SiO3 moiety is modeled by a M–O–Si(OtBu)3 linkage. Such 
tri(tert-butoxy)siloxy complexes have been found to readily provide access to materials 
containing M[–O–SiO3]n sites, via thermal elimination of isobutene and water.34,35 These 
precursors have been used to generate bulk materials with high dispersion of the metal sites, or in 
surface modification reactions that introduce such sites onto an oxide support.35 

 
This report describes a new molecular precursor, a tetrahydrofuran adduct of tris[(tri-tert-
butoxy)siloxy]gallium, Ga[OSi(OtBu)3]3•THF (1), as a thermolytic precursor to gallium-
containing silica materials. Compound 1 represents the first precursor to gallium-silica materials 
containing solely Ga–O–SiO3 covalent linkages and serves as a good spectroscopic model for 
gallium isolated on silica.  As detailed below, complex 1 is also an effective, low-temperature 
precursor to gallium-silica materials with variable Ga:Si ratios of 1:3 to 1:50. This TMP method 
is suitable for use with a templating agent, P-123 Pluronic, which allows some control over the 
material's surface area and morphology. 
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Results & Discussion 
 
Synthesis of Ga[OSi(OtBu)3]3•THF 
 
The complex Ga[OSi(OtBu)3]3•THF (1) was synthesized by addition of 2.9 equivalents of 
sodium tris(tert-butoxy)silanoate to gallium trichloride in THF.  Following evaporation and 
extraction with pentane, the product was recrystallized from THF as analytically pure colorless 
crystals in 74% yield (Equation 1). 
 

 
Eq 1. Synthesis of Ga[OSi(OtBu)3]3•THF 
 
Single-crystal X-ray crystallographic characterization of Ga[OSi(OtBu)3]3•THF 
 
Single, plate-like crystals of 1 were obtained by recrystallization from a concentrated THF 
solution at -30 °C.  X-ray crystallographic analysis confirmed the complex to be the monomeric 
THF adduct.  Unfortunately, the structure exhibited total molecular disorder, which prevents 
determination of precise bond-lengths and angles; however, it is clear the gallium and silicon 
atoms adopt approximately tetrahedral coordination and a THF molecule is bound to the gallium 
center (Figure 1). 
 

2.9 NaOSi(OtBu)3 + GaCl3
THF Ga

O

O
O

Si

Si

Si

O

OtBu

OtBu
OtBu

OtButBuO
tBuO

OtButBuO
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Figure 1. Thermal ellipsoid plot of 1 at the 40% probability level.  The hydrogen atoms are 
omitted for clarity. 
 
Stability and relevance of 1 as a molecular precursor 
 
The molecular precursor 1 fills a vacancy in the series of group 13 tris(tri-tert-butoxy)siloxide 
complexes in that similar derivatives have previously been reported for boron, aluminum and 
indium. Complexes of each type have been successfully investigated as thermolytic precursors to 
group 13 containing silica materials. As described above, there are few reports on the use of 
gallium siloxide complexes as thermolytic molecular precursors,30–33 and, to the authors' 
knowledge, only Wada et. al. describe the generation of gallium-silica materials by thermolysis 
of gallium siloxide molecular precursors (gallium silsesquioxane complexes), but this requires 
high temperatures for complete elimination of organics.32,33 Driess et al. reported the syntheses 
of [Me2Ga(OSiEt3)]2 and [Me2Ga(OSi(OtBu)3)]2; however, thermolysis of these compounds gave 
gallium oxide rather than gallium-containing silica.30 Therefore, development of a well-defined 
precursor for the low-temperature thermolytic formation of gallium-containing silicas has 
remained an unrealized goal. 
 
The molecular precursor 1 is air-sensitive and thermally unstable at room temperature.  
Treatment of 1 with one equivalent of water led to partial hydrolysis of the gallium–oxygen 
bonds.  A 1H NMR spectrum recorded 15 minutes after addition of one equivalent of water to a 
solution of 1 in benzene-d6 shows resonances diagnostic of tri-tert-butoxysilanol and THF. An 
insoluble material, presumably hydrated gallium oxide, was observed in the NMR tube. 
Monitoring a benzene-d6 solution of complex 1 by 1H NMR spectroscopy revealed that the 
complex began to thermally decompose within six hours at 20 °C, with generation of a trace 
amount of isobutene. Note that the aluminum analog of 1 also decomposes at 20 °C with 
elimination of isobutene.37 Over 21 h at 20 °C, decomposition of 1 in benzene-d6 occurred with 
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the formation of free tri-tert-butoxysilanol and isobutene (3.9% and 7.4% of available tert-
butoxy groups, respectively) and concurrent deposition of a gel. In the solid state, 1 begins to 
decompose within six hours at 20 °C, indicated by the formation of hydrocarbon-insoluble 
material. 
 
Thermogravimetric (TG/DTA) and NMR spectroscopic analyses of 1 
 
The thermal instability observed at 20 °C suggested that 1 may be a thermolytic molecular 
precursor (TMP) to gallium-silica materials. Thermogravimetric analysis of 1 under O2 or N2 
indicated rapid mass loss associated with thermal decomposition of the precursor around 110 °C 
(Figure 2).  Isobutylene formation is expected during this event based on 1H NMR experiments 
discussed above as well as previous studies, which established the mechanism for thermolytic 
decomposition of similar group 13 precursors.34 The tailing mass losses from ~170-1000 °C can 
be attributed to a loss of water generated during silanol condensation. The lack of any additional 
major mass-loss events before 1000 °C indicated that coordinated THF must have evaporated 
during the elimination of tert-butoxy groups from 1. Indeed, the total mass loss (76.8%) is close 
to the expected value for loss of 9 equivalents of isobutylene, 4.5 equivalents of water and 
coordinated THF (required losses for the complex to form Ga2O3•6SiO2: 70.6%).  
 
Additional insight into the thermal decomposition was gained through NMR spectroscopic 
observation of soluble decomposition products. The gallium precursor 1 in toluene-d8 was heated 
to 135 °C for 24 h, resulting in the total disappearance of signals associated with 1 (by 1H NMR 
spectroscopy) along with a complicated mixture of organic products, potentially due to 
additional reactivity between the gallium centers and isobutene or tert-butanol.  In addition, a 
gallium-silica gel formed in the NMR tube. The elimination products generated over the first 30 
minutes of thermolysis were collected by vacuum transfer from a sample of 1 that was heated 
(135 °C) under vacuum. The volatile products were deposited onto frozen benzene-d6 at -196 °C 
containing ferrocene as an internal standard.  By 1H NMR spectroscopy, isobutene, tert-butanol, 
THF, and water were the major volatile products accounting for 38% of the tert-butoxy groups 
and 54% of the THF present in the sample. These observations are consistent with previous 
studies on related TMP complexes containing tri-(tert-butoxy)siloxide groups.34,36,37 
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Figure 2. TGA mass-loss curve for 1 under nitrogen.   
 

In contrast to the clean thermolysis observed for 1, the gallium siloxides [Me2Ga(OSiEt3)]2 and 
[Me2Ga(OSi(OtBu)3)]2 investigated by Driess and coworkers exhibit complex multi-step thermal 
degradations at high temperatures, which result in gallium oxide formation.30 Comparing the 
reactivity of 1 to [Me2Ga(OSiEt3)]2 and [Me2Ga(OSi(OtBu)3)]2 suggests that the methyl groups 
on gallium may interfere with the mechanism for formation of gallium-silica materials.  
 
Synthesis of Gallium-Containing Silica Materials 
 
Initial investigations into the synthesis of gallium-containing silica materials using 1 as a 
thermolytic molecular precursor were performed by heating 1 in either a solution of toluene or 
toluene/P-123 Pluronic at 135 °C.  To remove the P-123 Pluronic and drive off residual solvent 
after thermolysis, the resulting gels were air-dried for three days to form white or pale yellow 
monoliths that were then calcined at 500 °C in O2 for three hours.  The white calcined samples 
were then ground to a powder by mortar and pestle. This synthetic protocol involving P-123 
Pluronic as template has previously been reported by this laboratory to generate materials with 
uniform pore distributions and narrow pore diameters.38 
 
Dinitrogen-physisorption measurements were performed on calcined samples of P-123-templated 
and untemplated materials generated from solution thermolyses of 1 (UCB1-GaSi3 and 
Ga2O3•6SiO2, respectively).  These measurements indicated the presence of template effects for 
UCB1-GaSi3, as previously observed for several other UCB1 materials.15 High surface areas 
were observed for both samples (636 m2/g and 507 m2/g for UCB1-GaSi3 and Ga2O3•6SiO2 
respectively), with UCB1-GaSi3 having a much smaller average pore radius and a narrower pore 
distribution.  In addition, the dinitrogen-physisorption measurement for un-templated 
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Ga2O3•6SiO2 exhibited a shift in the hysteresis loop to significantly higher relative pressures, 
indicative of textural mesoporosity rather than the vermicular pores reported for UCB1 materials 
(Figure 3).39 

 

 
Figure 3. Nitrogen adsorption-desorption isotherms and pore size distributions (as change in 
pore volume with respect to pore radius, inset, BJH desorption method) after calcination at 500 
°C in O2 for untemplated gallium-silica (Ga2O3•6SiO2) and P-123-templated gallium-silica 
(UCB1-GaSi3). 
 
Powder X-ray diffraction (pXRD) experiments were performed to look for evidence of 
crystalline oxide domains in UCB1-GaSi3 and Ga2O3•6SiO2.  The results indicate that materials 
formed by direct thermolysis of 1 exhibit broad, shoulder peaks at 2θ = ~35° and ~65° (See 
Appendix).  These features are largely unchanged between the templated and untemplated 
materials and lie in the general region for α-, γ-, d-, e- and β-Ga2O3; however, the broadness of 
the peaks prevents definitive assignments.40–42 These peaks were observed in pXRD spectra of 
UCB1-GaSi3 samples calcined at temperatures as low as 200 °C, which is above the expected 
decomposition temperature of P-123, but were not observed in the uncalcined samples (See 
Appendix).43 Calcination of UCB1-GaSi3 at higher temperatures (800 °C) resulted in growth of 
peaks associated with g-Ga2O3.  It is not clear whether the higher temperature treatment leads to 
formation of larger particles of the same oxide phase observed at 500 °C or new, different 
phases.40–42,44 

 

The observation that direct thermolysis of 1 leads to formation of gallium-silica materials with 
small gallium oxide domains was not unexpected given the relatively high Ga:Si molar ratio 
dictated by the precursor.  Thus, to promote isolated gallium sites, it was of interest to examine 
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UCB1-GaSi materials having higher contents of silicon, and in this regard, it seemed possible to 
tune the gallium content by inclusion of a purely siliceous precursor during thermolysis.  
 
Tris(tert-butoxy)silanol was selected as a siliceous diluent since it contains only tert-butoxy and 
hydroxyl substituents on silicon that are readily lost in the thermolysis/condensation process. 
Previous investigations into the co-thermolysis of tris(tert-butoxy)silanol with a tantalum (V) 
precursor, Ta(OiPr)2[OSi(OtBu)3]3, found that over a narrow range of Ta:Si ratios complete 
incorporation of the precursors into the materials occurs.45 However, incomplete thermolysis of 
added tris(tert-butoxy)silanol was observed if the Ta:Si ratio of the combined precursors 
decreased below 1:9.45   This co-thermolysis approach was applied to generate materials with 
tunable Ga/Si ratios in the presence of the P-123 Pluronic template with the goal of controlling 
the coordinate environment of the gallium centers. 
 
The co-thermolysis of 1 with tris(tert-butoxy)silanol occurred in toluene in the presence of P-123 
Pluronic by a method analogous to that used for the synthesis of UCB1-GaSi3.  The as-
synthesized gels, once air-dried, were calcined at 500 °C in O2 to give materials with Ga:Si ratios 
of 1:10, 1:20, and 1:50, denoted UCB1-GaSi10, UCB1-GaSi20, and UCB1-GaSi50, respectively.  
Elemental analysis of the gallium to silicon ratios confirmed that the intended stoichiometries 
were achieved (Table 1).  The accuracy with which gallium contents may be targeted by this 
method is noteworthy, since hydrothermal syntheses of gallium-containing silica by direct 
addition of a gallium precursor to a silica sol-gel often display lower than anticipated loadings in 
the final material.46–49 The thermolytic method employed here, therefore, provides valuable 
access to gallium-containing silica over a broad range of precise loadings. 
 
As a reminder, tris(tert-butoxy)silanol boils above 205 °C, therefore the observation of expected 
Ga:Si ratios following calcination is significant.50  This result provides evidence of total 
precursor  decomposition and incorporation into the gel during the co-thermolysis; any remaining 
free silanol would be expected to boil out during calcination which would result in higher Ga:Si 
ratios than targeted.   
 
NMR investigations were performed to monitor the thermolysis of both tris(tert-butoxy)silanol 
and 1 in solution for completion.  Thermolysis in toluene-d8 under gelation conditions (135 °C 
for 24 h) produced isobutene and small amounts of tert-butanol as the major soluble products 
even at the lowest loading of gallium, indicating complete consumption of the precursors (see 
Appendix).  
 
The wide range of metal loadings achievable using 1 as the metal-containing precursor stands in 
contrast to the previous work on tantala-silica materials described above.  Addition of catalytic 
amounts of aluminum trichloride to TMP thermolysis reactions is known to induce thermolysis 
and decrease gelation times, and it appears that the gallium Lewis-acid centers present in 1 also 
exhibit an ability to catalyze the thermal decomposition even at low loadings.34,38,51  
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Table 1. Elemental analyses and physisorption parameters for synthesized materials 
 
Powder X-ray diffraction (pXRD) studies of the newly synthesized UCB1-GaSi materials with 
lower Ga:Si ratios (denoted UCB1-GaSi10, UCB1-GaSi20, and UCB1-GaSi50) revealed that the 
shoulder peaks observed in UCB1-GaSi3 were absent. This indicates that the dilution was 
successful in modulating the formation of gallium oxide domains (See Appendix).  
 
To investigate the dilution method using tri-tert-butoxysilanol as a means for suppressing the 
formation of gallium oxide, 71Ga MAS-NMR spectroscopy was performed on calcined UCB1-
GaSi3, UCB1-GaSi10, and UCB1-GaSi50.  The presence of only tetrahedral gallium signals in 
lower gallium-loading materials supports the elimination of large gallium oxide crystallites in 
favor of tetrahedrally-coordinated gallium atoms embedded in silica.  However, note that 
previous reports suggest that not all gallium is necessarily observable by NMR, especially if the 
gallium environments possess low symmetry or high disorder.46 Hydration of gallium silicates 
has been reported to assist in relaxing signals and sharpening peaks; therefore, these samples 
were stored under a saturated water atmosphere for a minimum of 48 h prior to analysis. 46 

 
The results indicate the presence of two major peaks for tetrahedral gallium with maxima at ~123 
and ~150 ppm along with a peak for octahedral gallium at ~0 ppm in the UCB1-GaSi3 and 
UCB1-GaSi10 samples (Figure 4). For UCB1-GaSi50 only the peak at ~123 ppm is present in the 
71Ga MAS-NMR spectrum.  
 
The broad signals present at ~150 and ~0 ppm in gallium-rich UCB1-GaSi samples are similar 
to literature reports of 71Ga NMR shifts for g-Ga2O3, and are tentatively assigned to this oxide 
phase.52  They are inconsistent with gallium oxyhydroxide structures which would be expected to 
exhibit only signals attributed to octahedral Ga and have signals upfield from those reported for 
b-Ga2O3.53 The sharp signal at ~123 ppm was present in all three samples and was the only 
observable signal in UCB1-GaSi50.  This peak is tentatively assigned to an isolated gallium 
species; however, earlier reports of “single-site” gallium on MCM-41 or SBA-15 describe a 

Material

UCB1-GaSi3

UCB1-GaSi10

UCB1-GaSi20

UCB1-GaSi50

Untemplated

SA (m2/g) Ave. pore radius (nm) Pore vol. (cm3/g)Ga:Si*

1:3(3.16)

1:10(9.54)

1:20(20.0)

1:50(49.4)

1:3

636

497

379

293

507

          2.0

          3.9

          7.2

         13.7

          5.3

0.65

0.99

1.25

1.57

1.44

*values in parentheses indicate measured ratios
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different tetrahedral signal located at ~150 ppm.46,48 This indicates that the UCB1-GaSi 
materials may possess a different type of isolated species. 
 

 
Figure 4. 71Ga-MASNMR spectra of UCB1-GaSi3 (1:3), UCB1-GaSi10 (1:10) and UCB1-
GaSi50 (1:50) after calcination at 500 °C in O2.  Signals for tetrahedral coordination (~150 ppm 
and ~123 ppm) and octahedral coordination (~0 ppm) are apparent. 
 
Elemental mapping STEM/EDS spectroscopy was performed on UCB1-GaSi3 and UCB1-
GaSi10 samples.  No visible signs of the phase segregation of gallia particles from the silica 
matrix were observed even in UCB1-GaSi1:3 (Figure 5).  This result is consistent with the 
broadness of the observed pXRD peaks for these materials, and supports previous reports 
indicating that the presence of pre-formed M[–O–SiO3]n linkages in a single-source precursor 
leads to highly dispersed metal oxides upon thermolysis.38,45,54–58 It is interesting to note that 
samples with 1:3 and 1:10 Ga:Si ratios exhibit similar degrees of dispersion despite the 
differences in pXRD and 71Ga MAS-NMR spectra noted above.  This suggests that any phase 
segregation in the UCB1-GaSi3 sample occurs on a scale smaller than that observable by 
elemental mapping without incurring beam damage to the samples.  The pixel edge is ~3 nm in 
length, so it is estimated that oxide particles formed should be no larger than 10 nm in size. 
 
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 
images of all samples showed porous structures as expected. However, the high energy of the 
electron beam and risk of beam-induced damage prevented magnification to an extent that 
vermicular pore structures previously reported for this type of material would be observable (See 
Appendix). 
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Figure 5. Elemental maps of A.) UCB1-GaSi3 and B.) UCB1-GaSi10. The first column from the 
left contains HAADF-STEM images of the mapped region. The second (red) and third (green) 
columns are the Ga and Si channels of the elemental maps, respectively. 
 

While STEM images were unable to provide evidence for structural differences between UCB1-
GaSi samples, dinitrogen-physisorption measurements clearly indicated changes in porosity. It 
was observed that as the silicon content increased in the UCB1-GaSi materials, the surface areas 
decreased.  A shift in the hysteresis loops towards higher P/P0 values with increasing silica 
content was also observed, along with changes in the pore radii distributions that showed broader 
pore size distributions and a shift to higher average radii (Figure 6).  While specific pore 
structures were unobservable at the magnifications used for STEM, the dinitrogen-physisorption 
measurements taken of UCB1-GaSi3 are consistent with earlier reports of UCB1-type materials 
for which vermicular pores were observable by TEM.38 
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Figure 6 Nitrogen adsorption-desorption isotherms and pore size distributions (as change in pore 
volume with respect to pore radius, inset) after calcination at 500 °C in O2 for UCB1-GaSi3 
(1:3), UCB1-GaSi10 (1:10), UCB1-GaSi20 (1:20), and UCB1-GaSi50 (1:50).  Pore size 
distributions are normalized for all samples (for un-normalized figure see Appendix).  
 
The observation that pore uniformity is reduced with increasing silicon content is noteworthy.  
The narrow pore distributions of UCB1 materials were previously attributed to Lewis acid-base 
interactions between Lewis acidic metal centers in the molecular precursors and Lewis basic 
oxygen atoms of ethylene or propylene glycol monomers in the P-123 Pluronic template.38 This 
interaction was proposed to lead to polymer unfolding.  This hypothesis was put forth based on a 
previous report by Soler-Illia and Sanchez, who postulated that under conditions involving 
limited water the hydrolysis of various transition metal alkoxides to mesoporous materials 
containing vermicular pores was due to coordination of P-123 Pluronic to the metal precursors.59 

An additional effect presumably results from the role played by the Lewis acid concentration, 
since oxide network formation is catalysed by the acid. Thus, at higher concentrations of Ga the 
oxide domains condense more rapidly, such that the resulting structure is more strongly 
influenced by the template. The observation that there is a loss of templating in materials 
synthesized with lower gallium content is therefore consistent with gallium-based Lewis acid 
sites playing a significant role in vermicular pore formation. 
 
The observed trend that surface area decreased with increasing silicon content stands in stark 
contrast to the trends observed in many post-synthetic and sol-gel based methods for generating 
mesoporous gallium-silica.47–49  In general, it is found that increasing the loading of a metal by 
post-synthetic methods leads to lower surface areas due to pore blockage by precursor deposition 
or, in extreme cases, sintering of metal particles and the formation of metal oxide phases 
separated from the high-surface area silica support. The materials described here display 
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dramatically different trends in physical characteristics, which suggests that the factors 
controlling material formation by TMP methods significantly differ from those found in 
traditional hydrothermal and post-synthetic methodologies (Table 1).  
 
Characterization of surface acidities of UCB1-GaSi materials 
 
Gallium-silica materials are primarily of interest as acid catalysts, therefore, the acidic properties 
of the materials were probed by ammonia temperature-programmed desorption (NH3-TPD) and 
Pyridine-FTIR (Table 2).  NH3-TPD measurements provide total acid content including both 
Lewis and Brønsted acidic sites.  Pyridine-FTIR can provide two IR-peaks centered at ~1455 and 
~1545, which after correction for integrated molar extinction coefficients (IMEC) give the 
relative ratios of Brønsted and Lewis acids.60 The combination of the two methods allows for an 
estimation of the acidic site densities on the surface when corrected for surface areas. 
 

 
Table 2. Acid site densities of UCB1-GaSi materials 
 
The Brønsted and Lewis acid site densities measured for UCB1-GaSi materials revealed 
decreased Lewis acid densities and increased Brønsted acid densities as the silicon content 
increased (Table 2).  This can be partially attributed to the gallium oxide observed by 71Ga MAS-
NMR that was not apparent in samples with low gallium content.  It has been reported that g-
Ga2O3 has a high ratio of Lewis acid sites to Brønsted acid sites.52 In addition, the increased 
Brønsted acid concentration with silicon content can be attributed to increased dispersion of the 
gallium atoms within the silica support.  Insertion of Ga3+ cations into tetrahedral Si4+ positions 
necessitates protonation of the surface to maintain charge balance.  It is possible that gallium 
hydroxyl species are formed on the surface as well (Figure 7).  On the other extreme, at low 
silicon content gallium oxide particles formed on the surface may block Brønsted acid sites.   
 
The measured Brønsted acidities are similar to those of mesoporous silica (SBA-15) samples 
dehydrated under the same conditions (~2 OH-/nm2).  For reference, the physical limit of 
hydration for a silica material is estimated at 4.6-4.9 OH/nm2.61 

 

Material

UCB1-GaSi3

UCB1-GaSi10

UCB1-GaSi20

UCB1-GaSi50

Bronsted Acidity
(sites per nm2)

4.74

3.89

3.79

4.84

0.9

1.3

1.4

3.0

*values measured by NH3-TPD
Bronsted and Lewis acid ratios determined by pyridine-FTIR

Total Acidity*
(sites per nm2)

Lewis Acidity
(sites per nm2)

3.8

2.6

2.4

1.8
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Figure 7. Possible surface structures of gallium that would contribute to Brønsted acidity 
 
The total acid site densities, as measured by ammonia temperature-programmed desorption, 
exhibit interesting trends in acid center strengths as indicated by the increased prevalence of 
moderate strength acid sites and the decreased prevalence of strong acid sites as the gallium 
content of the material increases.  Complex desorption profiles indicate the presence of several 
types of acid sites in all samples (Figure 8).  At low gallium loading most of the acidity is 
associated with both weak (desorption temperature of ~200 °C) and strong (desorption 
temperature of ~600–700 °C) acid sites, with a small amount of moderate strength sites 
(desorption temperature of 300-400 °C).  Upon inclusion of more gallium, large desorption peaks 
centered from 300-500 °C suggest that additional gallium generates moderate-strength acid sites. 
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Figure 8. NH3-TPD curves and Gaussian curve fits for UCB1-GaSi3 (1:3), UCB1-GaSi10 (1:10), 
UCB1-GaSi20 (1:20), and UCB1-GaSi50 (1:50). A.) Overlay of all curves showing entire range 
used for acidity measurements. B.) 1:3, 5 peak fit, peak centers (°C): 127, 203, 292, 454, 874. C.) 
1:10, 7 peak fit, peak centers (°C): 118, 148, 223, 337, 475, 578, 1117.  D.) 1:20, 7 peak fit, peak 
centers (°C): 115, 140, 184, 272, 375, 642, 828. E.) 1:50, 5 peak fit, peak centers (°C): 123, 158, 
330, 362, 622. 
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While all ammonia desorption traces exhibit similar features below 375 °C, notable differences 
in desorption peaks are observed at higher temperatures.  In UCB1-GaSi3 a major peak is 
observed between 450-500 °C that remains only as a trace signal upon dilution of the gallium 
content in UCB1-GaSi10.  A new major signal is observed at higher temperatures (578 °C) that 
also appears in even more gallium-poor UCB1-GaSi20 and UCB1-GaSi50 (642 and 622 °C).  
This suggests the presence of acid sites in UCB1-GaSi3 that are replaced with stronger sites in 
more dilute samples.  
 
Several of the ammonia desorption peaks observed for UCB1-GaSi materials are similar to 
previous reports of desorption peaks measured for gallium-containing silicas.  Ammonia 
desorption peaks observed in the range of 100-200 °C have been attributed to weakly acidic 
Brønsted acid groups and the high temperature peaks from 550-650 °C are tentatively assigned 
to Brønsted acid sites as well.62 The broad peaks attributed to moderate strength acid sites with 
maxima at ~300 °C have been assigned to Lewis acidic structures.63,64  
 
Ultimately, the investigation of surface acidities serves to inform the potential application of 
these materials for catalysis. Initial investigations of UCB1-GaSi3, which displays the greatest 
density of Lewis acid sites, shows promise.  Under reaction conditions that have been employed 
for Friedel-Crafts alkylations (40 °C, N2, 35 mg catalyst, 3.25 mL benzene, 0.25 mL benzyl 
chloride), complete conversion of benzyl chloride was achieved within 30 minutes, with 87% 
selectivity to diphenylmethane.  For comparison, Vinu et al. reported 100% selectivity and 95% 
conversion using KIT-6 silica impregnated with 30 wt% Ga2O3 nanoparticles; however, even at a 
higher temperature (50 °C) it took 75 minutes to achieve this conversion.65 The application of 
these materials for Lewis acid catalysis is ongoing.  
 
Conclusions 
 
Ga[OSi(OtBu)3]3•THF (1) is an effective molecular precursor to gallium-silica materials. This is 
the first example of a molecular gallium silanolate that can be used to generate gallium-silica 
materials by low temperature thermolysis. Co-thermolysis of 1 with tris(tert-butoxy)silanol is 
possible over a wide range of gallium loadings and the targeted loadings were achievable with a 
high degree of precision. In addition, the coordination environments of the gallium centers of the 
final materials may be controlled by varying the relative ratio of 1 and HOSi(OtBu)3 starting 
materials. At high gallium content, pXRD and 71Ga MAS-NMR suggest the formation of Ga2O3 
which is not present when the gallium content is decreased.  The precise control of metal loading 
in these materials could be useful in studying the effects of nuclearity on reactivity. High surface 
areas were observed in all samples, and, unusually, surface areas increased with increasing 
gallium content. 
 
Co-thermolysis of 1 with HOSi(OtBu)3 in the presence of P-123 Pluronic results in the loss of 
vermicular pore structures as the silicon content increases.  Based on literature precedent, it is 
proposed that the Lewis acid centers coordinate to oxygen centers in the polymer and this 
interaction, in combination with more rapid thermolysis with more Lewis-acidic gallium centers, 
is key in templating vermicular pore structures with narrow size distributions. 
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Experimental  
 
General 
 
All synthetic manipulations were performed under a nitrogen atmosphere using Schlenk 
techniques or in a glovebox, unless otherwise noted. Tetrahydrofuran (unstabilized, Macron), 
pentane (Fisher Chemical HPLC grade) and toluene (Fisher Chemical HPLC Grade) were dried 
using a JC Meyer Solvent Column system and used without further treatment.  Benzene-d6 and 
toluene-d8 were used for all NMR experiments and were deoxygenated with three freeze-pump-
thaw cycles and dried for a minimum of 24 h over 3 Å molecular sieves before use.  Calcinations 
were performed in a Lindberg 1200 °C three-zone tube furnace with a flow rate of 100 cm3/min 
using oxygen (99.96%).  Gallium trichloride (99.999%, Strem Chemical) was stored in a 
glovebox and used without further purification.  HOSi(OtBu)3, NaOSi(OtBu)3 and SBA-15 were 
synthesized by literature methods.34,35,66,67  
 
Synthesis of Ga[OSi(OtBu)3]3•THF (1): A 30mL THF solution of Na[OSi(OtBu)3]3 (2.156 g, 
7.53 mmol) was added dropwise over ten minutes to a 100 mL glass round-bottom Schlenk flask 
containing a stirred solution of GaCl3 (0.465 g, 2.64 mmol) in 10 mL of THF.  During addition, 
an opaque white suspension formed.  After 90 minutes the solution was evaporated to dryness in 
vacuo leaving a white to pale-yellow solid.  Extraction with pentane and filtration followed by 
evaporation to dryness in vacuo yielded a white solid (74% yield, 1.72 g, 1.85 mmol).  
Recrystallization from THF at -30 °C gave colorless crystals suitable for X-ray crystallography.  
Anal. Calcd. for C40H89GaO13Si3: C, 51.54; H, 9.62.  Found: C, 51.42; H, 9.72.  IR (pentane film 
between NaCl plates, KBr beamsplitter, 500-3500 cm-1): 2972 s, 2929 wsh, 2872 wsh, 1460 w, 
1387 w, 1363 m, 1238 msh, 1217 w, 1196 s, 1103 wsh, 1051 vs, 1026 ssh, 912 wbr, 864 wbr, 829 
m, 804 vw, 702 m, 665 w, 515 w.  Raman (633 nm laser, 100-2000 cm-1): 1448s, 1239m, 
1191wsh, 1030wbr, 907msh, 824wsh, 800ssh, 650m, 535w, 1H NMR (benzene-d6, 400.130 MHz, 
20 °C): δ 1.51 (s, 81H, OtBu, 4H, THF overlapping), δ 4.42 (bs, 4H, THF).  13C{1H} NMR 
(benzene-d6, 100.613 MHz, 20 °C): δ 72.20 (THF), δ 32.41 (SiOtBu), δ 25.34 (THF).  29Si NMR 
(benzene-d6, 119.229 MHz, 20 °C): δ -94.75. 
 
Synthesis of UCB1-GaSi3 material: In a typical preparation, in a drybox 0.600 g of 1 was 
dissolved in a solution of 0.200 g of P-123 Pluronic in 6 mL of dry toluene.  This solution was 
then transferred to a 10 mL glass ampule interfaced to a glass tube with a 14/20 ground-glass 
joint and a Teflon stopper through a Cajon adapter.  The apparatus was sealed under nitrogen, 
removed from the glovebox, and transferred to a Schlenk line.  Three freeze-pump-thaw cycles 
were performed before the ampule was flame-sealed under vacuum while still frozen to prevent 
over-pressurization during thermolysis. After warming to room temperature, the sealed ampule 
was placed in a 135 °C oil bath for 24 h to produce a solid pale-yellow gel. After cooling to room 
temperature, the ampule was ruptured and the contents were emptied onto an evaporation dish to 
air dry.  After three days, the remaining solids were calcined at 500 °C under O2 for 3 h.  The 
solids were collected, ground with a mortar and pestle to form a powder, and dehydrated at 120 
°C under dynamic vacuum for 12 h before being stored in a glovebox.  Anal. Calcd for 
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Ga2O3•3SiO2: Ga, 25.45; Si, 30.75.  Found: Ga, 22.2; Si, 28.2, C, 1.53; H, 0.85 (corresponds to a 
Ga:Si ratio of 1:3.16).  
 
Synthesis of UCB1-GaSi materials with lower gallium content: A mixture of 1 and tri-tert-
butoxysilanol (0.600 g),) with the ratios adjusted to afford the desired stoichiometry, was 
dissolved in a solution of 0.200 g of P-123 Pluronic in 6 mL of dry toluene.  This solution was 
then transferred to a 10 mL glass ampule interfaced to a glass tube with a 14/20 ground glass 
joint and a Teflon stopper through a Cajon adapter. The apparatus was removed from the 
glovebox, sealed under nitrogen, and transferred to a Schlenk line. Three freeze-pump-thaw 
cycles were performed before the ampule was flame-sealed under vacuum while still frozen to 
prevent over-pressurization during precursor thermolysis.  After warming to room temperature, 
the sealed ampule was placed in an oil bath at 135 °C for 24 h, which resulted in the formation of 
a pale-yellow gel.  After cooling to room temperature, the ampule was ruptured and the contents 
were emptied onto an evaporation dish to air dry.  After three days, the remaining solids were 
calcined at 500 °C under O2 for 3 h.  The solids were collected, ground by mortar and pestle to a 
powder, and dehydrated at 120 °C under dynamic vacuum for 12h before being stored in a 
glovebox.   
 
Anal. Calcd. for Ga2O3•20SiO2: Ga, 10.04; Si, 40.44.  Found: Ga, 8.18; Si, 32.5, C, 0.61; H, <0.2 
(corresponds to a Ga:Si ratio of 1:9.54) 
 
Anal. Calcd. for Ga2O3•40SiO2: Ga, 5.38; Si, 43.36.  Found: Ga, 4.81; Si, 38.7, C, 0.42; H, <0.2 
(corresponds to a Ga:Si ratio of 1:20.0) 
 
 Anal. Calcd. for Ga2O3•100SiO2: Ga, 2.25; Si, 45.33. Found: Ga, 1.95; Si, 38.8, C, 0.16; H, <0.2 
(corresponds to a Ga:Si ratio of 1:49.4)  
 
Synthesis of untemplated Ga2O3•3SiO2 material: In a typical preparation, 0.600 g of 1 was 
dissolved in 6 mL of dry toluene.  This solution was then transferred to a 10 mL glass ampule 
interfaced to a glass tube with a 14/20 ground glass joint and a Teflon stopper through a Cajon 
adapter. The apparatus was removed from the glovebox, sealed under nitrogen, and transferred to 
a Schlenk line.  Three freeze-pump-thaw cycles were performed before the ampule was flame-
sealed under vacuum while still frozen to prevent over-pressurization during precursor 
thermolysis.  After warming to room temperature, the sealed ampule was placed in an oil bath 
preheated to 135 °C for 24 h. During this time, depending on the sample, a clear, pale yellow gel 
formed.   After cooling to room temperature, the ampule was ruptured and the contents were 
emptied onto an evaporation dish to air dry.  After three days, the remaining solids were calcined 
at 500 °C under O2 for 3 h.  The solids were then collected, ground with a mortar and pestle to a 
powder, and dehydrated at 120 °C under dynamic vacuum for 12h before being stored in a 
glovebox.  
 
Characterization 
 
1H and 13C NMR spectra were collected on a Bruker AVB-400 NMR spectrometer at 400 MHz 
referenced internally to tetramethylsilane.  All 2D-NMR spectra were collected on a Bruker AV-
500 NMR spectrometer at 500 MHz.  29Si NMR spectra were collected on a Bruker AV-600 
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NMR spectrometer at 600 MHz.  IR spectra were collected on a Thermo Nicolet 6700 FTIR 
spectrometer using NaCl as a background and a pentane film of 1 between NaCl plates as the 
sample.  Raman spectra were collected on a Horiba Yvon Jobin labRAM HR confocal Raman 
spectrometer with a wavelength of 633 nm. Thermogravimetric analyses were performed on a 
Seiko Instruments Inc. EXSTAR 6000 series TG/DTA 6300 under a gas flow of 100 cm3/min and 
a ramp rate of 10 °C/min.  Powder X-ray diffraction data was collected at the University of 
California-Berkeley, CHEXRAY instrumentation facility using a D8 Discover GADDS Powder 
XRD instrument with a fine-focus sealed source (Cu-Kα radiation). Ammonia-TPD 
measurements were performed at the Center for the Development of Precision Chemical 
Materials housed at Chonnam National University.   
 
Single-crystal X-ray crystallography 
 
Single-crystal X-ray studies were performed at the University of California-Berkeley 
CHEXRAY instrumentation facility using an Apex II Quazar instrument with a microfocus 
sealed source (Incoatec IµS; Mo-Kα radiation, λ = 0.71073 Å).  Measurements were taken on a 
Bruker APEX II CCD area detector and the data collection was computed and integrated using 
the Bruker APEX2 software package.  Bruker SAINT was used for cell refinement and data 
reduction.  The structure was solved using SHELXS-97 (Sheldrick 2008) and was refined using 
SHELXL-2013 (Sheldrick 2013).  A 0.06 mm x 0.08 mm x 0.14 mm colorless plate-like crystal 
was used for the X-ray analyses in a frozen glass of paratone N hydrocarbon oil at 100(2) K 
under a flow of nitrogen.  
 
HAADF-STEM and STEM/EDS elemental mapping 
 
Imaging by high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and scanning transmission electron microscopy energy dispersive spectroscopy (STEM-
EDS) was performed at the Molecular Foundry at the Lawrence Berkeley National Laboratory 
using an FEI Titan electron microscope. Samples were prepared for imaging by drop-casting 5 
µL of an ethanol suspension of the sample particles onto a lacey carbon Cu TEM grid. The grids 
were then dried in a vacuum oven at 383 K for 1 h to evaporate the solvent. All imaging was 
performed using a 200 kV accelerating voltage. Elemental mapping by STEM-EDS was 
conducted using a Bruker silicon drift detector that collected fluorescent X-rays from 0 to 20 
keV with a 140 eV energy resolution and 10 eV per channel dispersion. Processing and 
quantification of the elemental maps was done using the Bruker Esprit software program. 
 
71Ga MAS-NMR spectroscopy 
 
Solid state 71Ga MAS-NMR spectroscopy was performed at the NMR Facility at the University 
of California, Davis. The samples were run on a Bruker AVANCE 500 wide-bore NMR 
spectrometer equipped with a 11.74 T magnet.  After hydration in a saturated water atmosphere 
for a minimum of 48 h, samples were packed into a 2.5 mm rotor for analysis.  A 2.5 mm probe 
was used.  A single pulse of 0.31 µs pulse length (corresponding to 45° tip-angle) and a 
relaxation delay of 0.1 s were used for data acquisition.  Chemical shifts were externally 
referenced to a gallium trichloride solution.  All samples were run at 34 kHz.  UCB1-GaSi3 was 
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run with a dwell time of 1 µs and 441490 scans, UCB1-GaSi10 was run with a dwell time of 1 µs 
and 565621 scans, UCB1-GaSi50 was run with a dwell time of 5 µs and 498390 scans. 
 
In-situ FTIR spectroscopy with pyridine 
 
In-situ pyridine adsorption followed by FTIR spectroscopy was performed using a Nicolet 6700 
FTIR spectrometer equipped with a Praying Mantis DRIFTS cell attachment (Harrick).  Samples 
were diluted with potassium bromide and loaded into the DRIFTS cup of the High Temperature 
Reaction Chamber.  Samples were pretreated at 120 °C for a minimum of 150 minutes under He 
flow (20mL/min) before 2µL of pyridine was vaporized into the He carrier gas and passed 
through the sample.  Spectra were recorded post-injection until no changes between sequential 
spectra were observed.  The areas of absorbance bands corresponding to Brønsted acid sites 
(~1545) and Lewis acid sites (~1455) were determined from the subtraction result of spectra 
taken after helium treatment at 120 °C and after pyridine adsorption signals had stabilized.68 The 
Brønsted/Lewis acid site ratios were calculated using the peak areas and their respective molar 
extinction coefficients.60 
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Ga[OSi(OtBu)3]3•THF, a thermolytic molecular precursor 
for high surface area gallium-containing silica materials of 

controlled dispersion and stoichiometry 
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Discussion of NMR Spectra 
The NMR analysis of 1 is complicated by the presence of overlapping peaks in the 1H NMR and 
13C NMR spectra.  The 1H NMR spectrum of 1 in benzene-d6 contains a broad singlet at 4.42 
ppm associated with THF, and overlapping peaks at 1.51 ppm associated with THF and the t-
butoxy groups. A 2D-COSY spectrum of 1 clearly indicates a correlation between the protons at 
4.42 ppm and the signal at 1.51 ppm. The 13C NMR spectrum of 1 contains three singlets at 
72.20, 32.41 and 25.34 ppm.  The upfield signal at 25.34 ppm was assigned to the carbon atoms 
distal to the ether linkage in THF and the signal downfield at 72.20 ppm was assigned to the 
carbon atoms directly bound to oxygen.  The peak at 32.41 was assigned to the methyl carbons 
of the t-butoxy groups.  No signal was observed for the quaternary carbon of the t-butoxy group.   
A 2D-HSQC NMR experiment show correlation between the signals at 25.34 ppm and 32.41 
ppm and the singlet at 1.51 ppm in the 1H NMR spectrum.  It is also observed that the signal at 
72.20 ppm correlates with the signal at 4.42 ppm.  This sets the assignment of peaks as presented 
in this manuscript.  A 2D-HMBC NMR spectrum of 1 shows indirect correlation between the 
carbon signals at 32.41 ppm and 72.20 ppm with the proton signal at 1.51 ppm.  This could be 
interpreted in two ways; either the THF carbon signal at 72.20 ppm is correlating with the 
overlapping THF proton peak at 1.51 ppm, or there is an overlapping t-butoxy carbon at 72.20 
which is correlating to the t-butoxy methyl protons at 1.51.  The related complexes 
Al[OSi(OtBu)3]3•THF and Ta(OiPr)2[OSi(OtBu)3]3 report chemical shifts for the quaternary 
carbon atom at 71.76 ppm and 72.91 ppm, respectively, which suggests that this carbon signal 
should be observable and located in the range of the 72.20 ppm signal assigned to THF.1,2 The 
other possibility is simply that the carbon signal for the t-butoxy group is unobserved. 

 
Figure A1-1. 1H NMR spectrum of molecular precursor 1 
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Figure A1-2. 13C NMR spectrum of molecular precursor 1 
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Figure A1-3. 2D NMR Spectra of molecular precursor 1 (top to bottom: HSQC, HMBC, COSY) 

 

 
Figure A1-4. 29Si NMR spectrum of molecular precursor 1 
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Figure A1-5. pXRD spectra of Ga2O3·3SiO2 and UCB1-GaSi3 
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Figure A1-6. pXRD spectra of UCB1-GaSi3 (1:3), UCB1-GaSi10 (1:10), UCB1-GaSi20 (1:20), 
and UCB1-GaSi50 (1:50)  
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Figure A1-7. pXRD spectra of UCB1-GaSi3 calcined at varying temperatures (un-calcined at 20 
°C, calcined at 200 °C, calcined at 500 °C, calcined at 800 °C, and calcined at 1000 °C).  It 
should be noted that for the sample calcined at 200 °C the sample was brown following 
calcination while all other samples appeared white.  This is attributed to carbaceous 
contaminants remaining in the sample.  The higher temperature calcinations indicate growth of 
gallium oxide phases.  Between 800 °C and 1000 °C a potential melting event occurred although 
a corresponding endotherm in the TG/DTA of the precursor was not evident.  This was suggested 
by fusing of the material to the quartz glass of the sample holder. 
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Figure A1-8. Thermolysis of 1 and (tBuO)3SiOH in toluene-d8 at 135 °C for 24h.  Spectra 
shown for Ga:Si ratios of 1:20 and 1:50 indicating that even at these dilutions consumption of all 
silanol and 1  is observed generating only tBuOH and isobutene as observable products along 
with a small peak potentially attributable to water.  A singlet partially overlapping with the 
toluene-d8 methyl signal is for hexamethylbenzene.3 Ga:Si = 1:50 followed by Ga:Si = 1:20 
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Figure A1-9. Raman spectra (500-2000 cm-1) of 1 taken in air at different exposure times and 
under nitrogen within two hours of removal from a -20 °C freezer (to prevent thermal 
decomposition and hydrolysis).  For comparison the spectrum of tri(tert-butoxy)silanol is 
provided suggesting the changes observed are in part due to the formation of free tri(tert-
butoxy)silanol by hydrolysis of 1.  All signals are preserved between the precursor 1 and tri(tert-
butoxy)silanol except for three: a peak appears at 650 cm-1  which can be attributed to THF, and 
a peak appears at 535 cm-1  with loss of a signal at 618 cm-1  found in tri(tert-butoxy)silanol.4,5  
This peak has been previously assigned to an O–Si–O deformation mode in tri(tert-
butoxy)silanol and substantial shifts to lower wavenumbers have been reported for this mode in 
molybdenum and tungsten siloxy molecular precursors.4  The peak at 535 cm-1 is therefore 
tentatively assigned to an O–Si–O deformation mode present for a Ga(OSiO)3 tetrahedral 
moiety.  This peak is observed to broaden and shift to higher wavenumbers as decomposition of 
1 occurs. 
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Figure A1-10. Infrared spectrum of 1. Sample was prepared as a pentane film between NaCl 
plates.  Samples compared to previous reports of tri(tert-butoxy)silanol and THF.4,5   
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Figure A1-11. Un-normalized pore size distributions for UCB1-GaSi3 (1:3), UCB1-GaSi10 
(1:10), UCB1-GaSi20 (1:20), and UCB1-GaSi50 (1:50) 
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Figure A1-12. TG/DTA curves of solid mixtures of 1 and HOSi(OtBu)3 to generate Ga:Si ratios 
of 1:10, 1:20, 1:50.  Mass losses before 500 °C shown below.  Losses measured for a Ga:Si ratio 
of 1:10, 1:20, and 1:50 were 77.5%, 76.4% and 79.2%, respectively.  Calculated mass losses in 
forming Ga2O3•20SiO2, Ga2O3•40SiO2, Ga2O3•100SiO2 are 75.1%, 76.2% and 76.9%, 
respectively.  The close correspondence between calculated and measured mass losses further 
supports the conclusion that free silanol is consumed completely in generating low gallium 
loading materials.  The sharp single event suggests in addition that all mass losses occur at 
temperatures below those used in the synthesis of UCB1-GaSi materials eliminating the 
possibility that significant tert-butoxide groups remain in the gels formed prior to calcination. 
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Figure A1-13. HAADF-STEM images of A) un-templated Ga2O3•6SiO2 from 1, B) UCB1-
GaSi3, C) UCB1-GaSi10, D) UCB1-GaSi20, E) UCB1-GaSi50. 
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Crystal data and structure refinement for 1. 
Empirical formula  C40 H89 Ga O13 Si3 
Formula weight  932.10 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 18.0537(8) Å    α = 63.017(2)° 
 b = 25.2459(12) Å                b = 89.975(2)° 
 c = 26.1016(12) Å                g = 89.758(2)° 
Volume 10601.5(9) Å3 

Z 8 
Density (calculated) 1.168 Mg/m3 

Absorption coefficient 0.639 mm-1 
F(000) 4048 
Crystal size 0.140 x 0.080 x 0.060 mm3 

Theta range for data collection 1.427 to 25.462° 
Index ranges -21<=h<=21, -29<=k<=30, -31<=l<=31 
Reflections collected 213090 
Independent reflections 38525 [R(int) = 0.0458] 
Completeness to theta = 25.000° 99.1 %  
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 38525 / 12 / 2161 
Goodness-of-fit on F2 1.200 
Final R indices [I>2sigma(I)] R1 = 0.1484, wR2 = 0.3505 
R indices (all data) R1 = 0.1577, wR2 = 0.3544 
Extinction coefficient n/a 
Largest diff. peak and hole 1.805 and -1.492 e/Å3 
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Introduction 
 
Zeolites have been used in numerous areas of heterogeneous catalysis owing to their unique 
acidity and the ease of incorporating heteroatoms as either charge-balancing cations or lattice 
species.1–3  The catalytic activity of these materials is often attributed to weakly bound and 
highly acidic protons that offset the charge imbalance generated upon incorporation of group 13 
M3+ atoms, especially aluminum, into four-coordinate tetrahedral Si4+ positions.1,4,5 These metal-
substituted sites are called heteroatom “framework sites” (a and b, Figure 1).6,7 However, in 
addition to framework sites, there are also various “extra-framework” and defect sites which 
contain heteroatoms and are implicated in catalysis (c and b, Figure 1).5,7–12  For example, partial 
hydrolysis of a framework site can generate a defect containing a heteroatom bound in a tripodal 
arrangement to the surface with a terminal hydroxide moiety (d, Figure 1).8,13–20  Unfortunately, 
the chemistry of defect sites is challenging to investigate due to low concentrations of these sites 
on the surface, the poorly defined nature of some surface defects, and synthetic difficulties in 
controlling the distribution of defect sites present in a material.1,6,19,21,22 Nevertheless, the 
reactivity of metal-doped zeolite materials can be greatly influenced by the presence of defect 
sites so the study of such sites, challenging though it may be, remains of great interest.18,23–25 

 
Figure 1. Example framework and extra-framework sites in aluminosilicate zeolites. a) 
framework site b) Strong Brønsted acid framework site c) Lewis acid extra-framework site d) 
partially-hydrolyzed framework site. 
 
Parallel to the burgeoning development of the chemistry of heteroatom-containing silicas and 
zeolitic materials, the generation of molecular analogs of silica-grafted metal centers has been 
pursued with great interest.26–31 A valuable compliment to research on heterogeneous systems is 
the development and study of molecular models to provide information about the structure and 
function of isolated surface sites.  This field finds particular value in generating models of 
surface sites found in low concentrations on the silica surface, such as the defect sites previously 
mentioned. 
 
Given the extensive literature on molecular models for heteroatom-containing silicates, it is 
surprising that, to the best of our knowledge, synthetic mimics of monomeric group-13-metal-
centered framework sites bearing four M–O–SiO3 linkages have not been synthesized and fully 
characterized. Such structures are of great interest for modeling the chemistry and spectroscopy 
of zeolitic framework sites. Monomeric molecular analogs of the aforementioned partially-
hydrolyzed framework sites (d, Figure 1) have also not been reported in the literature.  
 
Previously, this laboratory and others have synthesized and studied the molecular aluminum and 
gallium silanolates Al[OSi(OtBu)3]3•THF, Al[OSi(OtBu)3]3 and Ga[OSi(OtBu)3]3•THF, which 
contain only M–O–SiO3 covalent linkages around the metal atom and model extra-framework 
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Lewis-acidic sites in silica materials.32–36 To a large extent, these studies focused on use of the 
complexes in variations of surface organometallic chemistry (SOMC) and the thermolytic 
molecular precursor (TMP) method.32–36 The TMP method can be used to generate metal-
containing silicas by direct thermolysis of the molecular precursor or it can be used to generate 
metal single-site species on a supporting oxide material by grafting the precursor onto the oxide 
followed by thermolysis. Importantly, this research makes extensive use of the precursors as 
spectroscopic models for characterization of the surface-bound single-sites introduced by 
grafting and thermolysis protocols.37–39 In this context, the reported aluminum and gallium 
silanolate precursors serve as models for extra-framework Lewis-acid sites distinct from 
framework heteroatom sites. Related mixed-element compounds should be useful as models for 
framework and partially-hydrolyzed framework sites in zeolites. This chapter reports the 
preparation of anionic gallate and aluminate complexes that contain the M[OSi(OtBu)3]4 and 
HOM[OSi(OtBu)3]3 cores of both sites and provides characterizations that should assist in 
identification of similar sites in related heteroatom-containing silicates. In addition, preliminary 
investigations into the reactivity of these new complexes informs upon proposed mechanisms in 
heterogeneous Meerwin-Ponndorf-Verley (MPV) catalysis using group 13 metals. 
 
Synthesis and Characterization 
 
Synthesis 
 
To generate the sodium salt of a tetrasiloxygallate anion, gallium trichloride was treated with 
four equivalents of sodium tris(tert-butoxy)silanolate in diethyl ether.  Immediate precipitation of 
a white solid from the stirred solution was attributed to formation of sodium chloride. Given the 
reported thermal instability of the structurally similar complex Ga[OSi(OtBu)3]3•THF, workup 
was performed after 3 h of reaction time.32 Surprisingly, colorless crystals grown from a cold 
pentane solution were identified by X-ray diffraction as Na{Ga[OSi(OtBu)3]3Cl} (1a), rather 
than the expected Na{Ga[OSi(OtBu)3]4}. Subsequently, this compound was isolated in higher 
yield by treatment of gallium trichloride with only three equivalents of sodium tris(tert-
butoxy)silanolate (Scheme 1). 
 

 
Scheme 1. Synthesis of zwitterionic gallate 1a. 
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The salt metathesis reaction between gallium trichloride and four equivalents of lithium tris(tert-
butoxy)silanolate in diethyl ether over 24 h generated a new product following workup that 
exhibits a 1H NMR resonance in benzene-d6 as a singlet at 1.55 ppm, 0.01 ppm downfield from 
the singlet associated with lithium tris(tert-butoxy)silanolate. Crystals of the product grown from 
cold diethyl ether were identified as the monomeric, molecular lithium gallate 
Li{Ga[OSi(OtBu)3]4} (2a) by single crystal X-ray diffraction. To generate a charge-separated 
cation-anion pair from 2a, 12-crown-4 was added to sequester the lithium cation.  Addition of 
approximately 3.5 equivalents of 12-crown-4 to a pentane solution of Li{Ga[OSi(OtBu)3]4} led 
to precipitation of a white powder, consistent with formation of a less-soluble, charge-separated 
cation-anion pair. The precipitate was collected by filtration and washed with pentane.  
Crystallization from diethyl ether provided colorless block crystals that were identified as [Li(12-
crown-4)2]{Ga[OSi(OtBu)3]4} (2b) by NMR spectroscopy and elemental analysis (Equation 1).  

  
Having isolated the target model complexes for [Ga(OSiO3)4]– framework sites, salt-metathesis 
and hydrolysis reactions were attempted with 1a to generate a complex containing the desired 
{Ga[OSi(OtBu)3]3OH}– anion. This anion can serve as a model for the partially-hydrolyzed 
[Ga(OSiO3)3OH]– gallosilicate framework site. To allow for analogous cation sequestration by 
12-crown-4, the lithium analog of 1a, Li{Ga[OSi(OtBu)3]3Cl} (1b), was synthesized by 
treatment of gallium trichloride with three equivalents of lithium tris(tert-butoxy)siloxide in 
diethyl ether, followed by filtration of the suspension and evaporation to dryness to give a white 
residue.  Extraction of this residue with pentane, followed by filtration and concentration of the 
resulting filtrate solution, allowed for crystallization of the product from solution at –30 ºC. 
Subsequent treatment of 1b with an additional equivalent of lithium tris(tert-butoxy)siloxide led 
to formation of 2a, indicating that salt metathesis reactions can be performed at the Ga–Cl bond 
(Scheme 2). Attempts to hydrolyze the Ga–Cl bond and trap the resulting hydrochloric acid with 
pyridine or trimethylamine in organic solvents were unsuccessful, as precipitation of a white 
powder occurred immediately upon addition of the base, prior to addition of water, which 
suggested elimination of lithium chloride with formation of the base-adduct of Ga[OSi(OtBu)3]3. 
Addition of 1.5 equivalents of lithium hydroxide to a diethyl ether solution of 1b formed a 
suspension over 24 h .  Following workup, formation of a new product, in addition to tris(tert-
butoxy)silanol and minor amounts of 2a, was observed by 1H NMR spectroscopy (benzene-d6) of 
the product residue. Single-crystal X-ray diffraction of a crystal grown from cold pentane 
revealed the new product to be a dimeric hydroxygallate, {Li[Ga(OSi(OtBu)3)3OH]}2•LiCl (3a), 
which could be isolated in 60% yield by crystallization from toluene, in which 3a is sparingly 
soluble, at –30 ºC (Scheme 2). 
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Scheme 2. Salt metathesis reactions from chlorogallate 1b to form the tetrasiloxygallate 2a and 
dimeric trisiloxygallium hydroxide 3a.  
 
In an attempt to isolate a monomeric hydroxide, 12-crown-4 was added to 3a. However, in 
contrast to the case described above in the isolation of 2b, treatment of 3a with approximately 
six equivalents of crown generated a new product that is soluble in pentane; this observation was 
surprising and seemingly inconsistent with formation of a charge-separated cation-anion pair.  
Indeed, single crystals grown from a concentrated pentane solution at –30 ºC provided a crystal 
structure of [Li(12-crown-4)]{Ga[OSi(OtBu)3]3OH} (3b) in which the [Li(12-crown-4)]+ cation 
interacts with a terminal hydroxide ligand of gallium (Equation 2).  The product 3b could be 
isolated by this crystallization method in 56% yield.  This complex serves as a model for 
partially-hydrolyzed framework sites with some interaction to charge-balancing ions, as might be 
found in akali metal-forms of zeolites.  
 

 
 
Given the successful isolation of gallium-based models for framework and partially-hydrolyzed 
framework sites and the interest in analogous sites found in more highly-studied aluminosilicate 
materials,

1,4,5,40 the analogous aluminum silanolate complexes Li{Al[OSi(OtBu)3]3Cl} (4) and 
Li{Al[OSi(OtBu)3]4} (5a) were selected as synthetic targets.  Attempts to generate 4 and 5a from 
aluminum trichloride and three or four equivalents of lithium tris(tert-butoxy)silanolate in 
diethyl ether was complicated by formation of Al[OSi(OtBu)3]3•Et2O, which was suggested by 
downfield NMR shifts attributed to Lewis-acid-bound diethyl ether in crude reaction mixtures 
and whose presence was confirmed by single-crystal X-ray crystallography (Scheme 4 and 
Appendix). This compound was independently synthesized via an alternative route (See 
Experimental). Attempts to generate 5a in pentane using the same reagents and stoichiometry 
were successful but were plagued by poor reproducibility and low yields. However, single 
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crystals suitable for X-ray diffraction were obtained by this synthetic protocol following 
crystallization at –30 ºC from a cold diethyl ether solution. Attempts to generate 4 in pentane 
using the same reagents and stoichiometry gave intractable product mixtures. 
 
Recently, Valla et al. reported the isolation and crystal structure of a base-free analog of 
Al[OSi(OtBu)3]3•THF.34,35 Starting from this precursor, addition of lithium chloride in methylene 
chloride solvent generated the desired product 4 in 70% yield following workup and 
crystallization from pentane (Equation 3).  

 
Having developed a synthetic protocol to cleanly generate the starting material 4, the generation 
of 5a and the dimeric aluminum hydroxide {Li[Al(OSi(OtBu)3)3OH]}2•LiCl (6a) were attempted 
by analogous procedures to those developed for the gallate complexes. Addition of one 
equivalent of lithium tris(tert-butoxy)silanolate to 4 in pentane cleanly yielded 5a after 24 h by 
1H NMR spectroscopy (benzene-d6).  Crystallization from diethyl ether gave the product as rod-
like crystals in 61% yield. Similarly, the synthesis of 6a was achieved by a method analogous to 
that used to synthesize 3a (Scheme 3).   

 

 
Scheme 3. Salt metathesis reactions from chloroaluminate 4 to form the tetrasiloxyaluminate 5a 
and dimeric trisiloxyaluminum hydroxide 6a. 
 
Treatment of 5a and 6a with ~ 3.3 and 6 equivalents of 12-crown-4, respectively, led to the 
formation of [(12-crown-4)2Li]{Al[OSi(OtBu)3]4} (5b) and [(12-crown-
4)Li]{Al[OSi(OtBu)3]3OH} (6b) in a fashion analogous to that used to obtain the gallate 
complexes (Equations 4 and 5).  
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Structural characterization of gallate/aluminate complexes by single-crystal X-ray 
diffraction 
 
Single-crystal X-ray diffraction experiments performed on the model gallate/aluminate 
complexes provided information on the degrees of charge-separation, bond lengths and angles 
within the metal oxide core as well as evidence for any cation/anion interactions.  This 
information is of particular value in associating differences in solid-state spectroscopic 
measurements of the model complexes with differences in their solid-state structures, as 
indicated by crystallography.  
 
The solid-state structures of zwitterionic complexes Na{Ga[OSi(OtBu)3]3Cl} (1a) and 
Li{Al[OSi(OtBu)3]3Cl} (4) reveal a chloride ligand at the Lewis-acidic group 13 metal and 
coordination of the charge-balancing akali metal cation to oxygen atoms in the siloxide ligands 
(Figures 2 and 3).  The Ga–Cl and Al–Cl bond distances of 2.1540(5) and 2.1532(5) Å, 
respectively, are typical for these metal centers in predominantly oxygen-based coordination 
environments.41–45 Whereas 1a features coordination of the sodium cation to all three silicate 
ligands, 4 involves binding of the lithium cation to only two of the ligands.  In addition, the 
binding of the siloxide oxygen atoms to the lithium center in 4 is unsymmetrical, as indicated by 
three similar Li–O distances of ~1.9-2.0 Å and a fourth Li–O interaction of 2.420(3) Å (Figure 
2).  The coordination geometries of the Al, Ga, and Li metal centers can be conveniently 
described by τδ values, defined by the largest (𝛼) and second largest (𝛽) angles around a four-
coordinate metal center (Equation 6).46  
 

Eq. 6  𝜏$ = 	  
'()*(,-.)
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For 1a, the τδ values of τδ(Ga) = 0.94 and τδ(Na) = 0.74 indicate a tetrahedrally-coordinated 
gallium center and a distorted tetrahedral arrangement of oxygen atoms around sodium, although 
similar bond distances between Na1 and O5, O7 and O11, combined with bond angles near 120° 
between these bonds and a fourth significantly longer interaction to O1, suggest a pseudo-
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trigonal planar geometry with weak association to O1.  For 4, the τδ values of τδ(Al) = 0.92 and 
τδ(Li) = 0.47 reflect a tetrahedrally-coordinated aluminum center, as expected, and a highly-
distorted sawhorse arrangement of oxygen atoms around lithium. 

 

 
Figure 2. Single-crystal X-ray diffraction structure of 1a. Ellipsoids shown at 50% probability.  
Hydrogen atoms excluded for clarity. Selected bond distances (Å): O11–Na1: 2.3808(13), O7–
Na1: 2.3922(13), O5–Na1: 2.4760(14), O1–Na1: 2.3469(13), O1–Ga1: 1.8178(12), O2–Ga1: 
1.8006(12), O3–Ga1: 1.8021(12), Ga1–Cl1: 2.1540(5). Selected bond angles (°): O2–Ga1–O3: 
107.77(6), O2–Ga1–O1: 106.98(6), O3–Ga1–O1: 102.59(6), O2–Ga1–Cl1: 112.20(4), O3–Ga1–
Cl1: 112.82(4), O1–Ga1–Cl1: 113.81(4), O1–Na1O11: 103.36(5), O1–Na1–O7: 102.58(5), O11–
Na1–O7: 118.06(5), O1–Na1–O5: 62.47(4), O11–Na1–O5: 128.27(5), O7–Na1–O5: 113.63(5). 
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Figure 3. Single-crystal X-ray diffraction structure of 4. Ellipsoids shown at 50% probability.  
Hydrogen atoms excluded for clarity. Selected bond distances (Å): Li1–O11: 1.931(3), Li1–O1: 
1.993(3), Li1–O4: 2.019(3), Li1–O3: 2.420(3), Al1–Cl1: 2.1532(5), O1–Al1: 1.7546(10), O2-
Al1: 1.6876(10), O3–Al1: 1.7277(11).  Selected bond angles (°): Si1–O1–Al1: 149.02(7), Si2–
O2–Al1: 165.13(8), Si3–O3–Al1: 166.17(8), O2–Al1–Cl1: 111.33(4), O3–Al1–Cl1: 107.32(4), 
O1–Al1–Cl1: 110.61(4).  
 
The solid-state structures of Li{Ga[OSi(OtBu)3]4} (2a) and Li{Al[OSi(OtBu)3]4} (5a) reflect 
different coordination geometries imposed by the disparity in size between the Al(III) and 
Ga(III) centers. For 2a, τδ(Li) = 0.77 and τδ(Ga) = 0.88, indicating a distorted tetrahedral 
geometry of oxygen atoms around Li and a trigonal bipyramidal/distorted tetrahedral 
environment around Ga (Figure 4).  For 5a, τδ(Li) = 0.54 and τδ(Al) = 0.95, indicating a distorted 
saw-horse geometry around Li and a nearly perfect tetrahedral environment around Al (Figure 
5). The differences in local geometry are attributed to the smaller ionic radius of aluminum and 
the resulting shorter Al–O bonds which create sterically-encumbered tert-butoxide environments 
at the molecule’s periphery where lithium is bound.  This steric effect is reflected in the metal–
oxygen bond angles and bond lengths of 2a versus 5a (Figures 4 and 5).   
 
The solid-state structure of 2a indicates slightly lengthened bonds between gallium and the 
oxygen atoms coordinated to lithium, as well as steric effects from the bulky ligands. The Ga–
O(Si) bonds of siloxane linkages involved in binding lithium are lengthened and these linkages 
are more acutely bent than the other two present.  This is attributed to a balance between 
minimizing the steric repulsion of tert-butoxide groups by linearization of Ga–O–Si linkages, 
which gives a larger molecular circumference, and bending of this bond to shorten the Li–O 
distance.   Similar observations have been reported for other siloxygallates with oxygen atoms 
involved in binding to cations.47,48 Additionally, Andrews et al. reported a tetraalkoxygallate, 
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LiGa[OC(CH3)2CF3]4(THF)2, that exhibits a coordination geometry analogous to that of 2a, with 
two distinct sets of Ga–O bond lengths; those with interactions to lithium (av. Ga–O bond length 
of 1.863(5) Å) and those without (av. Ga–O bond length of 1.813(5) Å).49 The Li–O(tBu) 
interactions are similar in length, but highly unsymmetrical binding of the lithium cation to the 
Ga–O–Si oxygen atoms (Li–O1 2.377(6) Å; Li–O2 1.996(6) Å) likely results from  small ionic 
radius of the lithium cation and geometric constraints to the pocket formed by these oxygen 
atoms.50 

 

 
Figure 4. Single-crystal X-ray diffraction structure of 2a. Ellipsoids shown at 50% probability.  
Hydrogen atoms excluded for clarity. Images shows one of two molecules in the asymmetric unit 
with the second molecule displaying a disordered siloxide ligand. Selected bond distances (Å): 
O1–Ga1: 1.8413(19), O2–Ga1: 1.8528(18), O3–Ga1: 1.7871(19), O4–Ga1: 1.8071(18), Li1–O2: 
1.996(6), Li1–O14: 2.095(6), Li1–O10: 2.096(5), Li1–O1: 2.377(6). Selected bond angles (°): 
Si2–O1–Ga1: 144.35(12), Si3–O2–Ga1: 148.86(13), Si4–O3–Ga1: 134.91(12), Si5–O4–Ga1: 
133.11(12).  
 
The structural parameters associated with 5a reflect strong similarities to those of the gallium 
analogue 2a.  The Al–O–Si bond angles are uniformly less bent than those of the Ga–O–Si 
linkages in 2a, which is attributed to increased steric repulsion between the tert-butoxide groups 
of the ligands around the smaller aluminum center.  The asymmetry observed for the Ga–O bond 
lengths of 2a, associated with the presence of the lithium cation, is also found for the Al–O 
bonds of 5a. This asymmetry is consistent with literature examples of related 
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tetrasiloxyaluminate structures with interacting cations.51–55  More symmetric electron donation 
to the lithium cation from tert-butoxide groups and Al–O–Si linkages than seen in 2a is indicated 
by four Li–O contacts in the range of ~1.9-2.1 Å (Figure 5). 

 

 
Figure 5. Single-crystal x-ray diffraction structure of 5a. Ellipsoids shown at 50% probability.  
Hydrogen atoms excluded for clarity. Selected bond distances (Å): O1–Al1: 1.777(2), O5–Al1: 
1.772(2), O9–Al1: 1.717(2), O13–Al1: 1.714(2), Li1–O4: 1.932(6), Li1–O8: 1.957(6), Li1–O5: 
2.061(6), Li1–O1: 2.096(6). Selected bond angles (°): Si1–O1–Al1: 149.48(15), Si2–O5–Al1: 
150.32(15), Si3–O9–Al1: 166.02(16), Si4–O13–Al1: 171.51(17).  
 
Unfortunately, while single crystals of 2b and 5b were obtainable as octagonal or cubic blocks 
from a variety of solvents (Et2O, THF, o-difluorobenzene; cooling to –30 °C or by layering with 
hydrocarbon solvent), the crystals showed poor diffraction beyond 1.0 Å in all cases and gave 
the same unit cell for each compound regardless of recrystallization conditions used, suggesting 
that the solvents did not alter the crystal packing of the complexes. This result is perhaps not 
unexpected given the likelihood of a nearly spherical molecular shape (See Appendix) and 
aliphatic surface for the tetrasiloxygallate and tetrasiloxyaluminate anions, which could lead to a 
large degree of rotational disorder for the oxide cores contained within. 
 
In the solid-state, {Li[Ga(OSi(OtBu)3)3OH]}2•LiCl (3a) and {Li[Al(OSi(OtBu)3)3OH]}2•LiCl 
(6a) are dimeric structures that contain a bridging lithium chloride fragment (Figures 6 and 7).  
In both structures, all three lithium atoms are bonded in a T-shaped arrangement around the 
central chloride. The τδ values for each Ga, Al, and Li center support the presence of two 
tetrahedrally-coordinated group 13 atoms and two lithium cations in distorted tetrahedral 
environments (τδ Ga1, Ga2: 0.93, 0.90; τδ Al1, Al2: 0.92, 0.92; τδ Li1, Li2 (3a): 0.73, 0.63; τδ 
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Li2, Li3 (6a): 0.74, 0.70). Both hydroxyl groups interact with a single central lithium cation 
while the two other lithium cations are stabilized through coordination to oxygen atoms in the 
siloxide ligands.  The Ga–O(H) bonds in 3a have bond lengths (Å) of 1.835(2) and 1.831(2) 
while the Al–O(H) bond lengths (Å) in 6a are 1.762(2) and 1.757(2).  In both structures the Li–
O(H) distances are similar (Figures 7 and 8).  The indistinguishable Li–O(H) bond lengths and 
shorter bonds involving aluminum (vs. gallium) suggest the differences in the bond lengths to the 
hydroxyl oxygen atoms in 3a and 6a arise due to the shorter ionic radii for Al3+ (vs. Ga3+: 0.53 Å 
for Al3+(Td) vs. 0.61 Å for Ga3+(Td)).50 

 

 
Figure 6. Single-crystal x-ray diffraction structure of 3a. Ellipsoids shown at 50% probability.  
Tert-butyl groups excluded for clarity aside from those involved in donation to the lithium 
cation. Selected bond distances (Å): O14–Ga2: 1.8346(19), O1–Ga1: 1.8309(18), Li1–Cl1: 
2.413(4), Li2–Cl1: 2.375(4), Li3–Cl1: 2.346(4), O1–Li3: 1.851(5), O14–Li3: 1.846(5). Selected 
bond angles (°): Li3–Cl1–Li2: 98.31(15), Li3–Cl1–Li1: 95.91(15), Li2–Cl1–Li1: 165.75(15). 

 



	   51 

 
Figure 7. Single-crystal x-ray diffraction structure of 6a. Ellipsoids shown at 50% probability.  
Tert-butyl groups excluded for clarity aside from those involved in donation to the lithium 
cation. Selected bond distances (Å): O14–Al2: 1.762(2), O1–Al1: 1.757(2), Li3–Cl1: 2.405(5), 
Li2–Cl1: 2.377(5), Li1–Cl1: 2.374(5), Li1–O14: 1.850(5), Li1–O1: 1.850(5). Selected bond 
angles (°): Li1–Cl1–Li2: 98.33(16), Li1–Cl1–Li3: 94.43(17), Li2–Cl1–Li3: 167.19(17). 
 
Single crystal X-ray diffraction of [(12-crown-4)Li]{Ga[OSi(OtBu)3]3OH} (3b) and [(12-crown-
4)Li]{Al[OSi(OtBu)3]3OH} (6b) reveal a similar binding motif for the [(12-crown-4)Li]+ cation 
in both structures, with lithium interacting with electron density from the hydroxyl oxygen atom 
as well as the crown ether (Figures 8 and 9).  In order to quantify the geometries around the five-
coordinate lithium centers, a second τ parameter, τ5, defined by the largest (𝛼) and second largest 
(𝛽) angles around a five-coordinate metal center, was used for the analysis (Equation 7).56 The τδ 
parameters (Ga: 0.96; Al: 0.96) and τ5 parameters (Li in 3b: 0.34, Li in 6b: 0.17) reflect distorted 
square-based pyramidal arrangements of oxygen atoms around the lithium cations and 
tetrahedral arrangements of oxygen atoms around Ga and Al.  
 

Eq. 7  𝜏2 = 	  
.*,
()

 
 
The Ga/Al–OH and Li–OH bond lengths are perhaps the most important in characterizing these 
mimics of a partially-hydrolyzed framework site. For 3b, the O5–Ga1 bond length (Å) of 
1.8448(15) and the O5–Li1 bond length (Å) of 1.815(4) can be compared to prior literature 
values. Previously, Murugavel et al. compared the long Li–OH distances (av. 2.023(8) Å) found 
in the dimeric Li–O(H)–Ga core of Li2(Li(THF)2)2[Ph2SiO2GaMe2]2-
[Ph2SiO2GaMe(OH)]2•2THF to those reported for (LiOH)2•H2O (1.95 Å) in order to differentiate 
between structures having more lithium- or gallium-hydroxide character.57 While 3b has shorter 
Li–OH contacts than (LiOH)2•H2O, the corresponding Ga–OH bond lengths are also shortened 
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relative to the previously reported gallate structure (1.8448(15) vs. 1.880(3) Å).  Comparison to 
the solid-state structure of Mes3GaOH•Li(THF)3 (Li–OH: 1.83(2), Ga–OH: 1.936(9)) suggests a 
similar Li–O interaction in both cases, with an elongated Ga–OH bond likely resulting from a 
more electron-rich Mes3Ga fragment.58 It appears difficult to assign specific valence bond 
structures for 3b and 6b simply from metrical data, as the degree of donation from neighboring 
atoms to both the group 3 and group 1 metals, and steric interactions about each metal center, 
appear to strongly influence the resulting M–OH distance. In the case of 6b, a short Al–OH 
interaction combined with a lengthened Li–OH interaction, relative to 3b, are consistent with a 
stronger interaction of the hydroxyl fragment to the smaller, harder aluminum center (0.53 Å for 
Al3+(Td) versus 0.61 Å for Ga3+(Td)).50  

 

 
Figure 8. Single-crystal X-ray diffraction structure of 3b. Ellipsoids shown at 50% probability.  
Tert-butyl groups excluded for clarity. Selected bond distances (Å): O8–Ga1: 1.8060(15), O7–
Ga1: 1.8338(14), O6–Ga1: 1.8068(15), O5–Ga1: 1.8448(15), O1–Li1: 2.088(4), O2–Li1: 
1.984(4), O3–Li1: 2.219(4), O4–Li1: 2.044(4), O5–Li1: 1.815(4). Selected bond angles (°): Si1–
O6–Ga1: 147.59(9), Si2–O7–Ga1: 136.00(9), Si3–O8–Ga1: 142.46(10), Ga1–O5–H17: 107(2), 
Li1–O5–Ga1: 134.19(15). 
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Figure 9. Single-crystal X-ray diffraction structure of 6b. Ellipsoids shown at 50% probability.  
Tert-butyl groups excluded for clarity. Selected bond distances (Å): O5–Al1: 1.7668(12), O6–
Al1: 1.7192(11), O7-Al1: 1.7334(11), O8–Al1: 1.7499(11), Li1–O5: 1.841(3), Li1–O3: 1.999(3), 
Li1–O2: 2.070(3), Li1–O1: 2.101(3), Li1–O4: 2.163(3). Selected bond angles (°): Si1–O6–Al1: 
173.75(8), Si2–O7–Al1: 158.79(7), Si3–O8–Al1: 140.04(7), Al1–O5–H17: 110.6(19), Al1–O5–
Li1: 126.58(11). 
 
Vibrational spectroscopic investigations of 2b, 3b, 5b, and 6b 
 
Given the structural analogy of molecular models 2b, 3b, 5b, and 6b to zeolite framework sites 
and partially-hydrolyzed framework sites, it was of interest to characterize the complexes by 
vibrational spectroscopy.  Vibrational spectroscopy is one of the standard tools used to associate 
zeolite reactivity with particular surface sites, and much work has gone into assigning vibrational 
modes to surface species.59–64 Often this is done with a focus on the local environment of 
aluminum or other heteroatoms since these metals are typically associated with both Lewis and 
Brønsted acidic sites related to catalysis. The selected molecular models mimic the M[OSiO3]4 
and HOM[OSiO3]3 cores of monomeric framework sites and partially-hydrolyzed framework 
sites, respectively, and thus provide valuable structural models to locate vibrational modes 
without the complication of overlapping or additional vibrational signals found in the bulk 
zeolitic materials. 
 
Vibrational spectroscopic investigations were performed on 2b and 5b both for comparison to 
literature assignments of vibrations related to gallium- or aluminum-doped silicates as well as for 
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comparison to each other. The solid-state ATR spectra of 2b and 5b are largely similar with the 
exception of two strong peaks, one at 1059 cm-1 for the gallate and one at 1084 cm-1 for the 
aluminate, and weaker peaks below 700 cm-1.  Neither of the strong signals are present in the 
FTIR spectra of Ga[OSi(OtBu)3]3•THF or Al[OSi(OtBu)3]3•THF suggesting they are attributable 
to either new modes associated with the tetrasiloxygallate/aluminate ions or the [Li(12-crown-
4)2]+ cations. The solid-state Raman spectra, as might be expected, are nearly superimposable, 
owing to the expected geometric similarities of the tetrahedral complexes (Figure 10).  
 

 
Figure 10. A) ATR Infrared and B) Raman spectra of 2b and 5b from 1600 to 600 cm-1.   
Spectra offset for clarity in A. 
 
The isolation of 3b and 6b provides the opportunity to identify modes attributable to defect, 
partially-hydrolyzed sites of group 13 metals in isolation, and to make meaningful comparisons 
to the framework models 2b and 5b.  The solid-state IR spectra of 3b and 6b were taken by two 
methods, involving ATR and Nujol mull sample preparation, in order to address concerns of 
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sample hydration by exposure to ambient conditions during ATR measurements as well as 
potential masking of sample peaks located near the absorptions for Nujol oil (Figure 11).  Similar 
signals are observed by both ATR and Nujol mull measurements in the fingerprint region, 
although ATR appears to show better peak separation. Raman spectra showed, in general, small 
red-shifts from the corresponding framework anion samples. Very similar Raman spectra were 
once again observed for 3b and 6b, as for 2b and 6b, with the exception of a somewhat stronger 
peak at 1399 cm-1 for 3b.   
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Figure 11. A) ATR Infrared, B) FTIR (nujol mull) and C) Raman spectra of 3b and 6b from 
1600 to 600 cm-1. 
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The hydroxyl regions in the IR spectra of 3b and 6b are complicated by the apparent, extreme 
hygroscopic behavior of the compounds.  The ATR spectra show the presence of a small broad 
peak at ~1670 cm-1 attributable to a bending mode of water, suggesting hydration had occurred 
during the few seconds of air exposure necessary to mount the sample before measurements were 
performed.  In the hydroxyl region, sharp bands around 3600-3650 cm-1 are consistent with 
terminal hydroxide stretches. Broad bands around 3400 cm-1 with shoulders at ~3300 and ~3500 
cm-1 observed in the spectra are assigned to intra- or intermolecular hydrogen bond interactions 
between the hydroxyl groups and oxygen atoms of neighboring tert-butoxide groups or water.63 
The possibility of intramolecular hydrogen bonding is supported by the crystal structures; close 
contacts between the hydrogen atoms of each hydroxyl group, located directly from the electron 
density map, and neighboring oxygens are visible (3b: H17---O12 = 2.193 Å; 6b: H17---O16 = 
2.247 Å). 
 
To determine the hydroxyl stretches in the absence of water contaminant, FTIR spectra of 3b and 
6b in Nujol mulls were obtained in which the sample was protected from water exposure by a 
thin layer of oil between the salt plates. The hydroxyl stretches associated with strong hydrogen 
bonding around ~3300-3500 cm-1 are not observed in these measurements.  Rather, overlapping 
peaks around 3550-3650 cm-1 are observed, potentially due to the aforementioned weak 
hydrogen bonding with neighboring tert-butoxy moieties (Figure 12).  
 

 
Figure 12. Hydroxy regions of 6b and 3b by ATR and Nujol measurements indicating changes 
upon trace water exposure. Nujol measurement of 3b offset for clarity.  Peak wavenumbers (cm-

1): 6b Nujol, 3630, 3578; 6b ATR, 3625, 3405, 3319 (sh); 3b Nujol, 3604, 3583, 3540; 3b ATR, 
3585, 3402, 3316 (sh). 
 
To further assign the vibrational spectra of 3b and 6b, vibrational modes were computed using 
geometries of 3b and 6b optimized from initial geometries provided by the crystal structures 
(See Experimental and Appendix).   
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Comparison of the computed vibrational modes to the observed Raman spectra suggests that, for 
both 3b and 6b, Raman-active modes around 600 cm-1 and 1000-1100 cm-1 are associated with 
the metal oxide core breathing and bending, while the majority of the other features are due to 
modes associated with polarization of the organic fragments. 
 
The computed IR spectra of 3b and 6b are very similar save for an additional moderately strong 
mode at 1163 cm-1 in the spectrum of 6b which was identified as an Al–O–Si asymmetric 
stretching mode centered on one Al–O–Si linkage that is less acutely bent than the remaining 
three, as reflected in the crystal structure of 6b.  A similarly strong mode was not apparent in the 
computed spectrum of 3b which instead shows weaker modes associated with hydroxyl bending 
and Ga–O–Si stretches at 1121 and 1104 cm-1, respectively.  It is proposed that these differences 
arise due to decreased steric repulsion between tert-butoxide groups around the periphery of 3b, 
as it involves a larger gallium atom.  In 6b, the Al–O–Si bond angles vary to a greater extent 
than in 3b, leading to localization of the stretching mode on the most sterically constrained (and 
closest to linear) of the linkages. 
 
The IR and Raman spectra of 2b and 5b were also computed for comparison to the experimental 
spectra.  The computed IR spectra of 5b and 2b predict different vibrational modes in the ~1000-
1150 cm-1 range as was observed experimentally (See Appendix). These differences are 
predicted to be due to different steric environments for the SiO4 tetrahedra around the central 
group 13 metal center, likely due to steric strain between tert-butoxide groups, which perturb the 
Si–O stretching frequencies. 
 
1H and 27Al NMR spectroscopic analysis of hydroxide complexes and aluminum complexes 
 
The 1H NMR spectra of 3a, 3b and 6a in C6D6 display singlets assigned to hydroxyl protons at 
2.43, 1.95 and 2.07 ppm, respectively.  The 1H NMR spectrum of 6b did not have a readily 
identifiable peak for the hydroxyl proton. The observed hydroxyl resonances are close to those 
calculated or measured for the HOAl[OSiO3]3 fragments in zeolites (~1.6 ppm),18 silanols and 
other weak acid sites in ZSM-5 (~1.4-2.2 ppm),65 the stronger acid sites of five-coordinate 
aluminum hydroxide surface species (1.9 ppm),66 and weakly acidic Al–OH groups in molecular 
aluminates (~1.4-2.0 ppm).67,68    
 
EXAFS pattern predictions of the model complexes 2b, 3b, 5b and 6b 
 
Extended X-ray absorption fine structure patterns are commonly used in materials science and 
surface science to generate an average local geometry and set of nearest/next-nearest neighbors 
for an absorbing atom in the material.69 At X-ray energies that exceed the characteristic binding 
energy of a core-shell electron in the absorbing atom of interest, a photo electron is ejected from 
the atom. The backscattering of this photoelectron off of nearest and next-nearest neighboring 
atoms generates a characteristic sinusoidal absorption pattern which can yield valuable 
information about the number, identity and location of these backscattering atoms from the 
absorbing atom.69 The use of molecular complexes as models for comparison to EXAFS 
measurements of materials has been previously applied to metal-loaded silicas.20,29,70–74 By doing 
so, specific proposed surface sites can be investigated in isolation using the well-defined 
structure of a molecular species as illustrated by Taha et al. using [GaMe2(OSiPh3)]2 as a model 
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for dimeric [GaMe2(µ-O)]2 units on a silica surface.70 The use of a molecular model complex for 
the generation of EXAFS patterns can provide atomic coordinates for sites that would typically 
be difficult to measure due to signal averaging with more prevalent surface sites. 
 
In the current study, first and second coordination spheres of the molecular precursors have 
either been definitively established by single-crystal X-ray crystallography or computed. Atomic 
coordinates from these X-ray data or optimized computations provide information about the 
number, identity and location of neighboring atoms around each atom in the structure and 
therefore can be used to generate simulated EXAFS patterns for a chosen absorbing atom. Such 
simulations may be performed using ab-initio programs wherein amplitude reduction factors and 
signal decay due to structural and thermal disorder can be incorporated into simulations.75 These 
patterns may then serve as valuable fingerprints for EXAFS patterns of metal-exchanged SiO2 or 
zeolitic materials wherein the exchanged moieties are often present in low concentration or are 
highly disordered and may therefore be inaccessible to other characterization tools such as FTIR, 
Raman or NMR spectroscopies. Simulated EXAFS spectra were obtained using the atomic 
coordinates of structures for 2b, 3b, 5b, and 6b as inputs to the FEFF9 software76, which 
calculates theoretical amplitude and phase shift functions for given absorbing atom-scattering 
atom pairs in a structure and thereby allows for the simulation of EXAFS spectra.  Single-crystal 
data provided atomic coordinates which were then computationally optimized for 3b and 6b 
while structures for 2b and 5b were computed directly as no crystallographic data was available. 
For all simulations, the amplitude reduction factor (S0

2
 in the EXAFS equation), which models 

intrinsic losses69 to the EXAFS amplitude, was set to a value of 0.9422. This value was obtained 
by fitting experimental EXAFS spectra of β-Ga2O3 in the Artemis software77 to a model 
consisting of known coordination numbers and bond distances in the first coordination shell of 
Ga atoms in β-Ga2O3. Values of S0

2 are generally element specific and can therefore be measured 
on a standard compound and used for EXAFS fitting of an unknown compound containing an 
absorbing atom with the same element.69 The value of S0

2 was also fixed for simulations of Al 
containing structures (5b and 6b) as an approximation, since the chemical properties of Ga and 
Al atoms are similar and also because experimental spectra of Al compounds were not available.  
The Debye-Waller factor (σ2 in the EXAFS equation), a measure of static and thermal disorder 
around the absorbing atom, is generally poorly modelled in the simulations and was therefore 
fixed at a value of 0.004 Å2, based on similar values for the Debye-Waller factor obtained from 
experimental EXAFS fits. The simulated EXAFS were k3-weighted and Fourier transformed in 
the Athena software77 using a k range (wavenumber) of 2 to 14 Å-1. The chosen k-range was 
applied to the simulated EXAFS using a Hanning window function, which reduces the 
magnitude of sharp side lobes that arise in the Fourier transform due to the finite nature of the 
data range.78 The magnitude and imaginary portion of the Fourier-transformed simulated EXAFS 
for each structure are discussed below (Figure 13). The raw pre-Fourier-transformed data is 
included in the appendix. 
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Figure 13. Fourier-transformed magnitude image of the EXAFS patterns for A) 2b, B) 5b, C) 3b 
and D) 6b.  
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For structures 2b and 3b, the magnitude and imaginary parts of the Fourier transformed EXAFS 
show an intense feature between 1 and 2 Å that arises from photoelectron backscattering from 
near neighboring O atoms that are coordinated to the absorbing Ga atom in each structure. While 
structure 2b possesses four near-symmetric bonds to siloxy groups, structure 3b possesses three 
such siloxy bonds and one free hydroxyl bond. The interaction of this hydroxyl with the Lewis-
acidic Li cation likely elongates the Ga-O(H) distance to a value similar to Ga siloxy bonds. This 
results in single unresolved feature in the first coordination shell of the Fourier transformed 
EXAFS. Similarly, the second coordination shell of these Fourier-transformed EXAFS between 
2 and 3 Å show features that arise from backscattering from next neighboring Si atoms. Similar 
observations are also observed from structures 5b and 6b with Al centers replacing Ga centers.  
The results therefore indicate that the presence of Lewis-acidic cations interacting with the 
surface, rather than being solvated or hydrated, perturb the local geometry to an extent which can 
make defect sites, such as partially-hydrolyzed framework sites, nearly indistinguishable from a 
framework site. 
 
Relevance of 3b and 6b to Meerwin-Ponndorf-Verley (MPV) transfer hydrogenation over 
aluminosilicate materials 
 
Defect sites in oxide materials are often associated with high reactivity in catalytic applications.  
However, by their very nature, defect sites are usually present in small concentrations, making 
their characterization difficult as spectral signatures and signals can be masked by the presence 
of other much more dominant sites. Therefore, associating the reactivity of a catalytic system 
with particular defect sites can be difficult.  
 
The isolation of 3b and 6b, which mimic defective framework sites that have been partially 
hydrolyzed, provides an opportunity to investigate the chemistry of these sites.  Partially-
hydrolyzed framework sites of group 13 metals have been previously proposed to be active sites 
for the MPV transfer hydrogenation of ketones and aldehydes using alcohols as sacrificial 
reductants.17,19,79–81 It has been established that isolated group 13 alkoxide surface species are 
active for MPV transfer-hydrogenation catalysis; however, the structures and mechanisms of 
action for such surface sites are still debated.23,82 One proposed mechanism starts from a 
HOM[OSiO3]3 surface species which then undergoes alcoholysis to form a metal alkoxide and 
water (Figure 13).80 The viability of this proposed initiation step for a partially-hydrolyzed group 
13 metal site was explored using 3b and 6b as functional models. 
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Figure 14. General scheme for transfer hydrogenation of symmetric ketones using benzyl 
alcohol as reductant.  The surface species depict charge-balanced structures for a group-13 metal 
center (M = B, Al, Ga, In, etc.). The proposed initiation step from a metal hydroxide is 
highlighted.   
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Exposure of 3b and 6b to one equivalent of benzyl alcohol in benzene or toluene led to a mixture 
of products including new, unidentified species, free silanol, 2a (for 3b) and 5a (for 6b).  
Removal of the volatile components, by evaporation in vacuo, from the reaction of benzyl 
alcohol with 3b gave a white residue. Analysis of this residue by ESI-MS in negative mode 
indicated formation of the expected benzyloxide complex {BnOGa[OSi(OtBu)3]3

–} as well as 
{(BnO)2Ga[OSi(OtBu)3]2

–}, which could be generated by direct alcoholysis of a Ga–O–Si bond 
or hydrolysis of this bond to a second hydroxide followed by alcoholysis.  Similarly, ESI-MS 
indicated that 6b formed {BnOAl[OSi(OtBu)3]3

–} and {(BnO)2Al[OSi(OtBu)3]2
–} upon treatment 

with benzyl alcohol (Scheme 9).  

 
Scheme 9. Formation of (benzyloxide)gallates and aluminates from 6b and 3b upon treatment 
with benzyl alcohol as observed by electrospray ionization mass spectrometry.  
 
While ESI-MS experiments indicated the presence of (benzyloxide)gallate anions, it could be 
proposed that the electric charge generated during ionization could be non-innocent and lead to 
formation of anionic species during the measurement. One example of such non-innocent 
behavior would be deprotonation of an acidic hydroxide group, which might be generated by the 
binding of alcohol to a Lewis acidic metal, as found in the possible product 
Ga[OSi(OtBu)3]3•BnOH, for example.  This deprotonation would generate the anionic fragment 
observed by ESI-MS, suggesting that the anionic species are not necessarily present before 
measurement.  To address this concern, attempts were made to observe formation of 
(benzyloxide)gallate anions prior to mass spectrometric analysis. Exposure of 3b to two 
equivalents of benzyl alcohol in toluene with stirring for 24 h followed by evaporation to dryness 
gave a white residue which, by 1H NMR (benzene-d6 solvent), indicated formation of the same 
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primary products as observed with one equivalent of benzyl alcohol. No solid precipitate was 
observed during the initial reaction in toluene.  Following evaporation, extraction of the solid 
residue with pentane indicated a new product had been formed which is largely insoluble in this 
solvent.  This was unexpected, as the previously identified compounds in the product mixture; 
tris(tert-butoxy)silanol and 2a, as well as 3b itself, are soluble in pentane.  The residue was 
dissolved in a minimum amount of toluene and crystallized by cooling to – 30 °C for 24 h which 
generated single, plate-like crystals suitable for X-ray diffraction studies.  The unit cell size of 
several plate-like crystals indicated the same unit cell parameters and single-crystal X-ray 
diffraction of one small plate-like crystal gave [(12-crown-4)2Li]{(BnO)Ga[OSi(OtBu)3]3} (7) 
(Figure 14).  The independent synthesis of 7 was achieved via an alternative route (See 
Experimental).  This result indicated that formation of (benzyloxide)gallate anions had occurred 
prior to ESI measurements and were not an artifact of ionization.  Interestingly, this structure 
reveals a lithium cation supported by two crown ethers in a sandwich configuration as opposed 
to the half-sandwich arrangement in 3b.  Thus, lithium cations in some other products formed are 
likely free of crown-ether, leaving other complexes like Li+{(BnO)Ga[OSi(OtBu)3]3}– as 
possible products in the reaction mixture.  

 

 
Figure 15. Single-crystal X-ray diffraction structure of [(12-crown-
4)2Li]{(BnO)Ga[OSi(OtBu)3]3}. Ellipsoids shown at 30% probability.  Tert-butyl groups 
truncated to methyl groups for clarity.  
 
While these results do not definitively determine the gallium and aluminum precatalyst site(s) 
from which alkoxides active for MPV-transfer hydrogenation are generated, they do indicate that 
formation of alkoxides from partially-hydrolyzed framework sites is facile. The homogeneous 
chemistry illustrated here using molecular models directly probes the behavior of defect site 
structures in isolation and supports the assertion that partially-hydrolyzed sites can readily 
generate alkoxides by loss of water upon exposure to alcohols.         
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Discussion 
 
Zwitterionic chloride complexes 1a, 1b and 4 allow synthetic access to several anionic hetero- 
and homoleptic gallosilicates and aluminosilicates. These are unusual molecular species that 
provide unique opportunities to examine structure, spectroscopic properties and chemistry for 
well-defined analogues of reaction centers in zeolitic materials. In particular, characterization 
data for complexes 2a, 2b, 3b, 5a, 5b, and 6b provide benchmarks for comparison to literature 
reports on the characterization of surface species, and have the advantage of exhibiting 
spectroscopic features that are not complicated by signals from other surface structures. 
 
The chlorogallate and chloroaluminate complexes 1a, 1b and 4 have few structural precedents in 
the literature. The Bourissou research laboratory, while investigating addition of gold(I) chloride 
to Al{2-[P(OiPr)2]Ph}3 and Ga{2-[P(OiPr)2]Ph}3, observed similar addition of the gold(I) salt to 
generate Au+{[2-(P(OiPr)2)Ph]3AlCl}–  and Au+{[2-(P(OiPr)2)Ph]3GaCl}– with gold coordinated 
by three phosphine donors.83–86 A related lithium tri-alkoxychlorogallate, 
Li[Ga(OCEt3)3]Cl•2THF, was reported by Evans et. al.42 Finally, a closely-related chlorogallate 
supported by a silsesquioxane ligand was reported by Feher et. al.45 In 1a, 1b and 4, the 
formation of an Al/Ga–Cl bond combined with stabilization of the resulting akali metal cation 
through coordination to the oxygen lone pairs of the siloxide ligands leads to generation of 
zwitterionic structures observed. 
 
The complexes 2a and 5a provide rare examples of aluminum and gallium tetrasiloxide 
complexes containing only M–O–SiO3 linkages.  A single crystal structure of a related gallate 
anion based on tris(tert-butoxy)silanethiol has been reported as a side-product of the reaction 
between gallium(I) bromide and lithium tris(tert-butoxy)silanethiol, although no yield or 
additional characterization data was provided.87 Also, two aluminate complexes containing only 
M–O–SiO3 linkages, M{Al[OSi(OEt)3]4} (M = Na, K), have been reported; however, rigorous 
compositional characterization is lacking.88 Thus, 2a and 5a represent, to the best of our 
knowledge, the first analytically pure and structurally characterized tetrasiloxygallate and 
tetrasiloxyaluminate structures bearing only M–O–SiO3 linkages. The compounds 2b and 5b, 
consequently, provide the first examples of the corresponding “free” anions, supported by NMR 
and elemental analysis as a cation-anion pair containing [Li(12-crown-4)2]+. 
 
To the best of our knowledge, the compounds 3a, 3b, 6a, and 6b provide the only examples of 
monomeric or dimeric aluminate and gallate complexes bearing three M–O–SiO3 linkages and a 
terminal hydroxide ligand. While structures with the same oxide cores have not been reported, 
some related examples of hydroxyl-gallium and hydroxyl-aluminum siloxide complexes are 
found in the literature.53,57,67,68,89–99 Of particular note, Steltzer et al. recently reported a set of 
aluminum hydroxide complexes supported by the same tris(tert-butoxy)silanol ligand used in 
this study; however, the hydroxide groups bridge aluminum atoms to form the neutral clusters 
{Al4(OH)6(OH2)2[OSi(OtBu)3]6} and {Al8(OH)14(OAc)2[OSi(OtBu)3]8}.99 Similarly, the 
aluminum hydroxide clusters {Al3(µ2-OH)3(THF)3[PhSi(OSiPh2O)3]2}, {Al8(µ3-OH)2(µ2-
OH)10(THF)3[p-anisylSi(OSiPh2O)3]4} and {[CH2(Me(Me3Si)2Si)2SiO]2AlOH}2, which contain 
only M–O–Si, M–OH and/or M–O(H)–M linkages in the oxide cores, form large clusters rather 
than monomeric species.67,68 This result might be generally expected for neutral aluminum 



	   66 

complexes and clusters given the presence of two electron lone pairs on the hydroxyl oxygen 
atom. Perhaps the most similar literature complex to the anions 3a and 3b is a tetra-gallate 
complex ion, Li2(Li(THF)2)2[Ph2SiO2GaMe2]2-[Ph2SiO2GaMe(OH)]2•2THF, reported by 
Murugavel et. al.; however, the lack of M–O–SiO3 linkages and the presence of Ga–Me groups 
differentiate it from the  complexes reported herein.57 

 
Observation that the molecular hydroxides 5b and 6b react with benzyl alcohol to generate 
benzyl oxide structures (by mass spectrometry) is valuable in the context of mechanistic 
investigations of MPV catalysis involving heterogeneous Lewis-acid catalysts.  While significant 
research on this topic has appeared in the literature, experimental verification of the "activation 
step" in a molecular model of the precatalyst supports proposals that hydroxide surface species 
can generate active catalysts. Steric arguments suggest that addition of benzyl alcohol across the 
more exposed M–OH moiety would be preferred and the hydroxyl oxygen atom can act as a base 
to facilitate proton abstraction from the alcohol. This argument supports more facile activation of 
heterogeneous MPV catalysts at more accessible partially-hydrolyzed “open” sites rather than 
framework “closed” sites.7,8,15,17,19,25,79–81,100–107 
 
Conclusions 
 
A series of monomeric and dimeric molecular gallates and aluminates were synthesized using 
tris(tert-butoxy)silanolate ligands previously investigated for use in molecular models of silica 
materials and to generate molecular precursors for thermolytic generation of heteroatom-
containing silica materials.  Several of the complexes synthesized provide unique monomeric 
models of zeolitic framework and partially-hydrolyzed framework sites containing gallium and 
aluminum.  Their isolation allows for continued investigation of these sites using model 
complexes, which allows for targeted probing of the single desired structure. 
 
The fundamental, structural and spectroscopic signatures of these complexes were determined by 
X-ray diffraction, vibrational spectroscopies and NMR investigations, allowing them to be 
compared to and placed within the collective understanding of zeolite surface sites.  These 
results should assist in identifying related surface sites on heterogeneous catalysts to help 
generate structure-reactivity relationships involving such sites. 
 
Investigation of the reactivity of 3b and 6b with benzyl alcohol, mimicking alcoholysis reactions 
proposed to occur on partially-hydrolyzed framework as the initiation step for MPV transfer 
hydrogenation, indicated the formation of (benzyloxy)trisiloxygallates/aluminates.  This lends 
support to the proposal that surface M–OH species are capable of initiating the reaction and 
suggests that additional investigations of mechanisms proposed to include metal hydroxide 
surface sites with these complexes may prove fruitful. 
 
Beyond their use in the current application as models of surface sites, the synthesized complexes 
have additional value for several other research directions currently under investigation.  As 
noted in the introduction, the –OSi(OtBu)3 ligand common to all these complexes was originally 
developed to allow for ready decomposition of molecular precursors to metal oxide materials by 
the TMP method.  Therefore, the –OSi(OtBu)3 linkage also allows for the possibility that these 
complexes could find use as thermolytic molecular precursors to materials.  Their anionic nature 
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allows for the possibility of cation exchange to incorporate other metals or cationic structure 
directing agents into the precursor creating new avenues for materials synthesis.  In addition to 
cation-exchange chemistry, gallium and aluminum hydroxide complexes are of interest as 
ligands to generate mixed-metal molecular models of silica sites and could serve an additional 
role as ligands for new TMP method precursors.108–114     
 
Experimental 
 
General 
 
All synthetic manipulations were performed under a nitrogen atmosphere using Schlenk 
techniques or in a glovebox, unless otherwise noted. Tetrahydrofuran (unstabilized, Macron), 
pentane (Fisher Chemical HPLC grade), diethyl ether (unstabilized, Macron), methylene chloride 
(Fisher Chemical HPLC Grade) and toluene (Fisher Chemical HPLC Grade) were dried using a 
JC Meyer Solvent Column system and used without further treatment.  Benzene-d6 (Cambridge 
Isotope Laboratories, Inc.) was deoxygenated with three freeze-pump-thaw cycles and dried for a 
minimum of 24 h over 3 Å molecular sieves before use.  Methylene chloride-d2 (Cambridge 
Isotope Laboratories, Inc.) was dried over calcium hydride for a minimum of 48 h then vacuum 
transferred followed by deoxygenation with three freeze-pump-thaw cycles. Gallium trichloride 
(99.999%, Strem Chemical) was stored in a glovebox and used without further purification.  
Benzyl alcohol (Fischer) was initially dried over 3 Å molecular sieves followed by drying over 
CaH2 and distilling before use.  Aluminum trichloride (99.985, anhydrous, Alfa Aesar) was 
sublimed before use. Lithium hydroxide (anhydrous) was dried under vacuum at 140 °C for 20 h 
before storing in a glovebox.  Lithium chloride (anhydrous) was ground to a fine powder and 
used without further purification. Lithium bis(trimethylsilyl)amide (Sigma-Aldrich, 97%) was 
purchased and used without further purification. The reagents HOSi(OtBu)3

115, NaOSi(OtBu)3
116, 

LiOSi(OtBu)3
117, Al[OSi(OtBu)3]3

34 and Ga[OSi(OtBu)3]3•THF32 were synthesized by literature 
methods. 
 
Synthesis 
 
Na{Ga[OSi(OtBu)3]3Cl} (1a): To a stirred solution of NaOSi(OtBu)3 (0.500 g, 1.75 mmol) in 10 
mL of diethyl ether was added 5 mL of a diethyl ether solution of gallium trichloride (0.1025 g, 
0.5821 mmol), dropwise at 20 °C.  The solution became cloudy during the addition and 
proceeded to form an opaque solution over the next few hours.  After 3 h the solution was 
evaporated to dryness in vacuo and the white residue was then extracted with 15 mL of pentane. 
The resulting colorless solution was filtered, concentrated to near-saturation and then set to 
crystallize at – 30 °C.  After 24 h, analytically pure, colorless, rod-like crystals had formed which 
were isolated by decantation of the supernatant and drying in vacuo (0.156 g, 0.170 mmol, 29% 
yield).  Anal. Calcd. for GaNaSi3ClO12C36H81: C, 47.08; H, 8.89.  Found: C, 46.77; H, 8.89. 1H 
NMR (benzene-d6, 600.134 MHz, 20 °C): δ 1.49 (s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 
150.903 MHz, 20 °C): δ 73.06 (s, CMe3), 32.27 (s, CMe3). 29Si NMR (benzene-d6, 119.229 
MHz, 20 °C): δ – 94.11. 
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Li{Ga[OSi(OtBu)3]3Cl} (1b): To a stirred solution of LiOSi(OtBu)3 (1.000 g, 3.699 mmol) in 10 
mL of diethyl ether was added 5 mL of a diethyl ether solution of gallium trichloride (0.2170 g, 
1.232 mmol), dropwise at 20 °C.  The solution became cloudy during the addition and proceeded 
to form an opaque solution over the next few hours.  After 6 h the solution was filtered and then 
evaporated to dryness in vacuo.  The resulting white residue was extracted with 15 mL of 
pentane and the resulting solution was filtered before it was concentrated to near-saturation and 
set to crystallize at – 30 °C.  After 24 h, analytically pure, colorless, needle-like crystals had 
formed which were isolated by decantation of the supernatant and drying in vacuo (0.821 g, 
0.910 mmol, 74% yield).  Anal. Calcd. for C36H81GaSi3ClLiO12: C, 47.92; H, 9.05.  Found: C, 
48.22; H, 8.86.  1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 1.51 (s, 81H, OtBu). 13C{1H} 
NMR (benzene-d6, 150.903 MHz, 20 °C): δ 73.59 (s, CMe3), 32.00 (s, CMe3). 29Si NMR 
(benzene-d6, 119.229 MHz, 20 °C): δ – 93.78. 7Li NMR (benzene-d6, 233.233 MHz, 20 °C): δ – 
0.13. 
 
Li{Ga[OSi(OtBu)3]4} (2a): To a stirred solution of LiOSi(OtBu)3 (2.000 g, 7.397 mmol) in 10 
mL of diethyl ether was added 10 mL of a diethyl ether solution of gallium trichloride (0.3256 g, 
1.849 mmol), dropwise at 20 °C.  The solution became cloudy during the addition and proceeded 
to form an opaque solution over the next few hours.  After 48 h, the solution was evaporated to 
dryness in vacuo. The resulting white residue was extracted with 20 mL of pentane and the 
solution formed was filtered and evaporated to dryness.  The white solid deposit was taken up in 
a minimum amount of diethyl ether and set to crystallize at – 30 °C.  After 24 h, analytically 
pure, colorless, blocky crystals had formed which were isolated by decantation of the supernatant 
and drying in vacuo (1.012 g, 0.8953 mmol, 49% yield).  Anal. Calcd. for C48H108AlLiO16Si4: C, 
51.00; H, 9.63.  Found: C, 50.70; H, 9.79. ESI-HRMS: Found 1121.5953 m/z, Theo. Mass 
1121.5976 m/z.  1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 1.55 (s, 108H, OtBu). 13C{1H} 
NMR (benzene-d6, 150.903 MHz, 20 °C): δ 72.95 (s, CMe3), 32.54 (s, CMe3). 29Si NMR 
(benzene-d6, 119.229 MHz, 20 °C): δ – 94.71. 7Li NMR (benzene-d6, 233.233 MHz, 20 °C): δ – 
0.60.  
 
[(12-crown-4)2Li]{Ga[OSi(OtBu)3]4} (2b): To a stirred solution of Li[GaOSi(OtBu)3]4 in 5 mL 
of pentane (0.942 g, 0.833 mmol) was added an excess of 12-crown-4 (0.500 g, 2.84 mmol)  at 
20 °C with immediate precipitation of white powder.  An additional 10 mL of pentane was then 
added to the suspension which was then stirred for 1 h, cooled to – 30 °C for 30 minutes, and 
then filtered.  The white solids collected on the frit were washed with ~30 mL of pentane and 
then dried in vacuo.  The crude product was crystallized by cooling a nearly saturated solution of 
the sample in diethyl ether to – 30 °C for 24 h. Crystallization yielded colorless, blocky, 
rectangular crystals of the product which were isolated by decantation of the supernatant and 
drying in vacuo (0.906 g, 0.593 mmol, 71% yield).  Anal. Calcd. for C64H140GaLiO24Si4: C, 
51.84; H, 9.52.  Found: C, 52.03; H, 9.91.  1H NMR (methylene chloride-d2, 600.134 MHz, 20 
°C): δ 3.63 (s, 32H, 12-crown-4), 1.36 (s, 108H, OtBu).  13C{1H} NMR (methylene chloride-d2, 
150.903 MHz, 20 °C): δ 72.87 (s, CMe3), 70.79 (bs, 12-crown-4), 32.54 (s, CMe3).  29Si NMR 
(methylene chloride-d2, 119.229 MHz, 20 °C): δ – 95.04. 7Li NMR (methylene chloride-d2, 
233.233 MHz, 20 °C): δ – 0.71. Raman (532 nm, solid sealed under N2 in borosilicate glass 
capillary, cm-1): 1486 w, 1449 vs, 1357 w, 1305 w, 1292 w, 1265 m, 1238 s, 1199 m, 1161 w, 
1139 w, 1115 w, 1097 w, 1052 m, 1032 m, 911 vs, 862 s, 824 m, 804 vs, 696 vw, 653 vs. IR 
(ATR, cm-1): 2965 s, 2922 m, 2910 m, 2875 m, 1471 w, 1447 w, 1383 m, 1360 s, 1304 vw, 1289 
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w, 1236 m, 1222 w sh, 1196 s, 1136 m, 1098 m, 1088 vw, 1057 s sh, 1040 vs, 1020 vs, 925 m, 
857 w, 823 s, 695 s, 658 w, 540 w, 519 w, 492 m, 479 m, 474 m, 470 m, 466 m, 429.8 m.    
 
{Li[Ga(OSi(OtBu)3)3OH]}2•LiCl (3a): To a stirred suspension of excess lithium hydroxide 
(0.060 g, 2.51 mmol) in 10 mL of diethyl ether was added a solution of Li[Ga(OSi(OtBu)3)3Cl] 
(1.572 g, 1.742 mmol) in 10 mL of diethyl ether.  After 24 h the hazy suspension was filtered, 
and the resulting colorless solution was evaporated to dryness. The white residue formed was 
extracted with 15 mL of toluene and filtered and this solution was then set to crystallize at – 30 
°C.  After 24 h, large, colorless, blocky crystals had formed which were isolated by decantation 
of the supernatant and drying in vacuo (0.9455 g, 0.5223 mmol, 60% yield). Anal. Calcd. for 
C72H164Ga2ClLi3O26Si6: C, 47.77; H, 9.13.  Found: C, 47.38; H, 9.17. 1H NMR (benzene-d6, 
600.134 MHz, 20 °C): δ 2.43 (s, 1H, OH), 1.59 (s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 
150.903 MHz, 20 °C): δ 72.72 (s, CMe3), 31.95 (s, CMe3). 29Si NMR (benzene-d6, 119.229 
MHz, 20 °C): δ – 93.25. 7Li NMR (benzene-d6, 233.233 MHz, 20 °C): δ 0.32. IR (Nujol mull, 
NaCl plates, N2 atmosphere, cm-1) 3591 w sh, 3543 w, 2968 vs, 2930 vs, 2920 vs, 2870 vs sh, 
2854 vs, 1461 s, 1389 m sh, 1366 s, 1243 s, 1213 m sh, 1192 vs, 1101 w sh, 1068 vs sh, 1053 vs 
sh, 1026 vs, 982 vs, 956 s, 915 w, 827 m, 804 w, 701 s, 658 w, 638 w, 570 w, 521 w. 
 
[(12-crown-4)Li]{Ga[OSi(OtBu)3]3OH} (3b): To a stirred solution of 
[LiGa(OSi(OtBu)3)3OH]2•LiCl (0.9455 g, 0.5223 mmol) in 20 mL of pentane was added an 
excess of 12-crown-4 (0.5519 g, 3.132 mmol) with immediate formation of a precipitate.  After 
1.5 h the suspension was filtered, and the resulting solution was evaporated to dryness.  The 
residue formed was re-dissolved in pentane and filtered again before concentrating the resulting 
solution to saturation and cooling it to – 30 °C.  After 24 h, analytically pure, large, colorless, 
rod-like crystals had formed which were isolated by decantation of the supernatant and drying in 
vacuo (0.617 g, 0.582 mmol, 56% yield). Anal. Calcd. for C44H98GaLiO17Si3: C, 49.85; H, 9.32.  
Found: C, 49.52; H, 8.98. 1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 1.95 (s, 1H, OH), 1.65 
(s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 150.903 MHz, 20 °C): δ 71.42 (s, CMe3), 69.01 (bs, 
12-crown-4), 32.49 (s, CMe3). 29Si NMR (benzene-d6, 119.229 MHz, 20 °C): δ – 94.98. 7Li 
NMR (benzene-d6, 233.233 MHz, 20 °C): δ – 0.08. Raman (532 nm, solid sealed under N2 in 
borosilicate glass capillary, cm-1): 1450 br vs, 1398 w, 1389 w, 1290 w, 1280 w, 1238 s, 1197 m, 
1160 vw, 1143 w, 1120 vw, 1103 w, 1088 w, 1030 m, 909 s, 855 m, 825 w, 801 vs, 695 w, 651 
s. IR (Nujol mull, NaCl plates, N2 atmosphere, cm-1):3604 w br, 3583 w sh, 3540 w br, 2953 vs, 
2923 vs, 2869 vs, 2854 vs, 1460 vs, 1378 s, 1364 s, 1290 w, 1242 m, 1221 w sh, 1197 s, 1144 w 
sh, 1121 m, 1090 s sh, 1044 s, 1020 s, 928 w, 858 w, 824 s, 803 w sh, 721 w sh, 699 s, 651 w, 
630 w sh. IR (ATR, cm-1): 3585 vw, 3402 br w, 3316 vw sh, 2970 s, 2927 m, 2910 m, 2874 m, 
1474 w, 1452 w, 1387 w, 1362 m, 1290 vw, 1281 vw, 1239 m, 1218 vw, 1193 s, 1137 m, 1087 
m, 1070 s sh, 1042 vs, 1020 vs sh, 1004 vs, 925 w, 918 w, 852 vw, 824 m, 804 w, 697 m, 657 w, 
613 w, 541 w sh, 518 w, 492 w, 477 w.  
 
Li[AlOSi(OtBu)3]3Cl (4): To a solid mixture of LiCl (0.1646 g, 3.883 mmol) and 
Al[OSi(OtBu)3]3 (1.058 g, 1.295 mmol) was added 20 mL of methylene chloride.  The resulting 
solution was stirred for 3 h, then evaporated in vacuo leaving a white powder residue. The 
residue was then extracted with 20 mL of pentane, and the resulting solution was filtered before 
being concentrated to near-saturation and set to crystallize at – 30 °C.  After 24 h, a first crop of 
colorless, needle-like crystals formed which were isolated by decantation of the supernatant and 
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drying in vacuo.  The supernatant was concentrated to near-saturation and cooled to – 30 °C for 
24 h which yielded a second crop of crystals (0.776 g, 0.903 mmol, 70% yield). Anal. Calcd. for 
C36H81AlClLiO12Si3: C, 50.30; H, 9.50.  Found: C, 50.13; H, 9.58. 1H NMR (benzene-d6, 
400.132 MHz, 20 °C): δ 1.50 (s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 150.903 MHz, 20 °C): 
δ 73.07 (s, CMe3), 31.58 (s, CMe3). 29Si NMR (benzene-d6, 119.229 MHz, 20 °C): δ – 96.39. 7Li 
NMR (benzene-d6, 233.233 MHz, 20 °C): δ – 0.20.  
 
Al[OSi(OtBu)3]3•Et2O: Al[OSi(OtBu)3]3 (0.0934 g, 0.1143 mmol) was dissolved in 5 mL of 
diethyl ether and stirred for 30 minutes at 20 °C.  The colorless solution was then evaporated to 
dryness in vacuo to give the product as a white residue (0.0948 g, 0.1064 mmol, 93% yield).  
The product can be crystallized as large colorless blocky crystals from a saturated solution in 
diethyl ether at – 30 °C. Anal. Calcd. for C40H91AlO13Si3: C, 53.90; H, 10.29. Found: C, 53.69; 
H, 10.45. 1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 4.23 (q, J = 7.1 Hz, 4H, CH2, Et2O), 
1.51 (s, 81H, OtBu), 1.24 (t, J = 7.1 Hz, 6H, CH3, Et2O). 13C{1H} NMR (benzene-d6, 150.903 
MHz, 20 °C): δ 71.85 (s, CMe3), 67.30 (s, CH2, Et2O), 32.21 (s, CMe3), 13.86 (s, CH3, Et2O). 
29Si NMR (benzene-d6, 119.229 MHz, 20 °C): δ – 98.16. 
 
Li{Al[OSi(OtBu)3]4} (5a): To a stirred solution of Li[AlOSi(OtBu)3]3Cl (0.9010 g, 1.048 mmol) 
in 8 mL of pentane was added LiOSi(OtBu)3 (0.2981 g, 1.103 mmol) in 7 mL of pentane.  After 
20 minutes, the solution became slightly hazy and proceeded to become a turbid suspension over 
several hours.  After 24 h, the solution was filtered and evaporated in vacuo to a white residue. 
The residue was re-dissolved in a minimum amount of diethyl ether and set to recrystallize at – 
30 °C.  After 24 h, colorless, blocky crystals had formed which were isolated by decantation of 
the supernatant and drying in vacuo (0.750 g, 0.690 mmol, 63% yield).  Anal. Calcd. for 
C48H108AlLiO16Si4: C, 53.01; H, 10.01.  Found: C, 53.13; H, 10.07. ESI-HRMS: found 
1079.6505 m/z, Theo. Mass 1079.6535 m/z.  1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 1.55 
(s, 108H, OtBu). 13C{1H} NMR (benzene-d6, 150.903 MHz, 20 °C): δ 72.88 (s, CMe3), 32.54 (s, 
CMe3). 29Si NMR (benzene-d6, 119.229 MHz, 20 °C): δ – 96.25. 7Li NMR (benzene-d6, 233.233 
MHz, 20 °C): δ – 0.69. 
 
[(12-crown-4)2Li]{Al[OSi(OtBu)3]4} (5b): To a stirred solution of Li[AlOSi(OtBu)3]4 in 5 mL of 
pentane (0.755 g, 0.694 mmol) was added an excess of 12-crown-4 (0.400 g, 2.27 mmol) at 20 
°C with immediate precipitation of white powder.  An additional 10 mL of pentane was then 
added to the suspension which was then stirred for 1 h, cooled to – 30 °C for 30 minutes, and 
then filtered.  The white solids collected on the frit were washed with ~20 mL of pentane and 
then dried in vacuo.  The crude product was crystallized by cooling a nearly saturated solution of 
the sample in diethyl ether to – 30 °C for 24 h. Crystallization yielded colorless, rectangular, 
blocky crystals of the product which were isolated by decantation of the supernatant and drying 
in vacuo (0.759 g, 0.511 mmol, 74% yield).  Anal. Calcd. for C64H140AlLiO24Si4: C, 53.38; H, 
9.80.  Found: C, 52.76; H, 10.05.  1H NMR (methylene chloride-d2, 600.134 MHz, 20 °C): δ 3.63 
(s, 32H, 12-crown-4), 1.36 (s, 108H, OtBu). 13C{1H} NMR (methylene chloride-d2, 150.903 
MHz, 20 °C): δ 72.81 (s, CMe3), 70.90 (s, 12-crown-4), 32.54 (s, CMe3).  29Si NMR (methylene 
chloride-d2, 119.229 MHz, 20 °C): δ – 97.03. 7Li NMR (methylene chloride-d2, 233.233 MHz, 
20 °C): δ – 0.78. Raman (532 nm, solid sealed under N2 in borosilicate glass capillary, cm-1): 
1486 w, 1449 vs, 1357 w, 1305 w, 1292 w, 1265 m, 1238 s, 1199 m, 1161 w, 1139 w, 1115 w, 
1097 w, 1052 m, 1032 m, 911 vs, 862 s, 824 m, 804 vs, 696 vw, 653 vs. IR (ATR, cm-1) 2963 s, 
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2921 m, 2911 m, 2875 m, 1471 w, 1447 w, 1383 w, 1358 m, 1304 vw, 1289 w, 1236 m, 1197 s, 
1136 m, 1084 vs, 1041 vs, 1021 vs, 925 m, 857 w, 823 s, 697 s, 666 vw, 575 w, 557 w, 519 m 
sh, 506 m, 479 s, 394 m. 
 
{Li[Al(OSi(OtBu)3)3OH]}2•LiCl (6a): To a stirred suspension of excess lithium hydroxide 
(0.0074 g, 0.31 mmol) in 5 mL of diethyl ether was added a solution of Li[Al(OSi(OtBu)3)3Cl] 
(0.1765 g, 0.2053 mmol) in 10 mL of diethyl ether.  After 24 h, the hazy suspension was 
evaporated to dryness and the resulting white residue was then extracted with 15 mL of toluene.  
The resulting solution was filtered, concentrated to near-saturation in vacuo and set to 
recrystallize at – 30 °C.  After 24 h colorless, blocky crystals had formed which were isolated by 
decantation of the supernatant and drying in vacuo (0.108 g, 0.0626 mmol, 61% yield). Anal. 
Calcd. for C72H164Al2ClLi3O26Si6: C, 50.14; H, 9.58.  Found: C, 50.50; H, 9.21. 1H NMR 
(benzene-d6, 600.134 MHz, 20 °C): δ 2.07 (s, 1H, OH), 1.59 (s, 81H, OtBu). 13C{1H} NMR 
(benzene-d6, 150.903 MHz, 20 °C): δ 73.03 (s, CMe3), 32.36 (s, CMe3). 29Si NMR (benzene-d6, 
119.229 MHz, 20 °C): δ – 95.21. 7Li NMR (benzene-d6, 233.233 MHz, 20 °C): δ 0.25. IR (Nujol 
mull, NaCl plates, N2 atmosphere, 4000-600 cm-1): 3607 w sh, 3566 w, 2955 vs, 2925 vs, 2868 
vs sh, 2854 vs, 1461 s, 1387 m sh, 1366 s, 1243 m, 1213 w sh, 1193 s, 1120 w, 1057 vs, 1031 s 
sh, 986 s, 959 m, 915 w, 827 w, 605 vw.  
 
 [(12-crown-4)Li]{Al[OSi(OtBu)3]3OH} (6b): To a stirred solution of 
[LiAl(OSi(OtBu)3)3OH]2•LiCl (0.0459 g, 0.0266 mmol) in 8 mL of toluene was added an excess 
of 12-crown-4 (0.0275 g, 0.16 mmol) in 2 mL of toluene, dropwise.  Upon stirring for 5 minutes 
the solution became hazy.  After 1 h, the suspension was filtered, and the resulting solution was 
evaporated to dryness.  The white residue formed was dissolved in a minimum amount of 
pentane, and set to recrystallize at – 30 °C.  After 24 h, large, colorless, blocky crystals had 
formed which were isolated by decantation of the supernatant and drying in vacuo (0.028 g, 
0.028 mmol, 53% yield). Anal. Calcd. for C44H98AlLiO17Si3: C, 51.94; H, 9.71.  Found: C, 
52.19; H, 9.61. 1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 3.16 (bs, 16H, 12-crown-4), 1.65 
(s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 150.903 MHz, 20 °C): δ 71.32 (s, CMe3), 68.40 (bs, 
12-crown-4), 32.52 (s, CMe3). 7Li NMR (benzene-d6, 233.233 MHz, 20 °C): δ – 0.10. Raman 
(532 nm, solid sealed under N2 in borosilicate glass capillary, cm-1): 1447 br vs, 1401 w, 1389 w, 
1286 w, 1275 w, 1238 s, 1195 m, 1142 w, 1089 w, 1057 w sh, 1027 m, 909 s, 857 m, 823 w, 803 
vs, 719 w, 695 w, 646 m. IR (Nujol mull, NaCl plates, N2 atmosphere, cm-1): 3637 w br, 3582 w, 
2962 vs, 2925 vs, 2870 vs, 2855 vs, 1460 m, 1384 m sh, 1362 s, 1289 w, 1240 s, 1197 vs, 1143 
m, 1118 m, 1091 vs, 1044 vs, 1021 vs, 928 w, 857 w, 825 m, 804 vw sh, 722 m sh, 701 m, 581 
w, 514 w. IR (ATR, cm-1): 3625 vw, 3405 br w, 3319 w sh, 2969 s, 2927 m, 2908 m, 2876 m, 
1474 w, 1452 w sh, 1387 w, 1362 m, 1291 vw, 1281 vw, 1238 m, 1220 w, 1193 s, 1146 m sh, 
1137 m, 1088 s, 1040 vs, 1021 vs sh, 1006 vs, 918 w, 899 vw, 852 vw, 824 m, 805 w, 722 w sh, 
698 m, 584 w, 568 vw, 507 m, 480 m. 
 
[(12-crown-4)2Li]{(BnO)Ga[OSi(OtBu)3]3} (7): Benzyl alcohol (0.6624 g, 6.125 mmol) was 
dissolved in 10 mL of pentane to which lithium bis(trimethylsilyl)amide (1.025 g, 6.126 mmol) 
dissolved in 10 mL of pentane was added dropwise with vigorous stirring. During the dropwise 
addition a white suspension formed.  After 24 h, the suspension was filtered and the white 
precipitate collected was washed with 20 mL of pentane, dried in vacuo, and used without 
further purification.  To lithium benzyloxide (0.0951g, 0.834 mmol) and 12-crown-4 (0.586 g, 
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3.33 mmol) dissolved in 10 mL of diethyl ether was added LiGa[OSi(OtBu)3]3Cl (0.750 g, 0.831 
mmol) dissolved in 10 mL of diethyl ether, with stirring. After 6 h, the suspension was 
evaporated to dryness and the white residue was extracted with 15 mL of toluene.  The extract 
was filtered and the filtrate was concentrated in vacuo to a volume of ~5 mL at which point 
blocky crystals began forming.  The toluene was layered with 10 mL of pentane and cooled to – 
30 °C for 24 h during which time additional colorless crystals formed.  The crystals were isolated 
by decantation of the supernatant and dried in vacuo. These crystals were re-dissolved in a 
minimum of diethyl ether and recrystallized at – 30 °C for 24 h to give blocky colorless crystals 
of the pure product (0.3025 g, 0.2280 mmol, 27.4% yield). Anal. Calcd. for C59H120GaO21Si3Li: 
C, 53.42; H, 9.12. Found: C, 53.54; H, 8.86. 1H NMR (benzene-d6, 600.134 MHz, 20 °C): δ 7.60 
(d, J = 7.5 Hz, 4H, Ar), 7.27 (t, J = 7.6 Hz, 4H, Ar), 7.12 (t, J = 7.3 Hz, 1H, Ar), 5.24 (s, CH2), 
3.47 (s, 32 H, 12-crown-4), 1.51 (s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 150.903 MHz, 20 
°C): δ 128.30 (s, Ar),127.30 (s, Ar), 126.71 (s, Ar), 72.89 (s, CH2), 71.13 (s, CMe3), 66.53 (s, 12-
crown-4), 32.08 (s, CMe3). 29Si NMR (benzene-d6, 119.229 MHz, 20 °C): δ – 92.52. 
 
Characterization 
 
1H and 13C NMR spectra were collected on a Bruker AV400 and AV600 NMR spectrometer 
referenced internally to tetramethylsilane. 1H and 13C NMR spectral signals were referenced 
internally to solvent residual peaks.  29Si, and 7Li NMR spectra were collected on a Bruker AV-
600 NMR spectrometer and absolute referencing to solvent residuals from 1H NMR spectra of 
the samples was performed with the same lock.118,119  Raman spectra were collected on a Horiba 
Yvon Jobin labRAM HR confocal Raman spectrometer with a wavelength of 532 nm using 
samples sealed in borosilicate glass capillaries. IR spectra were collected on a Bruker Vertex 80 
FTIR using an ATR cell or nujol mull as indicated. Elemental analyses were performed at the 
UC-Berkeley College of Chemistry Microanalytical Facility.  High resolution electrospray 
ionization mass spectrometry was performed at the QB3/Chemistry Mass Spectrometry Facility 
and the LBNL Catalysis Facility housed at UC-Berkeley.  The LBNL Catalysis Facility 
instrument, used for analysis of reaction products with benzyl alcohol, is a Perkin Elmer AxION 
2 TOF.  All HRESI-MS measurements were performed on solutions in dry THF in negative 
mode. 
 
Single-crystal X-ray crystallography 
 
Single-crystal X-ray diffraction studies of 2b, 3a, 3b, 4, 6a, 6b were performed at the University 
of California-Berkeley CHEXRAY instrumentation facility using an Apex II Quazar instrument 
with a microfocus sealed source (Incoatec IµS; Mo-Kα radiation). Single-crystal X-ray 
crystallography of 5b was performed in the same facility using a MicroSTAR-H X8 APEXII 
instrument with a microfocus rotating anode source (Cu-Kα radiation). Measurements were 
taken on a Bruker APEX II CCD area detector and the data collection was computed and 
integrated using the Bruker APEX2 software package. Bruker SAINT was used for all cell 
refinement and data reduction.  The structures were solved using SHELXT and were refined 
using SHELXL-2014.120,121 Crystals for the X-ray analyses were run in a frozen glass of paratone 
N hydrocarbon oil at 100(2) K under a flow of nitrogen. Single-crystal X-ray diffraction studies 
of 1a, 2a, and 5a were performed at Beamline 11.3.1 housed at the Advanced Light Source at 
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Lawrence Berkeley National Laboratory. Data was collected in a Bruker D85 3-circle 
diffractometer with a PHOTON100 CMOS detector operating under shutter-less conditions.  
Synchrotron radiation was used as the X-ray source and was monochromated using a channel-cut 
silicon (111) monochromater.  The wavelength used was 0.7749 Å for all samples.  Samples 
were glassed in a paratone N-hydrocarbon oil and all measurements made at 100(2) K.  
Additional crystallographic information for all compounds can be found in the appendix.  
 
Computational details 
 
Density Functional Theory (DFT) calculations reported in this work were computed using the 
dispersion-corrected, hybrid density functional, omegab97x-d, along with the double -ζ, split-
valence Pople basis set, 6-31G(d,p) which also contains a set of polarizing d-functions on non-
hydrogen atoms and polarizing p-functions on hydrogen atoms.  Stationary point searches for 2b, 
3b, 5b and 6b were performed via the default optimization procedure implemented in QChem 
5.0.122 The stationary point searches were conducted without imposing any constraints on the 
geometries. Initial guesses for these geometries were either obtained from experimentally 
determined XRD patterns or were generated manually. The numerical hessian for each optimized 
geometry was then calculated using the finite difference approach. This hessian was used to 
perform the vibrational analysis on each complex, to calculate the reported frequencies and 
intensities for IR and Raman-active normal modes. 
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Appendix for Chapter 2: 
 

Siloxygallate and Siloxyaluminate Complexes as Models for 
Framework and Partially-Hydrolyzed Framework Sites in 

Zeolites 
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Figure A2-1. Single-crystal X-ray diffraction structure of Al[OSi(OtBu)3]3•Et2O. Ellipsoids 
shown at 30% probability.  Tert-butyl groups truncated to methyl groups for clarity. 
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A2-2: FTIR spectra (Nujol mull) of all hydroxide complexes showing expanded spectra and 
zoom of the hydroxyl region. Crystallographic distances from located hydrogen atoms to nearest 
oxygen atom for hydrogen bonding 3a: H1---O11= 2.358 Å, H2---O24 = 2.423 Å; 3b: H17---
O12 = 2.193 Å; 6a: H1---O5 = 2.211 Å, H2---O18 = 2.517 Å; 6b: H17---O16 = 2.247 Å. Note 
that XRD poorly determines hydrogen atom locations so distances are approximate.
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Figure A2-3. ESI-MS spectra of the product residue from treatment of 6b with benzyl alcohol.  
Top to bottom: Expanded mass spectrum, monomeric products, dimeric products.  Tentative 
assignments of anions by m/z ratios: 768, {(BnO)2Al[OSi(OtBu)3]2}–; 833, 3b; 924, 
{BnOAl[OSi(OtBu)3]3}–; 1079, 2b; 1543, {[(BnO)2Al(OSi(OtBu)3)2]2Li}–; 1608, 
{[(BnO)2Al(OSi(OtBu)3)2][HOAl(OSi(OtBu)3)3]Li}–;  1673, [HOAl(OSi(OtBu)3)3]2Li}–.       
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Figure A2-4. ESI-MS spectra of the product residue from treatment of 3b with benzyl alcohol.  
Top to bottom: Expanded mass spectrum, monomeric products, dimeric products.  Tentative 
assignments of anions by m/z ratios: 810, {(BnO)2Ga[OSi(OtBu)3]2}–; 877, 6b; 967, 
{BnOGa[OSi(OtBu)3]3}–; 1123, 5b; 1627, {[(BnO)2Al(OSi(OtBu)3)2]2Li}–; 1694, 
{[(BnO)2Ga(OSi(OtBu)3)2][HOGa(OSi(OtBu)3)3]Li}–;  1754, [HOGa(OSi(OtBu)3)3]2Li}–.
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Figure A2-5. Pre-Fourier-transform data of the EXAFS patterns for A) 2b, B) 5b, C) 3b and D) 
6b.  
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Figure A2-6. Ball and stick overlay of computationally optimized structures with atomic spheres 
shown for M (pink), Li (purple), O (red) and Si (grey) on top of Van der Waals space-filling 
models.  A) 2b B) 5b C) 3b D) 6b.  
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Figure A2-7. Computed FTIR spectra of 6b displaying expanded image of the 600-1600 cm-1 
region as well as the full spectra.  Peaks were fit to Gaussian curves. 
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Figure A2-8. Computed Raman spectra of 6b displaying expanded image of the 600-1600 cm-1 
region.  Peaks were fit to Gaussian curves. 
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Figure A2-9. Computed FTIR spectra of 3b displaying expanded image of the 600-1600 cm-1 
region as well as the full spectra.  Peaks were fit to Gaussian curves. 
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Figure A2-10. Computed Raman spectra of 3b displaying expanded image of the 600-1600 cm-1 
region.  Peaks were fit to Gaussian curves. 
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Figure A2-11. Computed FTIR spectra of 5b displaying expanded image of the 600-1600 cm-1 
region as well as the full spectra.  Peaks were fit to Gaussian curves. 
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Figure A2-12. Computed Raman spectra of 5b displaying expanded image of the 600-1600 cm-1 
region.  Peaks were fit to Gaussian curves. 
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Figure A2-13. Computed FTIR spectra of 2b displaying expanded image of the 600-1600 cm-1 
region as well as the full spectra.  Peaks were fit to Gaussian curves. 
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Figure A2-14. Computed Raman spectra of 2b displaying expanded image of the 600-1600 cm-1 
region.  Peaks were fit to Gaussian curves. 
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Crystal data and structure refinement for 5a. 
Empirical formula  C48 H108 Al Li O16 Si4 
Formula weight  1087.62 
Temperature  100(2) K 
Wavelength  0.7749 Å 
Crystal system  Orthorhombic 
Space group  P b c a 
Unit cell dimensions a = 13.3971(6) Å                     a = 90° 
 b = 22.9249(9) Å                     b = 90° 
 c = 42.2979(17) Å                   g = 90° 
Volume 12990.8(9) Å3 

Z 8 
Density (calculated) 1.112 Mg/m3 

Absorption coefficient 0.199 mm-1 

F(000) 4768 
Crystal size 0.065 x 0.057 x 0.041 mm3 

Theta range for data collection 1.937 to 27.861° 
Index ranges -16<=h<=16, -27<=k<=27, -50<=l<=50 
Reflections collected 106787 
Independent reflections 11907 [R(int) = 0.0999] 
Completeness to theta = 27.500° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.6550 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11907 / 0 / 661 
Goodness-of-fit on F2 1.162 
Final R indices [I>2sigma(I)] R1 = 0.0605, wR2 = 0.1490 
R indices (all data) R1 = 0.0789, wR2 = 0.1567 
Extinction coefficient n/a 
Largest diff. peak and hole 0.355 and -0.395 e/Å3 
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Crystal data and structure refinement for 2a. 
Empirical formula  C48 H108 Ga Li O16 Si4 
Formula weight  1130.36 
Temperature  100(2) K 
Wavelength  0.7749 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 14.8354(6) Å                     a = 112.323(2)° 
 b = 22.0350(9) Å                     b = 104.522(2)° 
 c = 22.9722(9) Å                     g = 97.943(2)° 
Volume 6492.3(5) Å3 
Z 4 
Density (calculated) 1.156 Mg/m3 
Absorption coefficient 0.694 mm-1 
F(000) 2456 
Crystal size 0.126 x 0.084 x 0.084 mm3 
Theta range for data collection 1.892 to 31.291° 
Index ranges -19<=h<=19, -29<=k<=29, -30<=l<=30 
Reflections collected 71257 
Independent reflections 32518 [R(int) = 0.0898] 
Completeness to theta = 30.650° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7462 and 0.5917 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 32518 / 0 / 1431 
Goodness-of-fit on F2 1.015 
Final R indices [I>2sigma(I)] R1 = 0.0716, wR2 = 0.1826 
R indices (all data) R1 = 0.1021, wR2 = 0.2087 
Extinction coefficient n/a 
Largest diff. peak and hole 1.370 and -1.461 e/Å3 
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Crystal data and structure refinement for 3a. 
Empirical formula  C74.50 H170 Cl Ga2 Li3 O26 Si6 
Formula weight  923.17 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 13.1465(7) Å                     a = 91.379(3)° 
 b = 13.9062(7) Å                     b = 100.868(3)° 
 c = 34.2227(17) Å                   g = 117.412(2)° 
Volume 5410.1(5) Å3 
Z 2 
Density (calculated) 1.133 Mg/m3 
Absorption coefficient 0.649 mm-1 
F(000) 1994 
Crystal size 0.140 x 0.110 x 0.030 mm3 
Theta range for data collection 1.222 to 25.529° 
Index ranges -15<=h<=15, -16<=k<=16, -41<=l<=41 
Reflections collected 97240 
Independent reflections 20009 [R(int) = 0.0439] 
Completeness to theta = 25.000° 100.0 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 20009 / 0 / 1099 
Goodness-of-fit on F2 1.047 
Final R indices [I>2sigma(I)] R1 = 0.0423, wR2 = 0.0990 
R indices (all data) R1 = 0.0558, wR2 = 0.1047 
Extinction coefficient n/a 
Largest diff. peak and hole 0.933 and -0.327 e/Å3 
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Crystal data and structure refinement for Al[OSi(OtBu)3]3•Et2O. 
Empirical formula  C40 H91 Al O13 Si3 
Formula weight  891.37 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 13.3540(5) Å                     a = 90° 
 b = 21.7032(6) Å                     b = 106.471(2)° 
 c = 19.4522(7) Å                     g = 90° 
Volume 5406.4(3) Å3 
Z 4 
Density (calculated) 1.095 Mg/m3 
Absorption coefficient 0.155 mm-1 
F(000) 1960 
Crystal size 0.120 x 0.120 x 0.110 mm3 
Theta range for data collection 1.439 to 25.393° 
Index ranges -16<=h<=15, -26<=k<=25, -23<=l<=23 
Reflections collected 153222 
Independent reflections 9914 [R(int) = 0.0365] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.7162 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9914 / 0 / 607 
Goodness-of-fit on F2 1.081 
Final R indices [I>2sigma(I)] R1 = 0.0934, wR2 = 0.2555 
R indices (all data) R1 = 0.1070, wR2 = 0.2692 
Extinction coefficient n/a 
Largest diff. peak and hole 1.739 and -0.957 e/Å3 
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Crystal data and structure refinement for 3b. 
Empirical formula  C44 H98 Ga Li O17 Si3 
Formula weight  1060.15 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P b c a 
Unit cell dimensions a = 23.0833(10) Å                   a = 90° 
 b = 19.1037(8) Å                     b = 90° 
 c = 26.8185(12) Å                   g = 90° 
Volume 11826.3(9) Å3 
Z 8 
Density (calculated) 1.191 Mg/m3 
Absorption coefficient 0.585 mm-1 
F(000) 4592 
Crystal size 0.130 x 0.100 x 0.100 mm3 
Theta range for data collection 1.519 to 27.583° 
Index ranges -29<=h<=27, -24<=k<=24, -34<=l<=34 
Reflections collected 202535 
Independent reflections 13596 [R(int) = 0.0441] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8621 and 0.8139 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13596 / 0 / 721 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0423, wR2 = 0.0999 
R indices (all data) R1 = 0.0582, wR2 = 0.1114 
Extinction coefficient n/a 
Largest diff. peak and hole 0.810 and -0.322 e/Å3 
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Crystal data and structure refinement for 4. 
Empirical formula  C36 H81 Al Cl Li O12 Si3 
Formula weight  859.64 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 22.9669(8) Å                     a = 90° 
 b = 12.9452(5) Å                     b = 111.961(2)° 
 c = 18.6270(6) Å                     g = 90° 
Volume 5136.2(3) Å3 
Z 4 
Density (calculated) 1.112 Mg/m3 
Absorption coefficient 0.210 mm-1 
F(000) 1872 
Crystal size 0.110 x 0.110 x 0.100 mm3 
Theta range for data collection 1.841 to 27.511° 
Index ranges -29<=h<=29, -16<=k<=15, -24<=l<=23 
Reflections collected 140260 
Independent reflections 11797 [R(int) = 0.0313] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9281 and 0.8943 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11797 / 0 / 514 
Goodness-of-fit on F2 1.038 
Final R indices [I>2sigma(I)] R1 = 0.0404, wR2 = 0.1114 
R indices (all data) R1 = 0.0484, wR2 = 0.1178 
Extinction coefficient n/a 
Largest diff. peak and hole 0.495 and -0.301 e/Å3 
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Crystal data and structure refinement for 6a. 
Empirical formula  C75.50 H168 Al2 Cl Li3 O26 Si6 
Formula weight  1770.86 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 13.3707(5) Å                  a = 89.743(2)° 
 b = 13.8469(5) Å                  b = 85.853(2)° 
 c = 32.3515(13) Å                g = 62.383(2)° 
Volume 5290.5(4) Å3 

Z 2 
Density (calculated) 1.112 Mg/m3 

Absorption coefficient 0.182 mm-1 

F(000) 1930 
Crystal size 0.120 x 0.110 x 0.080 mm3 

Theta range for data collection 1.724 to 27.505° 
Index ranges -17<=h<=17, -17<=k<=17, -41<=l<=41 
Reflections collected 79668 
Independent reflections 23422 [R(int) = 0.0409] 
Completeness to theta = 25.000° 97.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.7016 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 23422 / 0 / 1099 
Goodness-of-fit on F2 1.094 
Final R indices [I>2sigma(I)] R1 = 0.0667, wR2 = 0.1453 
R indices (all data) R1 = 0.0891, wR2 = 0.1542 
Extinction coefficient n/a 
Largest diff. peak and hole 1.010 and -0.441 e/Å3 
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Crystal data and structure refinement for 6b. 
Empirical formula  C44 H98 Al Li O17 Si3 
Formula weight  1017.41 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 13.5757(7) Å                     a = 90° 
 b = 18.8931(9) Å                     b = 91.076(2)° 
 c = 23.5995(11) Å                   g = 90° 
Volume 6051.9(5) Å3 
Z 4 
Density (calculated) 1.117 Mg/m3 
Absorption coefficient 0.151 mm-1 
F(000) 2224 
Crystal size 0.130 x 0.110 x 0.110 mm3 
Theta range for data collection 1.381 to 27.608° 
Index ranges -17<=h<=17, -24<=k<=24, -30<=l<=30 
Reflections collected 149873 
Independent reflections 14014 [R(int) = 0.0364] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.9281 and 0.8347 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 14014 / 0 / 690 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0446, wR2 = 0.1160 
R indices (all data) R1 = 0.0554, wR2 = 0.1245 
Extinction coefficient n/a 
Largest diff. peak and hole 0.500 and -0.400 e/Å3 
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Crystal data and structure refinement for 1a. 
Empirical formula  C36 H81 Cl Ga Na O12 Si3 
Formula weight  918.43 
Temperature  100(2) K 
Wavelength  0.7749 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 13.2254(5) Å                     a = 90° 
 b = 21.2217(9) Å                     b = 107.764(2)° 
 c = 18.7791(8) Å                     g = 90° 
Volume 5019.3(4) Å3 
Z 4 
Density (calculated) 1.215 Mg/m3 
Absorption coefficient 0.918 mm-1 
F(000) 1976 
Crystal size 0.272 x 0.181 x 0.181 mm3 
Theta range for data collection 2.093 to 30.950° 
Index ranges -17<=h<=17, -28<=k<=28, -24<=l<=24 
Reflections collected 55086 
Independent reflections 12256 [R(int) = 0.0713] 
Completeness to theta = 30.950° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7461 and 0.6830 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12256 / 0 / 525 
Goodness-of-fit on F2 1.016 
Final R indices [I>2sigma(I)] R1 = 0.0339, wR2 = 0.0753 
R indices (all data) R1 = 0.0506, wR2 = 0.0815 
Extinction coefficient n/a 
Largest diff. peak and hole 0.330 and -0.561 e/Å3 
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Crystal data and structure refinement for 7 
Empirical formula  C59 H120 Ga Li O21 Si3 
Formula weight  1326.47 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P n a 21 
Unit cell dimensions a = 23.8209(8) Å                  a = 90° 
 b = 13.4150(4) Å                  b = 90° 
 c = 22.7387(7) Å                  g = 90° 
Volume 7266.3(4) Å3 

Z 4 
Density (calculated) 1.213 Mg/m3 

Absorption coefficient 0.494 mm-1 

F(000) 2872 
Crystal size 0.150 x 0.100 x 0.020 mm3 

Theta range for data collection 1.710 to 25.356° 
Index ranges -28<=h<=28, -15<=k<=16, -26<=l<=27 
Reflections collected 44223 
Independent reflections 13097 [R(int) = 0.0352] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13097 / 1 / 854 
Goodness-of-fit on F2 1.048 
Final R indices [I>2sigma(I)] R1 = 0.0565, wR2 = 0.1338 
R indices (all data) R1 = 0.0716, wR2 = 0.1452 
Absolute structure parameter -0.002(4) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.990 and -0.701 e/Å3 
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Chapter 3: 
 

Ternary M-Ge-Si thermolytic molecular precursors for 
germanium-doped transition-metal sites on silica   
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Introduction 
 
In the field of heterogeneous catalysis, it is generally accepted that inclusion of a small number 
of heteroatoms located at interstitial, extra-framework, defect or lattice sites can have a profound 
effect on the catalytic behavior of a material.  In many cases, the bulk material serves only as a 
physical support for a small number of active sites deposited on the surface. Therefore, 
development of synthetic methods designed to control the local environments of active sites on a 
surface is of great interest to the heterogeneous catalysis community. Interdisciplinary work at 
the interface of organometallic chemistry and surface science has led to the field of surface 
organometallic chemistry (SOMC), where organometallic and coordination complexes are 
deposited onto the surface of a material as a means to generate well-defined active catalytic 
sites.1–8 In this laboratory, significant work has gone into developing a subdivision of surface 
organometallic chemistry termed the thermolytic molecular precursor (TMP) method.9–11 This 
technique relies on soluble metal complexes which contain metal-oxide cores that mimic the 
connectivity of a desired surface site and, importantly, are typically supported by tert-butoxide-
based ligands (Scheme 1). Tert-butoxide groups undergo facile thermal decomposition in the 
presence of Lewis or Brønsted acids through a non-oxidative pathway at low temperatures and 
generate isobutene gas as the primary carbon-containing product.12  Therefore, these precursors 
can be grafted onto a metal oxide support via protonolysis reactions with surface hydroxyls and 
subsequently thermally decomposed to deposit the preassembled metal oxide core onto the 
support surface.  The metal-doped silica materials generated by this method are highly active for 
a variety of catalytic transformations depending on the molecular precursor used and metal 
atoms deposited.13–18 
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Scheme 1. A) Generic scheme for generation of single-sites via the TMP method. B) Generic 
example of TMP precursor thermolysis pathway. 
 
An additional degree of catalyst design involves the introduction of secondary dopant atoms as 
chemical modifiers to the support surface to further tune the activity of the catalytic metal sites. 
Heterogeneous catalysts can contain a variety of elemental modifiers that optimize the behavior 
of the catalyst.19–25  However, inclusion of such modifiers increases the complexity of the 
system; deposition of multiple elements on a surface can lead to heterogeneity of the sites 
formed and therefore can create difficulties in elucidating the effect of each modifying element.  
An attractive approach then is to develop synthetic methods designed to generate well-defined 
surface structures with controlled environments for both the primary catalytic center and any 
neighboring modifiers. 
 
The TMP method, in particular, is suited for the formation of well-defined surface species as it 
allows preassembly of active metals and elemental modifiers into a precursor molecule’s metal-
oxide core prior to grafting and thermolysis. This laboratory has illustrated this in prior work on 
doping titanium sites on silica with germanium.  Germanium is an attractive modifying element 
for doping metal sites.  Several reports describe enhancements of catalytic activity for oxidation 
reactions with inclusion of germanium as a modifier into metal-doped silicas or molecular 
complexes.26–35 In this laboratory, work on tantalum silsesquioxanes revealed enhancements in 
catalytic activity for liquid-phase epoxidations when the tantalum atoms were neighboring 
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germanium centers.35  The viability of including germanium atoms in TMP precursors to 
generate germanium-doped sites was illustrated by investigation of germanium-doped Ti-SBA15 
catalysts generated from a titanium germyloxide precursor, Ti[OGeiPr3]4.34 These catalysts 
showed enhanced activity in liquid-phase epoxidations when compared to germanium-free Ti-
SBA15 samples.34 
 
The successful deposition of titanium-germoxy sites onto SBA-15 using Ti[OGeiPr3]4 also 
illustrated limitations of this precursor and the –OGeiPr3 ligand.   The Ti[OGeiPr3]4 precursor 
does not contain the tert-butoxide substituents typically used for TMP chemistry, which behave 
as "masked –OH" groups in undergoing the clean and facile elimination of isobutylene.34, 9-11 
Consequently, the Ti[OGeiPr3]4 complex doesn’t show the same low-temperature thermolysis 
behavior as tert-butoxide-based TMP method precursors; instead it undergoes a sublimation-like 
event with low residual mass under nitrogen atmosphere as observed by thermogravimetric 
analysis and thermally decomposes only in the presence of an oxidizing atmosphere.  Upon 
calcination, the grafted TiGe-SBA15 samples also retain a significant amount of carbon, likely 
due to this difference in the thermal behavior of the precursor. These properties suggest that the 
complex might be generally unsuitable for generation of materials by direct thermolysis of the 
precursor, and may provide challenges in the generation of well-defined single-sites.34 
 
Thus, development of new ligands for the controlled deposition of metal sites containing M–OGe 
linkages is an attractive goal.  Unfortunately, attempts to synthesize HOGe(OtBu)3, the 
germanium analog of the often-used HOSi(OtBu)3 ligand, have proven unsuccessful.34 
Fortunately, this laboratory has developed a related type of ligand that incorporates both silicon 
and boron for use in TMP methods for generation of M-B-Si ternary oxides.36–38  This ligand, 
HOB[OSi(OtBu)3]2, expands the metal-oxide core of its complexes by incorporation of –
OSi(OtBu)3 fragments around a boronous acid which can be used as a ligand via protonolysis 
reactions.38  Given this precedent, HOGe[OSi(OtBu)3]3 was targeted as a ligand for TMP 
precursors to M-Ge-Si ternary oxides or germanium-doped metal sites on oxide surfaces. 
 
This chapter describes the synthesis of HOGe[OSi(OtBu)3]3 and the generation of M(II) 
complexes (M = Fe, Mn, Cr) containing the –OGe[OSi(OtBu)3]3 ligand.  The thermolysis 
behavior of these complexes was found to be similar to that of the analogous –OSi(OtBu)3-based 
complexes.  The behavior of these complexes for grafting onto SBA-15 and the thermolysis of 
surface-grafted complexes under oxidative conditions to metal-doped silica materials was 
investigated.  Characterization of the calcined samples suggests the formation of oxidized, 
isolated metal centers; however, a distribution in the types of isolated sites is indicated for some 
samples.  The catalytic behavior of the synthesized materials for benzyl alcohol oxidation and 
styrene epoxidation using aqueous tert-butylhydroperoxide as oxidant is also described.  Metal-
loaded SBA-15 samples were prepared using previously reported {Fe[OSi(OtBu)3]}2, 
{Mn[OSi(OtBu)3]}2 and {Cr[OSi(OtBu)3]}2 complexes for spectroscopic and catalytic 
comparison to the germanium-doped samples.16,39,40 
 
Results 
 
Synthesis of the targeted ligand, HOGe[OSi(OtBu)3]3 (HOGe), was achieved by a series of 
simple salt metathesis and hydrolysis reactions. Germanium tetrachloride was treated with ~3.2 
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equivalents of sodium tris(tert-butoxy)silanolate in THF with immediate formation of a white 
precipitate, presumably sodium chloride.  After 24 h, the suspension was evaporated to dryness 
in vacuo and the residue was extracted with pentane. The resulting solution was evaporated to 
dryness in vacuo to give crude ClGe[OSi(OtBu)3]3 (ClGe) as a crystalline powder, which was 
recrystallized from THF at –30 °C.  Treatment of ClGe with 1.1 equivalents of pyridine and ~13 
equivalents of water in toluene at 20 °C for 6 h led to formation of a white precipitate and a 
colorless solution.  Evaporation of the reaction mixture to dryness followed by extraction of the 
white residue with pentane and filtration of the extract gave a colorless solution which, upon 
evaporation in vacuo, gave a white solid. The 1H NMR spectrum (benzene-d6) indicated a new 
product exibiting a small singlet at 3.81 ppm as well as a signal at 1.50 ppm. A significant 
amount of tris(tri-tert-butoxy)silanol (HOSi) was also observed and was presumably formed by 
competitive hydrolysis of the Ge–O–Si linkage.  Complete conversion of ClGe was readily 
confirmed by 13C NMR spectroscopy. No other products were observed by NMR spectroscopy, 
which suggests that other products generated from elimination of HOSi decomposed further to 
germanium oxide or are insoluble in pentane. Conveniently, HOSi can be removed by 
sublimation in vacuo at 70 °C from the crude HOGe[OSi(OtBu)3]3 (HOGe), which was then 
further purified by recrystallization from THF or pentane. 
 

 
 

Single crystals of HOGe were grown from a pentane solution at -30 °C and used for single-
crystal X-ray diffraction to determine the solid-state structure.  Despite structural disorder, the 
connectivity and general geometry of HOGe indicate a tetrahedrally-coordinated germanium 
center bonded to three tris(tert-butoxy)siloxide ligands and a terminal hydroxide (Figure 1). 
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Figure 1. Solid-state structure of HOGe. Ellipsoids shown at 50% probability. Tert-butyl groups 
truncated to single carbon atoms for clarity. 
 
Attempts to generate and isolate a deprotonated form of HOGe (e.g., LiOGe[OSi(OtBu)3]3) to be 
used as a ligand precursor in salt-metathesis reactions were unsuccessful.  While HOGe 
appeared to react with sodium metal, potassium metal, benzyl potassium and n-butyllithium, 
these reactions resulted in unidentified products or insoluble precipitates.  Attempts were also 
made to use HOGe for protonolysis reactions analogous to the methods used to synthesize 
Ti[OGe(OiPr)3]4 and [(iPr3GeO)3Ta)2](µ-OH)2(µ-O).34,35 However, treatment of HOGe with 
Ti(OiPr)4 or Ta(OiPr)5 led to the formation of (OiPr)Ge[OSi(OtBu)3]3 (by 1H NMR 
spectroscopy), and the formation of this product was confirmed by single-crystal X-ray 
crystallography (See Appendix). One possible mechanism for this exchange involves initial 
protonolysis of the metal alkoxide to give the desired M–O–Ge linkage, which then undergoes 
attack by the eliminated isopropanol to generate a M–OH species that condenses to an oxide 
material and (OiPr)Ge[OSi(OtBu)3]3 (Scheme 2). A related ligand exchange has been observed in 
the reaction of HOB[OSi(OtBu)3]3 with CpZrMe2 to give CpZr[OSi(OtBu)3]2, and 
[(iPr3GeO)3Ta)2](µ-OH)2(µ-O) is presumably formed by a similar condensation pathway.35–38 
Formation of (OtBu)B[OSi(OtBu)3]2 in attempted metallations with HOB[OSi(OtBu)3]3 using 
metal tert-butoxides has also been observed, suggesting this may be a general behavior for TMP 
ligand precursors with Lewis-acidic metal centers.36  
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Scheme 2. Proposed mechanism for formation of (OiPr)Ge[OSi(OtBu)3]3 by nucleophilic attack 
of isopropanol at the M–O–Ge linkage. 
 
The non-innocent behavior of metal alkoxide precursors prompted investigation of alternative 
metal-based starting materials with alkyl or amido leaving groups. Given the extreme steric bulk 
of HOGe, M2+ salts were targeted in the hopes of generating compounds with only germoxy 
ligands. Treatment of two equivalents of HOGe with [FeMes2]2, Mn[N(SiMe3)2]2•2THF or 
Cr[N(SiMe3)2]2•2THF in pentane (Mn or Fe) or THF (Cr) led to the formation of 
Fe{OGe[OSi(OtBu)3]3}2, Mn{OGe[OSi(OtBu)3]3}2•2THF or Cr{OGe[OSi(OtBu)3]3}2•2THF, 
respectively (Scheme 3).  
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Scheme 3. Synthesis of first-row transition metal germyloxides from HOGe by protonolysis. 
 
Single-crystal X-ray crystallography was also used to characterize the transition-metal-
containing complexes.  These compounds appear to serve as the first examples of 
crystallographically-characterized complexes with M–O–Ge–O–Si linkages where M is a 
transition metal, indicating that this ligand set is valuable for determination of structural 
parameters for germanium-doped metal sites on silica.  Single crystals suitable for X-ray 
diffraction studies of FeGe and MnGe were grown from pentane solutions at –30 °C while 
crystals of CrGe were grown from THF at the same temperature.  The crystal structures of 
MnGe and CrGe indicate pseudo-tetrahedral and square planar geometries around each 
transition metal center, respectively, with two THF molecules completing the coordination 
sphere.  In FeGe, a three-coordinate metal center is formed by coordination of two germoxy 
ligands with an oxygen atom in one tert-butoxide group donating to the metal center through its 
lone pairs (Figure 2). 
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Figure 2. Solid-state structures of CrGe, FeGe, and MnGe.  Ellipsoids shown at 50% 
probability.  Tert-butyl groups truncated to single carbon atoms for clarity.  Co-crystallized 
solvent excluded. 
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Fourier-transform infrared spectroscopy (FTIR) of CrGe, FeGe, and MnGe showed new 
vibrational modes between 800 and 1000 cm-1 not observed for HOGe.  THF is known to absorb 
around 910 and 865 cm-1  in the infrared spectrum and these vibrational modes may shift in 
energy upon interaction with manganese or chromium in MnGe and CrGe; however, all three 
precursors have additional modes near those previously reported for M–O–Ge linkages.41–44 Two 
modes located at ~ 875 cm-1 (FeGe, 877; MnGe, 874; CrGe, 871) and ~ 845 cm-1 (FeGe, 843; 
MnGe, 850; CrGe, 848) are tentatively assigned to M–O–Ge vibrational modes. The presence of 
these modes in the FeGe IR spectrum suggests they are not due to coordinated THF. 
 
Thermolysis and grafting studies of HOGe, FeGe, MnGe, and CrGe 
 
Thermogravimetric analysis was performed on FeGe, MnGe, and CrGe as well as the germanol 
ligand HOGe to evaluate their thermolytic behavior under a non-oxidizing nitrogen atmosphere 
(Figure 3).  Similar to both tris(tri-tert-butoxy)silanol and the boronous acid HOB[OSi(OtBu)3]2, 
HOGe sublimes under nitrogen, with onset of the sublimation event at approximately 200 
°C.38,45 The complexes FeGe, MnGe, and CrGe display thermal degradation behavior that is 
similar to other TMP molecular precursors with onsets of primary mass-loss events at 
approximately 150, 180 and 200 °C, respectively.  Some initial mass loss is observed prior to 
150 °C, which may be attributed to either loss of bound THF/water or partial decomposition; 
samples were transferred at liquid nitrogen temperatures to the sample holder under nitrogen 
flow to minimize any reactions with water or oxygen during sample preparation; however, the 
possibility of partial oxidation or hydrolysis of the sample cannot be excluded.  It should be 
noted that the measurements indicating somewhat lower than expected residual masses were 
correlated with observable mass loss events prior to 150 °C.  Regardless, the residual masses 
after treatment to 500 °C are largely consistent with loss of all organic fragments and 
condensation of the hydroxyl groups formed upon decomposition of the tert-butoxide groups to 
isobutene.12 
 

 
Figure 3. Thermogravimetric analysis of FeGe, CrGe, MnGe, and HOGe.  % Expected 
calculated for MGe2Si6O14. 
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The volatile elimination products generated upon thermolysis of MnGe, FeGe and CrGe at 250 
ºC for 30 minutes were collected by vacuum transfer onto benzene-d6 containing ferrocene as an 
internal standard.  1H NMR spectroscopy indicated formation of isobutene, tert-butanol, water 
and, in the cases of CrGe and MnGe, THF as the primary volatile products (See Appendix).  
Referencing the integrals of the products to the internal standard (d1 = 60 s) indicated that the 
volatile material collected accounted for 53% of the THF and 43% of tert-butoxide groups from 
MnGe, ~100% of the THF and 53% of tert-butoxide groups from CrGe and 28% of the tert-
butoxide groups from FeGe.  
 
The thermolysis behavior of the metal precursors is analogous to that of tris(tri-tert-
butoxy)silanolate-based complexes previously developed for use in the TMP method.  Thermal 
degradation occurs at relatively low temperatures in non-oxidative environments, in contrast to 
the thermal behavior of Ti[OGeiPr3]4.  This suggests that complexes based on HOGe should be 
generally useful in TMP protocols established elsewhere in the literature. 
 
Given the presence of additional, potentially reactive Ge–O–Si linkages in HOGe compared to 
HOSi, the stability of this ligand precursor to grafting and hydrolysis was investigated.  Unlike 
HOSi or HOGeiPr3, HOGe was found to be susceptible to hydrolysis. When HOGe was treated 
with 10 equivalents of H2O in benzene-d6, HOSi was not observed as the major soluble product.  
Instead, a broad resonance appeared near 5 ppm, potentially due to formation of soluble species 
derived from HOGe (See Appendix). Concurrently, deposition of a solid precipitate was 
observed in the NMR tube, presumably of a germanium oxide or germanosilicate material, 
although precipitation of molecular species is also possible. Having identified that HOGe is 
unstable to water exposure, it’s stability to surface silanols on SBA-15 was investigated by 1H 
NMR spectroscopy using benzene-d6 solvent and a ferrocene internal standard.   Perhaps 
surprisingly, it was observed that HOGe doesn’t react with the surface of SBA-15 over two days 
at 20 ºC. However, it should be noted that tert-butanol has been observed from grafting of metal 
precursors based on HOSi, even though HOSi itself is stable to water, so it is possible that, when 
used as a ligand, –OGe could display different reactivity.13 
 

Grafting of MnGe, FeGe and CrGe onto SBA-15 silica was investigated since similar 
complexes have been extensively used as TMP precursors to generate isolated, catalytically 
active metal centers on a support surface.9,11,13,15,16,34,46–49 Initial grafting studies of FeGe and 
MnGe were performed using ~20 mg of catalyst per ~10 mg SBA-15 suspended in 1 mL of 
benzene-d6, with ferrocene as an internal standard, to generate MGe-SBA15 (M = Mn, Fe, Cr) 
(See Appendix). These conditions could in principle result in loadings of ~6 wt% metal in the 
grafted material.  For TMP precursors of the type M[OSi(OtBu)3]X, maximum loadings following 
the procedure outlined in Scheme 1 are ~1-4%.  After 20 h of stirring in benzene-d6 and filtration 
of the suspension, 1H NMR spectra of the filtrate indicated free germanol ligand as the 
predominant elimination product, with only minor amounts of tris(tri-tert-butoxy)silanol being 
generated.  The eliminated germanol corresponded to 82 and 79% of the total germanium atoms 
present and the eliminated silanol accounted for 2 and 4% of the total siloxide groups, 
respectively, for MnGe and FeGe (See Appendix).  These results suggest that, on average, more 
than one germoxy ligand was displaced per metal center upon exposure to the silica surface 
under these conditions.  
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FeGe-, CrGe- and MnGe-loaded SBA-15 samples, denoted FeGe-SBA15, CrGe-SBA15, and 
MnGe-SBA15, were prepared with a nominal target of ~1.5 wt% metal content (See 
Experimental).  The filtrates from washing of the samples were collected and evaporated to 
dryness in vacuo to give a white residue. The elimination products contained in the white residue 
were identified and quantified by 1H NMR spectroscopy in the presence of a ferrocene internal 
standard. Rather than the ~ 6:1 molar ratio of germanol to silanol observed as elimination 
products from grafting with excess precursor, a molar ratio of ~ 3:1 germanol to silanol was 
observed in this grafting experiment. For MnGe, 0.97 equivalents of HOGe per metal center 
were eliminated, along with 5% of the available silanol groups.  Likewise, for FeGe, 0.84 
equivalents of HOGe were eliminated along with 5% of the silanol, suggesting approximately 
one germoxy group was eliminated per precursor molecule. These results were corroborated by 
elemental analysis of the FeGe-SBA15 and MnGe-SBA15 samples after calcination, with 
observation of a Fe:Ge ratio of 0.88:1 and Mn:Ge ratio of 1.01:1 indicating approximately one 
germanium atom was deposited per grafted transition metal center.  
 
An additional small scale test of the grafting behavior of FeGe and MnGe was performed with 
the same ratio of precursor to SBA-15 used in the large-scale grafting experiment described 
above. Benzene-d6 was used as solvent and ferrocene as internal standard and the sample was 
stirred for 20 h prior to filtration and analysis of the filtrate by 1H NMR spectroscopy. The 
results indicated significantly less germanol had been eliminated than found in the grafting test 
with excess precursor, but also more silanol had been eliminated (See Appendix).  For MnGe, 
0.64 equivalents of HOGe were eliminated along with 28% of the available HOSi.  For FeGe, 
0.65 equivalents of HOGe were eliminated with 28% of the HOSi.  These results give 
approximate ratios of 1:3 germanol to silanol as elimination products. 
 
The combined results suggest that the grafting behaviors of FeGe, CrGe, and MnGe are highly 
condition dependent and it is possible that a complex set of protonolysis reactions occur during 
grafting, as compared to TMP precursors of the type M[OSi(OtBu)3]X. 
 
For comparison to the corresponding FeGe-SBA15, CrGe-SBA15, and MnGe-SBA15 
materials, a set of metal-loaded SBA-15 samples with nominal metal loadings of ~1.5 wt% were 
synthesized from the precursors {Fe[OSi(OtBu)2}2 (FeSi),16 {Cr[OSi(OtBu)2}2 (CrSi),39 and 
{Mn[OSi(OtBu)2}2 (MnSi).40 These samples are denoted FeSi-SBA15, CrSi-SBA15, and MnSi-
SBA15.  To generate the grafted samples, a solution of each complex was added to SBA-15 and 
stirred at 20 °C for 20 h before filtration of the supernatant from the solids, which were 
subsequently washed with toluene followed by pentane for MnSi and FeSi and THF followed by 
pentane for CrSi. The supernatant solutions were evaporated to dryness in vacuo which gave a 
white solid identified as tris(tri-tert-butoxy)silanol by 1H NMR spectroscopy.  
 
The grafted MGe-SBA15 (M = Fe, Cr, Mn) materials were calcined under an oxygen 
atmosphere at 300 °C for 3 h to generate MGe-SBA15calc samples, except for MnGe-SBA15 
which was calcined at 350 °C for 3 h.  In order to facilitate comparison of the final materials, the 
MSi-SBA15 materials were calcined under the same conditions used for their corresponding 
MGe-SBA15 analogs to generate MSi-SBA15calc samples.  Fourier-transform infrared 
spectroscopy (FTIR) did not show evidence for the presence of residual C-H groups after 
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calcination, suggesting complete elimination of the tert-butoxy fragments from the surface-
bound complexes (Figure 4). 
 

 
Figure 4. FTIR spectra of MGe-SBA15 samples after calcination to generate MGe-SBA15calc 
showing the absence of C-H stretches attributable to residual organic fragments.  Calcination 
temperatures used are indicated in parentheses. A residual water peak is observed at ~1600 cm-1. 
 
Following calcination, nitrogen porosimetry studies on the MGe-SBA15calc and MSi-SBA15calc 
samples revealed only modest loss of surface area, and retained pore radii of ~2.9 nm. Type IV 
isotherms with H1 hysteresis loops at high relative P/Po are observed as expected for well-
ordered mesoporous SBA-15 materials (Figure 5 and Table 1).50,51 This indicates that the 
synthetic procedure does not significantly change the porosity and physical characteristics of the 
support material. 
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Table 1. Physical parameters for synthesized materials.  Surface areas are based on the 
Brunauer-Emmett-Teller (BET) method, and average pore radii and pore volumes per gram were 
calculated by the Barrett-Joyner-Halenda method using the adsorption branch of the isotherms. 
 

Material

SBA-15

MnGe-SBA15

FeGe-SBA15

CrGe-SBA15

MnSi-SBA15

FeSi-SBA15

CrSi-SBA-15

BJH Adsorption
Average Pore Radius (nm)

887

805

850

712

783

754

780

      2.90

      2.90

      2.85

      2.83

2.93

2.94

2.68

BET Surface Area
(m2/g)

Pore Volume
(cm3/g)

0.75

0.78

0.73

0.74

0.73

0.77

0.82
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Figure 5. Nitrogen adsorption and desorption isotherms for A) MGe-SBA15calc samples and B) 
MSi-SBA15calc samples. Inset shows incremental pore volume with respect to radius reflecting 
preservation of the pore structure. 
 
Diffuse-reflectance ultraviolet-visible spectroscopy (DRUV-Vis) of calcined SBA-15 
samples 
 
Upon calcination, significant changes in the colors of all samples were observed. Thus, the iron 
samples (FeSi-SBA15, FeGe-SBA15) changed from white to yellow, and the manganese 
samples (MnSi-SBA15, MnGe-SBA15) turned from white to pink. Pale blue-purple CrSi-
SBA15/CrGe-SBA15 samples change to bright yellow for CrSi-SBA15calc/CrGe-SBA15calc. 
The peaks present in the UV-vis spectra of calcined samples are nearly superimposable for the 
iron- and manganese-containing samples regardless of the presence of Ge in the precursor, 
suggesting a similar distribution of geometries and oxidation states for the metal-sites on the 
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surface.  Chromium-containing samples also show similar spectral features and, while there are 
peak shifts observed, the peaks fall into regions generally assigned to similar chromate structures 
as outlined below.52 These similarities also suggest that UV-vis spectroscopy cannot distinguish 
the presence of M–O–Ge vs. M–O–Si linkages in these systems (Figure 6). 
 
The UV-vis spectra provide evidence for the presence of isolated surface sites in all samples.  
For FeSi-SBA15calc and FeGe-SBA15calc, the spectra display a single peak at 252 nm which is 
consistent with isolated tetrahedral iron(III) centers and the lack of an additional signal around 
330 nm suggests that there are no domains of iron oxide of significant size.15,16  The UV-vis 
spectra of MnSi-SBA15calc and MnGe-SBA15calc exhibit two bands at 235 nm and 470 nm. The 
former has been previously attributed to a O→Mn LMCT band for Mn(III)O4 tetrahedra in a 
framework position and the latter has been observed in several reports of Mn-based silica 
materials and proposed to be due to defect or surface Mn(II) or Mn(III) sites, although recent 
work by Meng et al. suggest that this peak is consistent with d→d transitions of Mn(II) in an 
octahedral oxygen-donor environment as well as both ligand to metal and d→d transitions of 
Mn(III) in a tetrahedral oxygen-donor environment.53–61  This ambiguity prevents definitive 
assignment of spectroscopic features; however, in all cases the results are consistent with isolated 
manganese centers. For CrSi-SBA15calc and CrGe-SBA15calc, bands consistent with the 
presence of chromate and/or dichromate species are found.  Peaks at 245, 345, 447 nm are 
observed in CrSi-SBA15calc while peaks at 235, 320, 420, and 607 nm are found in CrGe-
SBA15calc. The absorption at 607 nm can be attributed to surface Cr(III) sites.52 The other peaks 
are broadly attributable to O→Cr LMCT bands for Cr(VI)O4 species as monomers or dimers on 
the surface, and the lack of signals at 714 nm suggests the absence of large chromia domains, 
and a high dispersion of metal sites on the surface.52 
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Figure 6. DRUV-vis spectra of MGe-SBA15calc and MSi-SBA15calc samples.  Temperature of 
calcination is indicated in parentheses. 
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EPR Spectroscopy 
 
The precursors, grafted materials and calcined materials were characterized using both parallel- 
and perpendicular-mode electron paramagnetic resonance (EPR) spectroscopy to assess the 
structural and electronic changes to the metal center associated with each of these synthetic 
steps. Previously, perpendicular-mode EPR spectra of the FeSi samples at room temperature 
were reported by this laboratory and EPR spectra at 100 K of CrSi  and CrSi grafted onto SiO2-
700 were reported by Conley et al.16,39 However, since different synthetic protocols were used 
for the preparation and immobilization of the precursors in this study, the EPR spectra of all of 
the iron, manganese and chromium catalysts are reported herein under identical low-temperature 
conditions. Moreover, in addition to conducting perpendicular-mode EPR measurements, 
parallel-mode EPR measurements were performed to monitor the integer spin states of various 
species that are not detected by perpendicular-mode EPR spectroscopy.  
 
Although it is unusual to see Fe(II) signals at ambient temperatures, parallel-mode EPR spectra 
of the FeGe and FeSi precursors in frozen pentane at 10 K showed features attributable to the 
metal centers. An isolated monomeric high-spin Fe(II) center has an integer electron spin, S, of 2 
(3d6 electron configuration), which precludes observation by conventional perpendicular-mode 
EPR spectroscopy. This is because, for an integer spin system, there is no degeneracy of levels at 
zero field unless the zero-field splitting tensor is axial.62 However when the zero-field splittings 
for such non-Kramers (integer spin) systems are close to the microwave frequency at X-band (~ 
9.6 GHz), which is the case for Fe(II), the selection rule for transitions within the integer-spin 
manifold can be met by parallel-mode EPR spectroscopy where the microwave field, B1, is 
applied parallel to the applied magnetic field, B0.62–67 In the present study, the EPR spectra of 
FeGe and FeSi display qualitatively similar features in the parallel mode albeit with some 
important differences.  
 
The FeGe precursor in solution exhibits strong parallel-mode EPR resonances at g ≈ 15.65 and 
10.49 (Figure 7) that arise from a monomeric high-spin S = 2 Fe(II) center. This is in agreement 
with previous reports on ferrous EDTA and ferrous hexahydrate that demonstrated parallel-mode 
resonances from g ≈ 16 to g ≈ 9 that were attributed to transitions from a high-spin S = 2 
manifold where the effective g value of the peaks depends on the zero-field splitting 
parameters.64,68 In contrast, the FeSi precursor in solution exhibits resonances at g ≈ 44.39, 19.14 
and 15.65 in the parallel mode (Figure 1B). While qualitatively similar to the FeGe spectrum, the 
major peak at g ≈ 44.39 is at a much higher g value which indicates that the transitions arise from 
electron spin manifolds of S > 2. This is consistent with the FeSi precursor existing as a dimer in 
pentane solution where the Fe(II) ions are weakly coupled to yield a total spin, ST, of 4. The high 
spin state gives rise to a spin ladder with possible transitions between the S = 4, 3, 2, 1 and 0 
sublevels that are observed as resonances between g ~ 15 to g ~ 45. This is confirmed by 
previously published literature on the di-ferrous states of reduced binuclear iron complexes in 
deoxyhemerythrin azide,69 methane monooxygenase70 and ribonucleotide reductase.71 In all of 
these cases, the resonances that were observed in the EPR spectrum were due to weakly 
ferromagnetically coupled bridged Fe(II) centers.  
 
The proposed dimeric nature of FeSi is consistent with prior reports of molecular weight 
measurements by NMR spectroscopy.16  While a solution-state molecular weight of FeGe has 
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not been measured, the solid-state crystal structure indicates a monomer. Therefore, the 
resonances in the solution-state spectra in parallel mode are consistent with other data indicating 
the presence of monomeric and dimeric Fe(II) centers for FeGe and FeSi in solution, 
respectively. 
 

 
Figure 7. The X-band parallel-mode EPR spectra of frozen pentane solutions of A) FeGe and B) 
FeSi. The g-values for major resonances from transitions in the electron spin S = 2 and S > 2 
manifold of the monomeric FeGe and dimeric FeSi precursor, respectively, are provided on the 
spectra. 
 
The perpendicular-mode EPR spectra of the FeSi and FeGe precursors display only very trace 
signals at g values of ≈ 4 and 2.0 that could arise from the presence of Fe(III) complexes 
however these signals could also arise from a small instrument artifact (Figure 8). The signals 
below ~ 1000 G are attributed to imperfect isolation of the resonator to the strong parallel-mode 
signals of these samples. The lack of perpendicular-mode EPR resonances clearly indicates that 
the FeSi and FeGe precursors do not contain an Fe(III) impurity in solution. 
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Figure 8. The X-band perpendicular-mode EPR spectra of frozen pentane solutions of A) FeGe 
and B) FeSi. The vertical lines mark the characteristic magnetic field positions for the 
resonances that could arise from Fe(III) contamination of the precursors. 
 
Upon grafting the FeGe and FeSi precursors onto SBA-15, the resulting FeGe-SBA15 and FeSi-
SBA15 samples display resonances at g ≈ 4 and 2 in the perpendicular-mode EPR spectra 
(Figure 9 and 10). The g ≈ 4 signal is attributed to rhombically-distorted tetrahedral Fe(III) 
centers and the g = 2.0 signal is associated with octahedral or tetrahedral Fe(III) centers.72–74 The 
presence of these signals suggests that there is some oxidation of the FeGe and FeSi precursors 
upon grafting. This result was also observed in prior work on grafting FeSi to SBA-15.16 
However, it appears that the distribution of these oxidized centers differ in the FeGe-SBA15 and 
FeSi-SBA15 samples as evidenced by the difference in the relative peak intensity of the g ≈ 4 
signal (Figure 9 and 10). It is important to note that the spectral features in the g ≈ 5–40 region in 
the parallel-mode EPR spectra of the FeGe-SBA15 and FeSi-SBA15 samples that are attributed 
to the presence of monomeric and dimeric Fe(II) centers, respectively, persist in the spectra 
(Figure 9 and 10). Although the signals appear diminished in comparison to the respective FeSi 
and FeGe precursors, the integrated intensity of the parallel-mode signals of FeSi-SBA15 and 
FeGe-SBA15 is still comparable with that of the corresponding precursor (Figure 9B and 10B) 
and is much greater than the integrated intensity of the Fe(III) signals (Figure 9A and 10A). This 
is due to severe broadening of the features in the g ≈ 5–40 region of the parallel-mode EPR 
spectra upon immobilization of the complex on a surface. There is also a slight shift in the 
effective g values of the parallel-mode signals which suggests changes in the zero-field splittings 
of the complex upon immobilization. Overall, the g ≈ 5–40 parallel-mode EPR signals indicate 
that most of the Fe(II) centers of FeSi-SBA15 and FeGe-SBA15 are preserved upon grafting of 
the precursors.  
 
Following grafting of the molecular precursors, the FeGe-SBA15 and FeSi-SBA15 samples 
were calcined and subsequently dehydrated. The resulting FeGe-SBA15calc and FeSi-SBA15calc 
samples display perpendicular-mode EPR signals at g ≈ 4 and g ≈ 2 that suggest a similar 
distribution of geometries for the Fe(III) centers in both samples (Figure 9A and 10A). There are 
no signals visible at g ≈ 2.2-2.5, suggesting the absence of large iron oxide nanoparticles in the 
samples.15,16,72,75 This is consistent with UV-Vis assignments of the iron being predominantly 
present in Fe(III) tetrahedral structures. In the case of FeSi, the perpendicular-mode EPR 
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spectrum of the calcined material features a more intense g ~ 4 peak compared with the grafted 
sample. These observations are in agreement with previously reported results for many other 
supported iron centers, including the Fe-SBA15 catalyst prepared previously using the monoiron 
siloxide precursor FeSi.16 Once again, signals from Fe(II) centers in the corresponding parallel-
mode EPR spectra remain, which indicates a distribution of oxidation states in the final materials 
even after treatment in oxygen at elevated temperatures. However, the parallel-mode signals are 
different due to changes in the zero-field splittings of Fe(II) centers upon calcination and 
dehydration.  
 

 
Figure 9. The X-band EPR spectra in A) perpendicular- and B) parallel-mode of FeGe as a 
frozen pentane solution, grafted onto SBA-15 and following calcination/dehydration of the 
grafted sample. All of the spectra were acquired at 10 K. The field positions for the EPR 
resonances from Fe(III) and Fe(II) centers are indicated with dashed lines in the perpendicular-
mode and parallel-mode spectra, respectively. 
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Figure 10. The X-band EPR spectra in A) perpendicular- and B) parallel-mode of FeSi as a 
frozen pentane solution, grafted onto SBA-15 and following calcination/dehydration of the 
grafted sample.  All of the spectra were acquired at 10 K. The field positions for the EPR 
resonances from Fe(III) and Fe(II) centers are indicated with dashed lines in the perpendicular-
mode and parallel-mode spectra, respectively. 
 
The perpendicular-mode EPR spectra of the manganese containing precursors, MnGe and MnSi, 
acquired as frozen pentane solutions, show significant differences in the solution-state structures. 
The EPR spectrum of MnGe displays a major resonance at g ~ 2 with wings at g ~ 4.18, 3.01 
and 1.49 (Figure 11A). The resonance at g ~ 2 arises from the –1/2 to 1/2 Kramers doublet of the 
S = 5/2 spin manifold of the Mn(II) center (3d5 electron configuration) of MnGe in solution. The 
weak broad signals that are observed in the wings of the –1/2 to 1/2 transition indicate additional 
transitions due to small zero-field splittings typical of tetrahedral Mn(II) centers. By comparison, 
the perpendicular-mode spectrum of MnSi is more complex, with spin transitions at both low 
and high magnetic field (Figure 11B). It has previously been observed that two Mn(II) centers 
that are each in a S = 5/2 spin state (S1 = S2 = 5/2) in proteins and model compounds can 
experience weak antiferromagnetic or ferromagnetic exchange and according to the Clebsh-
Gordan equation this leads to a total spin, ST, of 5 with a “ladder” of spin states 5, 4, 3, 2, 1 and 0 
in order of decreasing energy.76,77 Each spin manifold gave rise to EPR resonances with intensity 
given by the Boltzmann thermal factors. These coupled dinuclear Mn(II) centers typically 
displayed complex EPR spectra with characteristic EPR features from the spin-spin coupling 
between the two Mn(II) centers. The dinuclear Mn(II) centers of MnSi are weakly exchange-
coupled where the exchange interaction, J, is sufficiently small that several different spin states 
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are populated simultaneously at 10 K. This leads to a large number of observed EPR transitions 
in the spectrum that are the sum of allowed and forbidden transitions as a result of the zero-field 
splitting for all possible states. Moreover, the spectra of MnSi exhibit a large number of 
hyperfine peaks (~ 11) for each transition, where the effective hyperfine splitting (~ 32-34 G) is 
smaller than that of an isolated Mn(II) center (~ 80 G) (Figure 12).78–81 This further confirms the 
presence of a pair of exchange-coupled asymmetric Mn(II) centers in the MnSi precursor 
indicating dimerization in pentane solution.  
 

 
Figure 11. The X-band perpendicular-mode EPR spectrum of a frozen pentane solution of A) 
MnGe and B) MnSi. Shown in the figure are the g values for major resonances from transitions 
in the electron spin S = 5/2 and S = 5 manifold of the monomeric MnGe and dimeric MnSi 
precursor, respectively.  
 

 
Figure 12. X-band perpendicular-mode EPR spectra of a frozen pentane solution of MnSi that 
highlight the 55Mn hyperfine splittings in the peaks at A) g = 17.68 and B) g = 3.17. The 
effective 55Mn hyperfine splittings of ~ 32-34 G in these peaks indicate dimerization of the 
precursor with the presence of a weakly coupled siloxide-bridged dimanganese unit. 
 
The perpendicular- and parallel-mode EPR spectra of MnGe were measured as a frozen pentane 
solution, in the solid state, grafted on SBA15 to form MnGe-SBA15 and calcined to give 
MnGe-SBA15calc (Figure 13). MnGe as a frozen pentane solution displays spectral features in 
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the perpendicular mode that are consistent with tetrahedral Mn(II) centers with small zero-field 
splittings. This is in agreement with the low-field resonances in the parallel-mode EPR spectra of 
MnGe that confirm the presence of near-degenerate levels of a tetrahedral Mn(II) center with 
small zero field splittings (Figure 13B).82–86 The perpendicular-mode EPR spectrum of MnGe in 
the solid state is different from that in frozen solution. The resonances between 0 - 6000 G in the 
solid-state spectrum display slightly better resolution than the spectrum of a frozen pentane 
solution. This is most likely due to increased inhomogeneity and strain of the molecules in a 
frozen matrix.  
 
Upon grafting MnGe on SBA15, similar perpendicular-mode and parallel-mode signals are 
observed in MnGe-SBA15 with a major signal at g ≈	  2 in perpendicular mode and signals below 
2000 G in the parallel mode (Figure 13). The low-field resonances in the parallel-mode EPR 
spectrum of MnGe-SBA15 remain, which is in agreement with the presence of resonances from 
the tetrahedral Mn(II) center with small zero field splittings observed in the perpendicular 
mode.82–86 However, calcination and dehydration leads to loss of the majority of the signal in 
MnGe-SBA15calc. This is either due to an increase in the zero-field splittings and line 
broadening upon calcination and dehydration of MnGe-SBA15 or the generation of the “EPR-
silent” Mn(III) species.87 As previously observed with related manganese-containing silicates, in 
the absence of a dehydration step the MnGe-SBA15calc sample showed a ½ Kramer’s sextet at g 
≈ 2.0 attributed to Mn(II) in an isotropic environment, perhaps coordinated by water to form an 
octahedral species which is perturbed upon dehydration (See Appendix).55–57,60,88,89 The 
weakening of perpendicular-mode signals for MnGe-based materials is accompanied by a loss of 
the corresponding signals in the parallel-mode spectrum (Figure 13B). 
 
The analogous spectra to the MnGe samples described above were collected for the samples 
generated from MnSi (Figure 14). The perpendicular-mode spectrum of MnSi displays multiple 
spin transitions that are associated with dimeric siloxide bridged dimeric unit with a total spin, 
ST, of 5 as previously discussed.76,77 The perpendicular-mode spectrum of MnSi also exhibits a 
large number of hyperfine peaks (~ 11) for each transition effective hyperfine splittings that are 
smaller than that of an isolated Mn(II) center (~ 80 G) (Figure 15).78–81 The parallel-mode 
spectrum of MnSi, in frozen pentane contains low-field resonances at g ~ 21.3, 8.8 and 5.2 
(Figure 15). The pronounced resonances at higher g values suggest the presence of spin 
transitions from a dimeric Mn center with a total spin, ST, of 5. As observed with the 
perpendicular-mode resonances of MnSi, the resonances in the parallel mode also exhibit 
pronounced hyperfine splittings that are smaller than that of an isolated Mn(II) center (~ 80 G). 
This further confirms the presence of a pair of exchange-coupled asymmetric Mn(II) centers in 
the MnSi precursor.  
 
The perpendicular- and parallel-mode spectra of the MnSi precursor in the solid state are similar 
to those in frozen pentane (Figure 14). There appears to be a loss of the hyperfine splittings that 
were observed in the MnSi solution but this is likely due to broadening of the resonances from 
Mn(II)-Mn(II) inter-molecular dipolar interactions that are present in the solid state. Upon 
grafting MnSi on SBA15, similar perpendicular- and parallel-mode signals are observed in 
MnSi-SBA15 where the resonances are broadened upon immobilization on a solid substrate. 
This indicates that there are no major structural and magnetic changes upon grafting MnSi. Once 
again, calcination and dehydration leads to loss of the majority of the perpendicular-mode signal 



	   129 

in MnSi-SBA15calc which could arise from the generation of a Mn(III) species87 that would be 
silent in the perpendicular mode. However, the MnSi-SBA15calc sample still displays an integer 
spin signal at g ~ 3.8 in the parallel mode. 
 

 
Figure 13. The X-band A) perpendicular- and B) parallel-mode EPR spectra of the MnGe 
precursor frozen in pentane, in the solid state, grafted on SBA15 and grafted samples following 
calcination, respectively. All of the spectra were acquired at 10 K. The dashed line in the figure 
in part A) is the field position for typical EPR resonance from a -1/2 to 1/2 perpendicular-mode 
transition of an isolated Mn(II) center. 

 



	   130 

 
Figure 14. The X-band A) perpendicular- and B) parallel-mode EPR spectra of the MnSi 
precursor in solution frozen in pentane, in the solid state, grafted on SBA15 and grafted samples 
following calcination, respectively. All of the spectra were acquired at 10 K. The parallel mode 
spectra of the grafted and calcined sample MnSi-SBA15calc was baseline corrected to account for 
slight signal drift. 
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Figure 15. The X-band parallel-mode EPR spectrum of a frozen pentane solution of MnSi. 
Shown in the figure are the g values for major resonances from transitions in the electron spin S 
= 5 manifold of the dimeric MnSi precursor with the 55Mn hyperfine splittings shown. 
 
Shown in Figure 16 are parallel-mode EPR spectra of the CrGe and CrSi precursors frozen in 
pentane. It is highly unusual to observe resonances in perpendicular- or parallel-mode EPR 
spectra of Cr(II) species at X-band EPR frequency of ~ 9.6 GHz. An isolated monomeric high-
spin Cr(II) center has an integer electron spin, S, of 2 (3d4 electron configuration) which is a 
non-Kramers system. Most studies in the literature have employed high-frequency EPR 
spectroscopy to probe the low-energy electronic structure of non-Kramers systems, such as 
Cr(II).87,90,91 Comprehensive high-frequency EPR measurements on Cr(II) in a frozen aqueous 
solution have found that the D tensor of the [Cr(H2O)6]2+ species is axially symmetric with a 
regular tetragonal CrO6 framework.92,93 Moreover, a multi-frequency EPR study on [Cr(D2O)6]2+ 
in Tutton’s salts has demonstrated that while resonances from Cr(II) rapidly broaden above 200 
K, the perpendicular mode EPR resonances can be observed at 7 K.94 The perpendicular mode 
spectrum in this study confirmed the presence of an axially symmetric system. 
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Figure 16. The X-band parallel-mode EPR spectra of a frozen THF solution of A) CrGe and 
frozen pentane solution of B) CrSi. Shown in the figure are the g values for major resonances 
from transitions in the electron spin S = 2 and S = 4 manifold of the monomeric CrGe and 
dimeric CrSi precursor, respectively.  
 
Herein, the zero-field splittings for non-Kramers Cr(II) in the CrGe and CrSi precursors are 
demonstrated to be near axial and close to the microwave frequency at X-band (~ 9.6 GHz), so 
the selection rule for transitions within the integer-spin manifold can be met by both 
perpendicular- and parallel-mode EPR spectroscopy.  It should be noted, however, that the 
perpendicular modes observed are consistent with prior reports on Cr(III) species which suggests 
possible partial oxidation.95–98 In the parallel mode, the EPR spectra of CrGe and CrSi display 
qualitatively similar features with a couple notable differences. The CrGe precursor in solution 
exhibits strong parallel-mode EPR resonances at g ≈ 9.61, 9.0 and 7.73 that arise from a 
monomeric high-spin S = 2 Cr(II) center (Figure 16A). Similar to previous observations with 
Fe(II) species, it is expected that the g values of these parallel-mode resonances depend on the 
zero-field splitting parameters.64,68 In contrast, the CrSi precursor in solution exhibits resonances 
at g ≈ 23.62, 11.47 and 7.85 in the parallel mode (Figure 16B). The prominent resonances for 
CrSi at g ≈ 23.62 are at higher g values than the parallel-mode EPR spectrum of CrGe which 
indicates that the transitions arise from electron spin manifolds of S > 2. This indicates that the 
CrSi precursor is a dimer in pentane solution where the Cr(II) ions are weakly coupled to yield a 
total spin, ST, of 4. The high spin state gives rise to a spin ladder with possible transitions 
between the S = 4, 3, 2, 1 and 0 sublevels that are observed as resonances between g ~ 6.7 to g > 
23.62. These spectra are consistent with previous literature on the mono- and di-ferrous states 
with S = 2 in the active site of proteins and model complexes.69–71,99–102 The dimeric nature of 
CrSi in the solid state and when grafted onto a silica surface has been previously reported39 
while the current study indicates that a dimeric structure persists in solution as well. 
 
Upon grafting and calcining the CrGe precursor onto SBA-15, the resulting CrGe-SBA15 and 
CrGe-SBA15calc samples, respectively, display weak resonances in both the perpendicular- and 
parallel-mode EPR spectra (Figure 17). This is likely due to differences in the zero-field 
splittings of the Cr(II) center in CrGe-SBA15 that makes it harder to detect the signals at X-band 
EPR frequency while for CrGe-SBA15calc formation of significant diamagnetic Cr(VI) species as 
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seen by UV-Vis would contribute to this loss of signal. The use of X-band EPR spectroscopy 
provides a limited window to observe the multitude of transitions that could arise from a high-
spin non-Kramers Cr(II) species. The zero-field splittings are within this window in the case of 
the Cr(II) center in the CrGe precursor which makes it possible to detect the EPR spectra. 
However, immobilization and subsequent calcination leads to differences in these parameters 
that lead to a loss of spectral intensity from any Cr(II) species present.  
 
It appears that when the CrSi precursor is grafted onto SBA-15 and calcined, the resulting CrSi-
SBA15 and CrSi-SBA15calc sample spectra exhibit perpendicular- and parallel-mode signals that 
are similar to the CrSi precursor spectrum in solution, although once again significant 
diamagnetic Cr(VI) is expected to have formed in the calcined sample (Figure 18). Moreover, 
there is broadening of the spectral features upon immobilization that is accompanied by a shift in 
the effective g values of the resonances. This suggests changes in the zero-field splittings of the 
metal sites.  
 

 
Figure 17. The X-band A) perpendicular- and B) parallel-mode EPR spectra of the CrGe 
precursor as a frozen THF solution, in the solid state, grafted on SBA15 and grafted samples 
following calcination, respectively. All of the spectra were acquired at 10 K. The parallel mode 
spectra of the grafted and calcined sample CrGe-SBA15 was baseline corrected to account for 
slight signal drift. 
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Figure 18. The X-band A) perpendicular- and B) parallel-mode EPR spectra of the CrSi 
precursor in frozen pentane, in the solid state, grafted on SBA15 and grafted samples following 
calcination, respectively. All of the spectra were acquired at 10 K. 
 
Oxidation of benzyl alcohol and epoxidation of styrene over FeGe-SBA15 and MnGe-
SBA15 
 
As noted previously, prior work in this laboratory on germanium-modified tantalum and titanium 
catalysts revealed these catalysts to be superior to their silicious counterparts in epoxidation 
reactions using peroxide oxidants.34,35  These reactions are proposed to proceed through an Eley-
Rideal-like mechanism involving a transition-metal peroxo moiety and the enhanced catalytic 
performance of germanium-doped catalysts has been computationally attributed to electron-
withdrawing effects  of neighboring germanium atoms on the metal center that produce more 
electrophilic oxygen atoms in metal-peroxos or -hydroperoxos for oxygen atom transfer 
reactions (OAT).13,48,103  However, extensive investigation of this so-called “germanium effect”, 
especially in other oxidation systems, is lacking.35    
 
Catalytic oxidations were attempted to compare MGe-SBA15 and MSi-SBA15 samples of iron 
and manganese.  Given reports on leeching of catalytic chromium species into solution during 
related oxidations over silica-supported Cr(VI) catalysts, these samples were excluded from 
catalysis experiments.56,104,105 
 
Two probe oxidation reactions were selected to evaluate these samples - benzyl alcohol 
oxidation and styrene epoxidation using 70% aq. tert-butyl hydroperoxide as oxidant (Tables 2 
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and 3).  Silica-supported iron and manganese catalysts have been reported to be active in 
catalyzing both reactions with various peroxide oxidants.56,57,61,106–114  
 
All materials showed catalytic activity in the oxidation of benzyl alcohol.  It was observed that 
the manganese-based catalysts were more active than the iron-based catalysts for this reaction 
under these conditions.  The differences in activity between germanium-doped and un-doped 
samples were within error of measurements made between batches in separate catalytic tests, 
indicating that both samples are quite similar in their catalytic behavior for these reactions. 
 
Table 2. Oxidation of benzyl alcohol over metal-loaded SBA-15 samples. 
 

 
 
It was also observed that the metal-loaded samples did not catalyze the oxidation of styrene 
beyond the background reaction, as measured in the presence of SBA-15. One possible 
explanation, beyond simply no catalytic behavior of the materials, is that the catalyst loading is 
too low to measure a statistically different conversion, so additional study may be prudent for 
this system. 
  

Material

SBA-15

MnGe-SBA15

MnSi-SBA15

FeGe-SBA15

FeSi-SBA15

% Yield of Benzaldehyde

0*

9.0

10.0

10.1

12.5

2.7%

      21.9 +/- 3.1

      29.7 +/- 1.7

     14.6 +/- 0.2

8.8 +/- 1.5

metal content
(µmol)

0.0

0.5 +/- 0.5

0.2 +/- 0.2

0.0

0.0%

TON TOF% Yield of Benzoic Acid

23.4 

29.0 

14.1

6.8

-

3.9

4.8

2.3

1.1

-

OH

+ tBuOOH (70% aq.) MGe/MSi-SBA15

O

+

OHO

Experimental Conditions: 0.050g catalyst, 100 µL BnOH, 0.3 mL tBuOOH, 5 mL MeCN, 
10 µL dodecane (int. std.), 60 °C, 6 h, N2
*nominal value; not determined by elemental analysis
TON determined as equivalents BnOH + benzaldehyde per equivalent of metal over reaction time
TOF determined as moles BnOH+benzaldehyde per mole of metal per hour
Data measured is the average of two experiments

+   trace products
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Table 3. Epoxidation of styrene over metal-loaded SBA-15 samples. 
 

 
            
 
Discussion 
 
The ligand precursor HOGe allows for the generation of new TMP precursors containing 
germanium and these precursors show thermal degradation behavior that should allow for their 
use in several applications of TMP chemistry inaccessible to precursors generated from 
HOGeiPr3. The TMP method has been used to study Cu(I) and Cr(II) metal centers supported on 
silica generated by thermolysis of grafted samples under non-oxidizing conditions.17,39 
Therefore, clean thermal decomposition of HOGe-based complexes under nitrogen indicates that 
germanium-doped metal sites in low oxidation states are accessible from these complexes. This 
laboratory has also extensively explored the generation of xerogel silica materials by 
decomposition of TMP precursors in solution under vacuum or nitrogen.12,37,115–118  In addition, 
the potential for non-oxidative thermal decomposition combined with the presence of siloxide 
ligands in HOGe-based precursors should allow for the formation of M-Ge-Si ternary metal 
oxides, as has been explored for M-B-Si materials.37 
 
Several synthetic guidelines for generation of new TMP precursors from HOGe and related 
ligand precursors are suggested based on the chemistry reported herein.  First, the synthetic 
protocols for formation of FeGe, MnGe, and CrGe illustrate that proper leaving groups can be 
key to successful formation of metal complexes from HOGe.  Additionally, the steric bulk of the 
ligand, as seen in the crystal structures, indicates that formation of homoleptic high oxidation 
state metal complexes is unlikely using HOGe. Therefore, targeting precursors based on low-

Material

SBA-15

MnGe-SBA15

MnSi-SBA15

FeGe-SBA15

FeSi-SBA15

% Yield of SO

0*

9.0

10.0

10.1

12.5

4.1

     6.3 +/- 0.3

      4.5 +/- 0.6

     2.1 +/- 0.3

2.9 +/- 0.6

metal content
(µmol)

0.4+/- 0.06 

0.3 +/- 0.00

0.4 +/- 0.02

0.4 +/- 0.02

0.3

TON TOF% Yield of benzaldehyde

74.9

47.9

24.0

26.4

-

12.5

8.0

4.0

4.4

-

+ tBuOOH (70% aq.) MGe/MSi-SBA15

O

Experimental Conditions: 0.050g catalyst, 10 mmol styrene, 10 mmol tBuOOH, 5 mL MeCN, 
10 µL dodecane (int. std.), 80 °C, 24 h, N2
*nominal value; not determined by elemental analysis
TON determined as equivalents styrene oxide + benzaldehyde per equivalent of metal over reaction time
TOF determined as moles BnOH+benzaldehyde per mole of metal per hour
Data measured is the average of two experiments

+    trace products+

O
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coordinate or low oxidation state metal centers is appropriate unless sterically non-demanding 
ligands like terminal oxos can allow for access to higher oxidation states at the metal center. 
 
The stability of the ligand precursor HOGe and the grafting behavior of metal complexes 
containing the –OGe ligand differ from the behavior of HOSi or –OSi based precursors for the 
TMP method.  HOGe differs from HOSi in its hydrolytic stability; while HOSi is stable to 
water, HOGe reacts to form solid precipitates and soluble species, although the exact form of 
these products has not been determined.  Additionally, complex grafting behavior is observed for 
FeGe and MnGe, where elimination of germanol and silanol is observed but the ratio and 
amounts of elimination products varies with the experimental conditions of grafting.  It should be 
noted that tert-butanol was not observed as a side product in these experiments, although this 
alcohol has been observed as an elimination product during grafting of –OSi based precursors in 
prior literature.13 In the current study, HOSi is not observed as an elimination product during 
hydrolysis of HOGe; however, it is observed during grafting of precursors containing –OGe.  
Therefore, the current results on –OGe-based complexes, taken with prior results on grafting of –
OSi-based analogues, suggest that all oxygen linkages in TMP precursors are potentially reactive 
toward a silica surface. 
 
Analysis of the calcined samples by UV-Vis and EPR spectroscopy illustrate two important 
properties of the supported materials.  First, a distribution of oxidation states and geometries for 
each metal is present on the surface. Second, the characterization methods employed did not 
reveal the presence of M–O–Ge linkages or the local environment of germanium, as the 
spectroscopic signatures of the metal centers appear nearly identical for MGe-SBA15 and MSi-
SBA15 samples.  Similar results have been reported for materials derived from a variety of 
dimeric Fe(II) precursors, {Fe[OSi(OtBu)3]2}2, 
[(tBuO)3SiO]3Fe(NMe2C2H4NMe2)Fe[OSi(OtBu)3]3, and [NEt4]2{[(tBuO)3SiO]3Fe–O–
Fe[OSi(OtBu)3]3}, for which spectroscopic evidence suggests that the surface species generated 
upon calcination are indistinguishable from those formed by grafting and calcination of 
Fe[OSi(OtBu)3]3•Et2O.16  
 
The use of preformed M–O–Ge linkages in the precursor was meant to generate species with 
these linkages on the surface.  However, the complexes reported here are in the 2+ oxidation 
state, and correspondingly contain only two covalent linkages between the transition metal and 
the germoxy ligands. UV-Vis spectroscopy provides evidence that upon calcination, primarily 
tetrahedral sites are generated for all materials, and, unlike Ti[OGe(iPr)3]4 which is already in the 
expected geometry of the final surface site and oxidatively stable, the final metal sites formed 
upon calcination of the grafted samples likely arise from significant reassembly of the metal 
coordination sphere upon oxidation and loss of donor solvent molecules. This could lead to 
cleavage of the M–O–Ge linkages,16 but spectroscopic evidence does not indicate whether or not 
these linkages remain in the final calcined samples.  Therefore, work to characterize the state of 
surface-bound germanium atoms by EXAFS/XANES is ongoing.34 
 
Catalytic studies on the oxidation of benzyl alcohol and styrene over MnGe/MnSi-SBA15calc 
and FeGe/FeSi-SBA15calc reveal catalytic activity for benzyl alcohol oxidation with all samples; 
however, the activity of germanium-containing and purely silicious samples for a given metal 
was comparable. This result suggests that benzyl alcohol oxidation is either insensitive to the 
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presence of germanium in the second coordination sphere of the metal, or that the M–O–Ge 
linkages were ruptured, leading to catalysis in the absence of local germanium doping.  This is 
further complicated by results consistent with a distribution of site geometries and oxidation 
states. 
 
Ultimately, the results described herein provide a set of guiding principles for additional study of 
incorporation of dopant atoms within precursors for the TMP method.  Firstly, minimizing the 
number of oxide-linkages within the precursor is of value in generating uniform surface sites and 
controlling the location of dopant atoms.  Secondly, use of precursors in their highest oxidation 
states may lead to more uniform surface sites, as a distribution of oxidation states would be 
unexpected in the final sample.  Finally, use of precursors with the metal atom already in the 
geometry and the expected oxidation state of the targeted surface site following calcination 
should minimize the degree of surface rearrangement necessary to generate a stable metal site. 
 
   
Conclusions 
 
The desired HOGe ligand precursor was synthesized by a simple series of salt metathesis and 
hydrolysis steps and used in metalation reactions with Fe-, Mn- and Cr- amides and alkyls.  The 
HOGe ligand precursor shows similar thermal behavior to HOSi, subliming at elevated 
temperatures under a nitrogen atmosphere and the first-row transition metal complexes 
synthesized from it generate isobutene, tert-butanol, THF, and water upon thermolysis at 
moderate temperatures under vacuum or nitrogen atmosphere.  This implies that this ligand can 
be of use in generating ternary metal oxide materials in standard TMP protocols developed for 
the related HOSi ligand precursor. 
 
EPR and UV-Vis spectroscopy indicate that materials formed upon calcination of transition-
metal germoxy precursors grafted onto SBA-15 are largely indistinguishable from samples 
prepared by grafting TMP precursors without germanium present, indicating that these 
spectroscopic techniques were unable to identify an effect on the metal sites formed by the 
presence of germanium.  These spectroscopic techniques also indicate that different oxidation 
states and geometries of metal sites are present on the surface which suggests that the calcination 
process did not lead to uniform species on the surface and implies that the TMP method may be 
more effective when the oxidation state of the metal center remains constant throughout the 
grafting and thermolysis process.   
 
All metal-containing materials were active for benzyl alcohol oxidation using tert-
butylhydroperoxide as oxidant but there was no statistically significant difference in activity 
between germanium-doped and germanium-free samples. 
 
Experimental 
 
General Considerations 
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All synthetic manipulations were performed under a nitrogen atmosphere using Schlenk 
techniques or in a glovebox, unless otherwise noted. Tetrahydrofuran (un-stabilized, Macron), 
pentane (Fisher Chemical HPLC grade), diethyl ether (un-stabilized, Macron) and toluene 
(Fisher Chemical HPLC Grade) were dried using a JC Meyer Solvent Column system and used 
without further treatment.  Benzene-d6 (Cambridge Isotope Laboratories, Inc.) was deoxygenated 
with three freeze-pump-thaw cycles and dried for a minimum of 24 h over 3 Å molecular sieves 
before use.  tetrahydrofuran-d8 (Cambridge Isotope Laboratories, Inc.) was dried over sodium 
metal for a minimum of 48h then vacuum transferred followed by deoxygenation with three 
freeze-pump-thaw cycles and was stored over 3 Å molecular sieves before use.  Pyridine 
(Millipore ACS grade) was dried over calcium hydride and distilled under nitrogen before use.  
Tert-butanol and benzyl alcohol (Fisher Chemical Certified) were pre-dried over powdered 3 Å 
sieves at 30 °C under nitrogen atmosphere for a minimum of 72 h before distilling onto calcium 
hydride where it was dried another 48 h at 30 °C before distilling again under nitrogen.  Silicon 
tetrachloride (Sigma-Aldrich, 99%) and germanium tetrachloride (Gelest, 99%) were used 
without further purification.    The reagents HOSi(OtBu)3,

45 NaOSi(OtBu)3,119 
dimesityliron(II),120 Cr[N(SiMe3)]2•2THF,39 {Cr[OSi(OtBu)3]2}2

39, {Fe[OSi(OtBu)3]2}16 and 
{Mn[OSi(OtBu)3]2}40 were synthesized by literature methods. 
 
Characterization 
 
1H and 13C NMR spectra were collected on a Bruker AV600 NMR spectrometer referenced 
internally to tetramethylsilane. 1H and 13C NMR spectral signals were referenced internally to 
solvent residual peaks.  29Si NMR spectra were collected on a Bruker AV-600 NMR 
spectrometer and absolute referencing to solvent residuals from 1H NMR spectra of the samples 
was performed with the same lock.121,122 Evan’s method was performed as described elsewhere 
in the literature.123,124 For NMR quantification experiments, ferrocene was used as in internal 
standard and measurements were made with a d1 delay value of 60 s. For FeGe and MnGe, 
benzene-d6 was used as solvent and the solvent residual peak shift was measured.  For CrGe, 
tetrahydrofuran-d8 was used as solvent and Me4Si was used as an internal standard for peak shift 
measurements.  Elemental analyses of all precursors were performed at the UC-Berkeley College 
of Chemistry Microanalytical Facility. Elemental analyses of all synthesized materials were 
performed at Galbraith Laboratories, Inc.  Thermogravimetric analyses were performed on a 
Seiko Instruments Inc. EXSTAR 6000 series TG/DTA 6300 under a gas flow of 100 cm3/min 
and a ramp rate of 10 °C/min. UV-Vis spectra were collected on a Varian Cary 5000 using Cary 
WinUV software (v. 3.00(339)) and samples were diluted with barium sulfate for analysis. 
Nitrogen physisorption measurements were performed using a Micromeritics 3Flex Surface 
Characterization instrument following a sample degas at 120 ºC for 20 h under dynamic vacuum.  
Data manipulation and calculations were performed using the 3Flex Version 3.01 software.  
FTIR spectra of precursors were collected on a Bruker Vertex 80 Time-Resolved FTIR and 
analyzed using the OPUS Version 7.2 software package.  GC analyses were performed using an 
Agilent Technologies 6890N Network GC System equipped with a DB-5 column.  All GC 
quantification was performed based on calibration curves determined for commercial samples of 
each product. 
 
Synthesis 
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ClGe[OSi(OtBu)3]3 (ClGe): To a stirred solution of sodium tris(tert-butoxy)silanolate (7.930 g, 
27.69 mmol) in 250 mL of THF was added a solution of germanium tetrachloride (1.885 g, 8.791 
mmol) in 20 mL of THF dropwise over five minutes, during which time the solution became 
turbid.  After stirring for 24 h, the opaque white suspension was evaporated to dryness.  The 
residue formed was extracted with 200 mL of pentane and the suspension was filtered before 
evaporating the resulting solution in vacuo with deposition of white solids.  These solids were re-
dissolved in a minimum amount of THF and set to crystallize at – 30 °C. After 24 h, analytically 
pure colorless rods of the product had formed which were isolated by decantation of the 
supernatant and drying in vacuo (5.747 g, 6.397 mmol, 73% yield). Anal. Calcd. for 
C36H82GeO13Si3: C, 49.14; H, 9.39.  Found: C, 49.43; H, 9.67.  1H NMR (benzene-d6, 600.134 
MHz, 20 °C): δ 1.50 (s, 81H, OtBu). 13C{1H} NMR (benzene-d6, 150.903 MHz, 20 °C): δ 73.33 
(s, CMe3), 31.98 (s, CMe3). 29Si NMR (benzene-d6, 119.229 MHz, 20 °C): δ – 99.42.   
 
HOGe[OSi(OtBu)3]3 (HOGe): To a stirred solution of ClGe[OSi(OtBu)3]3 (5.873 g, 6.538 
mmol) in 200 mL of toluene was added pyridine (0.57 mL, 7.1 mmol).  Water (1.49 mL, 82.7 
mmol) was then added dropwise over five minutes to the rapidly stirred solution.  The solution 
was stirred for six hours, then evaporated to dryness in vacuo at 30 °C.  The resulting white 
residue was dissolved in 200 mL of pentane, and the resulting pentane solution was filtered then 
evaporated to dryness in vacuo to give a mixture of the product and tris(tert-butoxy)silanol.  
Tris(tert-butoxy)silanol was removed by sublimation at 70 °C under vacuum leaving pure 
product.  The product could be crystallized over 24 h from a concentrated THF solution at – 30 
°C as large white blocky crystals (4.966 g, 5.644 mmol, 86 % yield). Anal. Calcd. for 
C36H81ClGeO12Si3: C, 47.08; H, 8.89.  Found: C, 46.77; H, 8.89. IR (Nujol, NaCl, cm-1) 3483 br 
m, 2973 vs, 2947 s sh, 2902 m, 2875 m, 2840 w, 1470 m, 1390 m, 1366 s, 1243 s, 1192 s, 1068 
vs, 1026 vs, 970 vs, 914 vw, 832 s, 805 m, 740 m, 702 s, 675 w.    1H NMR (benzene-d6, 
600.134 MHz, 20 °C): δ 1.50 (s, 81H, OtBu), 3.81 (s, 1H, OH). 13C{1H} NMR (benzene-d6, 
150.903 MHz, 20 °C): δ 73.30 (s, CMe3), δ 31.95 (s, CMe3). 29Si NMR (benzene-d6, 119.229 
MHz, 20 °C): δ – 98.36.     
 
Mn[N(SiMe3)2]2•2THF:  The manganese complex was synthesized by a modification of the 
preparation described by Andersen et al.125 Lithium hexamethyldisilazane (4.653 g, 27.80 mmol) 
and manganese dichloride (1.739 g, 13.82 mmol) were suspended in 70 mL of diethyl ether and 
the resulting solution was stirred for 24 h.  Filtration and evaporation of solvent from the filtrate 
formed an oily yellow-brown residue.  The residue was extracted with toluene and filtered.  The 
filtrate was concentrated to saturation then cooled to – 30 °C leading to formation of yellow 
crystalline solids over 24 h.  These solids were re-dissolved in a minimum amount of THF (~5 
mL) and set to crystallize at – 30 °C.  After 24 h, analytically pure, large, yellow, rectangular 
blocks of the product had formed which were isolated by decantation of the supernatant and 
drying in vacuo (3.468 g, 6.670 mmol, 48% yield). Anal. Calcd. for C20H52MnN2O2Si4: C, 46.20; 
H, 10.08; N, 5.39.  Found: C, 45.97; H, 10.03; N, 5.38. 
 
Mn[OGe(OSi(OtBu)3)3]2•2THF (MnGe): To a stirred suspension of Mn[N(SiMe3)2]2•2THF 
(0.5908 g, 1.136 mmol) in 5 mL of pentane was added a solution of HOGe[OSi(OtBu)3]3 (2.000 
g, 2.273 mmol) in 10 mL of pentane. After 12 h, the very pale yellow solution was filtered and 
evaporated to dryness in vacuo to give a pale-yellow powder.  The powder was re-dissolved in a 
50% (v/v) mixture of Et2O and THF and the resulting solution was set to crystallize at – 30 °C.  
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After 24 h, analytically pure, pale yellow needles of the product had formed which were isolated 
by decantation of the supernatant and drying in vacuo (1.8118 g, 0.92584 mmol, 82% yield). µeff 
= 5.82 µB (C6D6, 22.9 °C, Evan’s Method). IR (Nujol, NaCl, cm-1) 2969 vs, 2945 vs sh, 2894 vs, 
2871 vs, 2847 vs, 1461 vs, 1366 s, 1244 m, 1192 m, 1063 vs, 1026 s, 1011 s sh, 980 s sh, 911 vw 
sh, 893 w, 874 vw sh, 850 w, 830 m, 702 m. Anal. Calcd. for C80H178Ge2MnO28Si6: C, 49.10; H, 
9.17.  Found: C, 48.76; H, 9.25.     
   
Cr[OGe(OSi(OtBu)3)3]2•2THF (CrGe): To a stirred dark blue solution of 
Cr[N(SiMe3)2]2•2THF (0.1925 g, 0.3724 mmol) in 5 mL of THF was added a colorless solution 
of HOGe[OSi(OtBu)3]3 (0.6567 g, 0.7463 mmol) in 5 mL of THF, dropwise.  Over the first hour, 
the solution changed to a purple-violet color.  After 6 h, the solution was filtered and and the 
filtrate was evaporated to dryness in vacuo to give a pink-purple crystalline residue.  This residue 
was suspended in 2 mL of Et2O and a minimum amount of THF was added to dissolve the solids.  
Crystallization of this solution at – 30 °C gave the product as bright purple, rectangular blocks 
(0.534 g, 0.273 mmol, 73% yield). µeff = 4.87 µB ((Me3Si)4Si int. std. in THF, 22.9 °C, Evan’s 
Method). IR (Nujol, NaCl, cm-1) 2971 vs, 2945 vs, 2903 s, 2871 s, 1462 m, 1388 m, 1365 s, 
1242 s, 1217 m sh, 1193 s, 1061 vs, 1019 vs, 973 vs, 928 m sh, 912 m, 871 vw, 848 m, 830 m, 
805 vw, 704 m.  Anal. Calcd. for C80H178Ge2CrO28Si6: C, 49.17; H, 9.18.  Found: C, 49.52; H, 
9.05.     
 
Fe[OGe(OSi(OtBu)3)3]2 (FeGe): To a stirred dark red solution of dimesityliron(II) dimer 
(0.3322 g, 0.5646 mmol) in 5 mL of pentane was added a colorless solution of 
HOGe[OSi(OtBu)3]3 (2.000 g, 2.273 mmol) in 10 mL of pentane.  Over the first four hours, the 
solution turned from dark red to a vibrant, dark pink color which became paler pink over the 
following few days.  After 60 h, a beige solution had formed which was filtered and the filtrate 
was evaporated to dryness in vacuo to give a beige solid.  Crystallizing and recrystallizing from 
pentane at – 30 °C gave the product as white, analytically pure, needle-like crystals (1.085 g, 
0.5983 mmol, 53% yield). µeff = 5.37 µB (C6D6, 22.9 °C, Evan’s Method). IR (Nujol, NaCl, cm-1) 
2964 vs, 2937 vs, 2908 vs, 2870 vs, 2853 s, 1461 m, 1387 w sh, 1366 m, 1244 m, 1193 m, 1066 
vs, 1027 s, 993 s, 912 vw, 877 w, 843 w sh, 832 m, 804 vw, 703 m. Anal. Calcd. for 
C72H162Ge2FeO26Si6: C, 47.68; H, 9.00.  Found: C, 47.63; H, 8.95.     
 
SBA-15: SBA-15 was made by a modification of the literature preparation reported by Hanna et 
al.126 In a 250 mL round-bottom flask, 8.0 g of P-123 Pluronic block co-polymer was dissolved 
in 140 mL of a 0.2 M aq. HCl solution (HCl diluted from 12.1 N with Millipore water) with 
gentle heating.  The resulting solution was warmed to 40 °C and 18.0 g of tetraethylorthosilicate 
(TEOS) was added dropwise to the hazy solution with vigorous stirring.  The mixture was stirred 
for 24 h at 40 °C to generate a white solid precipitate.  The mixture was then heated to 120 °C 
(under reflux) without stirring.  After 24 h, the white solids were suspended in the aqueous 
solution by swirling and the suspension was filtered while still hot. The solids were washed with 
1 L of Millipore water before they were dried under vacuum for 1 h.  The solids were then placed 
in a 110 °C oven for 15 h to dry.  Once dry, the samples were calcined at 550 °C under an 
oxygen atmosphere for 6 h (5 °C/min ramp rate, 110 cc/min O2 flow rate).  The resulting 
material was dehydrated at 200 °C under dynamic vacuum for 20 h and stored in a nitrogen-filled 
glovebox.  
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Grafting of molecular precursors: All precursors were grafted onto SBA-15 in a nitrogen-
filled glovebox using a 20 mL scintillation vial as the reaction vessel.  Molecular precursors were 
dissolved in 10 mL of a suitable solvent and added to solid SBA-15. The reaction volume was 
then adjusted to 18 mL total volume with additional solvent and the suspension was set to rapidly 
stir at 20 °C for 20 h.  After stirring, the samples were filtered on a 15 mL M frit and the solid 
products were rinsed with either 10 mL toluene followed by 10 mL pentane or 10 mL THF 
followed by 10 mL pentane depending on whether pentane or THF was used as the reaction 
solvent.  The samples were then dried under vacuum for 6 h and stored at – 30 °C in a nitrogen-
filled glovebox. 
 
Precursor amounts used; SBA-15 amounts used; solvent used; color of resulting SBA-15 sample; 
metal contents:  
FeGe: 0.4872 g; 1.000 g; pentane; very pale blue; Fe: 1.13, Ge: 1.67 
FeSi: 0.1565 g; 1.000 g; pentane; pale blue; Fe: 1.39 
MnGe: 0.5344 g; 1.000 g; pentane; off-white; Mn: 0.986, Ge: 1.29 
MnSi: 0.1588 g; 1.000 g; pentane; white; Fe: 1.09 
CrGe: 0.400 g; 0.7097 g; THF; blue 
CrSi: 0.1670 g; 1.000 g; pentane; blue  
 
Calcination of MSi/MGe-SBA15 samples: All samples were calcined under a flow of oxygen 
(110 cc/min) with a 5 °C ramp rate to the set temperature followed by a 3 h soak then ambient 
cooling to 20 °C.  Chromium- and iron-containing samples were calcined at 300 °C while 
manganese-containing samples were calcined at 350 °C. The resulting materials were dehydrated 
under dynamic vacuum at 200 °C for 12 h then stored in a nitrogen-filled glovebox. The calcined 
iron-containing samples were pale yellow colored, calcined manganese-containing samples were 
pink/red, and calcined chromium-containing samples were yellow or yellow-green. 
 
Catalysis procedures: Catalytic reactions were performed by addition of all reagents under 
nitrogen to a 50 mL Teflon-stopped flask.  The flask was then submerged in an oil bath at the 
desired temperature and stirred until the completion of the catalysis experiment.  The flask was 
then removed from the oil bath and submerged in an ice bath for ~15 minutes to quench the 
reaction.  The flask was then removed from the ice bath and warmed to room temperature before 
a ~ 0.5 mL aliquot of the reaction mixture was removed by glass pipette.  This aliquot was 
filtered before analysis of the resulting colorless solution by GC-FID.  
 
Electron Paramagnetic Resonance Spectroscopy 
 
EPR Spectroscopy. The EPR spectra were obtained on a custom-designed continuous-wave 
(cw)/pulsed X-band Bruker Elexsys 580 EPR spectrometer. The cw EPR measurements were 
performed with a dual-mode resonator ER 4116-DM (Bruker BioSpin, Billerica, MA) that was 
equipped with a continuous-flow helium E900 cryostat (Oxford Instruments, Oxfordshire, U.K.) 
employing liquid helium for low-temperature data acquisition. The operating frequency of the 
ER 4116-DM resonator in the perpendicular and parallel mode was 9.64 GHz and 9.39 GHz, 
respectively. Typically, the spectra were acquired at 10 K with a modulation frequency of 100 
kHz, modulation amplitude of either 2 or 4 G and were obtained under non-saturating conditions. 
The sample was dissolved in pentane at a concentration of ca. 7 mM under strictly anaerobic 
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conditions in a nitrogen-filled glovebox for the EPR spectra of the respective solutions. The 
resulting solution was sealed in 4 mm quartz EPR tubes (Wilmad Labglass, Vineland, NJ), 
sealed with PTFE low pressure/vacuum adapters, rapidly frozen at 77 K and inserted into the 
pre-cooled resonator. The solid-state samples, including the respective SBA15 and SBA15-
calcined samples were also maintained under strictly anaerobic conditions in a nitrogen-filled 
glovebox, transferred to 4 mm quartz EPR tubes, sealed with PTFE low pressure/vacuum 
adapters and rapidly frozen at 77 K prior to EPR data acquisition 
 
Conditions used for analysis (power (dB), frequency (GHz) Modulation amplitude (G), number 
of scans): FeGe solution: ⊥; 28, 9.64, 4, 5 ∥; 16, 9.39, 4, 5. FeGe-SBA15: ⊥; 16, 9.64, 4, 5 ∥; 
10, 9.39, 4, 5. FeGe-SBA15calc: ⊥; 16, 9.64, 2, 5 ∥; 10, 9.39, 2, 5. FeSi solution: ⊥; 16, 9.64, 4, 5 
∥; 16, 9.39, 4, 5. FeSi-SBA15: ⊥; 16, 9.64, 4, 5 ∥; 10, 9.39, 4, 5. FeSi-SBA15calc: ⊥; 16, 9.64, 2, 
5 ∥; 10, 9.39, 2, 5. MnGe solution: ⊥; 40, 9.64, 4, 5 ∥; 10, 9.38, 4, 5. MnGe powder: ⊥; 16, 
9.64, 4, 1 ∥; 10, 9.38, 4, 2. MnGe-SBA15: ⊥; 16, 9.64, 4, 2 ∥; 10, 9.38, 4, 5. MnGe-SBA15calc: 
⊥; 16, 9.64, 2, 5 ∥; 10, 9.38, 2, 5. MnGe-SBA15calc hydrated: ⊥; 16, 9.64, 4, 10 ∥; 10, 9.38, 4, 5. 
MnSi solution: ⊥; 16, 9.64, 4, 5 ∥; 10, 9.38, 4, 5. MnSi powder: ⊥; 20, 9.64, 4, 1 ∥; 10, 9.38, 4, 
1. MnSi-SBA15: ⊥; 20, 9.64, 2, 2 ∥; 10, 9.38, 2, 3. MnSi-SBA15calc: ⊥; 16, 9.64, 2, 5 ∥; 10, 
9.38, 2, 5. CrGe solution: ⊥; 16, 9.64, 4, 5 ∥; 10, 9.38, 4, 5. CrGe powder: ⊥; 16, 9.64, 4, 5 ∥; 
10, 9.38, 4, 5. CrGe-SBA15: ⊥; 16, 9.64, 4, 5 ∥; 10, 9.38, 4, 5. CrGe-SBA15calc: ⊥; 16, 9.64, 2, 
5 ∥; 10, 9.38, 2, 5.  CrSi solution: ⊥; 16, 9.64, 4, 5 ∥; 10, 9.38, 4, 5. CrSi powder: ⊥; 20, 9.64, 
4, 5 ∥; 10, 9.38, 4, 5. CrSi-SBA15: ⊥; 16, 9.64, 4, 5 ∥; 10, 9.38, 4, 5. CrSi-SBA15calc: ⊥; 16, 
9.64, 2, 5 ∥; 10, 9.38, 2, 5. SBA15: ⊥; 10, 9.64, 2, 5 ∥; 10, 9.38, 2, 5.                 
 
Single-crystal X-ray crystallography 
 
Single-crystal X-ray diffraction studies were performed at the University of California-Berkeley 
CHEXRAY instrumentation facility using an Apex II Quazar instrument with a microfocus 
sealed source (Incoatec IµS; Mo-Kα radiation).  Measurements were taken on a Bruker APEX II 
CCD area detector and the data collection was computed and integrated using the Bruker APEX2 
software package. Bruker SAINT was used for all cell refinement and data reduction.  The 
structures were solved using SHELXT or Superflip and were refined using SHELXL-2014.127–129 
Crystals for the X-ray analyses were run in a frozen glass of paratone N hydrocarbon oil at 
100(2) K under a flow of nitrogen.  Single-crystals suitable for X-ray diffraction were grown by 
cooling concentrated samples to – 30 °C for 24 h. FeGe, MnGe and HOGe crystals were grown 
from pentane and CrGe crystals were grown from THF using this method.  
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Appendix Chapter 3: 
 

Ternary M-Ge-Si thermolytic molecular precursors towards 
germanium-doped transition-metal sites on silica 
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Figure A3-1. Single-crystal structure of iPrOGe.  Ellipsoids shown at 30% probability. Tert-
butyl groups truncated to methyl groups for clarity. 
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Figure A3-2. IR spectra of A) MnGe, B) CrGe, C) FeGe and D) HOGe. Spectral range 
displayed is 1600 to 600 cm-1.  
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Figure A3-3. EPR spectra of MnGe-SBA15calc without dehydration procedure.  Parallel and 
perpendicular mode spectra shown on different scales to show spectral details. 
 

 
Figure A3-4. EPR spectra of MnGe-SBA15calc without dehydration procedure. Parallel and 
perpendicular mode spectra shown on same absolute scale with Y-offset. 
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Figure A3-5. EPR spectra of SBA-15 support material.  Spectra Y-axes offset for clarity.
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Figure A3-6. 1H NMR spectrum of volatiles collected from thermolysis of FeGe. 
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Figure A3-7. 1H NMR spectrum of volatiles collected from thermolysis of CrGe. 
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Figure A3-8. 1H NMR spectrum of volatiles collected from thermolysis of MnGe.    
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Figure A3-9. 1H NMR spectra for exposure of HOGe to 10 equivalents of H2O in benzene-d6. 
Top: 1H NMR spectrum of the sample before addition of H2O.  Bottom: 1H NMR spectrum of 
the sample 6.5 h after addition of H2O.  
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Figure A3-10. 1H NMR spectra of elimination products in filtrate from the grafting of MnGe 
(top) and FeGe (bottom) at scale (see Experimental). 
  



	   159 

 

 
Figure A3-11. 1H NMR spectra of elimination products in filtrate from the grafting of MnGe 
(top) and FeGe (bottom) proportionally to the sample batches (see Experimental) using 10 mg 
SBA-15. 
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Figure A3-12. 1H NMR spectra of elimination products in filtrate from the grafting of MnGe 
(top) and FeGe (bottom) using excess precursor (~20 mg precursor to 10 mg SBA-15). 
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Crystal data and structure refinement for FeGe. 
Empirical formula  C72 H162 Fe Ge2 O26 Si6 
Formula weight  1813.58 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 13.0028(8) Å                  a = 92.082(3)° 
 b = 13.4308(8) Å                  b = 110.355(3)° 
 c = 17.3272(10) Å                g = 114.958(3)° 
Volume 2511.7(3) Å3 
Z 1 
Density (calculated) 1.199 Mg/m3 
Absorption coefficient 0.871 mm-1 
F(000) 976 
Crystal size 0.110 x 0.100 x 0.100 mm3 
Theta range for data collection 1.284 to 25.417° 
Index ranges -15<=h<=15, -16<=k<=16, -20<=l<=20 
Reflections collected 135720 
Independent reflections 17628 [R(int) = 0.0347] 
Completeness to theta = 25.000° 99.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6995 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17628 / 3 / 1019 
Goodness-of-fit on F2 1.057 
Final R indices [I>2sigma(I)] R1 = 0.0269, wR2 = 0.0582 
R indices (all data) R1 = 0.0302, wR2 = 0.0595 
Absolute structure parameter 0.483(5) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.515 and -0.302 e/Å3 
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Crystal data and structure refinement for CrGe. 
Empirical formula  C80 H178 Cr Ge2 O28 Si6 
Formula weight  1953.93 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 13.4662(10) Å                a = 69.755(2)° 
 b = 13.4791(10) Å                b = 74.533(2)° 
 c = 17.9091(13) Å                g = 61.2650(10)° 
Volume 2654.4(3) Å3 
Z 1 
Density (calculated) 1.222 Mg/m3 
Absorption coefficient 0.796 mm-1 
F(000) 1054 
Crystal size 0.110 x 0.100 x 0.080 mm3 
Theta range for data collection 1.221 to 25.403° 
Index ranges -16<=h<=16, -16<=k<=16, -21<=l<=21 
Reflections collected 23806 
Independent reflections 9747 [R(int) = 0.0295] 
Completeness to theta = 25.000° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6885 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9747 / 0 / 640 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0498, wR2 = 0.1204 
R indices (all data) R1 = 0.0617, wR2 = 0.1256 
Extinction coefficient n/a 
Largest diff. peak and hole 1.211 and -0.775 e/Å3 
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Crystal data and structure refinement for MnGe. 
Empirical formula  C144 H324 Ge4 Mn2 O48 Si12 
Formula weight  3561.33 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 13.3270(10) Å                a = 83.134(2)° 
 b = 13.9090(10) Å                b = 85.2350(10)° 
 c = 34.6950(10) Å                g = 61.8630(10)° 
Volume 5627.9(6) Å3 
Z 2 
Density (calculated) 2.102 Mg/m3 
Absorption coefficient 1.517 mm-1 
F(000) 3836 
Crystal size 0.100 x 0.070 x 0.060 mm3 
Theta range for data collection 1.667 to 25.360° 
Index ranges -16<=h<=13, -16<=k<=14, -41<=l<=26 
Reflections collected 26428 
Independent reflections 17852 [R(int) = 0.0355] 
Completeness to theta = 25.000° 87.0 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17852 / 0 / 1173 
Goodness-of-fit on F2 1.026 
Final R indices [I>2sigma(I)] R1 = 0.0533, wR2 = 0.1105 
R indices (all data) R1 = 0.0784, wR2 = 0.1210 
Extinction coefficient n/a 
Largest diff. peak and hole 0.796 and -0.738 e/Å3 
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Crystal data and structure refinement for HOGe. 
Empirical formula  C36 H81 Ge O13 Si3 
Formula weight  878.86 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 9.5475(4) Å                    a = 89.814(2)° 
 b = 13.4409(6) Å                  b = 82.779(2)° 
 c = 20.5234(8) Å                  g = 77.669(2)° 
Volume 2551.78(19) Å3 
Z 2 
Density (calculated) 1.144 Mg/m3 
Absorption coefficient 0.721 mm-1 
F(000) 950 
Crystal size 0.090 x 0.040 x 0.010 mm3 
Theta range for data collection 1.551 to 25.499°. 
Index ranges -11<=h<=7, -16<=k<=16, -24<=l<=24 
Reflections collected 19241 
Independent reflections 9408 [R(int) = 0.0501] 
Completeness to theta = 25.000° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6572 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9408 / 0 / 525 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0703, wR2 = 0.1487 
R indices (all data) R1 = 0.1188, wR2 = 0.1693 
Extinction coefficient n/a 
Largest diff. peak and hole 1.304 and -1.035 e/Å3 
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Crystal data and structure refinement for (OiPr)Ge[OSi(OtBu)3]3. 
Empirical formula  C39 H88 Ge O13 Si3 
Formula weight  921.95 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 25.1908(16) Å                a = 90° 
 b = 18.3397(12) Å                b = 117.333(3)° 
 c = 26.0613(17) Å                g = 90° 
Volume 10695.9(12) Å3 
Z 8 
Density (calculated) 1.145 Mg/m3 
Absorption coefficient 1.841 mm-1 
F(000) 4000 
Crystal size 0.100 x 0.100 x 0.080 mm3 
Theta range for data collection 1.974 to 69.249° 
Index ranges -30<=h<=30, -21<=k<=22, -31<=l<=28 
Reflections collected 133723 
Independent reflections 19581 [R(int) = 0.0435] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7531 and 0.6435 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 19581 / 1 / 1183 
Goodness-of-fit on F2 2.317 
Final R indices [I>2sigma(I)] R1 = 0.1816, wR2 = 0.4969 
R indices (all data) R1 = 0.2033, wR2 = 0.5323 
Extinction coefficient n/a 
Largest diff. peak and hole 2.580 and -2.846 e/Å3 

 
 
 
 

 

 
 

 
 
        
 
 
 




