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We have discovered new Meerwein’s reagent-catalyzed sol­
gel polycondensations, which provide highly condensed silica Q4

and biphenylylene silica T3 as amorphous gels with marginal
silanols starting from TEOS and 4,4¤-bis(triethoxysilyl)biphenyl
(BTEBph), respectively. We propose a plausible pathway for this
protocol with possible silyloxonium intermediates.

Since the first studies by Ebelman,1 sol­gel processes have
been used for the production of various functional materials.2­4

To date, conventional sol­gel polycondensations have been
carried out under acidic, basic, or neutral reaction conditions
to yield silica via silanol intermediates, always providing
silanol groups on the surface of the gels.3 However, quite a few
residual silanols in the gels sometimes result in functional
deterioration due to hydrophilicity, local conductivity, and hydro-
gen bonding.5 Thus, a more facile and efficient sol­gel technique
under much milder conditions such as neutral media, low reaction
temperature <100 °C, reaction time <24 h, and no cumbersome
work-up to highly condensed silica still remains a challenge for
chemists.6

Two decades ago, Sakurai and Olah independently inves-
tigated silyloxonium intermediates (1­3, Figure 1).7

Although there have been few reports on the use of
Meerwein’s reagent8 (MR, trialkyloxonium salts) in ring-opening
polymerization9 of cyclic ethers, to the best of our knowledge,
there is no report of MR-catalyzed sol­gel process proceeding
via silyloxonium intermediates. This prompted us to design a
conceptually new sol­gel approach (Scheme 1). Herein we
propose a novel MR-catalyzed sol­gel approach with a plausible
pathway for Si­O­Si bond formation.

Our initial experiments with TEOS and 30mol% of triethyl-
oxonium tetrafluoroborate (Et3OBF4) in anhydrous acetonitrile
(MeCN) at rt and then at 80 °C (Table 1, Entry 1) did not proceed
to give the expected silica gel. Accidentally, we performed the
same reaction in reagent grade MeCN under identical conditions
(Entry 2). Astonishingly, the polycondensation proceeded success-
fully resulting in white precipitate, which was washed several
times with MeCN and dried in vacuum to provide silica powder
quantitatively. The obtained silica was then characterized using
FT-IR and 29SiMASNMR. For comparison, gels were prepared by
conventional sol­gel synthesis and characterized.

An intense signal was observed in the NMR spectrum for
silica gels derived by MR-catalyzed synthesis (red line in
Figure 2a, ¹113 ppm: denoted as Q4 silicon species).10 These
results indicate that almost all the Si­OEt bonds are reacted
to form Si­O­Si bonds, giving highly condensed (97%, see
Supporting Information)20 silica gels with marginal silanol groups.
In contrast, conventional synthesis resulted in silica gels possess-
ing a Q3 silicon species in the NMR spectra (black line in
Figure 2a). The FT-IR results showed almost no silanol groups for
the silica gels derived by MR-catalyzed synthesis (red line in
Figure 2b), which is in good agreement with the NMR results.
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Figure 1. Previously reported silyloxonium intermediates.
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Scheme 1. Traditional and proposed sol­gel polycondensations.

Table 1. Sol­gel polycondensation of TEOS in the presence of MR
under various reaction conditionsa

Entry MR
Water
/equiv

Yield
/%b Q3:Q4

1 Et3OBF4 ® NR ®

2c Et3OBF4 0.18 >99 12:88
3 Et3OBF4 0.18 98 6:94
4 Et3OBF4 0.10 64 7:93
5 Et3OBF4 1.0 >99 5:95
6 Me3OBF4 0.18 >99 5:95

aAll reactions were carried out on 200mg reaction scale of TEOS
and MR (0.3 equiv) in anhydrous MeCN (4.0mL) at rt for 4 h and
then at 80 °C for 12 h; NR: no reaction. bIsolated yield based on
(SiO2)n and mean of at least three runs. cReagent grade MeCN
was used.
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Figure 2. 29SiMASNMR (a) and FT-IR (ATR, b) spectra for the
silica gels prepared by MR-catalyzed (red line) or conventional sol­
gel synthesis (black line).
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Additional experiments were performed for a thorough
investigation by varying the mol% of water in anhydrous MeCN
(Entries 3­5).11 Entry 3 provided 98% silica with Q4 content up
to 94%. Polycondensation in the presence of trimethyloxonium
tetrafluoroborate (Me3OBF4) also resulted in highly-condensed
silica without altering the Q4 content (Entry 6). Et3OBF4 is labile
to hydrolysis with the formation of HBF4. Thus, in order to
ascertain any acid-catalyzed sol­gel polycondensation, we per-
formed the reaction in the presence of 60mol% of HBF4 (45%
solution in water). The polycondensation proceeded incompletely
resulting in Q2 and Q3 together with Q4 silicon species (see: SI).

During the course of our studies on the MR-catalyzed sol­gel
process, Asefa et al. reported the use of Et3OBF4 for the
fluorination of mesoporous silicas.12 In accordance with his and
previous reports by Sakurai7a and Olah,7b,7c we propose that during
the initial stage of polycondensation, Et3OBF4 dissociates into Et+,
Et2O, and BF4¹.13 Formation of BF4¹ raised a question about the
ÔSi­F containing species in the obtained silica. Consequently,
19FMASNMR was measured, which showed a sharp peak at
¹150 ppm (assigned for BF4¹) and a broad peak ranging from
¹140 to ¹150 ppm (assigned for ÔSi­F). These results suggest
that nucleophilic fluorination14 to the Si center occurred to some
extent in the course of the condensation reaction with TEOS.
Furthermore, ion chromatography analysis data for the silica
sample showed a residual fluoride content of 1.1mass% (SI).

In order to elucidate the plausible reaction mechanism, we
next performed additional reaction of TEOS (1.0 equiv) with
Me3OBF4 (0.3 equiv) using an NMR tube with J Young valve (see
SI). The formation of EtOMe observed by 1HNMR indicates the
presence of silyloxonium intermediate 4.7a,15,16 Moreover, we
observed two new quartets at 4.0 and 4.54 ppm corresponding to
­CH2 protons adjacent to ­CH3 groups at 1.27 and 1.45 ppm,
respectively. As there is no previous report and no NMR evidence
regarding such intermediates, we speculate that these two quartets
correspond to silyloxonium intermediates. On the basis of these
findings, we propose a plausible reaction pathway in Scheme 2.

As we discussed, Me3OBF4 dissociates into Me+ which
presumably alkylate the ­OEt group of TEOS to form silyloxo-
nium 4. According to reports by Asefa12 and Maier,17 nucleophilic
attack by F¹ at the Si center likely results in a hypervalent silicon
intermediate that stretches and weakens the Si­OEt bonds. At a
later stage, silyloxonium 5 will also likely be generated with an
additional mol of TEOS. Independent reports by Sakurai7a and
Olah7b,7c on the detection of silyloxoniums 1­3 (Figure 1) support
our claim for proposed silyloxoniums 4 and 5. In addition to the
above reports, Charpentier also recently observed the presence of a
silyloxonium in the polycondensation of TMOS.18 Furthermore,
our protocol need 10­18mol% of water in dry MeCN19 however,
role of water is unclear at this stage. We speculate that the use of
water may possibly help in either solubilizing the oxonium salts or
in shifting the equilibrium from silyloxonium intermediate 5 to
carry forward further condensation of TEOS.

After achieving highly-condensed silica gels from TEOS
using MR, we extended our idea to generate organosilica gels.
BTEBPh as a model compound successfully provided highly
condensed amorphous biphenylylene silica in 94% yield in the
presence of Me3OBF4 (Figures 3 and SI20).

We thank Kyoto Advanced Nanotechnology Network for
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Scheme 2. Plausible pathway for MR-catalyzed sol­gel polycon-
densation of TEOS.
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Figure 3. 29SiMASNMR (a) and FT-IR (ATR, b) spectra for
biphenylylene silica prepared by MR-catalyzed (red line) or conven-
tional sol­gel synthesis (black line).
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