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In this study, we introduce a method for directly synthesizing various siloxanes from hydrosilanes and sila-
nols under ambient conditions. This process relies on the use of Stryker's reagent ([(PPhz)CuH]g) as the
first copper catalyst, enabling this specific cross-dehydrogenative coupling. This method stands out for its

Received 12th May 2024,

Accepted 25th June 2024

DOI: 10.1039/d4qi01184h

exceptional chemoselectivity, making it a superb alternative to established catalytic systems. It operates
under mild conditions yet maintains high process efficiency. Throughout the investigation, we demon-
strated the potential for modifying the resulting hydrosiloxanes through alcoholysis to produce silyl ethers
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and via hydrosilylation to yield functionalized siloxanes.

Introduction

Siloxanes represent a category of compounds defined by a
sequence of alternating silicon and oxygen atoms. The men-
tioned Si-O-Si motif is widely encountered in nature, although
the synthetically derived combinations revolutionized
industry."® This was driven by the versatility of siloxanes,
which are used, among other things, as sealants, adhesives,
coatings, plastics, cosmetics, etc.”*® In synthetic chemistry,
siloxanes and silyl ethers also serve as very important reagents
and building blocks."***

Regardless of their structure, chain length, or shape, the
main method leading to the formation of Si-O-Si sequences is
associated with the process of chlorosilane hydrolysis
(Fig. 1a).” Despite many significant advantages, mainly related
to the wide availability of substrates, these methods are
accompanied by numerous limitations. This becomes particu-
larly critical in instances where the synthesis of unsymmetrical
compounds or complex structures with particular functional
groups is envisaged. This, in turn, led scientists to begin
searching for alternative synthetic methods replacing chloro-
silanes, and using silanols in combination with an appropriate
silylating agent.>**>* Consequently, a series of methods based
on coupling reactions were developed, where instead of a cor-
rosive byproduct such as HCI, dihydrogen (dehydrogenative
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coupling),** > alkene (dealkenative coupling),®*** or alkyne®”

(dealkynative coupling) is obtained. Additionally, the possi-
bility of functionalizing existing siloxanes, for example
through hydrosilylation of tetramethyldisiloxane, has also
been demonstrated.>**>° Among the aforementioned method-
ologies, the approach based on the dehydrocoupling reaction
between silanols and hydrosilanes appears to be the most
extensively explored, particularly concerning the potential util-

conventional hydrolysis of chlorosilanes

P traditional access to siloxanes

R3Si—OH + R'3Si—Cl “Hol R3Si—O-SiR';

B sensitive reagents and need for stoichiometric amounts of base

B Jow chemoselectivity in the context of unsymmetrical and complex siloxanes

dehydrocoupling between silanols and hydrosilanes

b access to Si-O-Si motif via base, Lewis acid or TM-catalysis

catalyst

RsSi—OH  + “Hy

R'3Si—H R3Si—0-SiR’s
W base as the catalyst: selective (mostly) for bulky silanols (Ba(HMDS),);
selectivity only toward monohydrosiloxanes (KHMDS);

M Lewis acids as the catalysts: expensive B(CgFs)3; narrow scope (mostly tertiary
hydrosilanes);

B TM as the catalysts: expensive metals (Rh, Au, Ru); narrow scope (Fe); preparation of pincer
ligands (Fe, Co);

this investigation
[(PPh3)CuH]e)]

c

RsS—OH +  R43Si—H H, R3Si—O-SiR';
W low lyst loading of cially i ly
B substantial scope under mild and high ch ivity

| | ptional efficiency, purification via (no column chrom. or distillation)

Fig. 1 Context of the investigation.
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ization of the released dihydrogen (Fig. 1b). Among the strat-
egies for selective SiO-H/Si-H dehydrocoupling, approaches
involving the utilization of strong bases,*”*%%!
acids,*®*” 4d/5d metal catalysts,”>*® and increasingly preva-
lent 3d metal complexes have emerged.’*?°*? Each type of
catalyst has its own advantages and disadvantages. One of the
main limitations of base-catalyzed protocols is the challenge
of achieving desired chemoselectivity. When using Lewis
acids, we are restricted to the costly tris(pentafluorophenyl)
borane and primarily the use of tertiary silanes. Catalysts
based on noble metals are very expensive, so the focus is pri-
marily on utilizing 3d metal complexes. Of notable interest is
the employment of cobalt complexes featuring NNN-type*° and
PNP-type** pincer ligands. However, the preparation of the
ligands themselves can be considered a drawback. Copper
compounds have shown effectiveness in synthesizing silyl
ethers,*® > yet they have not been applied to the production of
siloxanes. Within this context, pivotal methodologies, as rele-
vant to this study, have been pioneered by Schubert and
Lorenz, leveraging Stryker’s reagent ([(PPh;)CuH]s) to obtain
diverse alkoxysilanes and silanols.>*>* Moreover, there exists a
sole example where copper compounds have been applied
during the synthesis of siloxanes.>®> However, in this scenario,
reactions must be performed with copper(u) triflate at 80 °C,
where mechanistic studies show that silyl triflate molecules,
formed in situ, are the true catalytic species.

Considering the precedent research by Schubert and
Lorenz,”* as well as our expertise in forging of Si-O bonds, we
embarked on an investigation into the application of commer-
cially available (triphenylphosphine)copper hydride hexamer,
known as Stryker’s reagent,”®*® within the field of siloxane
synthesis (Fig. 1c). It is worth adding here that, until now, this
compound and its variations with different phosphine ligands
have been used as very useful (pre)catalysts in a range of syn-
thetic processes.®*™® Our initial hypothesis posited that this
easily accessible copper cluster would serve as an exceptionally
useful catalyst for the dehydrocoupling between silanols and
hydrosilanes, thus circumventing the necessity for intricate
pincer ligands commonly utilized in prior instances involving
3d metal complexes. Thus, this approach would yield a cata-
lytic system based on copper, which is much more abundant
in nature than cobalt. This endeavor resulted in the develop-
ment of a highly efficient methodology for siloxane synthesis.
Moreover, we substantiated the practical viability of our
approach through scaled-up experimentation and exemplifica-
tion of further product modification via subsequent alcoholy-
sis and hydrosilylation reactions.

Lewis

Results and discussion

In Table 1, we compared the initial findings from our investi-
gation into the dehydrogenative coupling reaction involving
phenylsilane (1a) and tert-butyldimethylsilanol (2a). These
comparisons were important for optimizing the entire process.
This is particularly significant in terms of chemoselectivity.
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The use of primary silane may lead, depending on the reagent
ratio, to the substitution of one, two, or even three silanol
molecules. Theoretically, this may yield three distinct pro-
ducts: disiloxane, trisiloxane, and a branched variant. Hence,
it is crucial to establish reaction conditions that ensure selecti-
vity and facilitate straightforward isolation of the desired pro-
ducts. It should be noted that due to the sensitivity of all
reagents (substrates and catalyst), they were stored in a glove-
box and each reaction was set up there. Subsequently, the
sealed vials were removed from the glovebox and mixed for a
predetermined duration. We initiated our research by examin-
ing how the catalyst affects the progression of the dehydrocou-
pling reaction. Firstly, two tests were carried out (entries 1 and
2). In both tests, all reagents were mixed for 20 hours without
the catalyst present. One test maintained the reaction in a
closed vial (entry 1), while the second vial after being set up in
the glovebox was opened briefly and exposed to air, then
sealed again and mixed for the specified duration (entry 2).
Both tests affirmed the necessity of a copper catalyst for the
reaction to proceed, prompting us to continue our research
with its inclusion. Across all experiments (entries 3-12), it
became evident that a catalyst amount as low as 0.125 mol% is
sufficient. Any further reduction in catalyst amount began to
impact the conversion rate of the substrates. Additionally,
these experiments revealed the versatility of conducting the
reaction in either an argon atmosphere or in air. The presence
of air only shortens the duration of the process compared to
carrying out the entire reaction in an argon atmosphere
(entries 5 and 6). This observation aligns with the pioneering
findings of Lorenz and Schubert, who similarly noted the expe-
dited reaction rate in the presence of air.’*

Next, by conducting the reaction
0.125 mol% of the catalyst and a reagent ratio of 1a:2a=2:1,
we achieved efficient and highly selective synthesis, exclusively
yielding the disiloxane product 3a (entry 9). Subsequently, we
explored the possibility of substituting two molecules of
silanol to obtain the corresponding trisiloxane. Once again,
toluene proved to be the most effective solvent (entry 13).
Interestingly, despite increasing the amount of silanol in the
system (entry 14) and simultaneously increasing the catalyst
amount, we did not observe the substitution of a third silanol
molecule. Subsequent studies, to be discussed later, indirectly
suggest that steric effects likely play a crucial role in preventing
the substitution of the third molecule of this bulky silanol.
Finally, we investigated the impact of simple copper salts on
the progression of this reaction (entries 15 and 16). Both
copper(u) chloride and copper(u) acetate demonstrated limited
activity in the dehydrocoupling process, yielding only traces of
the desired products (less than 3%).

With the optimized conditions in hand, we carried out
experiments utilizing different hydrosilanes and silanols to
showcase the wide-ranging utility of our protocol. Our reaction
conditions demonstrated effectiveness across a diverse array of
primary and secondary silanes in the process of mono-dehy-
drogenative coupling (Fig. 2). It has been shown that various
silanols, including those containing bulky groups like isopro-

in toluene with
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Table 1 Optimization studies for a copper-catalyzed dehydrogenative silylation of phenylsilane with tert-butyldimethylsilanol®

di-substitution

OS|MeztBu

mono-substitution

H, H, EII—OSIMeztBu
2 . 2 .
©/S| H + H-OSiMe,tBu x mol% [PPh3CuH]g ©/SI OSiMe,tBu ©/
solvent, rt, time 4a
-H, tri-substitution
- - 3a QS|MeztBu
Sli—OSiMeztBu
©/ OSiMe,tBu
5a
Catalyst loading Molar ratio Conversion of 1a or Selectivity’ [%]
Entry Variation of conditions (mol%) [1a]:[2a] 2a’ [%]; {isolated yield}; [3a]: [4a]: [5a]
1 No catalyst® — 1:1 0 —
2 No catalyst” — 1:1 0 —
3 In toluene® 0.25 1:1 99 (2a) 91:9:0
4 In toluene® 0.25 1:1 99 (2a) 60:40:0
5 In toluene® 0.125 1:1 99 (2a); {3a, 80%} 90:10: 0
6 In toluene? 0.125 1:1 99 (2a); {3a, 79%} 92:8:0
7 In toluene? 0.125 1.5:1 99 (2a); {3a, 82%} 98:2:0
8 In hexane® 0.125 1.5:1 99 (2a); {3a, 81%} 97:3:0
9 In toluene? 0.125 2:1 99 (2a); {3a, 87%} 99:1:0
10 In hexane® 0.125 2:1 99 (2a); {3a, 84%} 99:1:0
11 In acetonitrile’ 0.125 2:1 99 (2a); {3a, 86%} 95:5:0
12 In 2- methyltetrahydrofurang 0.125 2:1 65 (2a) 97:3:0
13 In toluene? 0.25 1:2 99 (1a); {4a, 92%} 0:100: 0
14 In toluene® 0.25 1:3 99 (1a) 0:100:0
15 CuCl, instead of [(PPh,)CuH]s" 2 1:2 3 (1a) 0:100:0
16 Cu(OAc), instead of [(PPhs)CuH]," 2 1:2 2 (1a) 0:100:0

% All reaction conditions: 1a (1 eq.), 2a (1 eq.), toluene (0.25 mL), rt, under argon atmosphere 20 h. ? All reaction conditions: 1a (1 eq.), 2a (1 eq)
toluene, rt, under air atmosphere 20 h. Under argon atmosphere 20 h. “Under air atmosphere 30 min. * Under air atmosphere, 1 h. fUnder air
atmosphere 3 h. £ Under air atmosphere, 6 h. ” Under air atmosphere, in toluene, 20 h.  Conversion of 1a or 2a determined by GC.” Selectivity of

[mono-sub]: [di-sub]: [tri-sub] products determined by GC.

pyl, are reactive under the studied conditions. All of them
easily undergo coupling with phenylsilane or p-tolylsilane to
give dihydrosiloxanes (3a-3Kk) in very good yields (76-99%). In
the case of trimethylsilanol, a significant excess of 1a was
needed (10.0 eq.). Otherwise, we observed the formation of di-
substituted product.

At this point, a brief comparison can be made between the
previously known methods of synthesizing dihydrosiloxanes
and the method described in this article. Because the authors
of all discussed studies often used various reagents and reac-
tion conditions, often focusing on different aspects, this com-
parison is very general in nature. However, the obtained
results are highly satisfactory. Firstly, comparable numbers of
products were achieved as when using Au catalyst,”> and more
than with cobalt complexes.’**> In the protocol where Ba
(HMDS), was used as a catalyst,”” only bulky silanols were
investigated, resulting in the production of dihydrosiloxanes.
However, there is insufficient knowledge about the potential
synthesis of dihydrosiloxanes from non-hindered silanols in
the presence of a barium base. However, when a similar cata-
lyst like KHMDS was used, no product containing the SiH,
motif was observed. Even after altering the substrate ratio, the
reaction did not exclusively yield dihydrosiloxanes.

This journal is © the Partner Organisations 2024

Following that, we advanced to examine various secondary
hydrosilanes (Fig. 2). In this scenario, irrespective of the substitu-
ents’ character around the silicon atom - aliphatic or aromatic —
the anticipated monohydrosiloxane products (3g-3k) were con-
sistently acquired with good yields, ranging between 80-98%.

This notable outcome sets apart our method from, for
instance, the one utilizing KHMDS, which exclusively yields
products of double dehydrogenative coupling.®' Finally, we
wanted to verify whether suitable tertiary hydrosilanes would
undergo a single dehydrogenative coupling reaction leading to
unsymmetrical disiloxanes. The initial test using a combi-
nation of dimethylphenylsilane and trimethylsilanol as
reagents resulted in the desired product 31 with a yield of 90%.
This sets apart the copper-catalyzed method from those
employing cobalt complexes with PNP-type ligands.?” In the
latter, it was impossible to carry out the dehydrogenative coup-
ling of any tertiary hydrosilane. However, attempts to expand
the scope to include more sterically hindered silanols were
unsuccessful. The main reason undoubtedly lies in steric hin-
drance. This is evidenced by the possibility of only attaching
trimethylsilanol - the smallest of the investigated molecules.

Equipped with prior knowledge of the mono-dehydrogena-
tive coupling reaction, we launched investigations into the sub-

Inorg. Chem. Front., 2024, N, 4855-4866 | 4857


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01184h

Open Access Article. Published on 26 June 2024. Downloaded on 3/13/2026 8:04:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Research Article Inorganic Chemistry Frontiers

Substrate scope for mono-dehydrogenative coupling
primary hydrosilanes with different silanols

H 0.125 mol% H
. ) [PPh3CuH]s . o
R-Si—-H + R'3Si—OH R-Si-O-SiR'3
|l| toluene 0.5 mL Ill
rt, 30 min., -H,
1(2.0eq.) 2(1.0eq.) 3

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

H\Slﬂi g"i,elvle H\Slﬂi SI‘Eit,Et H\gi Sllij/riPr H\Shli Ziﬁvle H\Slﬂi S'\T,‘Ph H\Shli ZlfMe
Ph”™ 0" “tBu Ph”" 0" CEt Ph”~ 0" NiPr Ph”" 0" "Me Ph”™ 0" “tBu pTol”~"O" “tBu
3a 3b 3c 3d 3e 3f
(87%) (90%)@! (76%)! (88%)! (99%) (95%)

[a] 3.0 eq. of phenylsilane (1a); [b] 10.0 eq. of 1a;

various secondary silanes with different silanols

R 0.5 mol% R
I e [PPh3CuH]s e s s
R-Si-H + R'3Si—OH R-Si-O-SiR'3
Ill toluene 0.5 mL |l|
rt, 30 min., -H,
1(1.0eq) 2(1.0eq.) 3

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

H M H M H Ph H M H Ph
Me. & Swi.eMe pTol <& li',eMe Ph.l 1PN Bt Swi‘?rvle Etd L Ph
Ph”~ 0" “tBu pTol 0" “tBu Ph” 0" “tBu Et” 0" “tBu Et” 0" “tBu

39 3h 3i 3j 3k
(99%) (80%) (99%) (88%) (98%)
various tertiary silanes with different silanols
0.125 mol%

le’. : [PPh3CuHls I'? :
R-Si-H + R'3Si—OH R-Si-O-SiR';

ll? toluene 0.5 mL "?

rt, 30 min., -H,

1(1.0eq.) 2(15eq.) 3

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

Me\'\lllie gl/li?Me Me\'\lllie I\Eit,Et Me\'\lllie Mi,eMe Me\l\lllie Mi?Me ph\Mie MﬁMe Ph\'YIie I|Eit,Et Ph\lYIie Mi_eMe
Ph™" 0" Me Ph” 0" CEt Ph” " "O" " “tBu (4-BI’)Ph/ ‘OO Me PO Me PR COTTEt PR CO7T tBu
31 traces traces 3m 3n traces traces

(90%) (80%) (83%)
vel® ¥ Mo wed® H Yo o oo Me Ml om0 M el
Me” \O’é‘O’MéMe Me” \O/é\O’MéMe Me/ll‘o’ I‘o’S||‘o’ l‘o’ I‘Me Et0” "0~ 5 iPr” \O.
“Si “Si Me Me no reaction no reaction
30 g Ms ighe 3p (SiRy = SiMes, SiEt; (SR, = SiMes, Sty
(84%) no reaction (97%) and SiMe;tBu) and SiMextBu)

Fig. 2 Substrate scope for mono-dehydrogenative coupling reaction between various silanes and silanols.

strate’s compatibility in the double dehydrogenative coupling
reaction (Fig. 3). In the case of various primary hydrosilanes,
the situation was quite clear, and a series of monohydrosilox-
anes 4a-4i was obtained (with yields up to 99%). Secondary

4858 | Inorg. Chem. Front., 2024, 11, 4855-4866

hydrosilanes displayed a distinct pattern: only reactions
employing the least sterically hindered trimethylsilanol
resulted in the formation of products via double dehydrogena-
tive coupling (products 4j-4l). Conversely, when bulkier sila-
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Substrate scope for double-dehydrogenative coupling
primary hydrosilanes with different silanols

H 0.250 mol% H
I o [PPh3CuH]g e
R-Si-H + R'3Si—OH R-Si-O-SiR';
Ill toluene 0.5 mL 6—S'R'
rt, 30 min., -H, N3
1(1.0eq.) 2(2.0eq.) 4

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

@
(8]
8
= M Et M M
sz Me\Slie Etnd Me\glﬂ,e Me\gl/‘,e Me\slie Me\slie
< 2 Me™~ "0 Me Et">°0 Et_ tBU" O Me  Me™ O Me Me™O  Me Bu"0  Me
g8 T o e e e Begj. gpie I T g
< 5 Ph”" 0" "Me Ph”" O CEt Ph”" 0" “tBu Cy"" 0" "Me Hex” O 'Me Hex™™ "O”" “tBu
y
® 3 4a 4b 4ac ad 4e af
6 (92%) (94%) (92%) (99%) (87%) (95%)
g 3
= M Et
° 2 Med” Etd Me\glﬂ,e
Sy Me™> 0 M Et"2°0  Et el
% 5 © H‘S'i li(,aMe H‘]i [ Bt = H\Q_ M,eMe
B E pTol”~"0""Me  pTol”" 0Bt pTol”T 0" MBU
0 4g 4h 4i
a8 (98%) (81%) (87%)
S B
g =
3% ((é secondary silanes with different silanols
£y
© £ R 0.250 mol% R
< L . [PPh3CuHls L -
5% R-Si-H  + RSi—OH R-Si-O-SiR'
85 | toluene 0.5 mL L &
g8 H t. 30 min., -H, O-SiR’s
= 1(1.0eq.) 2(2.0eq.) 4
(]
E E Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again
< & M Et M
. Me‘s'ie Etdi Me\s',ie Me\ge Me. 1 Et\jt Me«sl\!/le
Q Me™>o M Et—>' Et tBu™>' Me— >+ Sl SIS SN
2 Ph\s‘, Sli"eMe Ph\sli Ii’Et Ph\'i S‘i?Me (4-Me)Ph_ 1. gl/l,(,al\/IeMeEt S? gl/‘e & i IIE‘[,Et MTB SI g\/l_,eMe
_Si. . .Si. SISl SISy - —Si.__.Si. —Si i u=Si.__.Si:
g Ph"> 10" Me  PhTTUOTTUEL PhTTUOT tBU@4-Me)PH O Me gy 0" "Me EtEt/SkO'SI\Et By O Me
(@]
4 not observed®  not observed!?! 4k 4 not observed(@ no reactionl®!
N (82%) (86%) (96%)
=t

[a] Only the formation of monohydrosiloxane was observed. [b] There was no conversion of the starting material.

Fig. 3 Substrate scope for double-dehydrogenative coupling reaction between various silanes and silanols.

Substrate scope for triple-dehydrogenative coupling
primary hydrosilanes with trimethylsilanol

0.50 mol% . Me Me
H . [PPhsCuH]s ikl Me.l. Mot
R-Si—H + Me3Si—OH R-Si-O—SiMej3 Me” Me Mﬁ/ (0] Me
) toluene 0.5 mL T Ph] I _Me ex. |, | .Me
bl rt, 30 min., -H, O-SiMes >Si.Si siSi
1(1.0eq.) 2d (3.0 eq.) 5 o0 Me 2 e
_Si. _Si.
Me I\I/IIeMe Me I\IlleMe
5a 5b
(95%) (78%)

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

Fig. 4 Substrate scope for triple-dehydrogenative coupling reaction between aliphatic and aromatic hydrosilane and trimethylsilanol.
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nols were utilized, only products of mono-dehydrogenative
coupling were detected. Notably, di-tert-butylsilane stood as a
unique case, failing to react with any silanol due to its
inherent steric hindrance. Finally, we also investigated
whether it was possible to obtain a product of triple dehydro-
genative coupling in the case of primary hydrosilanes (Fig. 4).
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It turned out that in combination with the least sterically hin-
dered trimethylsilanol, branched siloxanes were successfully
obtained (Fig. 4). Unfortunately, endeavors to selectively syn-
thesize siloxanes from two distinct silanols yielded no success
(Fig. 5). In pursuit of this, previous products 3a and 4c were
subjected to reactions with trimethylsilanol. Upon analysis of

Attempt to obtain siloxanes from two different silanols
reaction of 3a or 4c with trimethylsilanol

o v
R -vie 3CUH]g Ol
Si.__Si_ i— Me O Me
Ph 0" M Bu ¥ llegsi—OH toluene 0.25 mL H.L S‘-—Me
rt, after 20 h, -H, Ph” I‘o’ I\tBu
3a(1.0eq.) 2d (2.0 eq.) conversion of 3a = 20 %
Me Me\'\l/l,e
Me.d. 0.125 mol% B0 Me
tBu” " Me [PPh3CuH]s Ph.l  .Me
Hd ~ 1.Me + Me;Si—OH SSi. . Sig
Ph/s"o’s'\tBu toluene 0.25 mL Q" "0" By
rt, after 20 h, -H, Si.
Me” 1 "Me
Me
4c (1.0 eq.) 2d (1.5eq.) no conversion of 4c¢

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

Fig. 5 Unsuccessful attempt to synthesize siloxanes from two different silanols.

Demonstration of potential applications
alcoholysis of mono-hydrosiloxane 4a with 2-allyloxyethanol

parta
Me Me
Messi. 1.0 mol% me;s'i\ y
eond  Meve . [PPhsCuH]s O Mey
H” I\O’SI\Me H toluene 0.5 mL - I\O/ N,
rt, 30 min., -H, 6a
4a (1.0 eq.) 2a' (2.0 eq.) (82%)

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

hydrosilylation of vinyltrimethylsilane with mono-hydrosiloxane 4e

part b
Me Me
|
Me-gi. 0.1 mol% me;sk y
Mﬁexﬁ, l\(lgMe . Pt,[(Me,SiCH=CH,),0]5 Bex<®  1SMe
H 0 " Me ‘ toluene 0.5 mL S"o’S"Me
> 60°C, 4 h
4e (1.0eq.) 2b' (1.2 eq.) 6b
(85%)
scaled-up synthesis of mono-hydrosiloxane 4c
part c Me
0.25 mol% Masey
H [PPh3CuHJg tBu” O Me
Pho ! ‘O— Ph. ! I .Me
>Si. * tBuMe,SiO—H toluene 0.5 mL -Si.o-Sis
H H it 30 min. -H H O tBu
4e (1.0 eq.) 2a (2.0 eq.) : " 4c
(90%)
4 mmol 8 mmol 1.32¢g

Important note: all reactions were prepared in a glovebox, then the vial was briefly exposed to air after setup, and sealed again

Fig. 6 Potential pathways for derivatization and scale-up of the reaction.
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preliminary mechanistic considerations

the presence of radical scavenger

parta Yield of 4c
0, Me . .
0.25 mol% Me . (93%, 1 eq. TEMPO, air, 30 min.)
ph.H - [Pl SuHK BU0 Mo 90%, 2 eq. TEMPO, air, 30 mi
H:Si‘H + tBuMe,SiO—H oluene 05 mL Ph. li Sli'Me (90%, 2 eq. , air, min.)
rt, time, -H, H™” 0" “tBu (91%, 1 eq. TEMPO, Ar, 24 h)
1aiideq) 2a(2.0eq.) TEMPO 4c (90%, 2 eq. TEMPO, Ar, 24 h)
the mercury drop test
part b
0.25 mol% Me\g/l'e Yield of 4c
H [PPhsCuH]s Si o )
Ph_! oy tBu”.. O Me (94%, air, 30 min.)
H'SLH + tBuMe,SiO—H toluene 0.5 mL Ph\s'i Ii,Me
i, time, -Hy H™70" Bu (92%, Ar, 24 h)
1a (1.0 eq.) 2a(2.0eq.) few drops of Hg 4c »
real-time FT-IR spectroscopy
part c
0.25 mol% Me\gl/l,e
H [PPh3CuHJg >Sik
Ph\Sli +  tBuMe,SiO—H tBuph\ T ’YI_?Me
H " H toluene 0.5 mL _Si. __Si_
rt, air, <5 min., -H, H™ 0" “tBu
1a (1.0 eq.) 2a (2.0eq.) 4c

Increase of Si-O-Si: emergence of the distinguishing band around 1050 cm™

1

Time (min.)

925 920 915
Wavenumber (cm-1)

935 930

298j NMR - interaction between silanol and CuH

part d
(1aa)

(1ab)

"H NMR - silanol/CuH - dihydrogen evolution

®
S
b

part e

Fig. 7 Mechanistic studies.

This journal is © the Partner Organisations 2024

tBuMe,SiO—H
“’SINMR: 8 15.2

(1aa)
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Bu” " M

t“Ph\ij‘i ' Me
H>" 0"~ Bu
NMR: 5 13.2
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Reaction in-situ (after 15 min, Ar)

plausible mechanism
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CuH
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H,SiR
copper(l) silanolate

Cu—0SIOR?%

Inorg. Chem. Front., 2024, 1, 4855-4866 | 4861


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01184h

Open Access Article. Published on 26 June 2024. Downloaded on 3/13/2026 8:04:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

the post-reaction mixture, the anticipated product originating
from 3a was detected; however, the conversion of the starting
substrates was notably low (20%). This is particularly intri-
guing considering the anticipation of a substantially higher
conversion in this scenario.

In the subsequent phase, our aim was to illustrate the
potential for functionalizing the hydrosiloxanes we had syn-
thesized (Fig. 6). Initially, drawing on research by Schubert
and Lorenz,>* we performed alcoholysis of the previously
obtained product 4a using the same catalyst. This process
yielded a silyl ether 6a (Fig. 6, part a). Following this, we
focused on employing product 4e in a hydrosilylation process
with platinum as the catalyst (Fig. 6, part b). Platinum-based
catalysts are widely utilized and studied in this field.** ®” The
reaction of product 4e with vinylsilane resulted in the for-
mation of product 6b with 85% yield. These reactions collec-
tively highlight the significant application potential of the
hydrosiloxanes obtained in our study. Furthermore, we suc-
cessfully demonstrated the scalability of the original siloxane
synthesis reaction by conducting it on an 8-fold larger scale
(Fig. 6, part c).

Next, to get some mechanistic insights into copper cataly-
sis, we carried out some of preliminary experiments (Fig. 7).
Initially, we conducted tests involving the radical scavenger —
TEMPO (Fig. 7, part a).*> We observed no significant changes
in the siloxane synthesis process, regardless of the atmosphere
(air or argon) or the amount of TEMPO used (1.0 or 2.0 eq.).
This suggests that the process may not proceed via a radical
mechanism. Subsequently, a mercury drop test was performed
to determine the nature of the catalysis, whether homo-
geneous or heterogeneous (Fig. 7, part b).**7° Once again, irre-
spective of the atmosphere, the reaction proceeded in the pres-
ence of mercury, indicating homogeneous catalysis.

Additionally, Stryker’s reagent, characterized by its brick-
red color and utilized in all reactions, exhibited excellent solu-
bility in solvents like benzene or toluene. Analysis of its solu-
tion in benzene-ds via "H NMR spectroscopy confirmed the
existence of a copper-hydrogen bond (broad signal at
3.51 ppm).”* Then, we employed real-time in situ FT-IR spec-
troscopy to observe the reaction system. The kinetic profiles
derived from the silylation of phenylsilane with tert-butyldi-
methylsilane at room temperature substantiated a swift vanish-
ing (within less than 5 minutes) of the distinctive peak at
920 cm ™" attributed to the Si-OH functionalities, accompanied
by a concomitant increase in the intensity of the Si-O-Si band
at 1050 cm™ " (Fig. 7, part c¢). Moreover, the instrumentation
indicated the exothermic nature of the reaction. Then, an
attempt was made to verify the catalytic system using NMR
spectroscopy. The behaviour of phenylsilane and tert-butyldi-
methylsilanol in the presence of Stryker’s reagent was moni-
tored using both 'H and *°Si NMR (Fig. 7, part d and e). The
visible change was observed for the silicon atom of the tert-
butyldimethylsilanol molecule. Under normal conditions, the
signal from this silicon atom appears at 15.2 ppm.
Investigating the same molecule but in the presence of a
copper complex showed a shift in the signal to 17.9 ppm. Both
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of these signals appeared in the spectrum recorded after
15 minutes of the reaction between tert-butyldimethylsilanol
and phenylsilane, with an observed signal from the reaction
product 4c also at 13.2 ppm (Fig. 7, part d). Furthermore,
using 'H NMR, the evolution of hydrogen was demonstrated
(signal at 4.48 ppm; Fig. 7, part e), which was also observed
visually in the case of each reaction (formation of gas bubbles,
particularly vigorous upon opening the vial to the air). Given
that the NMR analysis of the phenylsilane/catalyst mixture
revealed no discernible changes in the spectrum, in contrast
to the silanol/catalyst system, and drawing from prior literature
indicating that copper hydrides typically undergo protonolysis
in the presence of alcohols or weak acids to produce H,
gas,’®’>”® we propose a plausible mechanism outlined in
Fig. 7 (part f). In the initial step, Stryker’s reagent goes
through protonolysis, which forms a copper-silanolate
complex and releases hydrogen. Subsequently, the copper
complex undergoes transmetalation, resulting in product for-
mation and the regeneration of copper(i) hydride. It has been
indirectly demonstrated that the silanolate form of the
complex and its size play a crucial role in driving the reaction
forward. Hence, when using the smallest silanol, trimethyl-
silanol, trisubstitution reactions achievable.
However, even a minor alteration to triethylsilanol promptly
stops the reaction at the disubstitution stage.

Finally, the acceleration of the reaction in the presence of
oxygen (air), compared to under argon, is not well understood
and requires further experimentation. Schubert®® and Riant™
observed the same effect with copper hydrides, presenting a
challenging and interesting problem to solve.

even were

Conclusions

In summary, we have documented the first copper-catalyzed
cross-dehydrogenative coupling between hydrosilanes and sila-
nols under remarkably gentle conditions (room temperature),
without the need for additional activators or specialized pincer
ligands. In this study, commercially available Stryker’s reagent
proved to be an effective catalyst with just 0.125 mol% loading.
This resulted in a catalytic system that is not only straight-
forward and easily accessible but also significantly more com-
petitive compared to previously used — more expensive gold or
cobalt-based systems. Consequently, a range of products
including unsymmetrical disiloxanes, symmetrical trisilox-
anes, and branched siloxanes were synthesized. This also
encompasses hydrosiloxanes containing free Si-H groups,
which offer further functionalization potential, as demon-
strated through alcoholysis and hydrosilylation processes.
Moreover, the employed catalytic system allows for scalability,
enhancing the practicality of this approach. Mechanistic
investigations highlight the homogeneous nature of the cataly-
sis and the absence of free radicals. Consequently, a proposed
mechanism revolves around the formation of a copper-silano-
late complex followed by its transmetalation with hydrosilanes.
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