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Protecting and Leaving Functions of Trimethylsilyl Groups in
Trimethylsilylated Silicates for the Synthesis of Alkoxysiloxane

Oligomers

Masashi Yoshikawa,® Yasuhiro Tamura,® Ryutaro Wakabayashi,® ! Misa Tamai,’® Atsushi

Shimojima,*@ and Kazuyuki Kuroda*? ®!

Abstract: The concept of protecting groups and leaving groups in
organic synthesis was applied to the synthesis of siloxane-based
molecules. Alkoxy-functionalized siloxane oligomers composed of
SiO4, RSIiO3, or R;SiO, units were chosen as targets; however,
synthetic methods are limited. Here we describe a novel synthesis of
alkoxysiloxane oligomers based on the substitution reaction of
trimethylsilyl (TMS) groups with alkoxysilyl groups. Oligosiloxanes
possessing TMS groups were reacted with alkoxychlorosilane in the
presence of BiCl; as a catalyst. TMS groups were substituted with
alkoxysilyl groups, leading to the synthesis of alkoxysiloxane
oligomers. Siloxane oligomers composed of RSiOz and R,SiO, units
were synthesized more efficiently than those composed of SiO, units,
suggesting that the steric hindrance around the TMS groups of the
oligosiloxanes makes a difference in the degree of substitution. This
reaction uses TMS groups as both protecting and leaving groups of
SiOH/SIO~groups.

In organic synthesis, precise molecular design has been widely
developed by using protection and deprotection of functional
groups.™ Silyl groups, most typically trimethylsilyl, are commonly
used as protecting groups for —COH groups because C—O-Si
bonds can be easily cleaved at the O-Si bond. We were inspired
to apply this methodology to siloxane-based inorganic synthetic
chemistry in order to advance and stimulate the field. It is well
known that trialkylsilyl (-SiRs) groups are useful for capping
SiOH/SIO™ groups; however, their use as protecting groups for
the controlled synthesis of siloxane-based compounds has not
been reported. One of the more challenging and unprecedented
issues requiring investigation is the selective cleavage of the Si—
O-SiR; linkages (deprotection) for subsequent reactions in
multistep synthesis.

The target molecules in this study are well-defined
oligosiloxanes used as building blocks for siloxane-based
materials. Silicone, silsesquioxanes, and silica have applications
in a wide range of fields. Using building blocks for the
preparation of these materials is an effective methodology to
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construct siloxane structures that cannot be achieved by using
monomeric silanes, which enables the development of materials
with novel properties and functionalities.? In particular,
oligosiloxanes possessing alkoxy groups (hereafter called
alkoxysiloxane oligomers) are important because of their ability
to form Si-O-Si networks with controlled compositions and
nanostructures by hydrolysis and polycondensation of the alkoxy
groups.Bl However, selective methods for the synthesis of
alkoxysiloxane oligomers are quite limited.

Alkoxysiloxane oligomers are generally synthesized by
alkoxysilylation of monomeric silanes or oligosiloxanes (Scheme
la). The formation of siloxane bonds and the introduction of
alkoxy groups are conducted simultaneously in these
reactions./) However, the instability of the alkoxy groups against
hydrolysis limits the reaction conditions and types of precursors
available. Additionally, the synthesis and isolation of the
reactants containing Si—OH groups are difficult. Although non-
hydrolytic routes (Scheme 1b) have also been developed,® the
structures of the alkoxysiloxane oligomers reported so far have
been limited. To address these issues, we propose a new
synthetic route in which the formation of siloxane bonds and the
introduction of alkoxy groups are done separately, as shown in
Scheme 1c. The terminal reactive sites (SiOH/SIO”) of
oligosiloxanes are first protected with trialkylsilyl groups,
allowing the facile isolation of a variety of oligosiloxanes as
stable compounds. The trialkylsilyl groups are then substituted
with  alkoxysilyl groups (deprotection).  Trimethylsilylated
derivatives of oligosiloxanes are rich in diversity, and various
structural types such as linear, branched, ladder, and cubic have
been reported. However, methods for the substitution step have
not been developed yet. Although the substitution reaction of
dimethylsilyl groups with other trialkylsilyl groups was reported,®l
this reaction cannot be adopted for the synthesis of
alkoxysiloxane oligomers because the reaction is conducted
under hydrolytic conditions.

Herein, we report the nucleophilic substitution reaction of
TMS groups with alkoxysilyl groups as a novel synthetic method
for the synthesis of alkoxysiloxane oligomers (Scheme 1c). We
confirmed the leaving group ability of the TMS groups of QM,t
by substituting with dimethoxy(methyl)silyl groups using a Lewis
acid catalyst (BiCls) (Scheme 2a). The scope of the reaction was
then investigated by using several oligosiloxanes possessing
TMS groups as starting materials (Scheme 2a, b). Finally, we
synthesized tris(dimethoxy(methyl)siloxy)(vinyldimethoxysiloxy)-
silane  (QTMe; TV from  tris(trimethylsiloxy)silanol  (QMs)
(Scheme 3). QM3 can be considered as the protected compound
of Si(OH), with three TMS groups. To the best of our knowledge,
this is the first report where the concept of protecting and leaving
groups is applied to the synthesis of siloxane-based compounds.

The fact that TMS groups act as a leaving group in the
substitution reaction of QM. with incoming
dimethoxy(methyl)silyl groups was confirmed by the following
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Scheme 1. Conventional synthetic routes to alkoxysiloxane oligomers and a
novel route proposed in this study.
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Scheme 2. (a) Syntheses of alkoxysiloxane oligomer based on the substitution
reaction of TMS groups with alkoxysilyl groups. (b) Oligosiloxanes possessing
TMS groups used as starting materials.

two evidences. The formation of trimethylchlorosilane (TMCS)
as a byproduct and the formation of QM,T,, QMTs, and QT4 as
products were confirmed by NMR spectroscopy of the reaction
mixture (Figs. S4a—S6a).

The 2°Si NMR spectrum of the purified sample derived
from the QM4/(MeO).MeSICI/BiCl; reaction system (entry 1, Fig.
S7a) shows signals corresponding to QM2T2, QMT3, and QT,.
The starting QM4 was not observed. The formation of these
compounds is also supported by their *H and *C NMR spectra
(Figs. S8 and S9), and high-resolution ESI-MS data (Table S1).
The conversion ratio of TMS groups is 84%, which is calculated
by Eq. (1) based on the signal intensities of M and T silicon
atoms.

Conversion (%) = Sum of signal intensities of T silicon atoms

/ Sum of signal intensities of M and T silicon atoms x 100 Eq. (1)

The conversion did not change (84%) when the reaction
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Scheme 3. Synthesis of an alkoxysiloxane oligomer with a vinyl group using
TMS groups as protecting and leaving groups.

Table 1. Reaction conditions for the substitution of TMS group of QMa.

Conversion of

Entry Temperature/°C  Time/d Product TMS groups / %
QM:T,
1 25 1 OMTs, QT4 84
QM:2To,
2 2 7 4
4 QMT3, QT4 8
3 60 7 QMT3, QT4 98

time was increased from 1 d to 7 d (entry 2, Fig. S7b). This can
be attributed to the equilibrium of the substitution reaction. The
conversion of TMS groups was much lower (3%) without BiCls
under otherwise identical conditions (Figs. S10-S12), indicating
that BiCl; catalyzes the substitution reaction of TMS groups.

In order to determine whether the substitution reaction of
TMS groups is an equilibrium reaction or not, the reverse
reaction of the substitution of TMS group of QM4 with
(MeO),MeSiCl was conducted by reacting QT., which was
synthesized in a different manner (see the Experimental Section
of Sl), with TMCS. The !H, C, and ?°Si NMR spectra (Figs.
S13-S15) of the obtained mixture show signals corresponding to
a large amount of unchanged QT,4 and a small amount of QMTs,
suggesting that the reverse reaction slightly proceeded. These
results explain why some of the TMS groups were not
substituted with alkoxysilyl groups in the
QM.4/(MeO),MeSiCl/BiCl; reaction system.

To improve the conversion of TMS groups, the substitution
reaction was conducted at the boiling point of the byproduct
(TMCS) to bias the reaction equilibrium by removing TMCS from
the reaction mixture (entry 3). The *H, *3C, and ?°Si NMR spectra
of the liquid, removed from the reaction mixture, show signals
corresponding to TMCS, suggesting that it was successfully
removed from the reaction mixture (Figs. S16-S18). The 2°Si
NMR spectrum of the purified sample (entry 3, Fig. S7c) shows

This article is protected by copyright. All rights reserved.
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signals corresponding to QMT3 and QT4, while the signal due to
QM.T, has disappeared. The conversion of TMS groups was
98%, indicating that the reaction equilibrium was successfully
biased by removing the TMCS from the mixture.

The substrate versatility of the substitution reaction of TMS
groups was investigated by using Q:Ms and QsMs. Q2Ms and
QsMs were reacted with (MeO),MeSiCl in the presence of BiCls
at 60 °C for a week. In both cases, although the substitution
reaction proceeded, TMS groups partially remained, as
determined by NMR and MS spectroscopies (Q:Me: Figs. S19—
S21 and Table S2; QsMs: Figs. S22—-S24 and Table S3). The
conversions of TMS groups for Q:Ms and QsMs were 34% and
39%, respectively, and were not improved by increasing the
reaction time. Such relatively low conversions may be caused by
the increase in the steric hindrance around the oxygen atoms
linked to the TMS groups with the progress of the substitution
reaction, as described later in the reaction mechanism section.
These results suggest this substitution reaction of TMS groups
has a certain limit on the substrate tolerance.

Scheme 4 shows the proposed reaction mechanism of the
substitution reaction of TMS groups with alkoxysilyl groups
(QM4/(MeO).MeSiCI/BIiCl; reaction system was used as a model
case.). This mechanism is based on previous mechanistic
studies of Lewis acid-catalyzed siloxane-bond-formation
reactions between SiOR (R = Me or Et) and SiX (X = Cl or Br).["]
This reaction mechanism consists of the following three steps: (i)
the Si—Cl bond of the alkoxychlorosilane is activated by BiCls; (ii)
an oxygen atom of QM, attacks the silicon atom of the
alkoxychlorosilane and chloride ion is eliminated, which attacks
the silicon atom of a trimethylsilyl group; (iii) TMCS is formed
and eliminated, and BiCls is regenerated.

In the cases of Q:Ms and QsMsg as starting materials, the
oxygen atoms, which are not linked to TMS groups (Sig—O-Sig),
were not involved in the reaction as suggested by the lack of
signals in the NMR and MS spectra corresponding to the
molecules formed by cleaving the Sig—O—-Sig bonds. The oxygen
atoms of Sig—O-Sig bonds are more sterically hindered and
electron-poorer than those of Sq—O-Siu(TMS) bonds; therefore,
the oxygen atoms in Sig—O-Sig bonds are less capable of
attacking alkoxychlorosilanes nucleophilically.

The relatively low reactivities of Q.Ms and QgMg in the
substitution reactions may be due to the steric hindrance around
the oxygen atoms linked directly to TMS groups, which reduces
their ability to attack the alkoxychlorosilane nucleophilically. In
fact, when MD.;M, a compound with decreased steric hindrance
than Q:Ms, was used as a starting material, the conversion of
TMS groups was 100% based on the ?°Si NMR spectrum (Figure
S25). However, the reaction products were partially polymerized
(details are shown below.).

To investigate the effects of the electron density, the TMS
groups of TP"M; were substituted with dimethoxy(methyl)silyl
groups. The Si atom linked to TMS groups of TP"Mj3 is more
electron-rich than those of QM4 and Q:Ms. The conversion of
TMS groups of T°?"Mz was higher (100%) than those of QM, and
Q:Ms, based on the 2°Si NMR spectrum (Figure S28),
suggesting that the nucleophilic attack of the oxygen atoms
linked to TMS groups is the key step of the substitution reaction
of TMS groups.

The conversions of TMS groups of MD,M and TFP"M; were
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Scheme 4. Proposed reaction mechanism of the substitution reaction of TMS
groups with alkoxysilyl groups.

high, however, partial polymerization of the reaction products
was confirmed by NMR spectroscopy (Figure S25-S27 and
S28-S30), while the same could not be confirmed for QM4. This
polymerization may be caused by a functional group exchange
reaction between incoming -SiMe(OMe), and -SiCl groups of
dimethoxy(methyl)chlorosilane, and the following substitution
reaction of TMS groups (Scheme S2). Alkoxy groups linked to
electron-rich Si atoms are more easily exchanged with chloro
groups than those linked to electron-poor Si atoms;®! therefore,
polymerized compounds were formed in the reactions of MD,M
and TP"Ms;. Despite the low stability of the reaction products in
the cases of MD,M and TP"Mj3, the concept of this study, that is
the substitution of TMS groups with alkoxysilyl groups, was
demonstrated.

The leaving group ability of TMS groups linked to —OSi
was confirmed as mentioned above, therefore, the synthesis of
alkoxysiloxane oligomers was conducted with TMS groups as
protecting and leaving groups. As shown in Scheme 3,
tris(trimethylsiloxy)silanol (QMs3) was chosen as a starting
material because it can be considered as the protected
compound of Si(OH), with three TMS groups. Firstly, the
remaining silanol group of QMs; was alkoxysilylated with
chlorodimethoxy(vinyl)silane to obtain QMzTV™!. Then, the TMS
groups of QMzTV™ were substituted with dimethoxy(methyl)silyl
groups while retaining the vinyldimethoxysilyl group. The
formations of the target compound and the molecule with one
remaining TMS group were confirmed by 2°Si NMR spectroscopy
(Fig. 1). These results were also supported by H, 3C NMR
(Figs. S31 and S32), and MS spectroscopies. The reason for
this selective substitution of TMS groups can be explained by
lower nucleophilicity of —OSi(CH=CH,)(MeO), group than that of
TMS group at the stage (ii) in Scheme 4. The conversion of TMS
groups was calculated as 97% and the synthesis of the target
compound was achieved in high yield (94%); therefore, TMS
groups can be used as protecting and leaving groups for the
synthesis of siloxane-based molecules. Although the substrate
scope of the reaction for oligosiloxanes composed of SiO4 units
is still limited as the conversion ratio depends on the structure of
the starting trimethylsilylated silicates, the concept of protecting
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groups has been achieved using this reaction. This approach is
a novel synthetic strategy of alkoxysiloxane oligomer using
designed precursors for siloxane-based

Me c Me
MeO-|-OMe Mo -OMe
MeO O  OMe Me O OMe

e - ¢ | ! \ h
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Figure 1. °Si NMR spectrum of the QMsT"™/(Me0O).MeSiCl/BiCls reaction
system.

materials.

The substitution reaction of TMS groups is similar to the
alkoxysilylation of tert-butoxysilane with alkoxychlorosilane. -
Leaving groups are substituted with alkoxysilyl groups in both
reactions. The difference of conversion in these two reactions
was investigated by reacting (MeO).MeSiCl with QMs or
Si(O'Bu)4 under the same conditions (at room temperature for a
day). The H, ¥C, and #*Si NMR spectra show that all the Bu
groups are substituted with dimethoxy(methyl)silyl groups (Figs.
S33-S35). On the other hand, TMS groups partly remained after
the substitution reaction as mentioned above. This difference is
caused by the existence of the reverse reaction. As already

mentioned, the substitution of TMS groups progresses reversibly.

In the case of 'Bu groups, the reverse reaction does not occur
because the tertiary carbon atom of '‘BuCl (byproduct of the
reaction) is not reactive under substitution conditions due to
steric hindrance. In this sense, 'Bu group has an advantage over
TMS group in terms of conversions; however, there are a couple
of concerns on the use of 'BuO groups. Functional group
exchange between 'BuO groups and chloro groups in starting
materials unavoidably occurs, lowering the yields of target
molecules. Furthermore, as mentioned in the introduction,
trimethylsilylated oligosiloxanes are rich in diversity. These
compounds can be used as building blocks for siloxane-based
materials by introducing alkoxysilyl groups using the reaction
developed here; therefore, this synthetic method is expected to
be a fruitful methodology for the synthesis of siloxane
compounds and siloxane-based materials derived from those
compounds.
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In conclusion, the leaving group ability of TMS groups in
oligosiloxanes was confirmed by reacting several oligosiloxanes
possessing TMS groups with alkoxychlorosilane in the presence
of BiCl; as catalyst. The TMS groups of oligosiloxanes are
substituted with alkoxysilyl groups, and alkoxysiloxane oligomers
were  successfully  synthesized.  Trimethylsilyl-terminated
oligosiloxanes can be synthesized from natural and synthetic
silicates, and their siloxane structures are rich in diversity (linear,
branched, cyclic, and cubic). The expansion of this reaction’s
substrate scope by future studies will lead to a novel fruitful
synthetic method for alkoxysiloxane oligomers. The present
work demonstrates that the concept of protecting groups in
synthetic organic chemistry is applicable to siloxane-based
molecules. Further studies on the viability of this reaction will
contribute to a precise synthetic chemistry of siloxane-based
molecules.
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T Symbols Q", T", D", and M" denote the bonding state of Si atoms; Q"

Si(OSi)n(OH, OR, or O)sn(n =0, 1, 2, 3, or 4), T" R’Si(OSi)a(OH, OR, or O~

)3n(n =0, 1, 2, or 3), D" R’2Si(0Si)a(OH, OR, or O)2-n, (n =0, 1, or 2) and M™

R’3Si(OSi)a(OH, OR, or O7)i-n (n = 0 or 1). In addition, the superscripts of

these symbols, such as TM® and TP", denote the functional groups linked to the

Si atoms (R’) in this paper.

[1] P. G. M. Wuts, T. W. Greene, Greene's Protective Groups in Organic
Synthesis, Wiley, 2012.

[2] C. Sanchez, G. J. d. A. A. Soler-lllia, F. Ribot, T. Lalot, C. R. Mayer, V.
Cabuil, Chem. Mater. 2001, 13, 3061-3083.

[3] a) A. Shimojima, K. Kuroda, Chem. Rec. 2006, 6, 53-63; b) K. Kuroda,
A. Shimojima, K. Kawahara, R. Wakabayashi, Y. Tamura, Y. Asakura,
M. Kitahara, Chem. Mater. 2014, 26, 211-220; c) A. Chemtob, L. Ni, C.
Croutxe-Barghorn, B. Boury, Chem. Eur. J. 2014, 20, 1790-1806.

[4] a) M. Jaumann, E. A. Rebrov, V. V. Kazakova, A. M. Muzafarov, W. A.
Goedel, M. Méller, Macromol. Chem. Phys. 2003, 204, 1014-1026; b) Y
Hagiwara, A. Shimojima, K. Kuroda, Chem. Mater. 2008, 20, 1147-
1153; c) C. R. Morgan, W. F. Olds, A. L. Rafferty, J. Am. Chem. Soc.
1951, 73, 5193-5195; d) J. R. Wright, R. O. Bolt, A. Goldschmidt, A. D.
Abbott, J. Am. Chem. Soc. 1958, 80, 1733-1737; e) Y. Abe, I. Kijima,
Bull. Chem. Soc. Jpn. 1969, 42, 1118-1123; f) A. Shimojima, Z. Liu, T.
Ohsuna, O. Terasaki, K. Kuroda, J. Am. Chem. Soc. 2005, 127, 14108-
14116.

[5] a) W. Wojnowski, W. Bochenska, K. Peters, E. M. Peters, H. G. von
Schnering, Z. Anorg. Allg. Chem. 1986, 533, 165-174; b) E. A. Rebrov,
A. M. Muzafarov, V. S. Papkov, A. A. Zhdanov, Dokl. Akad. Nauk
SSSR 1989, 309, 376-380; c) N. Ueda, T. Guniji, Y. Abe, J. Sol-Gel Sci.
Technol. 2008, 48, 163-167; d) R. Wakabayashi, K. Kawahara, K.
Kuroda, Angew. Chem. Int. Ed. 2010, 49, 5273-5277; e) R.
Wakabayashi, M. Tamai, K. Kawahara, H. Tachibana, Y. Imamura, H.
Nakai, K. Kuroda, J. Organomet. Chem. 2012, 716, 26-31; f) M.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

el

Yoshikawa, R. Wakabayashi, M. Tamai, K. Kuroda, New J. Chem. 2014,
38, 5362-5368.

|. Hasegawa, T. Niwa, T. Takayama, Inorg. Chem. Commun. 2005, 8,
159-161.

[7]

8]

10.1002/anie.201705942

WILEY-VCH

a) R. J. P. Corriu, D. Leclercq, P. H. Mutin, H. Samson, A. Vioux, J.
Organomet. Chem. 1994, 466, 43-50; b) L. Bourget, R. J. P. Corriu, D.
Leclercq, P. H. Mutin, A. Vioux, J. Non-Cryst. Solids 1998, 242, 81-91.

Y. Komata, M. Yoshikawa, Y. Tamura, H. Wada, A. Shimojima, K.
Kuroda, Chem. Asian J. 2016, 11, 3225-3233.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

COMMUNICATION

Deprotection

and Functionalization Me
Protection MeO-g, -OMe
\

™S OMe
™S : ‘

o /\ L . po /Nc‘is‘.w1e MeO o ome
: ‘ TMs-O-8i-O-Tms OM Me-g;-O-gj-0-g|-Me

=50l TMS-0-§i-0~TMSs —= ; o OMe_ MBS S
MeO OH P BiC, MeG O OMe

Meo->"OMe _Si-ome

TMS: SiMe; f) MeQ
Functionalization

Protecting group in siloxane-based inorganic synthetic chemistry: The
concept of protecting groups in organic synthesis is applied for the synthesis of
siloxane oligomers with alkoxy groups. Several alkoxysiloxane oligomers were
successfully synthesized by substitution reaction of trimethysilyl groups with
alkoxysilyl groups.
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