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A highly efficient preparative method for synthesis of siloxanols
based on aerobic Co(OAc), or Cu(OAc), / NHPI - catalyzed
oxidation of hydride siloxanes using “green”, commercially
available, simple inexpensive reagents and mild reaction
conditions has been proposed. This is a general reaction for the
synthesis of mono-, oligo- and polymeric siloxanols with various
structures (linear, branched and cyclic).

Siloxanols and silanols (organosilanols) are an important class
of organosilicon compounds that attract considerable
attention of researchers due to unique physicochemical
properties and high potential of applicability in various areas
of chemistry.

For example, silanols are widely used in organic synthesis: in
cross coupling reactions (Hiyama-Denmark reaction, conjugate
addition),1 in C—H-functionalization (Si—-OH as the directing
group),2 as catalysts (hydrogen-bonding catalysts),3 etc. It has
also been shown that the amphiphilic nature of silanols
underlies their surface activity4 and microbial activity.5

A classical approach to the synthesis of silanols involves the
hydrolysis of chloro- and alkoxysilanes (Scheme 1, pathway
A).G'7 In this case, it is important to strictly observe the process
conditions (primarily, the pH medium) in order to avoid the
formation of siloxanes as the main side products. Yet another
drawback of this method lies in the limited mutual solubility of
the starting silanes and water, which leads to the necessity to
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study three-component systems (water-solvent-silane) in
order to find the optimum conditions.

Another general approach to the synthesis of silanols involves
the oxidation of the corresponding hydride silanes. They are
preferable as precursors (Scheme 1, pathway B) in comparison
with chloro- and alkoxy-derivatives due to the following
reasons: they are more “green” reagents than chloro- and
alkoxy-derivatives; they do not form chloro- and alkoxy-
containing side products; a desired silanol can be synthesized
selectively by choosing the structure of the starting hydride
silane.” Two groups of processes can be distinguished here: the
processes using organic or inorganic oxidants in stoichiometric
or excessive amounts;8 metal-catalyzed oxidation.” These
processes are usually based on expensive, toxic and
commercially unavailable oxidants and catalysts. Furthermore,
in the majority of these studies, the products (silanols) are not
isolated in the individual form but, instead, they are just

identified in the reaction mixture using GLC and NMR
methods.
pathway A pathway B
3 1 1
R cat/0 R o] R
R2CSi—OH R2LSi=X ———— HO={Si+R?
R1 X=CLOR g3 X=H ‘Re
cat: [O]:

(1) KOH, EtsN, CsHsN, etc;
(2) HCI, CF3COOH, etc

(1) 0OsO4, KMnO,, PhCO3H, O3,
PhC(O)CF yH,0,, Dioxirane, etc.;
(2) [Pt], [Au], [Ag], [ir]. etc / H20;

R' R2, R®= Akyl, Vinyl, Aryl  [W], [Cu], etc /'BuOOH or H;05

Scheme 1. The main approaches to the synthesis of silanols

It is important to note that both of these approaches (Scheme
1) are primarily applicable to the synthesis of alkyl-, vinyl- and
arylsilanols.

As to siloxanols, they are usually obtained by hydrolysis of di-,
tri- and tetra-(chloro- or alkoxy-)silanes (Scheme 1, pathway A)
to give a mixture of oligomeric and polymeric siloxanols with
various structures. To date, studies on the synthesis of
siloxanols from the corresponding hydride siloxanes are
represented only by a few examples (Scheme 1, pathway B),**
which, on the one hand, confirm the capability of this
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approach, and on the other hand, show the limited scope of
the real synthetic techniques.7

However, siloxanols are a more practically important class of
compounds than silanols. They can be used as monomers in
heterofunctional polycondensation  with  alkoxy- or
chlorosilanes and allow one to obtain polymers with high
molecular mass and with predetermined structures and
properties.10 Siloxanols are also important building blocks in
sol-gel processes,11 in supramolecular chemistry12 as well as in
the synthesis of dendrimers and other structures with well-
defined architecture.” Furthermore, one of the most popular
examples of practical application of siloxanols is their use in
RTV (Room-Temperature-Vulcanizing) silicone compositions
based on polydimethylsiloxane with terminal Si—OH groups.14
Yet another, no less important field of use of siloxanols is in
organosilicon resins that are usually cured via residual Si—OH
groups.”

As mentioned above, the second approach (Scheme 1,
pathway B) to the synthesis of compounds with a Si—-OH group
is preferable, but to be used as a preparative method for
synthesizing mono-, oligo- and polymeric siloxanols it has to
comply with the following requirements: possess an
inexpensive, commercially available and nontoxic (or low-
toxic) oxidative system, relatively mild process conditions, and
possibility to easily isolate the target product from the reaction
mixture in order to avoid side processes of condensation to
give siloxanes.

These requirements are met by aerobic oxidation processes, in
particular, taking into consideration the results obtained in the
oxidation of C—H and Si—H groups with the TM/NHPI system.16
In recent years there have been an increasing number of
studies on the oxidation of organic compounds with
participation of molecular oxygen allowing one to obtain
valuable products that are widely used in science, technology
and medicine. Furthermore, aerobic oxidation serves as the
basis for a number of industrially important processes (the
Wacker process, preparation of tert-butyl hydroperoxide and
terephthalic acid, oxidation of alkenes, arenes, alkanes, etc.).17
Thus, the purpose of this study was to develop methods of
aerobic oxidation of hydride siloxanes under mild conditions in
order to obtain siloxanols with various structures.

At the first step of our study, we performed a thorough
optimization of conditions for aerobic oxidation of hydride
siloxane 1a to siloxanol 2a. After that, the optimum conditions
were applied to the other substrates 1b-j (Table 1 & Scheme 2;
Supp. Inf.).

To determine the most reactive oxidative system
(IM]/NHPI/O,) for the conversion of hydride siloxane 1a to
siloxanol 2a, first, we performed screening by the type of
metal catalyst. The yield of product 2a in acetonitrile medium
with Cr(OAc)s, Fe(OAc),, Ni(OAc), and Mn(OAc), was 1 —3 % in
24 h at 25 °C. CAN ((NH,),Ce(NO3)¢) was slightly more reactive
— up to 15%, whereas the yields in the case of Cu(OAc), and
Co(OAc), were 57 and 60%, respectively (Table 1, a; Supp. Inf.).
Estimation of the efficiency of oxidative systems based on
[Co]- (Co(OAC),/NHPI/0O,) and [Cu]-catalysts
(Cu(OACc),/NHPI/O,) has shown that the system based on the
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[Co]-catalyst is more reactive but considerably less selective in
the oxidation of hydride siloxane 1a to siloxanol 2a than the
system based on the [Cu]-catalyst (Table 1, b, ¢; Supp. Inf.).

Table 1. Study of the effect of aerobic oxidation conditions of
1a on the yield of 2a°

| ‘_/

/S'*o‘ x [M], y NHPI, O, (1 atm) p's'\
_ISi_H > HO—Si—
:er MeCN, T (°C), t (h) o‘Sii
" 1a 2a |
[M] Co(OAc), Cu(OAc),
3/60/37, 43/57/0,
la/2a/Siloxanes,  16/82/2,° 89/11/0,°
% 0/16/84,° 12/80/8,°
3/90/7° 2/95/3,570/

? 1a (0.452 mmol, 1 eq.), NHPI (0.0905 mmol, 0.2 eq.), [M]
(2.26 umol, 0.005 eq.), MeCN (1 mL), 25 °C, 24 h, O, (1 atm).
The yield of 2a was determined by GLC. bgh 3 days. d
Co(OAc), (0.01 eq.), 25 °C, 8 h. ° Cu(OAc), (0.01 eq.), 60 °C, 6 —
9 h. 7 I1solated yield of 2a after distillation under reduced
pressure.

Since both parameters of the oxidative system (reactivity and
selectivity) are important, we continued the optimization of
the oxidation conditions of hydride siloxane 1a to siloxanol 2a
using two independent oxidative systems: Co(OAc),/NHPI/O,
and Cu(OAc),/NHPI/O,.

First, consider the system based on the [Co]-catalyst. A
detailed study of the effect of the starting reagent ratio,
solvent nature, organic catalyst, anion in the starting metal
catalyst, temperature and process time allowed us to
determine the optimum conditions for the synthesis of
siloxanol 2a from hydride siloxane 1a in 90% vyield:
0.01Co(OAc),/0.2NHPI/O,, MeCN, 25 °C, 8 h (Table 1, d; Supp.
Inf.).

The optimum [M]/NHPI ratio for the [Cu]-system, similarly to
the [Co]-system, is 0.01/0.2. It allows to obtain siloxanol 2a in
83% yield at 25 °Cin 72 h (3 days) (Supp. Inf.).

An important feature of the oxidative system based on the
[Cu]-catalyst was that the temperature increase from 25 to 60
°C made it possible to shorten the time required for the
oxidation of hydride siloxane 1a to siloxanol 2a from 72 h to 6
— 9 h, respectively, while the yield of the target product
increased from 83 to 95% and the fraction of the formed side
products slightly decreased from 9 to 3%, respectively (Table 1,
e; Supp. Inf.). The yield of siloxanol 2a after distillation under
reduced pressure was 70% (Table 1, f; Supp. Inf.).

Thus, the oxidative system based on the [Cu]-catalyst is
somewhat more efficient in the oxidation of hydride siloxane
1a to siloxanol 2a than the system based on the [Co]-catalyst.
It can be summarized from the results obtained that there are
three main parameters having the strongest effect on the
overall process efficiency (activity/selectivity): the type of the
metal catalyst (Co(OAc), and Cu(OAc),), temperature (25 — 60
°C) and the time of the process. Accordingly, we assumed that
varying these parameters would allow us to adapt the

This journal is © The Royal Society of Chemistry 20xx
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conditions of aerobic oxidation to the other substrates 1b-j
(Scheme 2; Supp. Inf.).

]
R{ 0.01 [M], 0.2 NHPI, 05 (1 atm) R
Rz—,Si—H >  HO-Si—R?
R3 MeCN, 25 - 60 °C R3
1a- 2a+j

Structure 2a-j; yield according to GLC or "H NMR, %
} (isolated yield, %); process temperature and time

Isik |
=5Sim0OH \—/?i-O—Ti—OH
&i >Si,o 2a% 95 (70); 2b? 77 (40);
& f 60°C,6-9h 25°C,15-17h
3 |
S o—Si—o.d
g b ! 'Si
& $o—di—o’ ) >
S —£Si=0=+Si*—0H
S OH 2¢% 83 (56); / 2d°; 58 (20);
2 60°C,6-8h 25°C,12-15h
c N4
3 k.
= [o!
§7] X \
X £ —£Si-0-Ssi—0H
o —£8i-0£Si-0%Si— Si oo,s| °
= / ou \ 2e?% 76 (35); 2 59 (40);
= 40°C 6-8h  ©¥  60°C, 24h
= 5
T § | | |
L. \ 3 ) 5
- ? HO=£SisrO=Sirr-0+<Si+~OH
2 o O)Si ! [ 2 1 2n%; 98 (96),
3 —Sir0TN 60°C, 24h
k| e
= —/S|—OH | (I)H
2 e o TMSO i—0>— —0-TMS
e A/SI_O; Si/ T 10 T 11
5 1
= O L _ 5. .
o gh 29%81(52) 2i%; 98 (92);
< X 60°C,20-24h 60°C, 72 h
8
_% 2 [M] = Co(OAC)s. NS0 2j: 91;
$ b [M] = Cu(OAc), 25°C,8-10h
& Scheme 2. Synthesis of 2a-j from 1a-j
5
g The conditions of [Co]-catalyzed oxidation were found to be
g applicable not only to acyclic substrates 1b (obtained from 2j;

Supp. Inf.) and 1j, but also to cyclic ones that are important
building blocks in the synthesis of oligo- and polysiloxanes. In
fact, hydride siloxane 1c is selectively converted to the
corresponding siloxanol 2¢ at 60 °C with retention of the cyclic
core; the yield is 95% according to GLC and 56% after isolation.
Furthermore, gem-phenylsiloxanols 2d-e that are important
reagents in cross-coupling reactions’ were obtained under
[Co]-catalyzed oxidation conditions in 58%, 76% vyields
according to GLC and in 20%, 35% yields after isolation.

As concerns hydride siloxanes 1f-i, the oxidative system based
on the [Cu]-catalyst was found to be more efficient in their
oxidation to siloxanols 2f-j. For example, the important
sterically hindered siloxanol 2f was obtained in 59% vyield
according to GLC and 40% after isolation.

To estimate the potential of applying the aerobic oxidation
conditions for the synthesis of siloxanes with well-defined
structures, dendrimers in particular, we optimized the
technique for synthesizing monodendron 2g from hydride
siloxane 1a by the three-stage or two-stage in situ (without
isolation of 2a) method (Scheme 3; Supp. Inf.).

This journal is © The Royal Society of Chemistry 20xx
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55% in situ XA oA
1) Cu(OAc) YNHPI, O, MeCN, 60°C, 6-9 h 73" 8P
2) MeSiHCly, Py, Hexane, 78 - 25 °C, 12h ? 9
Sh NE
} } o sSi Moo JSi
Jsi Cu(0Ad);  Si MesiHe, 2O\ Cu(OAg), TSITOTN
2% <2 / o Va Fo)
A NHPI Py A NHP), A
—,Si—H —_— =£Sit=0H =3 —,si—H—» ==Si*=0H
o O 0z Mech, . J Hexans, | s 0 HeCH d
X YI 60°C,6-9h LSi -78-25°C, 12h {0~/ 60°C,20-24h [ gpgy -/
70% t 73% 7 ,?| 52% Y i
[o] o]
7Sil 1 Si’ 2
1a 2a N
X 19 = %

Scheme 3. Synthesis of siloxanol 2g

It was found that hydride siloxane 1g is also selectively
oxidized under [Cu]-catalyzed aerobic oxidation conditions at
60°C in 12 h to the corresponding siloxanol 2g in 81% yield
according to GLC and 52% after isolation.

This approach can be quite promising in the syntheses of
complex molecular systems with well-defined structures.

Since siloxanols are components of such industrially important
products as RTV compositions and organosilicon resins, it
appears important to estimate the applicability of aerobic
oxidation conditions for the conversion of oligo- and polymeric
hydride siloxanes 1h-i. Siloxanols 2h-i were obtained in 98%
yield according to "H NMR and 96%, 92% yields, respectively,
after isolation.

One can suggest that siloxanol 2h can be obtained by the
hydrolysis of dichlorodimethylsilane. However, this reaction
produces water that creates serious problems when this
compound is used in the areas mentioned above.®” On the
other hand, the aerobic oxidation of hydride siloxanes is a
method of choice for the preparation of “dry” siloxanols. Thus,
siloxanols of type 2i cannot be obtained selectively by existing
methods. By setting the ratio of (Me,SiO) / (HMeSiO) units in
the starting hydride siloxane 1i one can obtain siloxanol 2i with
the same ratio of (Me,SiO) / ((HO)MeSiO) units without the
condensation of the Si—OH groups that are formed. This is a
unique route to the synthesis of oligo- and polysiloxanols with
Si—OH groups distributed along the chain, which may be of
considerable interest for making hydrophobic coatings, self-
healing polymers and can be used as components of various
formulations.

The reaction conditions of aerobic [Co] or [Cu] / NHPI -
catalyzed oxidation are easily scalable and allow siloxanols 2a-i
to be obtained in gram amounts (0.5 -11 g).

Siloxanols 2a-i are transparent oily liquids at 25 °C. The
structures of 2a-i were confirmed by lH, 13C, 296 and lH, gj.
HMBC NMR spectroscopy, IR spectroscopy, ESI-HRMS for 2a-g,
GPC for 2h-i and single crystal X-ray diffraction with in situ
crystallization for 2a (Fig. 1; Supp. Inf.).

At room temperature, siloxanol 2a is a viscous liquid. To
measure X-ray diffraction, we crystallized 2a in situ in a thin
glass capillary near the melting point. Upon cooling there was
a phase transition because changes in the diffraction pattern
were clearly visible. The molecules of siloxanol 2a form O-H"O
bonded tetramers around the -4 axis at 230K (Fig. 1B).
Separation of the polar and nonpolar parts of the structure
typical of diphilic siloxane systems with formation of
polyhydroxyl domains was observed.” In our case, since the
nonpolar shell is much larger, hydroxyl groups form isolated

clusters (tetramers) rather than layers. Thus, using in
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situ crystallization for siloxanol 2a we demonstrated for the
first time the single crystal X-ray analysis of siloxanols that are
liguid at room temperature.

Figure 1. A) Molecular structure of 2a presented in the form of
thermal ellipsoids (50% probability). B) Tetramers formed in
the crystal structure of 2a via O-H"O bonds.

Studies on the conditions of aerobic [Co] or [Cu] / NHPI -
catalyzed oxidation of hydride siloxane 1a to siloxanol 2a
allowed us to find the most efficient conditions for the
oxidation of mono-, oligo- and polymeric siloxanols hydride
siloxanes 1a-i with various structures (linear, branched and
cyclic) in gram amounts (0.5 - 11 g).

Thus, considering the simplicity and efficiency of the catalytic
reaction and taking into account the commercial availability
and the low cost of the reagents used, this method has
considerable prospects for application in the synthesis of
complex molecular systems with desired structures as well as
new organosilicon monomers, oligomers and polymers.
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Green Chemistry

Reagents / Conditions are green, inexpensive, commercially available & simple:

Co(OAc),

R! R / NHPI - catalyst
- or - catalysi
o 92 (cu-orce A
R?<Si-H cat ), MHEI HO=£Sj+=R? | Cu(OAc),
R3 / R3 -0y - oxidant

- ligand- & additives-free

1a-j gram-scale 2a+ -T=25-60°C
- p = atmospheric

\_ R, R? R® = -0SiMes; -OSiEty; -(0SiMe,),; -OSiMe(OSiMe;),; Me; Et, Ph
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