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Vinylsilanes are highly appealing and convenient chemical
derivatives, as evidenced by the increasing number of synthetic
transformations utilizing this class of compounds. Herein, a new
comprehensive cobalt-catalyzed procedure has been developed
enabling selective hydrosilylation of internal aryl-, alkyl-, and
silylalkynes. Cobalt complexes bearing triazine-based PNP
pincer-type ligands provide exclusive syn-addition of primary as

well as secondary silanes to C�C bonds. As a result, (E)-
silylalkenes and vicinal disilylalkenes were effectively obtained
with excellent stereoselectivity and regioselectivity. Unlike
several TM-catalyzed procedures, no external additives were
required since hydrosilanes act as both substrates and
activators.

Introduction

Hydrosilylation of alkynes represents the most straightforward,
atom-economical, and efficient catalytic approach for the
preparation of sophisticated vinylsilanes.[1] The resulting orga-
nosilicon derivatives can be characterized as reasonably stable,
low toxic, and easy-to-handle compounds with great possibil-
ities and potential applications. These include organic/organo-
metallic synthesis, fine chemistry, and materials science.[2–6]

However, in terms of selectivity, a direct addition of a Si� H
bond to an alkyne is a challenging transformation (Figure 1).[7,8]

Firstly, the proper control of chemoselectivity is needed, whilst
side processes including dehydrocoupling or hydrogenation
reactions can occur simultaneously. Secondly, control over
regio- and stereoselectivity is also required.

Among the described alkyne hydrosilylation catalysts, those
containing Pt,[9–13] Pd,[14] Rh,,[15–17] Ru,[18] etc. have been the most
extensively studied. However, due to the low availability of
noble metals and rising prices of such catalysts, more and more
researchers try to develop sustainable alternatives. Thus, the
complexes of Ni,[19–21] Mn,,[22] Fe,[23–26] and Co[26–46] were recently
intensively studied. Interestingly, for Co-catalyzed hydrosilyla-

tion of alkynes, the phenomenon of an extraordinary ligand
control over the reaction pathway offers to receive all of the
plausible regio- and/or stereoisomers, e.g., β-(E)-,[26,41–44] β-(Z)-,[45]

and α-vinylsilanes.[33,35–44] However, to the best of our knowl-
edge, there were no protocols describing the use of the
triazine-based PNP-Co catalysts in the hydrosilylation of alkynes.
Please take note that these specific complexes exhibit extra-
ordinary catalytic activity in several processes, thereby provid-
ing access to a variety of important organic molecules.[47–53]

Given our recent success in incorporating readily available
and cost-effective cobalt complexes into organometallic syn-
thesis, we hypothesized that an appropriate catalytic system
could serve as a sustainable platform for producing diverse
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Figure 1. Catalytic hydrosilylation of terminal and internal alkynes.
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libraries of vinylsilanes.[51–53] Significantly, the subject of Co-
catalyzed hydrosilylation for internal alkynes, especially sym-
metrical ones, was limited to a few examples up until
now.[32,33,38–46] As far as we know, only four research groups have
reported satisfactory results to date, specifically regarding diaryl
and bis-aliphatic symmetrical internal alkynes.[34–37,39,43] Herein,
we report a first example of catalytic hydrosilylation of internal
alkynes triggered by the combination of PNP-Co catalyst and
hydrosilanes. Remarkably, a wide range of symmetrical and
silyl-substituted unsymmetrical internal alkynes undergo the
addition, exclusively in syn stereochemistry. Excellent selectivity
is not the only key feature, as the transformation can be
achieved without the need for external additives, such as strong
bases. Here, the activation of the pre-catalyst is achieved
through the use of silanes themselves, one of the starting
materials.

Results and Discussion

We started our investigation with the hydrosilylation of sym-
metrical internal alkynes, using diphenylacetylene (1a), and
phenylsilane (2a) as silylating agent. This model reaction was
performed in the presence of five previously synthesized PNP-
Co complexes with different substituents attached to the
triazine ring (A–E). Since our previous works confirmed the
potential for pre-catalyst activation through hydrosilanes, no
external additives were evaluated during this stage.[51–55] A
summary of the results can be found in Table 1.

Initial reactions were carried out by using 2 mol% of the
corresponding pre-catalysts A-E in tetrahydrofuran (THF) at
40 °C for 24 hours, under an argon atmosphere. Furthermore, a
variety of commonly used solvents was examined, as well as
higher temperatures, pre-catalyst loading, and the different
ratio between model substrates. Additionally, experiments were
conducted using the Co-complex starting material – CoCl2, as
well as in the absence of any Co-species.

In preliminary tests we found that all of our pre-catalysts
present exclusive selectivity towards β-(E)-addition, and the
complex A turned out to be the most promising one, affording
92% conversion of 1a (Table 1, entries 1–5). It is worth
mentioning that the same pre-catalyst showed uncommon
results in the reaction of terminal silylacetylenes, leading to
competitive dehydrogenative coupling selectively, while non-
silylated species or silylated unsaturated alcohols gave a
mixture of products and lower conversion rates, even under
harsh conditions.[51] In this approach, the hydrosilanes again
effectively fulfilled the dual role of reagents and activators, so
no external additives were needed. Whereas the reaction in
toluene, chlorobenzene, and diglyme gave deterioration in
efficiency (Table 1, entries 8–10), no products were detected for
CoCl2 or without any catalyst, indicating the essential role of
Co-complexes (Table 1, entries 6 and 7). In addition, a lower
concentration of 2a resulted in a sudden drop in the conversion
of the alkyne into the corresponding vinylsilane (Table 1,
entry 11). Finally, the optimized hydrosilylation of internal
alkynes was settled at 3 mol% of pre-catalyst A, at 50 °C, in THF,

and 1.5 eq. of silylating agent (2a). It results in almost
quantitative yield of the desired product (Table 1, entry 13).
Nevertheless, in the case of aliphatic Si-derivatives, e.g.,
hexylsilane (2b), 5 mol% of A was crucial to preserve the
extremely high efficiency of the entire process (Table 1,
entry 17). Furthermore, the same optimization procedure was
applied to hydrosilylation of 1-phenyl-1-pentyne (1 j) with
phenylsilane (2a). Control tests demonstrated that each of
examined pre-catalysts enabled selective syn-addition, however,
low efficiency and a mixture of two regioisomers in a moderate
ratio were detected. Despite the above, experiments conducted
with pre-catalyst A under harsh conditions succeeded in very
good alkyne conversions, as well as an improvement in the
ratio between resulted vinylsilanes (for more details, please see
Table S1. in ESI).

With optimized conditions in hands, we explored the
substrate scope on a variety of symmetrical internal alkynes
(3aa–ia, 3ab–ib, 3ac, 3cc), as well as unsymmetrical derivatives
(3 ja, 3ka), utilizing 3 or 5 mol% of pre-catalyst A, respectively
for aromatic (2a, 2c) and aliphatic (2b) hydrosilanes. In the
course of our research, it turned out that a small temperature
change has a significant impact on alkyne conversion in
individual cases. Therefore, we decided to select this parameter
for each reaction separately. Finally, the products of sym-
metrical internal alkyne hydrosilylation with primary silanes
were synthesized in a number of 20. At this point, is worth
emphasizing that dialkyl alkynes and diaryl alkynes bearing

Table 1. Optimization for hydrosilylation of aromatic internal alkynes with
silanes.[a]

No. Variation from initial conditions Conversion of 1a
[%][b]

1 No change 92
2 B instead of A 55
3 C instead of A 84
4 D instead of A 8
5 E instead of A 55
6 CoCl2 instead of A 0
7 No catalyst 0
8 In toluene 33
9 In chlorobenzene 33
10 In diglyme 88
11 With 1.2 eq. of 2a 57
12 At 50 °C 93
13 With 3 mol% of A at 50 °C 99 (99)[c]

14 2b instead of 2a with 3 mol% of A 71
15 2b instead of 2a with 3 mol% of A at 50 °C 74
16 2b instead of 2a with 3 mol% of A in

toluene
60

17 2b instead of 2a with 5 mol% of A 99 (99)[c]

[a] General reaction conditions: 1a (1.0 eq.), 2a (1.5 eq.), A (2 mol%), THF,
under argon atmosphere, 40 °C, 24 h. [b] Conversion of 1a determined by
GC with n-dodecane as the internal standard. [c] Isolated yield.
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electron-donating groups were effectively hydrosilylated by
phenylsilane (2a) using only 3 mol% of pre-catalyst A (86–99%
yield). In contrast, derivatives with electron-withdrawing sub-
stituents either in the para or meta positions of the aryl ring
appeared to be less reactive and thus required higher catalyst
loadings (5 mol% for 3ea–3ga). In the case of other silanes, no
further improvements were required when hexylsilane (2b) or
p-tolylsilane (2c) were employed. Finally, the performance of
unsymmetrical internal alkynes resulted in efficient and ex-
tremely selective β-(E)-addition of silanes 2a and 2b. The
satisfactory ratio between regioisomers (given in brackets),
towards attachment of silyl-motif to the aliphatic side of C� C
triple bond was achieved in the case of unsymmetrical aryl-alkyl
alkynes (3 ja, 3ka, 3 la). Analogous to the results reported by
Chen and Petit, the para-substituted unsymmetrical diaryl
derivatives brought very good isolation yields (75–85%), but
poor regioselectivity (3ma, 3na, 3mb, 3nb).[33,40] The exact
conditions for each alkyne and the structures of all products are
presented in Scheme 1. Moreover, to confirm the regioselectiv-
ity of the investigated hydrosilylation of internal alkynes, we
decided to conduct 1H-13C HSQC and NOESY 2D NMR experi-
ments utilizing product 3eb. As a result, we determined a
correlation between -SiH2R and the hydrogen atom attached to
the unsaturated bond, which undeniably proves the syn
addition of the corresponding silane (2b) to the C�C bond of
1e, and provides an E-isomer (further details can be found in
Figure S37 and S38 of the ESI).

Furthermore, we decided to expand our method on various
secondary silanes in optimized reaction conditions, and the
results are presented in Scheme 2. For that purpose, 6-
dodecyne (1 i) was chosen and underwent reactions giving
corresponding β-(E)-vinylsilanes (3 id–3 ih) with very high
efficiency (77-92% yield). It was already established, that
disubstituted silanes can play a dual role as reagents and
activators of our pre-catalysts. However, the utilization of
phenylsilane (2a) as an additive resulted in better conversions
of alkynes under mild reaction conditions. Due to the above, we
reduced the excess of silylating agent to only 1.2 eq., consider-
ing environmental issues. Next, unsymmetrical internal alkynes
were tested, and syn-addition products were selectively
obtained. In this case, only a moderate to a good ratio of β-(E)-
products was achieved, even under harsh reaction conditions.
Noteworthy, the employment of diphenylsilane (2d) affected
regioselectivity towards attachment of silyl-motif to the aro-
matic side of C� C triple bond (3 jd’, 3kd’, 3 ld’), in contrast to
previous results with phenylsilane (3 ja, 3ka, 3 la).

We next investigated the hydrosilylation using various
primary and secondary silanes on internal silylated alkynes. For
this purpose, we carried out catalyst screening with phenyl-
silane (2a) or diphenylsilane (2d), and trimeth-
yl(phenylethynyl)silane (4a) as model reagents. During this
research we found out, that our catalytic system based on pre-
catalyst A provides very good selectivity, resulting in vicinal
species preferentially. However, poor efficiency moved us to
study the reaction more comprehensively (for more details,
please see Table S2 in ESI). Finally, our attempts resulted in the
development of optimal conditions and the preparation of

products with various substituents in the para or meta positions
of the aryl ring, effectively (Scheme 3). To our knowledge, of the
previously described reports utilizing Co-complexes and inter-
nal alkynes, only two have demonstrated selective hydro-
silylation on TMS-blocked species to produce vicinal
isomers.[31,40] As a side note, the Deng and Cui groups have
recently reported the preparation of geminal disilylalkenes
using catalysts based on three-coordinate cobalt(I) complex and
rare-Earth elements, respectively.[43,56]

Finally, the applicable potential of produced silylalkenes
was also presented in several examples, resulting in carbonyl
compounds, alkenes, and silicon materials (Scheme 4.).

(E)-(1,2-Di-p-tolylvinyl)(phenyl)silane (3ba) was transformed
into a corresponding ketone with 74% yield (6).[34] Highly
efficient and exclusive conversion to (Z)-alkene was observed
after treatment of 3ba with TBAF (7, 99%).[57] The KHMDS-
catalyzed reaction of 3ba with t-butyldimethylsilanol yielded
very complex unsymmetrical disiloxane (8, 82%).[58] In addition,
the alkoxylation of (E)-(2-(diphenylsilyl)-2-phenylvinyl)trimeth-
ylsilane (5ad) with methanol using KF as catalyst was carried
out under mild conditions, resulting in corresponding unsatu-
rated alkoxysilane (9, 68%).

Lastly, to demonstrate preparative scale utility of our
approach, the gram-scale reactions were conducted under
procedurally convenient conditions (Scheme 5.).

In order to better understand the activation mode of our
catalyst and the nature of its intermediates during the
examined process, we conducted preliminary tests. For this
purpose, complex A was chosen and tracked with 1a and 2a in
THF-d8 on

1H NMR. We started with the addition of 2 equiv. of
the corresponding silane to 1 equiv. of catalyst A at room
temperature, and instantly observed liberation of dihydrogen,
chlorophenylsilane, as well as a mixture of [Co� H] species at
� 8.74 ppm (t, J=41.6 Hz) and � 9.79 ppm (t, J=43.2 Hz),
indicating (PN5P)CoIH and (PN5P)CoIIIH2(SiH2Ph)
respectively.[40,59,60] Remarkably, such CoI/CoIII mechanism is
compatible with our recent investigations and suggested in
other Co-catalyzed processes.[40,51–54,61,62] Interestingly, a triplet at
� 22.87 (t, J=63.8 Hz) was also initially detected, which appears
to be a short-lasting dimeric form of our activated catalyst.[63]

Subsequently, increasing the amount of phenylsilane (2a) up to
10 equiv. resulted in fading of (PN5P)CoIH, and raising a broad
and irregular signal in the range of � 8.97 ppm to � 9.96 ppm
right next to previously determined [Co� H] species. Our further
investigation with diphenylsilane (2d) instead of phenylsilane
(2a) showed that such an entity seems to come from
(PN5P)CoIIIH2(SiHPh2), due to plausible redistribution of primary
to secondary silane. Next, 10 equiv. of diphenylacetylene (1a)
was added to the mixture of A with 10 equiv. of 2a to generate
[Co-alkenyl] species in a range of � 14.25 ppm to � 14.84 ppm.

Based on our research and previous literature, we proposed
an activation step and catalytic cycle for Co-catalyzed hydro-
silylation of internal alkynes in Scheme 6. The treatment of
complex (PN5P)CoIH with hydrosilane resulted in oxidative
addition and formation of (PN5P)CoIII(SiH2Ph) entity. Afterward,
the CoIII specie undergoes ligand replacement with the alkyne
molecule to create the plausible [Co-alkenyl] complexes.[40]
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Finally, the corresponding product is liberated after reductive
elimination, and the [Co� H] active form regenerates.

Conclusions

To summarize, we have established a novel method for the Co-
catalyzed hydrosilylation of a wide range of symmetrical alkynes
and their TMS-blocked derivatives. The cobalt complexes
studied in this work are equipped with readily available and

Scheme 1. Products scope for hydrosilylation of internal alkynes with primary silanes.[a]
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inexpensive PNP pincer-type ligands, which allow for exclusive
syn-addition to unsaturated triple bonds using different primary
and secondary silanes. As a result, valuable silylalkenes and
vicinal disilylalkenes were synthesized respectively, and isolated
with very good to excellent yields. Moreover, our approach can
be utilized for both aliphatic and aromatic acetylenes in a
comprehensive way, encompassing aryl rings having both
electron-donating and electron-withdrawing groups. Further-
more, the great utility potential of received products was
demonstrated on several essential transformations from organic
and organometallic points of view. It is worth noting that our

approach was designed to minimize the use of external
additives, allowing hydrosilanes to play a dual role as reagents
and pre-catalyst activators. This reduces costs and has a lower
environmental impact.

Experimental Section
General procedure for the hydrosilylation of internal alkynes: In a
12 mL vial equipped with a magnetic stirring bar, a 0.03 M solution
of pre-catalyst A (3 or 5 mol%) in THF or toluene was added, along
with silane (0.75 mmol, 1.5 eq. of primary silane, or 0.6 mmol,
1.2 eq. of secondary silane and 10 mol% of phenylsilane), and
acetylene (0.5 mmol, 1.0 eq.), under an inert gas atmosphere in a
glove box. The reaction mixture was then stirred at the specified
temperature for 24 hours. After this time, the solvent and volatile

Scheme 2. Products scope for hydrosilylation of internal alkynes with
secondary silanes.[a]

Scheme 3. Products scope for hydrosilylation of internal TMS-blocked
alkynes with primary[a] and secondary silanes.[b]

Scheme 4. Derivatization of silylalkenes.

Scheme 5. Scaled-up synthesis of 3aa and 3ca.
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residues were evaporated under high vacuum. Next, the catalyst
was precipitated by adding pentane or hexane (1 mL), and the
resulting solution was filtered through a pad of silica gel. Finally,
the crude products were separated by bulb-to-bulb distillation. The
pure products were identified using 1H, 13C, and 29Si NMR
spectroscopy, as well as MS spectrometry.

General procedure for the hydrosilylation of silylacetylenes: Vicinal
disilylalkenes were prepared and isolated similarly to (E)-silylal-
kenes, using 2-MeTHF as the solvent.

Supporting Information

The authors have cited additional references within the
Supporting Information.[64–68]
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