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The first protocol for the synthesis of unsymmetrical bifunctional
1,1,3,3-tetramethyldisiloxane derivatives via subsequent hydrosilyla-
tion of alkenes and alkynes is presented. The methodology described
has vast functional group tolerance and is extremely efficient towards
the formation of novel disiloxane-based building blocks.

The transition metal (TM) catalyzed addition of Si-H bonds to
unsaturated bonds is the most powerful and commonly used
laboratorial and industrial method for the preparation of silicon-
based compounds.’™ With practically unlimited potential for
designing the organosilicon product structures and thus their
chemical, physical, and biological properties, hydrosilylation is
widely used in the synthesis of natural products,® anti-corrosive
coatings,® hybrid materials,”® electrolytes,”'® or polymer fire
retardants."’ Of particular interest regarding organosilicon com-
pounds in terms of their modifiability, is 1,1,3,3-tetramethyl-
disiloxane (1). This inexpensive, low hazard, stable towards air
and moisture, and commercially available hydrosiloxane deriva-
tive with low molecular weight, constitutes an attractive building
block that has been applied in the reductive cleavage of the inert
C-O bonds," the reduction of tertiary carboxamides to tertiary
amines,” and the reduction of secondary and tertiary phosphine
oxides."* Moreover, functional disiloxanes have been widely
applied as liquid crystals,"> solid polymeric electrolytes,'® or
coupling agents."”

The functionalization of 1 can be achieved by hydrolysis/
co-condensation of monochlorosilanes,'® condensation of silano-
lates," or more preferably the hydrosilylation reaction, because of its
simplicity, efficiency, and safety.>**' This final method was recently
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used for mono- or bisfunctionalization of 1 by y-methacryloxy-
propyl,”>™* epoxy,”>*>*® aminopropyl,”” or ethyleneoxide®® groups
or boryl, germyl,” or silyl moieties.>****> The literature reports
described above concern the hydrosilylation of unsaturated car-
bon-carbon double bonds (C—C) in vinyl or allyl groups. To the
best of our knowledge, the hydrosilylation of carbon-carbon triple
bonds (C=C) by 1 or its monofunctionalized derivatives remains
unexplored. The addition of the Si-H bond to the C=C in terminal
or internal alkynes can lead to a mixture of regio- and stereoisomers.
Therefore, selective formation of unsaturated organosilicon com-
pounds, which are extremely valuable building blocks in organic
synthesis, is of importance.

Herein, we report the highly efficient TM-catalyzed bisfunc-
tionalization of 1 via the subsequent hydrosilylation of alkenes
and alkynes. The main goal of our study was to develop a
simple, straightforward, and easy to scale-up protocol that
leads to the unique disiloxanes containing a broad gamut of
reactive groups capable of further transformations.

In the first stage of our study, selective monofunctionaliza-
tion of 1 with a series of olefins was carried out. The hydro-
silylation occurred in the presence of commercially available
chloro(1,5-cyclooctadiene) rhodium(i) dimer ([RhCl(cod)],). As
shown in our previous studies,”**"*° the application of
this binuclear rhodium catalyst (unlike the commonly used
Karstedt’s (Pt,(dvs);) or Wilkinson’s catalysts) allowed a
reduction of 1 over olefins with the retention of excellent
selectivity towards p-isomers, and negligible formation of
bisadducts if 4-fold excess of 1 was used. Thus, we examined
six different allylic derivatives (2a-f) and one vinyl derivative
(2g) (Scheme 1). For 2a and 2c-e, the earlier protection of
hydroxyl or amine group(s) with chlorotrimethylsilane (TMSCI)
was needed to avoid competitive O- or N-silylation. All products
with TMS-protected functionalities were obtained with almost
quantitative yields and fully characterized (see the ESI).

Hydrosilylation of alkenes (2a-g) was performed under the
optimized conditions, in toluene (1 M) at 60 °C under an air
atmosphere, in the presence of [RhCl(cod)], (10~* mol per Rh).

This journal is © The Royal Society of Chemistry 2021
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Reaction conditions: [1]:[2a-g]:[Rh] = 4:1:10"* of Rh, toluene (1M), 60 °C, 18 h.
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Scheme 1 Hydrosilylation of allyl (2a—f) and vinyl (2g) derivatives with
1,1,3,3-tetramethyldisiloxane (1) in the presence of [RhCl(cod)l,.

The reactions with (allyloxy)trimethylsilane (2a), allyl-glycidyl ether
(2b), and N-allyl-N,N-bis(trimethylsilyl)amine (2d) resulted in the
desired products 3a, 3b, and 3d with very high yields. However,
the formation of bisadducts or a-isomer in a very low quantity
(<6%) was also determined by GC-MS analysis. Application of
TMS-protected 3-(allyloxy)propane-1,2-diol (2¢), eugenol-TMS (2e),
allylpentafluorobeznene (2f) and 2-chloro(ethyl)vinyl ether (2g)
smoothly led to B-isomers without formation of the by-products.
It is worth emphasizing that the monofunctionalized compounds
3c and 3f are herein reported and fully characterized for the first
time. In addition, 3a, despite previous reports,* has been com-
pletely spectrally characterized for the first time. The presented
above process has good tolerance towards various functional
groups such as silyloxy, glycidyl, amine, aryl, and halogen, which
can be easily modified in further transformations. Additionally,
for the hydrosilylation of 3a with 4b, the gram-scale synthesis was
performed leading to 5ab with high efficiency.

In the next step with the series of diverse disiloxanes 3a-g in
hand, we examined the scope and limitations for the synthesis
of their bifunctional, unsymmetrical derivatives via hydrosilyla-
tion of internal and terminal alkynes. The selective hydrosilyla-
tion of C=C bonds allows the introduction of an alkenyl
moiety into the compound structure, which makes them an
attractive building block in e.g., addition or coupling reactions.
On the other hand, the selective hydrosilylation of the C=C
bonds, especially terminal ones, is a challenging task due to the
possible formation of stereo- and regioisomers.

Based on our experience in hydrometallation of the unsatu-
rated C=C bonds, for the Si-H addition to internal alkynes,
the commercially available and commonly used Karstedt’s
catalyst was selected.>® For terminal alkynes, in situ gene-
rated catalytic system based on PtO,/Xphos was the most
efficient.***® Due to the vast diversity of monofunctionalized
3a-g derivatives and alkynes 4a-k, hydrosilylation was per-
formed at 100 °C for 18 hours with the equimolar ratio of the
substrates, which were used as received from the suppliers,
without any initial purification step.

To determine the influence of alkyne structure on the
process efficiency, we chose derivative 3a and used it in the
hydrosilylation with internal (4a-d) and terminal alkynes (4e-k)
(Table 1). The application of symmetrical and aromatic alkynes

This journal is © The Royal Society of Chemistry 2021
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Table 1 Hydrosilylation of internal and terminal alkynes (4-k) with (3a) in
the presence of Pt catalysts

Me, Me, Me; Me,

3+ R=—r-SAL 50 _si OSIAR * MEsSIO~_SiG S, + (Zisomers
4a-k 5aa-ak R" 6aa-ak R’ 7
Alkyne 4 Selectivity Isolated
Conv. of 5=6/7 or yield of
Entry R R’ 3a“ [%] 5/6/7% [%] 5 [%]
1 a Ph Ph 99 100/0 aa 81
2 b 4-BrPh 4-BrPh 99 100/0 ab 77
3 ¢ CsH, CsH, 100 100/0 ac  96”
4 d 4-BpinPh SiMe; 99 100/0 ad 73
5 e c¢-CeHyy H 96 98/2/0 ae 82
6 f CMe,(OSiMe;) H 100 85/15/0  af —
7 100 100/0/0 af 94°
8 g Ph H 100 98/2/0 ag 93
9 h 4-BrPh H 91 96/4/0 ah 69
10 i 4-MeOPh H 99 99/1/0 ai  95°
11 j  9-Phenanthryl H 94 90/10/0 aj 68
12 k 3-Thienyl H 91 99/1/0 ak 84

Reaction conditions: for entries 1-4, 6: [3a]: [4a-d, f]: [Pty(dsv);] = 1:1:10*
of Pt, 100 °C, 18 h, toluene (0.05-0.1 M); for entries 5, 7-12: [3a]:
[4e-k]:[XPhos]:[PtO,] = 1:1:2 x 1072:10 > of PtO,, 100 °C, 18 h THF
(0.07 M). @ Determined by GC-MS or NMR analyses. ” Analysed without any
purification step. ¢ Filtration through a syringe filter (0.2 pm) without
further purification.

(4a-b) smoothly led to (E)-isomers (5aa-ab) via cis-addition of
Si-H to the C=C bond, with 99% conversion of reagents
(Table 1, entries 1 and 2). In the same manner, aliphatic
4-octyne (4c) was transformed into 5ac (Table 1, entry 3). The
hydrosilylation of unsymmetrical internal 4-[(trimethylsilyl)
ethynyl]-phenylboronic acid pinacol ester (4d) with 3a resulted
in the selective formation of the (E)-isomer. 1D NOESY analysis
revealed that the proton from SiH group is attached to the
alkenyl carbon with SiMe; group (Table 1, entry 4; ESLi
Fig. 544).

Next, terminal alkyne screening was carried out. It was
initially based on the reaction conditions determined for inter-
nal alkynes. Application of Pt,(dvs); resulted in a mixture of
regioisomers 5 and 6, even for sterically hindered [(1,1-dimethyl-2-
propynyl)oxy]trimethylsilane (4f) (5af/6af = 85/15). Thus, relying on
our previous studies and literature reports, the generated in situ
PtO,/Xphos system was applied. It is known as the selective
catalyst for the addition of the Si-H bond to the C=CH bond.
Indeed, when it was used in the hydrosilylation of 4f with 3a, the
exclusive formation of 5af occurred (Table 1, entry 7). For the
linear 1-heptyne (4e), a very high selectivity was noticed as well.
However, traces of 6ae were formed. The same observations were
carried out for the aromatic terminal alkynes such as phenylace-
tylene (4g) (Table 1, entry 8). The incorporation of a weakly
electron-withdrawing atom, ie. Br, to the phenyl ring had a
negative influence on the 3a conversion and reaction selectivity
(5ah/6ah = 96/4) (Table 1, entry 9).

In turn, a donating group (-OMe) ensures a very high conver-
sion of 3a and negligible formation of isomeric by-products
(Table 1, entry 10). Polycyclic aromatic and heterocyclic alkynes
such as 9-ethynylphenanthrene (4j) and 3-ethynylthiophene (4k)
can also be effectively used for the hydrosilylation of 3a, although

Chem. Commun., 2021, 57, 4504-4507 | 4505
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under the applied reaction conditions, a complete conversion of
3a was not observed (Table 1, entries 11 and 12).

Encouraged by the results obtained for the hydrosilylation of
3a with internal and terminal alkynes, we decided to expand the
library of bifunctional unsymmetrical substituted derivatives.
We applied 2b-g in the hydrosilylation of selected alkynes. The
substrate scope is summarized in Scheme 2. In general, mono-
substituted 1,1,3,3-tetramethyldisiloxane bearing glycidyl ether
(3b) selectively reacted with aromatic (4a-b) and alkyl (4c)
internal alkynes, smoothly leading to (E)-isomers (5ba-bc),
whereas with terminal 4f, B-(E)-isomer (5bf) was formed. The
same observation was made for the internal (4a-c) and terminal
(4f) alkynes when 3c containing two OSiMe; groups and 3d
bearing N(SiMe;), groups were used. Our protocol was also
suitable for the derivatives with eugenol (3e) or pentafluoro-
benzene (3f) moieties. For both, excellent selectivity and high
isolation yields (>71%) were observed (5ea-ef, 5fb, 5fc). The hydro-
silylation of 1-(2-(2-chloroethoxy)ethyl)-1,1,3,3-tetramethyldisiloxane
(3g) with internal and terminal alkynes, gave also the desired
products (5gb, 5gf) with a very high reaction efficiency.

By the in situ FT-IR method, the influence of the structure of
3a-g on the rate of the hydrosilylation of diphenylacetylene (4a)
was determined, by the following of the peak area at 907 cm ™'
which corresponds to the Si-H bond. It was found that the
addition of the Si-H bond to the C=C proceeded rapidly
within 1 hour for most siloxanes. Afterward, the reaction rate
decreased due to the lower concentration of the substrates. The
fastest consumption of siloxane occurred for 3a (2 h), while the
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Fig. 1 The hydrosilylation of 4a with 3a—g monitored by in situ FT-IR.

slowest for 3b (over 7 h). For the rest of the reagents, the
reaction time was between 3 and 6 hours (Fig. 1). For 3d and 3e,
the peak conversion was not complete due to partial over-
lapping of the band assigned to Si-N and ether bonds with
the Si-H band. However, GC analysis performed after flattening
of the conversion curves confirmed the 100% consumption of
the siloxanes.

It should be emphasized, that the presented protocol has
excellent functional group tolerance for monosubstituted
1,1,3,3-tetramethyldisiloxanes (siloxy, glycidyl, amine, aryl, halo-
gen groups) and alkynes (n-alkyl, c-alkyl, aryl, halogen, alkoxy,
heterocyclic groups). Moreover, our approach is extremely selec-
tive towards the formation of (E)-isomers. The presence of the

Me, § Me; Me;
R Sing - SiMeH + R——R Pt catalyst S S
3a- dak solvent
9 (4a-k) 5(a-g)(a-k) R
R"=H or R'=R" or R'#R" Exclusive formation of
(E)-isomers

Me, Me; e, (M,
2 2 M i i
Me3S\O\/\/Si.O,Si¢\© e]S\O\/\/SLO,SI 2 SiMes
5aa (81%) 5ab (77%)
Me, Me, oo Me,
N ﬁ_% MesSi0_~_Si.-

OMe

5af (94%) 5ag (93%)

Me, Mez

o Sl
N
Sbe (84%)

Me, Me3Sio. Me;SiO.

Me,
(MesSiloN _~_Si. - Si__~

Sda (79%) O
MeO.

J\C\/VM% s
Megsio” 7 S"o’sg/AA
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OIS Si? C‘V\O/\/S'
\%SlMea
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SI/
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Br
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Me,
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Scheme 2 The scope of the synthesized bifunctional unsymmetrical substituted disiloxane derivatives.
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unsaturated C—C bond on the one side and the reactive moiety
on the other makes them very appealing building blocks with
potential usage as coupling agents or in materials science. It is
worth noting that all bifunctional 1,1,3,3-tetramethyldisiloxanes
are new compounds and were comprehensively characterized by
NMR, FT-IR, and MS methods. Moreover, a gram-scale reaction of
2a-c with 1 was carried out. Very high yields and selectivities of
the monofunctionalized derivatives: 3a (93%), 3b (92%), and 3¢
(89%) were obtained.

In summary, selective and highly efficient methods for the
synthesis of 29 unsymmetrical bifunctional derivatives via
simple hydrosilylation of structurally different alkynes and
alkenes with 1,1,3,3-tetramethyldisiloxane have been success-
fully developed. The process was highly selective when the
hydrosilylation of alkenes was carried out in the presence of
[RhCl(cod)], and for internal or terminal alkynes Pt,(dvs); or
PtO,/XPhos were respectively used. The protocol is effective
towards a broad spectrum of alkenes as well as internal and
terminal alkynes with various functionalities, leading to pro-
ducts with high isolation yields. At the same time it is easy to
scale up, and therefore the synthesis can be performed on the
gram scale.
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Research and Development in Poland, Lider Programme No.
LIDER/6/0017/1-9/17/NCBR/2018 and the National Science Cen-
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