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While smaller polyhedral oligomeric silsesquioxanes T,R, (POSS)
are readily accessible or even commercially available, unambig-
uously authenticated larger systems (n>12) have barely been
reported. Synthesis and isolation procedures are lengthy, and
yields are often very low. Herein, we present the surprisingly
straightforward and high-yielding access to the phenyl-substi-
tuted derivative of a so far only postulated second Dj,-
symmetric T,, isomer and with that the largest crystallo-
graphically characterized POSS cage with organic substituents.

Introduction

Silsesquioxanes [RSiO, 5], are polymeric or oligomeric materials
with a wide variety of applications in materials chemistry, e.g.
as building blocks in inorganic-organic copolymers and other
hybrid materials,"® precursors for silicon nanocrystals,™ elec-
tron beam resists,"? chemical sensors,"¥ and as model systems
for silicon surfaces.” Many oligomeric silsesquioxanes adopt
cage-like molecular structures (polyhedral oligomeric silses-
quioxanes POSS, R = H, alkyl, aryl). Their high stability gives rise
to a broad range of further manipulations in the POSS frame-
work periphery.®! The common abbreviation TR, refers to the
number n of trifunctional silicon centers T each carrying a single
substituent R. Early synthetic procedures employed the
controlled hydrolysis of trihalo- or trialkoxysilanes followed by
the condensation to often complicated mixtures of variously
sized molecular cages as well as polymers. Long reaction times,
low yields and tedious separation procedures limited the
potential applications initially. The use of NBu,F as catalyst
improved yields in case of TR significantly (Figure 1, A) despite
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Treatment of the commercially available incompletely con-
densed T,Ph,(OH); silsesquioxane with catalytic amounts of
trifluoromethanesulfonic acid results in high yields of the
T,,Ph,, framework, which is isolated in crystalline form by a
simple work-up. D;,-T;,Ph,, was analyzed by single crystal X-ray
diffraction, multinuclear NMR spectroscopy and thermal analy-
sis. The relative energies of all four theoretically possible T,,Ph,,
isomers were determined by optimization of the corresponding
structure using DFT methods.
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Figure 1. Exemplary POSS derivatives characterized in the solid state by
X-ray crystallography. A: TgRg; B: T;4R;o, C: D,q isomer of Ti,H,,, D: Dy, isomer
of T,H,4 E: C,, isomer of T,,H,, (@ =SiR).

much shorter reaction times.*® A large number of TgR,

derivatives have thus been crystallographically characterized, as
well as a few examples of the larger cages TR, (B) and T;,R;,
(C).5 The largest POSS cages with unambiguously determined
solid state structure are two of the four possible T,,H,, isomers
with Dy, and C,, symmetry (D and E).“® Recently, a styryl-
functionalized T,R,s isomer was isolated in low yield from a
complex product mixture, but its structural characterization was
restricted to spectroscopic observations and DFT calculations.”
Using larger silsesquioxane cages as precursors for materials
may lead to altered, possibly improved properties, for example
in hybrid porous polymers and materials with low dielectric
constants.”
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Herein, we report the simple and systematic preparation of
one of the two elusive T,, framework isomers as crystalline
material. With its phenyl-substituents, the obtained T,,Ph,,
represents the largest organic POSS derivative with unambigu-
ously determined solid state structure to date. Its straightfor-
ward and reliable high yield synthesis by condensation of the
commercially available trisilanol T,Ph,(OH); is enabled by the
catalytic action of trifluoromethanesulfonic acid (TfOH). We also
obtained circumstantial evidence for the formation of triflates
of the type T,Ph,(OTf),(OH);_, under closely related reaction
conditions.

Results and Discussion

Given the resemblance of the commercially available trisilanol
T,Ph,(OH); to one half of the postulated, yet experimentally
elusive second D,, isomer in the T,,H,, system, we speculated
that a condensation reaction may result in an analogous T4,R;,
structure. Pietschnig et al. previously reported that the corre-
sponding tert-butyl-substituted T,Bu,(OH); forms a dimer in
which two T, units are connected by hydrogen bonding
through the silanol groups.” Thermal rearrangement above
200°C was postulated to form the aforementioned second D;,
T.4R,, isomer among other possible condensation products,
based on MALDI-TOF-MS data.'” As spontaneous self-conden-
sation at ambient temperature does apparently not occur in
either case, and considering the NBu,F catalyzed condensation
of silanetriols towards T4Rs silsesquioxane frameworks,""” we
concluded that a catalyst would be required in order to enable
a nucleophilic attack of the OH groups of one molecule at the
open face of a second.

Trifluoromethanesulfonic acid (triflic acid, TfOH) is reported
to cleave Si-O-Si linkages of silsesquioxane cages under
formation of bis(triflates), a reaction plausibly involving silanol
intermediates.*'¥ Despite reports on cage rearrangements
during the acid-catalyzed hydrolysis of T,Ph,(OH); and related
incompletely condensed species,"” we speculated that TfOH
may either substitute the Si-OH groups of the incompletely
condensed T,Ph,(OH); 1 or catalyze the condensation to T,,Ph,.

In an initial attempt targeting the tris(triflate) T,Ph,(OTf),,
three equivalents of TfOH were added to 1 in toluene at room
temperature (Scheme 1). This resulted in a product mixture
from which low amounts of a product with three #Si NMR
signals at 6=-76.1, —77.5 and —79.1 ppm in C,Ds, were
obtained by cooling a hot, concentrated toluene solution to
room temperature. The absence of OH signals in the 'H NMR
and of any '°F NMR signal suggested that instead of substitu-
tion of OH by OTf condensation to a symmetrical T,,Ph,,
derivative had occurred. As in this case triflic acid would be
needed in catalytic quantities only, we repeated the reaction
with 10 mol% of TfOH and in the presence of molecular sieves
(to capture the released water upon substitution) in toluene
and indeed obtained the same product in 39% yield after
evaporation of the volatiles and precipitation from minimal
amounts of toluene.
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a) 10 mol%, b) 20 eq
TfOH TfOH

Scheme 1. a) Synthesis of the D;,-T,,Ph,, isomer 2 from incompletely
condensed silsesquioxane Ph,T,(OH); 1 catalyzed by TfOH (@: silicon vertex).
b) Treatment of T,Ph,(OH), with 20 equivalents of triflic acid results in a
minute quantity of T,Ph,(OTf); among other non-isolated T,Ph,(OTf),(OH);_
species.

Single crystals were grown by slowly cooling a concentrated
toluene solution from approx. 100°C to room temperature in
the course of 16 h. An X-ray diffraction study (Figure 2)"!
indeed confirmed the formation of the condensation product of
two molecules of T,Ph,(OH); 1 across the three silanol functions.
The T,,Ph,, cage 2 thus shows approximated D, symmetry with
the three edge-sharing (RSiO), rings of each T, unit connected
by three (RSiO)s motifs (6°5°4% the base referring to the number
of SiO units in a given ring motif and the exponent to the
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Figure 2. Molecular structure of T,,Ph,, silsesquioxane 2 in the solid state.
The idealized D;, symmetry has no crystallographic correspondence. Thermal
ellipsoids at 50% probability level, two of the three molecules in the
asymmetric unit as well as hydrogen atoms and co-crystallized solvent
molecules are omitted for clarity.
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number of occurrences).” This connectivity is in marked
contrast to the two crystallographically characterized isomers of
the T,,H,, parent species isolated by Agaskar et al. in a multiple
step separation effort and with the very small combined yield
of 1.1%:“" The Ds,-T,,H,, isomer shows 6°5°4° and its C,, isomer
6'5'4* connectivity. The 6°5%4° isomer of T,H,, had been
proposed to be part of the reaction mixture together with a
fourth isomer of 6?5%4° connectivity on the basis of GC-MS
analysis, although no further information on its structure had
been given in the absence of analytical data in solution and the
solid state.*® In subsequent computations on T,,H,, however,
only the two experimentally confirmed isomers plus the elusive
6°5°4° motif reported in here as phenyl-substituted version 2
were considered"® revealing its strong energetic disadvantage
by approximately 14.7 kcalmol™' at the MP2/SBK level of
theory.['®!

The asymmetric unit of the crystals of 2 consists of three
crystallographically independent molecules with noticeable
differences in the bonding parameters although all show
approximate Dj, symmetry. The silicon-oxygen bond lengths in
the three molecules vary between 1.583(7) A and 1.638(6) A as
opposed to the relatively uniform case of TsPhg (with Si—O bond
lengths between 1.617 A and 1.626 A)."”’ In contrast, the OSiO
bond angles are rather uniform and differ just slightly from
T4Ph;. The range of SiOSi bond angles in 2 (T,,Ph,,(1): 138.8(4)°
to 172.0(6)°, T,4,Ph4(2): 138.0(4)° to 162.6(4)° and T,,Ph,,(3):
141.0(4)° to 155.3(4)°) is larger than in TgPh, (142.28° to 153.22°)
for all three independent molecules. Figure S14 shows super-
positions of two molecules each in order to visualize the
geometrical deviations (see Supporting Information).

The T,,Ph,, silsesquioxane 2 gives rise to three signals in the
#Si NMR at —76.2, —77.6 and —79.1 ppm in C,Dg as depicted in
Figure 3, which is in the usual range of phenyl-substituted
silsesquioxanes.'™ Compared to the Ph,T,(OH), starting material
(—68.3, —76.9 and —77.8 ppm) the chemical shifts of 2 are
closer together due to the very similar coordination environ-
ment at each silicon center. A '"H->Si correlation NMR experi-
ment in CDCl; (Figure S8) indicates the signal at —76.9 ppm to
represent the two silicon atoms located on the C; rotation axis
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Figure 3. ?°Si NMR spectrum of the T,,Ph,, silsesquioxane 2 in C;Dg at 25 °C.
The insert shows the signals with their relative intensities.
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in the T, fragments (Si28 and Si15 atoms in Figure 2), by
assignment of the corresponding 'H NMR resonances to the
meta hydrogen atoms of the phenyl groups based on the
relative intensities (see Figures S1 and S2). The #Si/CP MAS
spectrum of the crystalline material (Figure S7) shows an
unresolved single broad peak at —77.8 ppm. The reported
T,,Ph;, Si/CP MAS spectrum shows two well-resolved signals
at —76.8 and —80.4 ppm,“? in accordance with the two
distinctly different chemical environments of the Si atoms. In
our case, it is not surprising that the different silicon environ-
ments cannot be resolved in the solid state given the 42 silicon
atoms of the three crystallographically inequivalent T,,Ph,,
molecules with only slightly different chemical environments.
Diagnostically, the IR spectrum in Figure S10 of silsesquioxane 2
(ATR) lacks the distinct OH bands of the T,Ph,(OH); precursor
(Von=3234 cm™’, v50, =885 cm™', Figure S9)"® but is otherwise
almost identical. Thermogravimetric analysis and differential
scanning calorimetry of the T,,Ph,, isomer show a behavior
similar to that of the TgPhg to T,,Ph,, systems (see Supporting
Information for details).

DFT optimization of the four isomers in the T,,Ph;, system
at the B3LYP/6-311G level of theory (Figure 4) revealed the D;,
(6°5°4%) (framework E in Figure 1) to be the most stable
representative, while the herein synthesized D;, (6°5°4°) isomer
2 is the least stable at 13 kcalmol ™. This reflects the previously
reported findings for T,H,."® The most stable Dj, isomer
features the largest ratio of five-membered SiO rings to four- or
six membered ones. This is in line with the observation that the
five membered SiO ring systems are less strained and thus
more stable.”’® As can be seen in Figure 4, the higher the
number of four and six membered rings, the higher the relative
energy of the T,,Ph,, isomer. In contrast to the experimental
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Figure 4. Optimized structures of the T,,Ph,, isomers. a) D, (6°5°4°) isomer,
b) C,, (6'5%4% isomer, c) C,, isomer (67524%), d) D, (6°5°4°) isomer.
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solid state structure, the SiOSi bond angles are relatively
uniform between 178.001° and 179.335°. Due to the well-
established facile variation of the siloxane linkage, packing
effects in the crystal lattice readily explain the deformation of
the SiOSi angles in silsesquioxanes and can deviate by a large
margin from calculations in the gas phase.>'¥ The SiO bond
lengths vary between 1.653 and 1.684 A, which is overall
slightly longer than in the experimental case as well-known for
many DFT-functionals. In concert with the tendency of TfOH to
cleave siloxane bonds under thermodynamic conditions, the
high relative energy of the here reported D, (6°5°4°) isomer
suggests that silsesquioxane 2 represents the kinetic product of
the reaction.

In order to broaden the scope of the systematic preparation
of large silsesquioxanes, we attempted to isolate the incom-
pletely condensed silsesquioxane as tris(triflate) derivative 3,
despite clear indications that it was unlikely to be an
intermediate in the catalyzed formation of 2. The reverse
addition of the trisilanol 1 as suspension in toluene to a large
extent of TfOH (20 eq) was expected to favor the stoichiometric
reaction. Indeed, the biphasic mixture produced a small
quantity of colorless single crystals after layering the separated
toluene phase with hexane (Scheme 1). X-ray diffraction analysis
revealed the heavily disordered structure of 3 (Figure 5), which
may serve as strong indication for its formation but does not
allow for the discussion of structural parameters. Unfortunately,
the extreme sensitivity of 3 prevented a spectroscopic charac-
terization of the minute amount obtained. In addition, as water
is released during the substitution of OH by TfOH under the
conditions described above, an unfavorable equilibrium reac-
tion may complicate the isolation of 3 in larger quantities. The
use of triflic anhydride Tf,0O instead of TfOH was expected to
avoid this issue but did not produce satisfying results, as
depending on the reaction conditions variable amounts of
T,,Ph,, along with unidentified byproducts at ambient temper-
atures or intractable product mixtures (between —78°C and
0°C) are obtained. Attempts to quench potential triflate species
with suitable nucelophiles such as MeOH resulted in incon-

| g9

Figure 5. Highly disordered structure of silsesquioxanes tris(triflate) 3 in the
solid state. Hydrogen atoms and disorder of phenyl and OTf groups are
omitted for clarity. While the structure confirms the formation of the
T,Ph,(OTf), species, the pronounced disorder of the OTf groups is prohibitive
with regards to a discussion of bonding parameters.
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clusive NMR spectra. Increasing the excess of triflic acid even
further was not considered a viable option as it may favor
competing side reactions such as ring opening and cage-
rearrangements as reported by Feher and coworkers for other
silsesquioxanes.’®

Based on above findings and considerations, it can be safely
assumed that the mechanism of the condensation dimerization
of 1 to the here reported D;,-symmetric T,,Ph,, isomer 2 does
not involve intermediate tris(triflates) to any significant extent
although they undoubtedly occur in low concentration under
the reaction conditions. Instead we assume a catalytic cycle that
closes the three required SiOSi linkages in a stepwise manner.

Conclusions

We conclude that whereas all hitherto reported polyhedral
silsesquioxanes (RSiO; ), of cage sizes beyond n = 8 have been
obtained as side-products of the smaller congeners in typically
low yield and required complicated separation protocols, the
here presented approach via an unprecedented catalytic
condensation dimerization of T,Ph,(OH); to give T,,Ph,, is
simple and straightforward. This allowed for the first complete
characterization of a T,,Ph,, silsesquioxane, a substituted
representative of the elusive second D,, isomer of T,,H,,. The
high yielding and reproducible TfOH-catalyzed synthesis of the
largest organically substituted polyhedral silsesquioxane from
commercially available Ph,T,(OH); opens the door to the
development of an entirely new field of silsesquioxane
chemistry. The reactivity of T,,Ph,, is currently being inves-
tigated in our laboratory.

Experimental

General. All manipulations were conducted under a protective
argon atmosphere using standard Schlenk techniques unless
otherwise stated. Non-chlorinated solvents were dried over Na/
benzophenone (in the presence of tetraglyme in case of aromatic
and aliphatic solvents) and distilled under argon atmosphere.
Deuterated solvents were dried by reflux over potassium and
distilled under argon atmosphere prior to use. NMR spectra were
recorded on either a Bruker Avance Ill 300 NMR spectrometer ('H:
300.13 MHz, "*C: 75.46 MHz, "F: 282.4 MHz, *°Si: 59.63 MHz) or a
Bruker Avance |Ill 400 spectrometer ('H: 400.12 MHz, "C:
100.61 MHz, *°Si: 79.49 MHz) at 300 K. Thermogravimetric Analysis
(TGA) was performed on a TGA/DSC Stare System 1 (Mettler-Toledo)
and applying a heating rate of 10 K/min between 30 and 1000 °C.
The Ar gas flow was set to 60 mL/min. Differential Scanning
Calorimetry (DSC) was performed on a DSC 204 F1 Phoenix
calorimeter (NETZSCH-Geratebau GmbH) using an aluminum cru-
cible with a pierced lid under nitrogen atmosphere (60 mL/min). A
heating rate of 10 K/min from 25 to 415°C was applied, with an
isothermal step for 5 min at 415°C. A cooling rate of 15 K/min from
415°C to 25°C was applied. Elemental analysis was carried out with
an elemental analyzer Leco CHN-900. T,Ph,(OH); was obtained from
Hybrid Plastics, Inc. and dried under vacuum prior to use.
Trifluoromethanesulfonic acid was obtained from TCl Belgium and
distilled over a small amount of trifluoromethanesulfonic anhydride.
Trifluoromethanesulfonic anhydride was obtained from Fluorochem
and distilled over P,O,, prior to use.
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Preparation of T,,Ph,, 2. A suspension of 1.27 g T,Ph,(OH); in
13 mL of toluene is treated with 0.13 mL of a 1 M stock solution of
freshly distilled trifluoromethanesulfonic acid in dichloromethane at
room temperature in the presence of molecular sieve 4 A. The
reaction mixture is stirred for 30 minutes at ambient temperature,
then for 15 minutes at 50°C. The volatiles are evaporated under
reduced pressure using a warm water bath. From here on,
protective atmosphere or dry solvents are no longer necessary. The
obtained residue is washed with another 2 mL of toluene at 0°C.
The product is again dissolved in 2 mL of dichloromethane and
separated from the molecular sieves via filtration. 7 mL of toluene
are used to separate the T,,Ph,, from residual toluene-insoluble
byproducts. Evaporation of toluene gives 475mg of a white
powder (39% vyield). (m.p. 407°C). 'HNMR (400 MHz, C,Ds,
300 K):7.96-7.92 (m, 4H, m-Ph-H), 7.79-7.70 (m, 24H, m-Ph-H), 7.14-
7.01 (m, 12H, o, p-Ph-H, overlapping with toluene-H), 6.97-6.93 (m,
18H, o, p-Ar-H), 6.86-6.82 (m, 12H, o, p-Ph—H) ppm. 'H NMR
(400 MHz, CDCl,, 300 K): 7.76-7.74 (m, 4H, m-Ph-H), 7.56-7.54 (m,
12H, m-Ph-H), 7.47-7.44 (m, 12H, m-Ph-H), 7.38-7.33 (m, 10H, o,p-
Ph-H), 7.27-7.20 (m, 20H, o,p-Ph-H, overlapping with toluene-H),
7.10-7.06 (m, 12H, o,p-Ph-H) ppm. *C NMR (100 MHz, C,D,, 300 K):
134.6, 134.5, 132.0, 131.3, 131.1, 130.9, 130.7, 130.5, 129.3, 128.6,
128.5, 128.2, 125.7 (each Ph-C) ppm. CNMR (100 MHz, CDCl,,
300 K): 134.3, 134.2, 134.1, 131.7, 131.2, 130.9, 130.8, 130.4, 130.2,
128.1, 127.8, 127.7 (each Ph-C) ppm. **Si NMR (79.5 MHz, C,Dq,
300 K): —76.2, —77.6, —79.1 ppm. *Si NMR (79.5 MHz, CDCl,, 300 K):
—76.9, —78.3, —80.1 ppm. CP-MAS-** Si NMR: (79.5 MHz, 13 kHz,
300 K) —77.8 ppm. Elemental Analysis: Calc. for CgH,,0,,Sii4 C,
55.78; H, 3.90; Found: C, 56.11; H, 3.86.

Supporting Information

Plots of NMR and IR spectra as well as details of thermal
analysis, X-ray structures and DFT calculations. The authors
have cited additional references within the Supporting
Information.”'~®
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