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Abstract: Cyclopentyl substituted silanetriol can be prepared and isolated. Its condensation yields 
the corresponding disiloxanetetrol as a primary condensation product. Further condensation leads 
to the hexameric polyhedral silsesquioxane cage T6. The latter has been mentioned in the literature 
before however, lacking structural data. All compounds have been characterized with multinuclear 
NMR spectroscopy and, in addition, the molecular structures have been determined in the case of 
the disiloxanetetrol and the hexasilsesquioxane via single crystal X-ray diffraction. 
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1. Introduction 

Cage silsesquioxanes have attracted much attention in recent years [1,2] owing to their 
widespread applications for example in catalysis [3], as model systems for silica surfaces [4,5], in the 
design of superoleophobic surfaces [6], ionic liquids [7], biocompatible materials [8], as well as in 
polymer chemistry [2]. The synthetic approach towards such octasilsesquioxanes is mainly based on 
the hydrolytic condensation of trifunctional silanes RSiX3, where R is a stable organic substituent and 
X a reactive moiety (i.e., X = Cl, OMe etc.) [2,9] and catalysts like tetrabutylammonium fluoride 
(TBAF) have been shown to improve the yields in the presence of certain organic substituent [10–12]. 
Recently, it has been demonstrated that silanetriols are suitable starting materials for cage 
silsesquioxanes, giving access to T8 cages in a one-pot synthesis which could not be obtained from 
the corresponding alkoxysilanes via other routes [13,14]. Here we report our investigation to prepare 
a cyclopentyl substituted silanetriol and its condensation to the T6 cage via the corresponding 
tetrahydroxydisiloxane. 

2. Results and Discussion 

Starting from commercially available cyclopentyltrichlorosilane, the corresponding silanetriol 
was prepared by careful hydrolysis in ether solution at 0 °C in the presence of three equivalents of 
aniline in analogy to an established procedure by Takiguchi [15]. Silanetriol 1 has been be isolated 
from the etheral solution as colorless powder in above 80% yield. The 29Si-NMR resonance of the 
product was observed at −37.7 ppm in D2O which compares well with the 29Si chemical shifts of 
related alkylsilanetriols such as tert-butylSi(OH)3 (−36.8 ppm, D2O). While cyclopentyl substituted 
silanetriol 1 was stable as a solid, it slowly underwent condensation in polar solvents such as THF or 
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DMSO (Scheme 1). The resulting tetrahydroxydisiloxane 2 has been identified as primary 
condensation product and was characterized by NMR and IR spectroscopy, mass spectrometry and 
single crystal X-ray diffraction. The 29Si-NMR chemical shift at −51.8 ppm in THF solution is in good 
agreement with the known chemical shifts of other alkylsubstituted disiloxane tetrols [14,16], 
resonating at slightly lower field compared with aryl substituted disiloxane tetrols [17,18]. 

 
Scheme 1. Formation of 3 via 1 and 2 starting from cyclopentyl trichlorosilane. 

Compound 2 could be obtained as single crystals suitable for X-ray diffraction as two 
polymorphs, one crystallizing in a monoclinic, the other in an orthorhombic crystal system both 
confirming the constitution of 1,3-di-cyclopentyl-1,1,3,3-tetrahydroxysiloxane. In the monoclinic 
crystal of 2, the molecules are lying with O1 on an inversion center resulting in an Si–O–Si angle of 
180°. The cyclopentyl rings are disordered over two sites (Figure 1). Each of the four OH groups of 
the tetrahydroxysiloxanes are involved in one donor and in one acceptor hydrogen bond [O2···O3′ 
2.6811(19) Å, O2–H2···O3′ 174.8(9)°; O3···O2″ 2.6718(19) Å, O3–H3···O2″ 177.3(14)°], resp., forming 
two-dimensional aggregates, in which each molecule is connected to six neighbors showing a two-
dimensional closest packing. This planar aggregate is shielded on both sides by the cyclopentyl 
groups. The molecules show pseudo-mirror planes normal to the c axis; the transformation to 
orthorhombic symmetry would lead to an angle differing by 0.268(4)° from 90°. 

 
a b

Figure 1. This ORTEP plot of the molecular structure of 2 from the monoclinic (b) and the 
orthorhombic (a) polymorph showing the atomic numbering scheme. The probability ellipsoids are 
drawn at the 50% probability level. The cyclopentyl rings are disordered over two sites. The H atoms 
bonded to oxygen are drawn with arbitrary radii, the H atoms of the cyclopentyl rings were omitted 
for the sake of clarity. Red: oxygen; blue: silicon. 
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In the orthorhombic phase the molecules of 2 adopt C2h (=2/m) symmetry resulting in a Si–O–Si 
angle of 180°. Again, the cyclopentyl rings are disordered over two sites (Figure 1). The main 
difference between the two phases is the fact that the H atoms of the OH groups are ordered in the 
monoclinic phase but disordered in the orthorhombic phase. Equivalence of the two OH groups 
bonded to a Si atom and therefore a higher effective symmetry is reached by this disorder in 
orthorhombic 2. All four OH groups in orthorhombic 2 are equivalent by symmetry and are involved 
in two hydrogen bonds [O2···O2′ 2.670(2)Å, O2–H3···O2′ 169(2)°; O2···O2″ 2.678(2)Å, O2–H2···O2″ 
172.5(19)°] forming two-dimensional aggregates, in which each molecule is connected to six 
neighbors, showing a two-dimensional closest packing almost identical to monoclinic 2 (Figure 2). In 
addition, the supramolecular hydrogen bonding the bond distances and angles of the central 
RSi(OH)2O– units are in the typical range of such disiloxanetetrols [14,16–20]. 

 
Figure 2. ORTEP plot of the orthorhombic packing of 2. The atoms are drawn with arbitrary radii, the 
hydrogen bonds are plotted with dashed lines. Red: oxygen; blue: silicon. 

Prolonged condensation of 1 in THF over five months resulted in a mixture containing mainly 
disiloxane 2 and the corresponding hexasilsesquioxane 3 in a 2:1 ratio. Recrystallization of this 
mixture in DMSO furnished crystalline 3, which has been identified via spectroscopic methods and 
single crystal X-ray diffraction. Compound 3 has been already described in the literature together 
with its spectroscopic data [21]. The 29Si-chemical shift of T6 cage 3 at −56.3 ppm in DMSO solution 
observed by us is very similar to the previously reported one (−54.4, CDCl3) and fits well in the range 
observed for alkyl substituted T6 cages [16,21] but resonates at a lower field than the comparable T8-
cages [10,12,14,16,22]. Compound 3 could be obtained as single crystals suitable for X-ray diffraction 
and crystallizes in the orthorhombic space group Ccce. In the crystal structure analysis of 3, the 
molecules of hexa(cyclopentylsilsesquioxane) are located with one O atom (O5) on a two-fold rotation 
axis parallel to the crystallographic a-axis (Figure 3). 
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Figure 3. ORTEP plot of 3 showing the atomic numbering scheme. The probability ellipsoids are 
drawn at the 50% probability level. The hydrogen atoms were omitted for clarity reasons. Selected 
bond lengths [Å] and angles [°]: Si1–O4 1.6269(12), Si1–O1 1.6390(11), Si1–O3 1.6430(11), Si1–C11 
1.8369(15), Si2–O4′ 1.6274(11), Si2–O1 1.6390(11), Si2–O2 1.6417(12), Si2–C21 1.8385(16), Si3–O5 
1.6284(7), Si3–O2 1.6367(11), Si3–O3 1.6400(11), Si3–C31 1.8375(16); Si1–O1–Si2 128.69(7), Si3–O2–Si2 
131.35(7), Si3–O3–Si1 131.11(7), Si1–O4–Si2′ 139.84(7), Si3–O5–Si3′ 132.34(10). 

The molecules are packed in layers normal to the a-axis, leading to mechanically very soft 
crystals. The central highly-symmetric Si6O9 tetracycle shows slight but significant deviations from 
D3h symmetry (e.g., Si1–O4–Si2′ 139.84(7)° vs Si3–O5–Si3′ 132.34(10)°). The variation of the Si–O bond 
lengths covers a narrow range between 1.627 Å and 1.643 Å which is smaller than in the other 
structure reports where variations as much as 0.04 to 0.28 Å are reported. Until now, only a few 
structure determinations of hexa(alkyl/aryl)silsesquioxanes with this Si6O9 cage can be found in the 
literature including tert-butyl [16], cyclohexyl [23], 1,1,2-trimethylpropyl [24], 2,4,6-
triisopropylphenyl [25], trimethoxysilyl [26], and isopropyl [27] substituted hexasilsesquioxanes. For 
these, the mean value of the Si–O–Si angles in the six-membered rings is 130.2(4)°, the mean value of 
the other Si–O–Si angles is 140.0(8)° (min. 136.5°). Moreover the topic has been reviewed not long ago 
and also a structure determination of a T6 cage has been performed in the gas phase [28,29]. The unit 
cell contains eight equivalent isolated molecules of 3. Relevant geometric parameters of 3 are listed 
in the caption of Figure 3 and crystallographic details are summarized in Table 1. 

Table 1. Crystal data and structure refinement for 2 and 3 

Parameter 2m 2o 3 
Formula C10H22O5Si2 C10H22O5Si2 C30H54O9Si6 

Formular weight 278.46 278.46 727.27 
Temperature [K] 100 100 100 
Wavelength [Å] 0.71073 0.71073 0.71073 
Crystal system monoclinic orthorhombic orthorhombic 
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Space group P21/c Cmce Ccce 
Unit cell dimensions: - - - 

a [Å] 11.5359(16) 10.1476(5) 16.2855(8) 
b [Å] 6.7079(9) 20.7484(10) 22.3460(11) 
c [Å] 10.1493(13) 6.7022(3) 19.6563(9) 
α [°] 90 90 90 
β [°] 115.830(4) 90 90 
γ [°] 90 90 90 

Volume [Å3] 706.90(16) 1411.12(12) 7153.2(6) 
Z 2 4 8 

Calcd. density [mg/m3] 1.308 1.311 1.351 
μ [mm−1] 0.258 0.258 0.283 

Θ-range for data collected [°] 3.62–25.50 3.62–26.00 2.59–30.00 
Data/parameters 1303/125 734/66 5219/213 

Goodness-of-fit on F2 1.095 1.159 1.052 
R1 (obsd. data) 0.0326 0.03440.0346 0.0378 
wR2 (all data) 0.0873 0.0903 0.1049 

Rint 0.0235 0.0264 0.0397 
r.e.d. min/max [e Å−3] −0.247/0.235 −0.291/0.414 −0.346/0.631 

r.e.d.: Residual electron density.  

3. Experimental Details 

All manipulations were carried out under inert argon atmosphere using standard Schlenk 
technique. All solvents were dried and freshly distilled over Na/K-alloy where applicable. 
Cyclopentyltrichlorosilane has been purchased and used without further purification. 1H– and 13C–
NMR-data have been recorded on a Bruker Avance III (Billerica, MA, USA) 300 MHz spectrometer 
(operating at 300 MHz, 75.4 MHz) or a Varian MR-400 MHz spectrometer (operating at 400 MHz, 
100.5 MHz). 29Si-NMR-data have been recorded on a Bruker Avance III 300 MHz spectrometer 
(operating at 59.6 MHz). All measurements have been performed at room temperature using TMS as 
external standard. EI-mass spectra have been recorded on an Agilent Technologies 5975C (Santa 
Clara, CA, USA) inert XL MSD with SIS Direct Insertion Probe. IR-spectra have been recorded using 
a Perkin-Elmer 1725X FT/IR (Waltham, MA, USA) spectrometer using KBr plates.  

3.1. Synthesis of cyclopentylsilanetriol 1 

Cyclopentyltrichlorosilane (3.43 g, 16.9 mmol), dissolved in 13 mL diethylether, was added 
dropwise to a solution of water (0.91 g, 50.6 mmol) and aniline (4.78 g, 51.4 mmol) in 150 mL of 
diethylether at 0 °C while stirring. A white precipitate is formed in the reaction mixture and stirring 
is continued for 2 h upon completed addition while slowly warming to room temperature. The 
precipitate is filtered off with a fritted funnel and discarded. The solvent of the remaining solution is 
removed in vacuo. Yield 2.02 g (13.7 mmol, 81%). 1H-NMR (300 MHz, D2O): δ(ppm): 1.01, 1.48, 1.59, 
1.79; 29Si-NMR (59.6 MHz, D2O): δ(ppm): −37.7. 

3.2. Synthesis of the 1,3-Dicyclopentyldisiloxane-1,1,3,3-tetrol 2 

Silanetriol 1 (0.5 g) was dissolved in 20 mL THF at room temperature. Slow evaporation of the 
volatiles took four weeks. The raw material was extracted with pentane which upon evaporation of 
the solvent yielded compound 2 as colorless crystalline solid (0.3 g, 1.1 mmol, 64%). 1H-NMR (300 
MHz, THF-d8): δ(ppm): 0.83, 1.10, 1.40–1.59, 1.78; 13C-NMR (75.4 MHz, THF-d8): δ(ppm): 25.4, 27.9, 
28.7; 29Si-NMR (59.6 MHz, THF-d8): δ(ppm): −51.8; IR: 3251 (OH), 1104 (Si-O-Si); MS/EI (70 eV):  
m/z (%) = 209 (100) [M-cyc]+, 141 (72) [M-cyc2]+. 

3.3. Synthesis of Hexa(cyclopentylsilsesquioxane) 3 

2.5 g (16.9 mmol) of silanetriol 1 are dissolved in THF (100 mL) and are stored at room 
temperature for five months. The solvent is removed and the resulting solid (2.1 g) contains 
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compounds 2 and 3 in a 2:1 ratio. Extraction with DMSO yields 3 as colorless crystalline material (1.1 
g, 1.5 mmol, 53%). 1H-NMR (250 MHz, DMSO-d6): δ(ppm): 0.80–1.00 (br), 1.42–1.60 (br), 1.70;  
13C-NMR (75.4 MHz, DMSO-d6): δ(ppm): 23.3, 26.38, 27.04; 29Si-NMR (59.6 MHz, DMSO-d6): δ(ppm): 
−56.3. MS/EI (70 eV): m/z (%) = 726.3 (1) [M]+, 67 (100) [cyc]+. 

3.4. X-ray Crystallography 

X-ray diffraction measurements were performed on a BRUKER-AXS SMART APEX 2 CCD 
diffractometer using graphite-monochromatized Mo-Kα radiation. Supplementary crystallographic 
data for this paper can be obtained free of charge quoting CCDC 1575839–1575841 from the 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

The structures were solved by direct methods (SHELXS-97)2 and refined by full-matrix least-
squares techniques against F2 (SHELXL-97)2. The cyclopentyl groups in 2 are disordered over two 
orientations and were refined with site occupation factors of 0.5. In 2m the equivalent bonds in these 
groups were restrained to have the same lengths. In 2o the same anisotropic displacement parameters 
were used for atoms C2 and C5. The other non-hydrogen atoms were refined with anisotropic 
displacement parameters. The positions of the H atoms of the OH groups were taken from a 
difference Fourier map, the O–H distances were fixed to 0.84 Å, and the H atoms were refined with 
common isotropic displacement parameters without any constraints to the bond angles. The site 
occupation factors of the disordered H atoms of the OH groups in 2m were fixed to 0.5. The H atoms 
of the tertiary C–H groups were refined with individual isotropic displacement parameters and all 
X–C–H angles equal at C–H distances of 1.00 Å. The H atoms of the CH2 groups were refined with 
common isotropic displacement parameters for the H atoms of the equivalent CH2 groups and 
idealized geometries with approximately tetrahedral angles and C–H distances of 0.99 Å. 

4. Conclusions 

In summary, we have shown that cyclopentyl substituted silanetriol can be prepared and 
isolated. In polar solvents, spontaneous condensation occurs which yields the corresponding 
disiloxanetetrol as a primary condensation product. Further condensation leads to the hexameric 
polyhedral silsesquioxane cage T6. The latter has been mentioned in the literature before. However, 
it lacked structural data. All compounds have been characterized with multinuclear NMR 
spectroscopy and in addition the molecular structures have been determined in the case of the 
disiloxanetetrol and the hexasilsesquioxane via single crystal X-ray diffraction. Our results show that 
silanetriols bearing secondary alkyl substituents may be suitable precursors for the synthesis of POSS 
cages as well. 

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/66/s1: 
checkCIF/PLATON report. 
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