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Abstract

Hydrosilylation is one of the most important catalytic reactions used on a large
industrial scale for the synthesis and modification of silicon compounds. Catalysts
commonly used in this process are platinum compounds, however, high price of platinum,
negative impact on the environment connected to mining, deposits depletion and
impossibility of the catalyst’s reuse in technological processes - all have prompted the
search for cheaper alternative solutions based on other elements showing similar
effectiveness. One idea proposed to solve this problem was to use catalytic systems based
on the first-row transition elements (3d metals), such as iron or cobalt, that are more
abundant in nature. What is more, in the times of multistep and complex ligands, it is
essential to develop a rational coordination environment of metal centres. The research
work presented in this doctoral dissertation, consisting of a cycle of four papers (A1-A4), is
a combination of these two ideas — the use of abundant and sustainable 3d metals with
simple Schiff base ligands as catalysts for the hydrosilylation reaction.

The first article from the series presented as the basis for conferment of the Doctor
of Philosophy degree presents syntheses, structures and catalytic activities of five cobalt(ll)
complexes with Schiff base ligands. The complexes were applied as pre-catalysts in
hydrosilylation of alkenes with primary, secondary, and tertiary silanes. The study has
shown that pentacoordinated cobalt(ll) chloride complex with benzimidazole/2H-
imidazole-based ligand, when activated by lithium triethylborohydride, acts as a good
catalyst for B-selective hydrosilylation of vinylarenes by primary and secondary silanes in
mild conditions and at low catalyst loading.

The second and third papers chosen as the basis of the dissertation describe the
catalytic activity of cobalt(ll) chloride complexes with benzimidazole/2H-imidazole and
pyrimidine/2H-imidazole-based ligands in the hydrosilylation of alkynes. The above-
mentioned complexes, activated by lithium triethylborohydride, have been found to act as
effective catalysts for regioselective hydrosilylation of alkynes by primary, secondary, and
tertiary silanes. NMR investigation has proven extremely high selectivity of this process
toward syn-a-addition. These catalytic systems were applied to both alkyl- and aryl-
substituted internal and terminal alkynes, showing good functional group compatibility
(amine, halide, ether, nitrile etc.). The effectiveness of the catalytic process at extremely
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low catalyst loading (as low as 500 ppm) in a reaction catalysed by Co(ll)/pyrimidine/2H-
imidazole has pointed out the uniqueness of the developed system.

The last selected article from the cycle presents the first example of sodium
triethylborohydride-catalysed C(sp)-H bond silylation. The reaction of aromatic and
aliphatic terminal alkynes with hydrosilanes and hydrosiloxanes led to the products of
dehydrogenative coupling. Surprisingly, the competitive hydrosilylation of alkynes did not
occur as a side-reaction. This observation suggested the need for complex analysis of the
reaction pathway on which the metal pre-catalysts are activated by alkali metal

borohydrides.
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Streszczenie pracy

Hydrosililowanie to jeden z najwazniejszych proceséw przemystowych, a swoje
zastosowanie znajduje w syntezie oraz modyfikacji zwigzkéw krzemoorganicznych.
Najczesciej stosowanymi katalizatorami tej reakcji sg zwigzki platyny. Cena platyny, jej
zmniejszajace sie zasoby, negatywny wptyw na srodowisko zwigzany z wydobyciem tego
metalu oraz niski stopien jej recyklingu sktaniaja naukowcéw do poszukiwania
alternatywnych metali do syntezy katalizatoréw. Nowe katalizatory, z zatozenia, majg byc¢
oparte na metalach tanszych, jednoczesnie wykazujac podobng aktywnosc¢ katalityczng.
Alternatywa taka sg metale przejéciowe pierwszego szeregu. Zelazo czy kobalt sg szeroko
rozpowszechnione w przyrodzie, a zatem tanie. Innym waznym aspektem jest otoczenie
koordynacyjne metalu centralnego. Zdarza sie, ze wieloetapowy proces syntezy
zaawansowanych strukturalnie ligandéw dorownuje, lub nawet przewyzsza cene platyny. Z
tego powodu wazne jest, aby nowe kompleksy metali — katalizatory, posiadaty racjonalnie
dopasowane ligandy. Moja rozprawa doktorska fgczy te dwie idee — zastosowania metali
tanich, szeroko rozpowszechnionych w przyrodzie oraz prostych ligandéw typu zasad
Schiffa do syntezy katalizatorow reakcji hydrosililowania.

Pierwsza praca opisuje projektowanie oraz synteze pieciu komplekséw kobaltu(ll) z
ligandami typu Schiffa. Kompleksy zostaty przebadane jako pre-katalizatory w reakgc;ji
hydrosililowania alkenéw z silanami pierwszo- drugo- oraz trzeciorzedowymi. Badania
wykazaty, ze pieciokoorynacyjny kompleks chlorku kobaltu(ll) z ligandem benzimidazol/2H-
imidazol, aktywowany przez trietylohydroboran litu, jest wydajnym i selektywnym
katalizatorem hydrosililowania winyloarendéw przez pierwszo- i drugorzedowe silany,
jednoczesnie bedgc aktywnym w niskich stezeniach i tagodnych warunkach reakcji.

Druga i trzecia praca opisuje aktywnos¢ katalityczng kompleksdow kobaltu(ll) z
ligandami — benzimidazol/2H-imidazol oraz pirymidyna/2H-imidazol w reakgcji
hydrosililowania alkindw. Kompleksy te, aktywowane przez trietylohydroboran litu zostaty
zastosowane jako wydajne katalizatory hydrosililowania alkindw z silanami pierwszo-,
drugo oraz trzeciorzedowymi. Badania magnetycznego rezonansu jgdrowego dowiodty
niemalze wytgczng syn addycje silanu. Opracowane uktady katalityczne mogg by¢
stosowane zaréwno dla alkinéw alifatycznych, aromatycznych, wewnetrznych i
terminalnych, jak i tych z grupami funkcyjnymi (gr. aminowa, estrowa, halogenkowa,
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nitrylowa). Wyjatkowo niskie stezenie katalizatora Co(ll)/pirymidyna/2H-imidazol (0.05-2
% mol) Swiadczy o bezsprzecznej unikalnosci tego uktadu katalitycznego.

Ostatnia praca prezentuje pierwszy przypadek zastosowania trietylohydroboranu
sodu jako katalizatora reakcji dehydrogenujgcego sililowania wigzania C(sp)-H. Reakcje
aromatycznych oraz alifatycznych alkinédw z wodorosilanami i wodorosiloksanami w
obecnosci trietylohydroboranu sodu prowadzg do selektywnego otrzymania produktéw
dehydrogenujacego sprzegania. Co ciekawe, w podanych warunkach reakcji, zaden z
produktow hydrosililowania nie zostat wykryty. W przypadku aktywacji komplekséw metali
przejsciowych poprzez trialkilohydroborany, powyzsze obserwacje uswiadamiajg potrzebe

dogtebnych badan.
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1. Overview of the literature

1.1 General introduction

Silicon compounds represent a very wide area of worldwide industry. Silicon and its
compounds can be found in multipurpose products used in everyday life, as well as in
cutting edge special purpose technologies: from ceramics, electronics, photovoltaics,
silicone rubbers to optics, medicine, pharmacy, reagents and fine chemicals'™®. Two of the
most important and interesting compounds are siloxanes and silicones. Siloxanes are
organosilicon compounds with silicon-oxygen-silicon backbone with R group connected to
silicon, where R stands for hydrogen atom or organic groups or chains. Polymers of
siloxanes, such as poly(dimethylsiloxane) or poly(diphenylsiloxane), are named silicones’.
They can be synthesised in many variations and may exhibit different properties. The
presence of organic groups paves the way for a diversity of modifications. Silicones and
siloxanes have become known as components oils and greases, emulsions, antifoams,
rubbers, caulks and resins®°. Because of good biocompatibility, low skin irritation potential,
UV resistance, and water vapour permeability they are applied in modern healthcare and
cosmetics!® . The fast technological pace and consumerism induce the pressure on the
search for newer and more cost-efficient technologies to meet the increasing demands for
synthesis and modification of such compounds. One of the most straightforward reactions

for the synthesis and modification of siloxanes and silanes is hydrosilylation.

1.1 Hydrosilylation

The reaction of addition of silicon hydrides to unsaturated m bonds (i.e., carbon-
carbon, carbon-oxygen, or carbon-nitrogen unsaturated bonds) is known as
hydrosilylation. The variety of unsaturated compounds and hydrosilanes opens the
possibility of syntheses of a diversity of products. The catalytic approach to hydrosilylation
offers control of regio- or stereoselectivity of this process. The catalytic hydrosilylation of

alkenes usually results in the formation of one of two possible products, while
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hydrosilylation of alkynes may results in the formation of one of three possible products
(Figure 1.1).
SiRs

anti-Markovnikov
S ——

X addition
+ —Qj —_
©/\ H=SiRs SiRs

S
Markovnikov

SIR3

am‘/ Markovnikov C§_\SIR3

. H-SiR, addition B(E)-isomer B(Z)-isomer

%

SiR;
e —

Markovnikov

Figure 1.1 Possible outcome of hydrosilylation of terminal alkenes and alkynes

The first example of hydrosilylation is historically connected to the experiments
performed by Sommer?®® in 1947. In the presence of a peroxide used as a radical initiator,
Sommer successfully carried out a reaction of addition of trichlorosilane to 1-octene.
Despite the high industrial potential, the real impact of the reaction of hydrosilylation was
unappreciated. The tables were turned with the discovery of the first metal pre-catalyst of
hydrosilylation by Speier'® in 1957. The application of hexachloroplatinic acid was a
springboard for further development of platinum catalysts for hydrosilylation. The
subsequent major catalyst discovery took place in 1973, when Karstedt'’ treated 1,1,3,3-
tetramethyl-1,3-divinyldisiloxane with H,PtCls obtaining a catalytically active complex

shown in Figure 1.2.

Aty e
Oi Pt \ Si. 0 SI\/\Pt :O
/s||\< Sli\

Figure 1.2 The structure of Karstedt’s catalyst.
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The mechanistic investigation of hydrosilylation was undertaken by Chalk and Harrod
in 1965. The mechanism they proposed provides a classical pathway for oxidative addition
and reductive elimination steps in hydrosilylation®® (Figure 1.3). Later, Chalk and Harrod’s
report became the foundation for mechanistic investigation involving other transition
metal catalysts. The modified Chalk-Harrod mechanism was proposed to explain the

formation of vinylsilane by the insertion of an alkene into the metal-silyl bond.

H-SiR5
SiR3
, [M]
R /H
[M]\
SiR3
Chalk-Harrod
/SiR3 mechanism
(M]
R’ H
\ [M]\
H R SiR3
modified [M]/ .
Chalk-Harrod S'R3‘/
mechanism R'>

Figure 1.3 Chalk-Harrod mechanism for alkene hydrosilylation

1.2 Noble metal catalysts

Since the late 1970s, Speier’s and Karstedt’s catalysts have been applied in a majority
of industrial hydrosilylation processes as well as on the laboratory scale. In the last decades,
the idea of discovery of newer, more active, and selective platinum catalysts had
crystallised as the challenge for scientists all over the world*>?°. In the articles published by
Marco?™%>, carbene-platinum catalysts with characteristic “Karstedt-like” dvtms parts
(Figure 1.4) have been proposed. These catalysts have been applied in hydrosilylation of
aliphatic alkenes and an alkyne (1-octyne) with tertiary silanes and siloxanes (BuMe3SiH,
(EtO)sSiH, (MesSiO)Me,SiH, EtsSiH, (MesSiO).MeSiH, Me,PhSiH, PhsSiH). The reactions
occurred with high yield and high B-selectivity (up to 96% and 100% B-addition product in
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the reactions with alkenes, and up to >99% yield and 15:1 B/a ratio in the reactions with
alkynes). Platinum carbene catalysts were found to exhibit properties superior to those of
Karstedt’s catalyst in terms of activity, selectivity, and functional group tolerance (epoxides,
ketones, esters). The downside of the mentioned hydrosilylation system is the side reaction

of isomerisation of terminal alkenes into unreactive internal ones.

R | R | R |
N s NS NS
@ r o [ o [ #t O
\ .
NooZEN NN N8N
R R R
R = Me, Pr, t-Bu R = Me, Cy, t-Bu, R = Mes, 2,5-diisopropyl-
adamantyl, Mes -benzene

Figure 1.4 Three generations of “Karstedt like” hydrosilylation complexes.

Among all extensively studied noble metal catalysts for hydrosilylation, a significant
attention was paid to palladium ones. Despite the well-known tendency of Pd(ll) to
undergo reduction to palladium black?®, many palladium catalysts have been proven to be
highly effective in hydrosilylation?’=22. The need for stabilization of such catalysts by
multidentate ligands, e.g., phosphines, paved the way for introducing chiral ligands, and
thus catalysis of hydrosilylation in the stereoselective manner33-3>, Special attention has

been also paid to complexes including rhodium3®=4, iridium*=#* or ruthenium* %,

1.3  Earth abundant metal catalysts

While the noble-metal-catalysed reactions took a special place in scientific research,
recently an uptrend toward utilization of earth abundant metals as catalysts has been
established. The sustainable and economical aspects of application of base metals have

prompted extensive research on iron and cobalt based hydrosilylation catalysts.
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1.3.1 Iron catalysts

Iron is one of the most abundant metals in the Earth’s crust. Iron salts and oxides are
cheap and readily available. Its proximity to ruthenium, a versatile metal centre for
catalysts, have attracted the attention of scientists. A variety of oxidation and spin states
give iron a great catalytic potential®>°. Despite aforementioned upsides, the area of
homogenous iron catalysis is an interplay of fragile compromises between stability, activity
and selectivity®>°2, Although this challenge has been taken up by many scientific groups,

iron-catalysed hydrosilylation is still an open field of research.

One of the first reports on iron-catalysed hydrosilylation describes the catalytic
activity of iron-carbonyl complexes®*>. For instance, Fe3(CO)12 complex has been applied
to hydrosilylation of styrene and its para-substituted derivatives, such as 4-methylstyrene,
4-chlorostyrene and 4-vinylanisole, with triethylsilane. Despite recognised great pioneering
value, the use of this catalytic system is limited to styrenes and requires a threefold excess

of alkene and the reaction is carried out in benzene.

The breakthrough in iron-catalysed hydrosilylation was the discovery of Fe complexes
with tridentate nitrogen ligands. The first iron pyridinediimine complex was reported by
Chirik> in 2004. The steric hindrance and redox potential of the ligand had positive impact
on the reactivity of such catalyst. Under mild conditions and low catalyst loading, alkenes
underwent hydrosilylation with phenylsilane and diphenylsilane, affording mainly an anti-
Markovnikov products. Further development of the Chirik’s Fe-PDI complexes (Figure 1.5)
improved their catalytic properties*®®°. For example, complex [(MePDI)Fe(N2)]2(p2-N2)
exhibited superior catalytic activity in anti-Markovnikov hydrosilylation (25000 TON,
100000 h™* TOF), and could be applied in the reaction with triethylsilane, triethoxysilane or

1,1,1,3,5,5,5-heptamethyltrisiloxane.

IAr Ar\
| N A N=
N7 | _ N
I | I | T | N—Fe——N=N—T~Fe—N
Ar/N\Fe/N\Ar Ar/N\Fe/ \Ar ,NZ \ -
Ny N /N | N
2 2 PhH,Si—H H>SiH,Ph Ar Ar
Ar = 2,6-(iPr),CoHs Ar = 2,6-(iPr),CgHs Ar = 2,6-Me,-CgH3
(P'PDI)Fe(N,), (P'PDI)Fe(PhSiH3), [(MePDI)Fe(N)]a(12-Np)

Figure 1.5 The evolution of Chirik’s Fe-PDI complexes
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The low dissociation energy of N ligand acts as a double-edged sword. On the one
hand, it guarantees high activity, but on the other hand, such complex is highly vulnerable
to moisture and air presence. Bench stable complexes activated in situ directly in the
reaction mixture make an effective alternative. Shelf-stable and easily operational Fe-PDI
complexes have been reported by the Thomas’ group®°3 (Figure 1.6). According to their
studies, the direct activation of iron pre-catalyst with Grignard’s reagent or sodium
butoxide led to good silane conversion, equalling the results obtained for Fe-PDI-dinitrogen

complexes.

Chirik's catalyst

200 ppm Thomas' catalyst
[(*'PDI)Fe(No)la(1p-No) X
\
PN
SN N N,
N ) Ar Fe\ Ar
. \/\/\/Sl(oEt):; Cl/ Cl
(EtO);SiH >90% conversion Ar = 2,6-Et,CgHs
(E'PDIYFeCl,

Thomas' catalyst
94 ppm
(E'PDI)FeCl,
NaO'Bu (430 ppm)

Figure 1.6 Comparison of activities of Fe-PDI-N; and bench stable FeCl,-PDI complexes.

Later developments of iron-catalysed hydrosilylation include the introduction of
other bidentate or tridentate nitrogen-based ligands, such as phenanthroline®4-°¢,

iminobipyridine®”®® or terpyridine®®7°,

1.3.2 Cobalt Catalysts

While numerous studies have been conducted on iridium and rhodium-catalysed
hydrosilylation, the first metal of the 9™ group — cobalt — emerged as an eco-friendly and
sustainable alternative’™"3. One of the earliest cobalt-catalysed hydrosilylation of alkenes
has been reported by Chalk and Harrod’4. Co»(CO)s was found to be active in the anti-

Markovnikov hydrosilylation of terminal aliphatic alkenes with (MeO)sSiH, Et3SiH and
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PhCI,SiH. Later, the cobalt-carbonyl complexes have been applied in hydrosilylation of aryl
alkenes’ 7% and alkynes’”’. The general concept of ligands for Co-catalysed hydrosilylation
was evolving until 2016, when the PDI and similar nitrogen-based tridentate ligands were

applied to cobalt.

After unprecedented success of PDI ligands in iron-catalysed hydrosilylation, Chirik
synthesised bench stable pyridinediimine cobalt(ll) complex as a catalyst for alkene
hydrosilylation”®#°. The complex is in situ activated by the substrates — silanes - that are
known reducing agents. The work of RajanBabu reports the use of (P'PDI)CoCl; as pre-
catalyst for hydrosilylation of terminal alkenes and dienes with phenylsilane, diphenylsilane
and methylphenylsilane®!. Later, Ge and Huang have independently described the
moderate activity of (""PDI)Co(acac),, (APDI)Co(acac),, (PyBox)Co(acac), and (IPO)CoCl,
(activated by NaHBEt3) complexes in diene hydrosilylation8%83, Application of the
aforementioned pre-catalysts led to 27%, 33%, 49% and 72% yield of 1,2-Markovnikov
addition product, respectively (Figure 1.7). Our group have also contributed to
development of such pre-catalysts®*. The pyridine-hydrazone-imidazole cobalt(ll) complex,
activated by NaHBEts; catalysed hydrosilylation of alkenes with primary and secondary
silanes and siloxanes with moderate to very good conversions. Despite the pioneering value
of this investigation, and along with low pre-catalyst loading, the fact that the reaction had
to be conducted in high temperatures and a narrow substrate scope determined a low

application value of the proposed catalytic system.
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Ge 2018 Ge 2018 Huang 2019
ADPI+Co(acac), PyBox+Co(acac), (PrIPO)CoCl,

Ar = 2,6-(iPr)2C6H3

Figure 1.7 Pre-catalysts for alkenes and dienes hydrosilylation with NNN-tridentate motif

A number of cobalt catalysts have been proven to be active in hydrosilylation of
alkynes. For instance, Deng’s group have designed a carbene-Cobalt complex, providing a
convenient pathway to synthesize B-(E)-vinylsilanes®. Later, Thomas’ and Ge’s groups have
proposed catalytic systems comprising cobalt(ll) complexes with ™*PDI ligands, which
afforded B-(E)-vinylsilanes or B-(2)-vinylsilanes, depending on the activator type and
addition of phenol 827, Although many reports on the catalytic activity of cobalt complexes
have been published, most of them concerned the synthesis of anti-Markovnikov addition
products. Markovnikov-selective catalytic systems based on cobalt were hardly known

before 2016.

The Markovnikov-selective cobalt-catalysed hydrosilylation of alkynes, involving
nitrogen-based tridentate ligands, was reported in 2016 by groups of Lu and Huang888°
(Figure 1.8). The application of such complexes activated by NaHBEts resulted in general in

formation of Markovnikov addition product. The catalytic systems proposed by the above
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authors promote regioselective transformation, compatible with secondary silanes and

tolerate various functional groups.

[ [
~
SevERCNpS
N\CO/N E N\CO/N g
/ \ Bn tBu / \ “tBu
Cl ClI Cl ClI
Lu 2016 Huang 2016
(IPO)CoCl, (PyBox)CoCl,

Figure 1.8 Structures of the first NNN cobalt(ll) pre-catalysts for Markovnikov

hydrosilylation of alkynes

The articles from 2016 were the springboards for further development and evolution
of nitrogen-based tridentate cobalt(ll) complexes for alkyne hydrosilylation. For example,
Lu and Huang designed and developed the processes to obtain chiral products®®°!. Lu’s
work describes a one-pot hydrosilylation/hydrogenation in the presence of (IPO)CoCl,,
NaHBEts3 as an activator, alkyne, diphenylsilane and hydrogen. On the other hand, Huang
reported the enantioselective hydrosilylation with (PyBox)CoCl, complex, activated by

NaHBEts (Figure 1.9).

® ®

N/ @) ] N/ )
I ‘ I J I l I J
N | N~ RN-N~_| _N-/r)

¢Q “iPr &S .

Cl Cl /o Cl ClI o}

tBuPh,Si SiPh,tBu

Lu 2017 Huang 2018

(IPO)CoCl, (PyBox)CoCl,

Figure 1.9 The second NNN-Co(ll) generation catalysts of Lu and Huang for the synthesis

of chiral silyl products

The mechanistic approach, based on the modified Chalk-Harrod cycle, has been
proposed by Huang®? (Figure 1.10 A), in which the cobalt pre-catalyst reacts with an

activator to generate cobalt-hydride. After subsequent reaction with hydrosilane, the
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cobalt-silyl species initiate the catalytic cycle. The alkyne molecule is coordinated to the
metal centre. The migratory insertion of coordinated alkyne into silyl-cobalt bond occurs
regioselectively, to avoid steric obstacle of the [Co] complex. The last step involves the
reaction with hydrosilane molecule, release of a-vinylsilane, and regeneration of the
catalyst. Despite a great mechanistic value, the described mechanistic investigation
assumed the formation of syn-addition products. No information was given about the anti-
addition products, whose traces are usually observed. An alternative catalytic cycle has
been proposed by Lu®? (Figure 1.10 B). The first steps involve generation of active cobalt
species and migratory insertion of alkyne into the cobalt-silyl bond. The anti-addition
products are occasionally formed when Crabtree-Qjima type isomerisation takes place. The
last part of catalytic cycle proposed by Lu, similarly to the Huang’s cycle, includes the

reaction with hydrosilane molecule, release of a-vinylsilane and regeneration of the

catalyst.
[ColCl, [Co]Cl,
A + MHBEt; B + MHBEt;
+ PhySiH, + Ph,SiH,
SiHPh, Ph
Ph [Co]—SiHPh, = pp SiHPh; [Co]—SiHPh,  =——ph
Ph,SiH, \< Ph,SiH,
[Co] SiHPh, [Co]—SiHPh, [Co] Ph [Co] SiHPh,
Ph = Ph SiHPh, Ph
\ (Col SiHPh, / \ /
SV ®
——Ph [CO]\ SIHPh2
o
Ph

Figure 1.10 Huang’s (A) and Lu’s (B) proposed catalytic cycles describing hydrosilylation of

alkynes, explaining the formation of syn-addition and anti-addition products
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A few other catalytic systems have been also described as highly selective and
effective in Markovnikov-selective hydrosilylation of alkynes (Figure 1.11). Reports of Yang
describe a shelf-stable (API)CoCl, pre-catalyst. Presented complex, after activation by
NaHBEts, catalysed hydrosilylation of alkenes with various functional groups with primary
silanes®®. This catalytic system also tolerated secondary and tertiary silanes; however, an
increased time as well as increased catalyst and activator loadings were necessary. Chen
has proposed a cobalt pre-catalyst bearing a 2-(2-(6-hydroxypyridyl)methyl)-bipyridine
ligand - (N°NN)CoCl; - for hydrosilylation of a wide range of aryl alkynes and conjugated

diynes®>®,

X

~
',“ |
H-

N N
tBu” TCo Ar
/N
c” ¢l

Yang 2018 Chen 2019
(AP1)CoCl, (N°NN)CoCl,
Ar = mes
Figure 1.11 Structures of (AP1)CoCl, and (N°NN)CoCl, — pre-catalysts proposed for

Markovnikov selective alkyne hydrosilylation

Although a variety of hydrosilylation catalysts have been proposed, actually, there is
a shortage of well-tailored catalysts based on earth-abundant metals. There are only a few
catalytic systems reported as compatible with primary and secondary silanes. What is
more, there is a great challenge of selective and efficient hydrosilylation catalysis with
tertiary silanes and siloxanes®’™° (Figure 1.12). According to the current state of
knowledge, there are no NNN-tridentate cobalt complexes that are well tuned for tertiary

silanes.
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Figure 1.12 Catalysts for a-selective alkyne hydrosilylation with tertiary silanes.
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2. Aims of the study

Increasing demand of industry for silicon-based materials, such as silane coupling
agents and functionalised silicones, induce a great pressure on scientists. One of the most
atom-economical transformations involved in the syntheses of such compounds is
hydrosilylation. For many years much attention has been paid to designing noble metal
catalysts for this reaction. Scientists all over the world have taken part in the pursuit of
development of noble metal hydrosilylation catalysts, slowly losing sense of purpose. While
the correlation between cost of platinum complexes and the silicones has been generally
recognised, the aspects of inflating prices of noble metals, deposits depletion, their toxicity
and environmental pollution caused by mining have usually been omitted. Therefore, from
the economic and sustainable development points of view, utilisation of earth abundant
metals is favourable. Nevertheless, in the times of heavy and multistep synthesised ligands,
it is crucial to introduce new, sustainable, rational and possibly simple coordination
environment.

Among many earth abundant metals, cobalt poses an interesting alternative to the
known noble metal catalysts. In recent years, cobalt compounds have been reported as
efficient and selective catalysts for hydrosilylation of alkenes and alkynes. Cobalt catalysts
stand out among the other base-metal ones, e.g., those of iron or nickel. Although
application of these metals is cost-efficient, the overall prices of their complexes are still
high, as the complexity of ligands, such as heavy molecular phosphines or pincer ligands, is
significant. To compete with well-known noble-metal catalysts, new complexes should bear
simple and therefore cheap ligands, while maintaining high activity and selectivity.

One of the main aims of the studies, undertaken as the basis of the doctoral
dissertation, was to design and synthesise a library of cobalt complexes with structurally
simple tridentate Schiff base type ligands. The selection of Schiff base ligands was driven
by the shortage of cobalt catalysts with simple and cost-efficient coordination structure.
What is more, the hydrazone linker acts as a good spacer creating coordination pocket for
metal ions. The synthesised complexes were assessed as catalysts for the reaction of
hydrosilylation of alkenes and alkynes with primary, secondary and tertiary silanes.
Another objective of the studies was the evaluation of catalytic activity of the activator, e.g.

alkali metal borohydride, in the reaction without a transition metal catalyst.
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The design, synthesis and characterization of ligands and cobalt complexes are

presented in supplementary articles A1 and A3. The superior activity of the obtained

complexes in hydrosilylation of alkenes, presented in Al, has prompted further research

on their activity towards hydrosilylation of alkynes, which in fact is presented in article A2.

Article A3 presents further investigation of the relation between the structure and catalytic

activity of Schiff base cobalt complexes with particular emphasis on the reactivity of alkynes

with tertiary silanes, commonly perceived as hardly reactive in 3d transition metal

catalysed reactions. The last article, A4, presents the evolution of the blind test, which has

shown unexpected catalytic activity of alkali metal borohydrides in dehydrogenative

silylation of terminal alkynes with hydrosilanes.

The doctoral dissertation submitted as the basis for conferment of a Doctor of Philisophy

degree is based on the following articles:

Appendix Al

Appendix A2

Appendix A3

Bocian A*., Skrodzki M*., Kubicki M., Gorczynski A., Pawlu¢ P.,
Patroniak V.; The effect of Schiff base ligands on the structure and
catalytic activity of cobalt complexes in hydrosilylation of olefins.
Appl. Catal. A-Gen. 2020, 602, 117665. [IF= 5.72, MNiSW= 100,
Cited by 6(5), *equally contributed]

Skrodzki M., Patroniak V., Pawlu¢ P.; Schiff Base Cobalt(ll)
Complex-catalysed Highly Markovnikov-Selective Hydrosilylation
of Alkynes. Org. Lett. 2021, 23, 663-667. [IF= 6.00, MNiSW= 140,
Cited by 13(12)]

Skrodzki M., Ortega Garrido V, Csaky A. G., Pawlu¢ P.; Searching
for highly active cobalt catalysts bearing Schiff base ligands for
Markovnikov-selective hydrosilylation of alkynes with tertiary
silanes. J. Catal. 2022, 441, 116-121. [IF= 8.05, MNiSW= 140, Cited
by 0]
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Appendix A4 Skrodzki M., Witomska S., Pawlué¢ P.; Sodium triethylborohydride
as a catalyst for the dehydrogenative silylation of terminal alkynes
with hydrosilanes. Dalton Trans., 2018, 47, 5948. [IF= 4.57,
MNiSW= 140, Cited by 23(22)]

3. Discussion of the results of the study

3.1 Hydrosilylation of alkenes

The catalytic activities of newly proposed cobalt complexes are presented in article
Al, “The effect of Schiff base ligands on the structure and catalytic activity of cobalt
complexes in hydrosilylation of olefins”. Firstly, in the collaboration with Prof. V. Patroniak
group from the Adam Mickiewicz University, the ligands were synthesised in a two-step
process involving the substitution of haloarene with N-methylhydrazine, followed by
condensation of the obtained compound with imidazolecarboxaldehyde. The synthetic

pathway of ligand L1 is shown in Figure 3.1.

H I H Ox H L y
N N/ l °N
@[N)_C' " NNk, on PN N WN/ /\N\(\/)
Anh. N  NH, \—/ EtOH anp.
Figure 3.1 Synthesis of (E)-2-(2-((1H-imidazol-2-yl)methylene)-1-methylhydrazinyl)-1H-

benzo[d]imidazole

According to this procedure, 5 Ns3-tridentate ligands have been synthesised (Figure
3.2), bearing in their structure fragments of benzimidazole (L!-L3), pyridine (L% L°),
methylhydrazine  (L!-L°),  2-imidazolecarboxaldehyde (L, [°),  1-methyl-2-

imidazolecarboxaldehyde (L3), or 4-imidazolecarboxaldehyde (L2, L%).
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Figure 3.2 Structures of ligands (L1-L5)
Secondly, the complexation reaction of ligands L? - L> with cobalt(ll) chloride, was
performed at the equimolar ratio of reagents (Figure 3.3). This straightforward method,
afforded cobalt(ll) complexes in yields ranging from 63% to 99%. All of the obtained cobalt

complexes are shelf-stable, and no visible degradation is observed in 12 months after

synthesis.
K PP
N N N N7
VU e —— O
N MeOH g, Sco
/ N\
c’ ¢l

Figure 3.3 Synthesis of Co(L')Cl,

The complexes were subjected to ESI-MS. The X-ray diffraction structures were
solved by Prof. M. Kubicki from the Adam Mickiewicz University. Complexes 1, 2 and 4
[Co(LY)Cl,, Co(L?)Cl, and Co(L?)Cl,] belong to the open species, in which the metal to ligand
ratio is in particular 1:1, however, complex 4 had an additional solvent (MeOH) molecule
associated to the cobalt ion. Analysis of the crystal of complex 3 [Co(L3)Cl,], has shown
closed structure, with two ligand molecules coordinated to one cobalt ion (Figure 3.4).
From the catalytic point of view, synthesis of the open structure is more preferable. The
accessibility of reagents to the metallic centre define the properties of catalysts due to easy
substitution of chloride with hydride and possible reductive elimination of HCl or H, leading
to cobalt(0) or cobalt(l) species. Thus, the open ones are expected to excel closed ones,

because the centres of the latter are hindered.
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The catalytic studies of cobalt complexes were performed in accordance with the
Nakazawa protocol, in which alkali metal borohydrides were employed as activators'®. The
active forms of the catalysts were thus generated in-situ from cobalt(ll) precursors (1-5). In
the model reaction of hydrosilylation of styrene with phenylsilane, all activated complexes
showed catalytic activity. The outcome of each reaction was dependent on the applied
Schiff base scaffold, as well as on the type of metal ion in borohydride. In the presence of
an alkali metal borohydride, the silane undergoes redistribution, which is why the screening

of catalysts was needed to find the optimum conditions.

Figure 3.4 Acquired X-Ray structures of complexes: a) 1 Co(L*)Cl],
b) 2 [Co(L?)Cl,], c) 3 [Co(L3)Cl2], d) 4 [Co(L*)Cly]

In a typical procedure of hydrosilylation, phenylsilane and styrene were used in the 1
: 1 ratio, and a 3 mol % of cobalt pre-catalyst was activated with 12 mol % activator. The

post-reaction mixtures were analysed by GC and GC-MS methods. The use of pyridinic
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complexes, 4 and 5, activated by NaHBEt3 allowed for a total conversion of phenylsilane at
80°C. Although a high conversion was achieved, the post-reaction mixture did not contain
the expected compounds, but double hydrosilylation products, higher order products, and
diphenylsilane - a result of phenylsilane redistribution. On the other hand, the use of the
complexes with benzimidazole moiety — 1, 2 and 3, activated by NaHBEts at 80°C, resulted
in 100%, 53% and 29% conversion of phenylsilane, respectively. Only in the post-reaction
mixture obtained after hydrosilylation in the presence of complexes 1 and 2, the alpha or
beta hydrosilylation products were detected. As expected, the lowest activity and
selectivity were achieved when using the closed precursor — 3. The decision to use LiHBEt3
as the activator had a crucial consequences for further studies. While the conversion of
phenylsilane in the presence of complexes 2, 3, 4, 5 as catalysts dropped below 50%, the
reaction with 1 resulted in total conversion of PhSiHs, maintaining decent B-selectivity
(>78% of B-addition product). Lowering of the reaction temperature resulted in cessation
of silane redistribution. Lowering of the catalyst loading to 0.25 mol % had a positive impact
on selectivity. In the optimised conditions: 1 equivalent of phenylsilane, 1 equivalent of
styrene, 0.25 mol % of cobalt(ll) pre-catalyst 1, 0.75 mol % of LiHBEt3, 0.5M THF solution,
20 hours at room temperature, the conversion of silane reached 98% and the selectivity of
products B:o = 98:2.

The optimised conditions were applied to the hydrosilylation reactions of styrene
derivatives and aliphatic alkenes with various silanes. The reaction with 2-vinylnaphthalene
or styrene with phenyl- and diphenylsilane proceeded smoothly to give the expected B-
addition products quantitatively. The presence of both, electron withdrawing and donating
groups at phenyl ring, such as 4-OMe and 4-Br did not significantly lower the conversion of
phenylsilane and diphenylsilane. Also, the use of styrenes bearing electron donating
groups, 4-metylstyrene and 4-tert-butylstyrene, provided very good conversions.
Moreover, the hydrosilylation with Ph,SiH;, in comparison to that with PhSiHs, yielded only
B-addition products (Figure 3.5).
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/@/VslePh /@/VS'HF’hz /@/vS'HzPh /@/vS'Hth

98% (86:14) 98% (100:0) 71% (98:2) 99% (100:0)
WSM Pws|Hth /@/Vsmzph /Ej/vsnaph2
86% (86:14) 100% (100:0) 84% (88:12) 98% (100:0)
©/VS|H2Ph ©/VS|HPh2 “/V&HZPh “/V&Hth
100% (100:0) 100% (97:3) 98% (86:14) 100% (100:0)

Figure 3.5 Products of hydrosilylation of vinylarenes with phenylsilane and diphenylsilane.

The conversions of silane and selectivity (in parentheses) of B:a addition are given.

The above-mentioned reaction system is compatible with vinyl arenes.
Unfortunately, the aliphatic alkenes, such as hex-1-ene or 3,3-dimethylbut-1-ene are
incompatible and no conversion of silane was observed. Another limitation is intolerance
of tertiary silane (PhMe;SiH), and secondary aliphatic silane (Et2SiH>).

Despite the narrow spectrum of substrates, the above-described catalytic system
with simple benzimidazole-imine-2H-imidazole cobalt(ll) complex and lithium
triethylborohydride, is effective in transformation of vinyl arenes and primary or secondary

silanes to 1-silyl-2-arylethanes.

3.2 Hydrosilylation of alkynes

The hydrosilylation of alkynes is presented in the articles entitled “Schiff Base
Cobalt(ll) Complex-Catalysed Highly Markovnikov-Selective Hydrosilylation of Alkynes” A2
and “Searching for highly active cobalt catalysts bearing Schiff base ligands for

Markovnikov-selective hydrosilylation of alkynes with tertiary silanes” A3.

The former article is devoted to the assessment of catalytic activity of a cobalt(ll)
complex with a simple benzimidazole-imine-2H-imidazole ligand, which exhibited superior

properties in selective hydrosilylation of alkenes. Optimization studies were performed for
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the temperature of the process, solvent, activator, and catalyst loading. In the model
reaction, phenylacetylene was hydrosilylated with diphenylsilane at the molar ratioof 1:1
in the presence of 3 mol % of pre-catalyst 1 and 9 mol % of LiHBEts, as 2M THF solution.
The reaction mixture was stirred and heated for 20 hours in a Schlenk flask. The post-
reaction mixture was analysed with GC and GC-MS. The results of the screening confirmed
the optimal choice of the solvent. Although conversion of substrates in toluene or dioxane
was high, selectivity of hydrosilylation was low. The use of both NaHBEt; and NaO'Bu led to
lower selectivity, whereas the presence of the latter activator significantly decreased the
conversion of diphenylsilane. As a result of the optimization, the pre-catalyst and activator
loadings and the temperature were set at 0.1 mol % and 0.3 mol % and 40°C, respectively.
In these conditions, diphenylsilane underwent transformation to vinylsilane with >99%

conversion, and 99:1 selectivity of a to B addition products (Figure 3.6).

1 01% 1

oo H
gz . N N. N
Z LiHBEt; 0.3 % N7
. R SiHPh, T ‘/\W\/)
+ PhySiH, — N\C _N
(o]

THF 2M, 20h, 40°C / N\
Cl Cl

Figure 3.6 Optimized conditions for phenylacetylene hydrosilylation with diphenylsilane

After the optimization studies, the reactivity of various alkynes was examined (Figure
3.7). The reactions with phenylacetylene bearing substituents in -para position, such as 4-
tert-butylphenylacetylene, 4-ethynylanisole and 4-ethynylaniline proceeded with superb
selectivity (99:1 - a:B) and vyield. Cyclopropylacetylene, cyclohexylacetylene and
cyclohexenylacetylene were hydrosilylated smoothly, however, the selectivity of the
reactions was slightly lower for the first two compounds: 97:3 and 94:6 a:[3, respectively.
The reaction with 4-Bromophenylacetylene resulted in moderate conversion and a higher
catalyst loading was necessary (0.5 mol %). The terminal aliphatic alkynes, 3-phenylprop-1-
yne and oct-1-yne, were hydrosilylated and no traces of B-addition products were
detected. The same outcome was observed for the reaction with internal alkynes: oct-4-
yne and diphenylacetylene. The H NMR analysis proved the structure of products - (E)-
silylalkenes. The presence of 3-ethynylthiophene was tolerated within reaction conditions,
and the hydrosilylation with diphenylsilane yielded only a-vinylsilane formation. The

competitive hydrosilylation of carbon-heteroatom bond in 4-ethynylbenzonitrile and
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butynyl benzoate did not occur, which proves the chemoselectivity of the proposed
catalytic system toward C-C bonds. The methyl substituent in -ortho, -meta or -para
positions did not affect the selectivity. Because of the presence of alkali metal borohydride,
the alcohols are incompatible, since reactions of compounds with unprotected OH group
lead to dehydrogenative coupling with hydrosilanes. On the other hand, protected
alcohols, such as silyl ethers, gave the expected product in moderate yield (72%). Reaction
of 1-phenylprop-1-yne resulted in a mixture of 1,2 and 2,1 addition products, presumably
due to a narrow steric hindrance of the methyl group. The reactions with 4-
bromophenylacetylene, cyclohexylacetylene, oct-4-yne, 4-methylphenylacetylene and 4-

ethynylbenzonitrile required an increased pre-catalyst loading (0.5 mol %).

©)Lsn-|ph2 SiHPh, /@)‘\SiHth /@)‘\SiHth
MeO H,N
99% (>99:1) 99% (>99:1) 99% (>99:1) 99% (>99:1)
i SiHPh SiHPh
%SiHth O)‘\SlHPhg @)‘\ i 5 /@)‘\ ,
Br
99% (97:3) 99% (94:6) 99% (>99:1) 99% (>99:1)
SiHPh, SiHPh, . |
SiHPh,
SiHPh,
99% (>99:1) 99% (>99:1) 95% (>99:1) 98% (>99:1)
o)
@)LSiHPhQ /@)‘\Smth ©)J\01 @)LsiHth
S NC Ph,HSi
98% (>99:1) 55% (>99:1) 99% (>99:1) 99% (>99:1)
SiHPh, SiHPh, (?/\)J\SiH Ph, SiHPh,
SiMe,Ph
94% (99:1) 95% (>99:1) 72% (>99:1) 99% (72:28)

Figure 3.7 The reactivities of various alkynes in the reaction with diphenylsilane in the
presence of pre-catalyst 1. The isolation yields are given, regioselectivity is shown in

parentheses.
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The scalability of hydrosilylation was also evaluated. For this purpose, 4 mmol of
diphenylsilane was used in the reaction with phenylacetylene in the presence of 0.1 mol %
of pre-catalyst 1 and 0.3 mol % of LiHBEts. The product of this reaction was isolated in 98%
yield (1.12 g) with the selectivity of a to B addition 99:1.

The studies reported in the paper “Schiff Base Cobalt(ll) Complex- catalysed Highly
Markovnikov-Selective Hydrosilylation of Alkynes” were undertaken to assess the activity
of pre-catalyst 1 in hydrosilylation of primary and tertiary silanes. The optimization of the
reaction conditions was performed for a systems comprising phenylsilane and
phenylacetylene. In this reaction, the effective loading of the pre-catalyst turned out to be
half as much as in the reaction with diphenylsilane. Despite high conversions and the
absence of B-addition products, the side products of subsequent alkyne a-hydrosilylation

(aa) were observed (Figure 3.8).

P 0.05 % 1 H '\Il H
Z LiHBEt; 0.15 % N NANN
3 \CO/

THF 2M, 20h, 40°C

Figure 3.8 Optimised conditions for phenylacetylene hydrosilylation with phenylsilane

The scope of substrates was investigated (Figure 3.9). The conversion of phenylsilane
in the reaction with phenylacetylene was calculated as 98%. Most of the chosen
unsaturated substrates, such as 4-tert-butylacetylene; 4-ethynylanisole; 4-ethynylaniline;
cyclopropylacetylene and 3-phenylprop-1-yne, reacted well, and the conversion of
phenylsilane was above 93%. 4-Bromophenylacetylene reacted with moderate conversion
- 38%. This particular reaction was expected to have the lowest conversion, as the reaction
with diphenylsilane required fivefold excess of pre-catalyst 1. The results of this reaction
suggest a negative impact of electron withdrawing groups, such as bromo and presumably
other halides, leading to significantly lower conversions, and imply the necessity of
increasing the pre-catalyst loading. The differently substituted methylphenylacetylenes
have undergone the reaction smoothly, and the position of the substituent did not have an

impact on conversion. However, the selectivities of the reactions with 2-
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methylphenylacetylene and 3-methylphenylacetylene were slightly lower (both 91:9 of

a:aa) than that of the reaction with 4-methylphenylacetylene (97:7 of a:aa).

©)LS|H2Ph \\/@)LS|H2Ph /©)LS|H2Ph /©)LS|H2Ph /©)LS|H2Ph

99% (79:21) 99% (100:0) 38% (97:3) 99% (>99:1) 99%
(>99:1)
/@)‘\&HZPh \@)‘\&ngh @J\SiHZPh %SinF’h Ph \)J\Sinph
99% (97:3) 99% (91:9) 99% (91:9) 99% (91:9) 97%
(97:3)

Figure 3.9 The reactivity of various alkynes in the reaction with phenylsilane. The GC-

calculated conversions and a:aa selectivity are given

As mentioned above, pre-catalyst 1 was also examined in the hydrosilylation of
alkynes with tertiary silanes, which are the most challenging hydrosilanes. The catalytic
system based on complex 1 as the pre-catalyst and LiHBEt3 as the activator was found to
be active in hydrosilylation of aryl alkynes and cyclopropylacetylene with
dimethylphenylsilane, however, increased pre-catalyst loading and temperature were
necessary. The optimized conditions comprised 0.5 mol % of 1, 1.5 mol % of LiHBEt; and a
temperature elevated to 60 °C. Analysis of the post-reaction mixture has shown the

presence of an a-addition product as well as traces of the B-addition one.

Under the optimised conditions, the substrate scope was investigated. In the reaction
with phenylacetylene, 94% conversion of dimethylphenylsilane and 91:9 selectivity of a-
over B-addition products were obtained. The use of alkyl substituents, such as in 4-tert-
butylphenylacetylene, 4-methylphenylacetylene, 3-methylphenylacetylene or 2-
methylphenylacetylene, resulted in the conversion of silane ranging from 92% to 99%.
Cyclopropylacetylene, 4-ethynylanisole, 4-bromophenylacetylene, and 4-ethynylaniline
were tolerated, however, the reactions with the two latter compounds resulted in lower
conversions of dimethylphenylsilane (Figure 3.10). The a-selectivity of the aforementioned

reactions was superior to that of B-addition and ranged from 99:1 to 91:9.
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94% (91:9) 99% (97:3) 79% (95:5) 94% (94:6)
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Figure 3.10 The reactivities of various alkynes in the reaction with dimethylphenylsilane.

Isolated yield and a:B selectivity are given

To examine the mode of the silane addition to phenylacetylene, *H NMR deuterium
labelling experiments were performed (Figure 3.11). The reaction of D1-phenylacetylene
and diphenylsilane afforded syn-addition product, and no anti-addition products were
observed. The results of this experiment suggest a reaction pathway based on the modified

Chalk-Harrod mechanism described by Huang.

1 05% | BN H
LiHBEt; 1.5 % _ e Nﬁ(\/)
@%D + PhySiH, SiHPh, N\Clo/N
o \
THF 2M, 20h, 40°C o’ o

Figure 3.11 Deuterium-labelled studies on the nature of cobalt-catalysed addition of

diphenylsilane to alkyne

Presented studies on the activity of cobalt(ll) complex with benzimidazole-imine-2H-
imidazole ligand activated by LiHBEt3 indicate a high potential in hydrosilylation of alkynes
with primary, secondary and tertiary silanes. The low catalyst loading (500 ppm) supported
with mild reaction conditions, substrate tolerance and superb selectivity are very unique

even amongst noble metal catalysts.
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The continuation of studies on cobalt pre-catalysts for alkyne hydrosilylation is
presented in article “Searching for highly active cobalt catalysts bearing Schiff base ligands
for Markovnikov-selective hydrosilylation of alkynes with tertiary silanes”. In this article
particular attention was paid to the reactivity of tertiary silanes which are the most
challenging substrates in cobalt-catalysed alkyne hydrosilylation. For this purpose, 9 ligands
were synthesised (L% — L??) in accordance with the idea of high activity Co(ll) pre-catalysts

with hydrazone Schiff base motifs (Figure 3.12).

L4 L5 L6
~N N=\ ~N N\ SN N\
[ N NH E:;J\ ,NQ/“:> H:;Q\ ,NQVJ£/>
N N N N N
| | H | \
L7 L8 L9
» o A by
NN Wy S ‘N/\Wfﬁ> - \N/\Wfs?
_N N=/ _N N-7/ _N N
L10 L1 L12

Ei§N N:aNH Ei“N q N\ Eﬁ§N N\
Pt N/xw,nvk? N/xw,NvQ

Figure 3.12 The structures of L* — L'?ligands

The activity of in situ synthesised complexes were examined in the reaction of
diphenylsilane and phenylacetylene in 1:1 ratio. In the reaction setup, 1 mol % of a ligand
and 1 mol % of anhydrous cobalt(ll) chloride were mixed together and further dried under
reduced pressure. The reagents and solvent (1M THF) were then placed into Schlenk flask
under inert atmosphere. After the addition of LiHBEts, as activator, reaction was stirred in

the room temperature over 20 hours. The post-reaction mixtures were analysed by GC.

The outcome of the catalysts screening is shown in Figure 3.13. Moderate
conversions of silane, ranging from 26% to 58%, were observed in the presence of 1Me-
imidazol-2-yl moiety (L% L° L'2). The selectivity of the aforementioned reactions were
unsatisfactory. On the other hand, higher conversions were observed for the reactions with
1H-imidazol-4-yl derivatives (L* L7, L1°). The selectivity of the reactions with L* and L were

directed toward a-addition, whereas the reaction with L’ showed no selectivity. The
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highest conversions and selectivity were noted for the reactions involving ligands with 1H-
imidazol-2-yl motifs (L%, L% L!). Results of the initial trials indicate the strong impact of
imidazole side of ligands on efficiency and selectivity of the reaction. Further investigation
of the optimal loading has shown that the use of L' brought higher activity and selectivity
than the presence of L° and L. The optimum conditions of the reaction with diphenylsilane
are following: the use of 0.05 mol % of anhydrous CoCl,,0.05 mol % of L, 0.15 mol % of
LiHBEts and a temperature of 40°C. Similar optimization was performed for
dimethylphenylsilane to give the optimum conditions as the use of 0.25 mol % of anhydrous

CoCl,,0.25 mol % of L1, 0.75 mol % of LiHBEt; and a temperature of 60°C.

L4 L5 L6
=N N=\ ~N N =N N
| NH Q B Q D)
| | H | \
87% (85:15) >99% (89:11) 58% (64:36)
L7 L8 L9
N NN NN
X ‘N/\(\ N ‘N/\( N 'N/\(
NH | |
COv s OOV OOV
48% (50:50) 99% (91:9) 26% (48:52)
L10 L11 L12

SN N=\ SN N SN N
St oe O O

AN As N)\,TJ,NVLH N/)\l\ll'Nle\{
48% (85:15) >99% (96:4) 31% (37:63)

Figure 3.13 The outcome of application of various hydrazone Schiff base ligands in the
hydrosilylation of phenylacetylene with diphenylsilane. The conversions of silane and

selectivity of a:B addition products are given

In the optimized conditions, a series of tests were performed with various alkynes
and diphenylsilane (Table 3.14). For the repeatability of the results, the complex 11
[Co(L)Cl;] was synthesised again and applied to further reactions. Phenylacetylene
reacted with diphenylsilane with a 100% yield. No traces of B-addition products were
observed. Phenylacetylenes bearing alkyl substituents, such as 4-methylphenylcetyene; 2-
methylphenylacetylene; 3-methylphenylacetylene and 4-tert-butylphenylacetylene,

underwent the reaction with quantitative conversion. The conversion of diphenylsilane in

57



all  reactions were >99%. Phenylacetylene with halide substituents - 4-

fluorophenylacetylene and 4-bromophenylacetylene also reacted with a quantitative
conversion of diphenylsilane. Heteroaromatic 2-ethynylthiophene was compatible with
tertiary silanes, however, 2-ethynylpyridine, even in the presence of 2 mol % of pre-catalyst

11, yielded vinylsilane products only in 23% with selectivity of 69:31 of a- to B-addition.

L'IJ;E?'%SZ/OS/ R " N r\ll H
i 3 0.15% _ - N
R™= + PhSH,  —— RJ\SiHPh2 N @)N/ T/T\/)
1M THF, 40°C, 20h SiHPh, Sco
Cl/ \CI
R Silane Silane Conversion [%]° Selectivity a/8
Phenyl >99 (95) 100:0
(4-Me)CeHa >99 96:4
(2-Me)CeHa 99 99:1
(3-Me)CeHa 99 94:6
(4-tBu)CsHa >99 (92) 99:1
(4-F)CeH4 >99 (96) 97:3
(4-Br)CeH4° 99 97:3
2-thienyl >99 100:0
2-pyridyl® Ph,SiH> 23 69:31
(4-NH3)CeHa >99 100:0
(4-CN)CgH4° 69 97:3
n-hexyl >99 93.7
cyclopropyl >99 100:0
cyclohexyl® 95 84:16
cyclohexen-1-yl >99 92:8
(4-NMe3)CeHa >99 (98) 95:5
(4-MeO)CsH4 >99 (96) 100:0
Phenyl¢ Et.SiH» >99 100:0¢

Table 3.14 Conditions: Alkyne 0.5 mmol, silane 0.5 mmol, 0.05 mol % of complex 1, 0.015
mol % LiHBEts3, 1M solution of silane in THF, 40°C, 20 hours. ?Calculated by GC with
mesitylene (0.166 mmol) as internal standard. 0.5 mol % of complex 1, 1.5 mol % LiHBEts,
60°C. Isolated yields of the reaction products are given in parentheses. ‘Mixture of
diethyl(1-phenylvinyl)silane and diethylbis(1-phenylvinyl)silane in 87:13 ratio. 2 mol % of

complex 11

The substrates bearing a reactive group at the phenyl ring, such as 4-ethynylaniline, 4-

ethynylbenzonitrile, 4-ethynylanisole, 4-ethynyl-N,N-dimethylaniline reacted with good
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yields and selectivity. The aliphatic and cycloaliphatic substrates were tolerated, however,
the selectivity in the reaction with cyclohexylacetylene was slightly lower than reactions
with cyclopropylacetylene and cyclohexenylacetylene. Diethylsilane, in the reaction with
phenylacetylene, underwent total conversion and no traces of B-addition were found. The
above protocol was also applied to hydrosilylation of internal alkynes -
phenyl(trimethylsilyl)acetylenes (Figure 3.15). These compounds are usually transformed
by ruthenium catalysts. So far, only a few catalytic systems have been reported for the
hydrosilylation of terminal® and internal silylacetylenes®®, most of which promoted the
formation of geminal bis(silyl)alkene products. To the best of my knowledge, there is only
one example of cobalt-catalysed alkyne hydrosilylation leading to such products known in
the literature!®. In our procedure, the pre-catalyst loading was set at 2 mol % of 11 and 6
mol % of LiHBEts. All 1-(phenyl)-2-trimethylsilylacetylenes were transformed to (E)-1-aryl-
1,2-bis(silyl)ethenes in yields ranging from 72% to 97%.

1" | H
. N._N. N
SiMes 1 2% , 2 NI
. Me;Si MeSi~_SiHPh R' )
LiHBEt; 6% 3 2 N | N
Il + PhysiH, ————827%s I + ]/ ~co—
Ar 1M THF, 60°C, 20h  Ar” "SiHPh, Ar c’ ol
vicinal geminal
Me;Si Me;Si Me;Si Me3Si
©j\S|HPh2 @j\smphz \@j\smphz /@J\S'thz
93% (81:19) 97% (85:15) 96% (84:16) 72% (79:21)
Me;Si MesSi Me;Si
| | |
SiHPh, SiHPh, SiHPh,
NC FsC \ITI
97% (86:14) 95% (75:25) 92% (91:9)

Figure 3.15 The reactivity of 1-aryl-2-trimethylsilylacetylenes in the reaction with

diphenylsilane. Isolated yields and 1,2- to 1,1-bis(silyl)ethenes selectivity are given.

The results of hydrosilylation of alkynes with dimethylphenylsilane catalysed by 11
are shown in Table 3.16. Phenylacetylene and its alkyl derivatives reacted with good
conversion and selectivity, however, lower conversion of dimethylphenylsilane was

observed for the reaction with 4-tert-butylphenylacetylene.
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11 0.25% 1 ]

LiHBEt; 0.75% R NN 2 H
RT= + PhMeSiH  —— RJLSiMeZPh ¥ \_\SiMe2Ph \ml‘l/\l/lN\/)
1M THF, 60°C, 20h /CO\
cl” ¢l
R Silane Conversion? [%] Selectivity a/6
Phenyl 98 96:4
(4-Me)CeHa 98 94:6
(4-tBu)CeHa 78 93:7
(2-Me)CeHa 89 98:2
(3-Me)CeHa 94 93:7
(4-MeO)CeHa 97 94:6
(4-NH,)CeHa 88 96:4
(4-NMe3)CeHa >99 (95) 99:1
(4-F)CeHa >99 (98) 97:3
cyclopropyl 100 98:2
cyclohexen-1-yl 100 88:12
2-thienyl 30 85:15

Table 3.16 Conditions: Alkyne 0.5 mmol, PhMe,SiH 0.5mmol, 0.25 mol % of complex 1, 0.75
mol % LiHBEts, 1M solution of silane in THF, 60°C, 20 hours. ?Calculated by GC with
mesitylene (0.166 mmol) as internal standard. Isolated vyields of the selected reaction

products are given in parentheses.

Alkynes such as  4-ethynylanisole, 4-ethynyl-N,N-dimenthylaniline, 4-
fluorophenylacetylene and 4-ethynylaniline reacted well, however, the yield of the reaction
with the latter one was under 90%. The reactions with cyclopropylacetylene and
cyclohexenylacetylene resulted in total conversion of silane with good selectivity of 98:2
and 88:12 of a:p addition, respectively. The reaction with 2-ethynylthiophene was less

efficient, as the conversion was calculated as 30%.

To examine the spectrum of tolerance of developed catalytic system, various tertiary
silanes were tested (Figure 3.17). A shortened optimization protocol indicated 2 mol % of
11 and 6 mol % of LiHBEt3 as the best conditions. Phenylacetylene and its derivatives
reacted with triethylsilane, triphenylsilane, triethoxysilane, pentamethyldisiloxane,
methyldiphenylsilane and diethoxymethylsilane. Various alkynes were suitable for
reactions with pentamethyldisiloxane, giving yields ranging from 92% to 98%, and
selectivity of a- to B- addition from 98:2 to 71:29. Similar outcome was observed in the

reaction with methyldiphenylsilane. In addition to trials with phenylacetylene derivatives,
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cyclopropylacetylene and hex-1-yne reacted well, and yielded a-vinylsilanes in 87% and

97%, respectively.

©)LS|MeZOS|Me3 SiMe,0SiMe; v)LSIMe OSiMe Q)LSiMeZOSiMes
o 2 3 .

95% (89:11) 92% (92:8) 98% (96:4) 97%
(98:2)
. . . SiMePh
SiMe,0SiMe, ©)LS|MePh2 Q)L 2 Q)L&Meth
92% (71:29) 97% (97:3) 91% (98:2) 98%
(99:1)
VJLSMePhZ QL SiMe(OEt), Si(OEt);
SiMePh,
87% (>99:1) 97% (95:5) 77% (73:27)2 72%
(61:39)2b
©)LSiPh3 ©)LS|Et3
93% (>99:1) 32% (>99:1)

Figure 3.17 Scope of hydrosilylation of alkynes with various silanes. Isolation yields are
given. ?Not isolated. "Reaction with twofold excess of silane.

Moderate yields and selectivity were observed for the reaction of phenylacetylene with
diethoxymethylsilane and triethoxysilane, however, triphenylsilane underwent effective
and selective conversion to corresponding a-vinylsilanes. The transformation of
triethylsilane turned out to be the most challenging. Despite superb selectivity, analysis of
the post-reaction mixture indicated the formation of 1-(triethylsilyl)-1-phenylethene in

only 32% yield.

The study reported in A3 deeply explores the impact of the ligand structure on the
cobalt-catalysed alkyne hydrosilylation. Based on the conducted experiments, it can be
concluded that the efficiency and regioselectivity are driven mostly by the imidazole side
of the ligand but the role of the activator in the pre-catalyst activity and reaction selectivity
is not entirely clear. It can be assumed that the borohydride interacts with the imidazole
fragment acting as a base and deprotonates the NH group. Further interactions with free
borane can electronically and sterically stabilize the imidazole ring. The catalytic system, in

which 11 acts as a pre-catalyst, can be applied to many alkynes, both aryl and alkyl, as well
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as internal and terminal ones. Very low pre-catalyst loading (0.05 — 2 mol %) and functional
group tolerance indicates its high activity and uniqueness. It is worth mentioning that the

new catalytic system proposed outperforms the so far known cobalt-based ones.

3.3 Silylation of alkynes

The studies reported in the paper A4 “Sodium triethylborohydride as a catalyst for
the dehydrogenative silylation of terminal alkynes with hydrosilanes”, concerned
dehydrogenative coupling of terminal alkynes with hydrosilanes. Particular attention has
been paid to alkali metal borohydrides, which play a role of activators in the transition-
metal-catalysed reactions. Earlier, NaHBEts has been reported as a catalyst for
Markovnikov-selective hydrosilylation of styrene derivatives with hydrosilanes'%?. Above-
mentioned applications were an inspiration for a study of the interaction between

hydrosilanes, alkynes and sodium triethylborohydride.

Initial examinations were carried out for a system comprising phenylacetylene and
diphenylsilane. Reaction of these two compounds in the presence of 10 mol % of NaHBEts;
at 60°Cin toluene resulted in 2% conversion of silane. The increase in temperature to 80°C
and then to 100°C increased the conversion up to 79%. Further elevation of the
temperature had a negative impact on selectivity as it promoted polymerization of
phenylacetylene. Changesin the catalyst loading into 5 mol % and 20 mol % did not improve
the conversion of substrates. Application of LiHBEt; or KHBEt3 resulted in 39% and 28%
conversion, respectively. The optimised conditions (Figure 3.18) were applied to the

reactions with various alkynes and silanes.

NaHBEt; 10%

< > — & PhSH, ——————> =—SiHPh, . << H: SiPh,
2

0.5M toluene,
24h, 100°C

Figure 3.18 Optimised conditions for dehydrogenative coupling of terminal alkynes with

silanes

Phenylacetylene was reacted with various primary and secondary silanes, (Figure

3.19) and their conversions ranged from 54% to 79%. Tertiary silanes were not compatible
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with the reaction conditions, however, the reaction of phenylacetylene with 1,1,1,3,5,5,5-
heptamethyltrisiloxane afforded a single product in 32% isolated yield. Despite moderate
conversions of phenylsilane and diphenylsilane in the reactions with 4-
tertbutylphenylacetylene, 4-ethynylanisole, and 4-bromophenylacetylene, no traces of
double silylated product were detected. The alkyl and cycloalkyl alkynes, such as 3,3-
dimethylbut-1-yne, cyclohexylacetylene, cyclohexenylacetylene or oct-1-yne were
tolerated. The reaction of the latter compound with phenylsilane showed no selectivity, as

analysis of post-reaction mixture indicated 51 to 49 of single to double silylated products.
SiH,Ph SiHPh,

©/S|H2 ©/SlHPhr©/SIMe OSiMe3z), S|HE@/ \f/@/

54% (99:1) 79(31)% (99:1)  47(32)% (100:0) 55% (100:0) 55% (100:0) 72% (100:0)
SIHPh2 SiH,Ph SIHPh2
SiMe( os|Me3 S|H2Ph

66% (100:0) 34% (100:0) 59% (100:0) 29% (100:0) 44(20)% (77:23)  64% (85:15)

O/SlHPhb/SmAe 081“5/S|Hth SiH,Ph SiHPh S|H2Ph
2 2
C//Cf/(f'

91(30)% (97:3)  93(36)% (100:0) 82% (100:0) 42% (51:49) 68% (100:0) 42% (45:0:55)

SiMe(OSiMes),

gz _— SiH-Ph SiHPh gz
\Si Z \Si/ \ / 1H2 \ / ! 2 \Si/
©/ \ ©/ \ S S |/ A

63(20)% (74:4:22) 28% (95:0:5) 20% (82:18) 54(42)% (79:21) 19% (89:11)

SiH,Ph

/SIHPh2 _( /SIHZPh _( /SlHPh2
e

47% (85:15) 13% (79:21) 48% (85:15)

Figure 3.19 Products of dehydrogenative coupling of alkynes with silanes. The
conversions of silane and selectivity of single to double silylation are given. Isolated yields

in parentheses.
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Silylation of ethynylsilanes — (dimethylphenylsilyl)acetylene, (trimethylsilyl)acetylene,
(triethylsilyl)acetylene, (triisopopylsilyl)acetylene, were less successful as the conversion of
phenylsilane and diphenylsilane ranged from 19% to 63%, however, in all cases the
formation of single silylation product was privileged. Apart from the presence of double
silylation products in reactions with (dimethyl(phenyl)silyl)acetylene, a homocoupling of
alkyne was noted. In Figure 3.19, yields of homocoupling products are included as the third

position in parentheses where relevant.

The proposed mechanism of this transformation is shown in Figure 3.20. NaHBEt3
undergoes dissociation under the reaction conditions. Then, sodium hydride reacts with
terminal alkyne forming sodium acetylide and releasing a hydrogen molecule. Sodium
acetylide interacts with hydrosilane releasing the product and leading to recovery of
sodium hydride. Deuterium labelled experiments with independent use of Di-

phenylacetylene and D,-diphenylsilane confirmed the formation of hydrogen deuteride.

NaHBEt;, \ BEt,

R-C=C-SiR'3 NaH R-C=CH

R'SiH [R-c=C |Na Ha

Figure 3.20 Proposed mechanism for dehydrogenative silylation of terminal alkynes with

hydrosilanes in the presence of NaHBEts;

Article A4 delivers a deeper insight into the catalytic properties of metal
borohydrides. Sodium triethylborohydride, commonly used as an in situ activator, can
independently catalyse the reaction of dehydrogenative coupling of alkynes with primary
and secondary silanes, as well as with hydrosiloxanes. Despite average yields, the method
proposed provided a straightforward and inexpensive way to synthesise 1,2-

(bis)silylethynes and alkynylsiloxanes.
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4. Conclusions

From among structurally similar complexes presented in Article 1, the
pentacoordinated cobalt(ll) chloride complex with benzimidazole/2H-imidazole-based
ligand, activated by lithium triethylborohydride, was determined as the most active catalyst
of hydrosilylation of alkenes. The reactions performed in the presence of this catalyst
afforded B-addition products selectively. The scope of the reaction includes primary- and
secondary silanes as well as various vinylarenes. Mild reaction conditions and low catalyst
loading are attractive features of the designed and developed catalytic system proposed in
Al. The study presented in Al has shown that similar coordination motifs do not
necessarily lead to the isostructural group of catalytically active cobalt(ll) coordination
compounds, which is an important finding that should be taken into account in designing

of new catalysts in general.

In the studies reported in Article 2, the aforementioned cobalt(ll) chloride complex
with benzimidazole/2H-imidazole ligand, activated by lithium triethylborohydride, was
tested in hydrosilylation of alkynes. It has shown good catalytic performance with primary,
secondary and tertiary silanes. Similarly, mild reaction conditions and low catalyst loading,
down to 1000 ppm are very attractive features. The functional group tolerance — amine,
halide, ester, nitrile — and extremely high selectivity toward syn-a-addition products are
unique features of the developed method. This catalytic system excelled the other known

cobalt(ll) complexes with NNN-donor ligands in terms of activity and selectivity.

The continued search for the most active alkyne hydrosilylation catalysts has been
described Article 3. Nine cobalt pre-catalysts of similar structures were assessed in
hydrosilylation of phenylacetylene with diphenylsilane. The results showed a strong impact
of 2H-imidazole moiety on the catalytic activity. From among 3 compounds with the same
backbone, Co(ll)/pyrimidine/2H-imidazole activated by lithium triethylborohydride turned
out to be the most active and has led to selective formation of a-vinylsilanes. The tolerance
of primary, secondary and tertiary silanes as well as various functional group in alkyne
molecule proved the versatility of the developed catalytic system. It is worth noting that
the optimised catalyst loading for the reaction involving phenylacetylene and phenylsilane

was determined as 500 ppm.
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Article 4 describes the activity of sodium triethylborohydride as a highly selective,
inexpensive and commercially available catalyst for the silylation of aromatic and aliphatic
alkynes with hydrosilanes. Although the substrate scope is limited, this particular method
can be applied to the synthesis of alkynylsilanes containing SiH,Ph and SiHPh; groups,
unsymmetrically substituted bis(silyl)ethynes, and, what is important, alkynylsiloxanes
which are interesting substrates in cross coupling reactions. It is necessary to mention that
alkali metal borohydrides are widely used as activators in metal-catalysed transformations.
These observations induce investigation on the reaction pathway every time the metal

borohydrides are used.
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Environmental and economic aspects render the search for new nonprecious metal hydrosilylation catalysts an
up-to-date challenge. Cobalt stands as an interesting alternative to the benchmark platinum-based species,
nonetheless its relative infancy necessitates further studies, particularly regarding the structure of organic li-
gands that decorate the catalytically active metallic centre. As a continuation of our previous communication, we
synthesized and characterized a series of new cobalt(I) chloride bench-stable precatalysts coordinated to a small
library of structurally similar Schiff base ligands. Thus the synthesized species were evaluated for their ability to
act as olefin hydrosilylation catalysts in the presence of alkali metal triethylborohydrides. From the crystal
engineering point of view, it was observed that the number and arrangement of the Schiff base non-coordinating
hydrogen bond donors affects the composition of formed complexes, resulting in predominant formation of
either [CoLCl,] ‘open’ or [CoL,]?* ‘closed’ species or a mixture of these. This affects their catalytic properties,
with the benzimidazole/2H-imidazole ‘open’ system being the most efficient in terms of hydrosilylation se-
lectivity and lowest catalyst loading. All in all, our work shows that seemingly similar coordination motifs do not
necessarily lead to the isostructural group of catalytically open cobalt(II) coordination compounds, which is an

important factor to consider in the design of new catalysts in general.

1. Introduction

Transition-metal catalysed hydrofunctionalization of carbon-carbon
multiple bonds with Si-H is a widely utilized chemical reaction to get
functionalized molecules and materials of importance in both academia
and industry [1,2]. Though historically and practically these processes
have been catalysed by platinum species [3,4], recent progress in this
area clearly implies that earth abundant transition metals can stand up
to the challenge of outperforming the expensive Pt compounds [5-7].
Cobalt has been recognized as one of such candidates, offering not only
great abundance and low biotoxicity, but also rich redox properties and
coordination chemistry that allows tuning its final catalytic efficiency
[8-10]. Although initial reports [11-14] have shown that low-valent
cobalt carbonyl compounds can act as hydrosilylation precatalysts,
their tunability and thus poor catalytic efficiency were impairing fac-
tors. As a solution, various ligand environments were studied and some
notable recent examples encompass N-heterocyclic carbenes [15,16] [3-
diketiminate arenes [17] or carboxylate/isocyanide mixtures [18].

Specifically, the tridentate scaffolds have been found one of the
most promising ligands to alter activity, selectivity and fidelity of the
catalyst. [4,19,20] The underpinnings were laid by the group of Chirik
and co-workers [21] who have shown that NNN-pyridinediimine (PDI)
ligands can form robust iron alkene hydrosilylation catalysts, and this
finding was later transferred to general use of such scaffold for the
design of new cobalt precatalysts. For example, the same group has
recently demonstrated [22] that PDI-Co-bis(carboxylates) form bench
stable alkene hydrosilylation precatalysts with high anti-Markovnikov
selectivity and broad functional group tolerance. Extension for en-
antioselective variants of the reaction with NNN-oxazoline-imino-pyr-
idine ligands has also been demonstrated [23,24]. Interestingly, the use
of NNN-bipyridineimine ligand was shown to affect the olefin/ketone
chemoselectivities in a facile manner via external reaction conditions
[25]. Recent progress also allowed for efficient and selective hydro-
silylations of alkenes [8,26-29].

Changes in the ligand donor atoms has been also found to be an
effective strategy for activity improvement with CCC-pincer-bis
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Fig. 1. Schematic representation of ligands used in this work; green frame
denotes the family of benzimidazole-scaffolded ligands whereas blue frame
shows the family of pyridine-scaffolded coordinating agents.

(carbene) [30], diphosphine ketone [31] or PNN-phosphine-iminopyr-
idine [32-34] cobalt complexes displaying switchable regio- and che-
moselectivities. Design of pyridine/quinoline-oxazoline ligands that
furnish tetrahedrally coordinated cobalt species are also of interest for
regio- and enantioselective Markovnikov 1,2-hydrosilylation of con-
jugated dienes. [35]

We have shown previously [36] that the cobalt(Il) complex with
meridional, NNN-Schiff base ligand might act as a precatalyst in hy-
drosilylation reactions, specifically inducing hydrosilylation and dehy-
drogenative silylation of olefins in the presence of sodium triethylbor-
ohydride, which depends on the choice of the hydrosilane. We have
recently published [37] a small library of structurally similar ligands
(Fig. 1) and reported differences in the observed catalytic and biological
properties in a series of Fe(Il/III) complexes.

Taking into account the above-discussed and well-known influence
of the subtle structural ligand changes on the hydrosilylation activities,
the aim of our study was to establish the effect of selected ligands
making complexes with cobalt(Il) chloride and establish if non-co-
ordinating N-donor atoms influence the structure of the cobalt com-
plexes and their hydrosilylation efficiency.

2. Experimental
2.1. Materials and physical measurements

All reagents and solvents were purchased form commercial sources
and used as received.

Elemental analyses for C, H, and N were carried out using an
Elementar Analyser Vario EL III. Infrared spectra were recorded on an
iS50 FT-IR, Thermo Scientific Nicolet. Electrospray ionisation mass
spectroscopy (ESI-MS) was performed using Mas ZQ Water spectro-
meter.

2.2. Synthesis of ligands

The five ligands chosen above were prepared according to the
synthetic procedure reported previously [37].

2.3. Synthesis of complexes

In complexes 1-5 the molar ratio of the ligand to the corresponding
salt was 1:1. To a solution of L!- L* in hot MeOH, L® in DCM, a me-
thanolic solution of CoCl,6H,0 was added. The mixture was stirred for
24 h at room temperature. The solvents were subsequently evaporated
under vacuum to minimal amount and an excess of Et,O was added.
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Table 1
Synthetic parameters of synthesized cobalt complexes.

No. Ligand CoCl, Colour Yield® Crystals from
mg ‘6H,0
mg mg %
1 100.0 99.1 green 153.9 99.8 PhMe
2 100.0 99.1 sea-blue 129.8 84.2 Et;0
3 100.0 93.6 lime-green 137.2 63.2 iPr,0
4 100.0 118.4 green 169.0 93.8 iPr,0
5 100.0 118.4 dark green 118.0 71.7 -

The obtained precipitate was filtered off, washed twice with Et,O (10
ml in total) and air dried. Yields based on the ligands are shown in
Table 1. Crystals suitable for X-ray characterization were grown by vial-
to-vial diffusion of different external solvents into the methanolic so-
lution of complexes at 4 °C. The data are compiled in Table 1.

1 [CoL!Cl,]

ESI-MS(+) m/z (%): 241 (30) [HL1]+, 334 (100) [CoL!Cl]*. Anal.
calc. for [Co(Cy,H,5Ng)Cly]: C: 37.14, H: 3.64, N: 21.65 %; found: C:
37.00, H: 3.92, N: 21.35 %. IR: v (CH)—,, 3166; v (CC) 1575; v(CN==
1473, 1436, 1319; p(C—H) 1150, 1104, 1050, 1006, y(C—H) 966, 808,
744 cm L.

Crystallized compounds 1 and 1a differ in the co-crystallized sol-
vent lattice molecules.

2 [CoL2Cl,]

ESI-MS(+) m/z (%): 241 (30) [HL?*]*, 334 (85) [CoL*Cl]*, 538
(50) [CoL%*(L%-H)]".Anal. calc. for [Co(C1,H12Ng)Cly]: C: 38.94, H:
3.27, N: 22.71 %; found: C: 38.43, H: 3.44, N: 22.00 %. IR: v(NH) 3306;
v(CH)——,; 3125; v(CC) 1583; v(CN) 1463, 1434; p(CH==—) 1136,
1074, 1045, 999; y(C—H),, 966, 804, 766, 710 cm L

Crystallized compounds 2 and 2a differ in the cobalt(II) chemical
compositions, being 1:1 (M:L) ‘open’ or 1:2 (M:L) ‘closed’ species re-
spectively. Please note, however, that in 2a, cobalt is also present in the
form of [C0C14]2’, therefore the initial synthetic 1:1 stoichiometry is
still maintained.

3 [Co(L?),][CoCl,]

ESI-MS(+) m/z (%): 255 (10) [HL3]*, 348 (100) [CoL3Cl]*, 566
(50) [CoL3(L3-H)]*. Anal. calc. for [Co(C13H;4Ng)21CoCly: C: 35.63, H:
4.60, N: 19.18 %; found: C: 35.58, H: 4.47, N: 19.06 %. IR: v(NH) 3443;
V(CH)——4r 3118; v(CC) 1573; (CN==) 1473, 1463, 1421, p(C—H)
1192, 1055, 1041, 1005; y(C—H),, 969, 756, 745 cm .

4 [CoL*Cl,(MeOH)]

ESI-MS(+) m/z (%): 295 (100) [CoL*Cl]1*. Anal. calc. for [Co
(C10H11N5)Cl,(CH30H)]: C: 36.39, H: 4.16, N: 19.29 %; found: C:
36.25, H: 4.18, N: 18.98 %. IR: v(NH) 3213; v(CH)——, 3130;
UCC)=py, UCN=),, 1598, 1568, 1557, 1480, 1425, 1379, 1314;
y(CH—),: 990, 893, 847, 781, 763 em™ L

5 [CoL3Cl,]

ESI-MS(+) m/z (%): 202 (20) [HL®]™", 295 (100) [CoL>Cl]*. Anal.
calc. for [Co(CqoH1;1N5)Cl,]: C: 36.28, H: 3.35, N: 21.15 %; found: C:
35.61, H: 3.66, N: 20.45 %. IR: v(NH) 3501; v(CH)——, 3150;
UCC)=py, UC =N),, 1584, 1438, 1393, 1315; y(C—H),, 850, 746
cm L

2.4. X-ray crystallography

Diffraction data were collected by the w-scan technique at room
temperature (1) or at 130(1)K (2, 2a) on a Rigaku SuperNova four-
circle diffractometer with an Atlas CCD detector and mirror-mono-
chromated CuK, radiation (A. = 1.54178 10\), and at 100(1) K (1a, 3) or
130(1) K (5) on a Rigaku XCalibur four-circle diffractometer with an
EOS CCD detector and graphite-monochromated MoK, radiation (A =
0.71073 A). The data were corrected for Lorentz-polarization as well as
for absorption effects [38]. Precise unit-cell parameters were de-
termined by a least-squares fit of the reflections of the highest intensity,
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chosen from the whole experiment. The structures were solved with
SHELXT-2013 [39] and refined with the full-matrix least-squares pro-
cedure on F? by SHELXL-2013 [40]. All non-hydrogen atoms were re-
fined anisotropically, hydrogen atoms were placed in idealized posi-
tions and refined as ‘riding model’ with isotropic displacement
parameters set at 1.2 (1.5 for CHj) times U, of appropriate carrier
atoms. In 1a, 2a and 3 diffused residual density was found, which could
not be modelled as reasonable solvent molecules, so the SQUEEZE
procedure [41] was applied in these cases. In turn in 1 the disordered
methanol molecule with half-occupation was modelled.
Crystallographic data for the structural analysis has been deposited
with the Cambridge Crystallographic Data Centre, Nos. CCDC-1869192
— CCDC 1869197. Copies of this information may be obtained free of
charge from: The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK; e-mail: deposit@ccdc.cam.ac.uk, or www: www.ccdc.cam.ac.uk.

2.5. Hydrosilylation studies

All reactions were performed in flame-dried Schlenk flask under
argon atmosphere. THF was purified by distillation over sodium and
benzophenone, under argon atmosphere. Other solvents were dried by
distillation over calcium hydride.

Gas chromatography was performed on a Bruker Scion 436-GC with
a 30 m Agilent VF5-ms 0.53 mm Megabore column and a TCD detector.
The temperature program was as follows: 60 °C (3 min), 20 °C/min, 280
°C (20 min). Decane was used as a reference. GC-MS analyses were
performed on a Bruker Scion 436-GC with a 30 m Varian DB-5 0.25 mm
capillary column and a Scion SQ-MS mass spectrometry detector. The
temperature program was as follows: 60 °C (3 min), 10 °C/min, 250 °C
(15 min). NMR analyses were performed on a Bruker Fourier 300 MHz
or 400 MHz spectrometer.

2.6. General procedure of alkene hydrosilylation

Portions of 1.0 mmol of silane, 0.5 ml of THF, 1.0 mmol of alkene,
0.1 ml of decane and precatalyst were placed in previously evacuated
Schlenk bomb flask fitted with a plug valve. A reference sample was
taken. Next, 1 M solution of LiHBEt; in THF was added, the reaction
vessel was closed and heated to a given temperature upon stirring. After
a specified time, the reaction mixture was cooled down to room tem-
perature and analysed using GC and GC-MS. Selected products of hy-
drosilylation were isolated by precipitation of the catalyst with hexane
followed by filtration through syringe filter. The filtrate was then
concentrated under reduced pressure.

3. Results and discussion
3.1. Synthesis and characterization

The group of five hydrazone Schiff base ligands L'-L° was suc-
cessfully synthesized in a two-step synthetic protocol, derived from 2-
chlorobenzimidazole (ligands L'-L®) or 2-bromopyridine (ligands L*
and L%). [37] Their distinct feature is the Nj-tridentate meridional
binding subunit with varying number (0-2) and topology (axial vs.
equatorial) of NH donor hydrogen bonds (Fig. 1). The choice of the
appropriate binding group also affects the basicity of the ligand, as
expressed by comparison of the pKa values: pyridine (5.2) > benzimi-
dazole (5.5) > imidazole (6.95) [42], which would mean that the
benzimidazole/imidazole family L'-L® is more basic and thus more
stable complexes should be formed. In addition, complexes based on the
2H-imidazole are also considered to be more basic than 4H-imidazoles
[43] and therefore the following order of basicity can be constructed:
>19> >1*>L1"~ > 1.

With the aim of forming bench stable, cobalt(Il) hydrosilylation
precatalysts, the ligands were coordinated with equimolar amounts of
cobalt(Il) chlorides, precipitated and recrystallized. Two kinds of
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coordination compounds were obtained, that can be referred to as 1:1
‘open’ or 1:2 ‘closed’ ones, depending on whether catalytically active
metallic centre is coordinated by one or two Schiff base ligands (see X-
ray description). The type of coordination is very important from the
catalytic point of view, since the activity of the latter ones is predicted
to be hampered. Ligands L', L* and L® lead to predominant formation of
1:1, open species, whereas L® to 1:2 closed complexes. Interestingly,
mixed axial/equatorial arrangement of NH bonds in L? resulted in
isolation of two cobalt complexes, each belonging to one of the above
distinguished groups.

In solution however, one cannot exclude that speciation of com-
plexes occurs, which is however amenable to the applied cone voltage
[44] and do not constitute definitive proofs. Under similar ESI-MS
conditions, the following ‘closed’ [CoL,12%* to ‘open’ [CoLCl]™ signal
ratio was observed, expressed as the % of the intensity of the ‘closed’
system, related to the 100 % intensity of the ‘open’ signal: 1 (~20 %), 2
(~25 %), 3 (~50 %), 4 (~10 %), 5 (~25 %). Indeed, the highest
signal ratio was observed for 3, which constitutes the most basic L3
ligand system. This is in line with the results found in the solid state,
bearing in mind however, that this does indicate the selective formation
of such species (in L% 1:1 open systems crystallized as well). In addition,
similarity of the ESI signal-distribution of compound 5 to 1, 2 and 4
implies a predominant formation of an ‘open’ 1:1 cobalt complex in 5,
for which no X-ray is provided. It is important however to note that in
case of the borohydride-mediated hydrosilylation process, cobalt(II)
chloride complexes function only as precatalysts and undergo structural
changes to the catalytically active hydride species. Solution speciation
of the latter ones can therefore differ from the speciation of compounds
1-5 and in situ-operando techniques would be needed to gain detailed
insight into this manner.

3.2. Description of crystal structures

Six X-ray structures were acquired in total, with perspective view of
5 of them depicted in Fig. 2. Relevant geometrical parameters of the
complexes are listed in Table 2, while the hydrogen-bond data — in
Table S1. Crystal data, data collection and structure refinement is

Fig. 2. Perspective view of complexes 1a (a), 2 (b), 2a (c), 3 (d), 4 (e); ellip-
soids are drawn at the 50 % probability level, hydrogen atoms are shown as
spheres of arbitrary radii. Counterions are not shown for clarity reasons.
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Table 2
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Relevant geometrical data (/ak, 9); “angles” are three largest angles around Co center, A, B and C denote mean planes of benzimidazole or pyridine ring, chain linker

and imidazole ring, respectively.

1 la 2 2a (A) 2a (B) 3 4
Col-N3 2.103(6) 2.085(2) 2.064 [38] 2.056 [38]2.103 [ 2.037 [38] 2.034(5) 2.123 [38]
38] 2.101(10) 2.074(10)
Col-N12 2.237 [38] 2.215(2) 2.180(5) 2.126 [38]2.153 2.085(11) 2.193(11) 2.112 [38]
[38] 2.179 [38] 2.121(9)
Co1-N18 (N15) 2.096 [38] 2.082(2) 2.083 [38] 2.176 [38]2.131 2.140(13) 2.127(9) 2.130 [38]
[38] 2.221 [38] 2.276(10)
Col-Cl1 2.313 [38] 2.3473 [38] 2.3576(14) 2.4795(9)
Col-Cl2 2.339(2) 2.3119 [38] 2.2851(15) 2.3559(9)
Col-01 2.227(2)
C2-N1-C9 107.3 [38] 106.2(2) 106.9 [38] 109.0 [38]109.0 105.4(10) 109.4(12) 117.9 [38]
[38] 109.0 [38] 107.3(9)
C2-N3-C4 106.1(6) 104.52(19) 105.7 [38] 106.0(6) 105.5(10) 113.9(10)
105.9(6) 106.0(6) 101.7(9)
C13-N12-N10 125.9 [38] 124.7(2) 124.5(5) 127.3 [38]127.4 120.6(11) 122.9(11) 123.3 [38]
[38] 127.2 [38] 124.7(10)
C14-N15-C16 107.4 [38] 105.7(2) 106.1(5) 105.5(6) 105.6(13) 128.3(15) 105.4 [38]
105.5(6) 105.4(6) 107.4(9)
C16-N18-C17 105.7 [38] 107.8(2) 109.4 [38] 106.9 [38]106.9 107.4(12) 110.2(11) 108.2 [38]
[38] 106.9 [38] 104.5(9)
angles 156.5(2) 156.62(6) 163.60(12) 173.6 [38]1151.0 [ 173.8 [38] 164.3 [38]150.3 173.62(6)
140.2 [38] 141.47 [38]108.23 139.02 [38] 38]150.8 [ 152.9(5) [38] 171.49 [38]
108.58(9) [38] 105.36(13) 38] 148.3 [38] 147.8(5) 150.45(11)
A/B 4.3(5) 5.34(19) 2.6 [38] 5.7(11) 6.0(11) 3.7(10) 4.7(2)
6.7(10) 4.0(12) 3.4 [38]
B/C 5.8(6) 6.80(18) 1.7 [38] 1.8(14) 4.0(10) 3.3(10) 8.5(2)
2.9(10) 0.5(14) 6.5 [38]
A/C 6.9(5) 7.76(12) 3.6 [38] 6.2(10)7.5 [ 8.7 [38] 5.5 [38] 11.07(14)
38] 4.2(10) 8.1(6)
A/N 82.2 [38] 81.8 [38] 87.7(2)

gathered in Table S2. Two types of the complexes can be distinguished:
neutral ones of the general formula [CoLCl,(MeOH),] (1 and 2 where x
= 0; 4 where x = 1 and additional coordinated methanol molecule is
observed), and +2 charged [CoL,]1?* (2a, 3), in which only Schiff base
ligand molecules are involved in coordination. Charge of the latter
structures is compensated by CoCl42~ (2a, 3) and Cl- (2a) counterions,
therefore the initial synthetic stoichiometry is maintained. All N-het-
erocyclic ligands are tridentate, with three nitrogen atoms involved in
coordination, and are almost planar, as may be seen by analysing the
dihedral angles between planar fragments of the molecules (Table 2).
Complexes 1 and 2 are 5-coordinated, in a distorted tetragonal pyramid
fashion (three ligand nitrogen and one chloride approximately co-
planar, second Cl- in apical position, cf. Fig. 2a, b), while the other
complexes are six coordinated, by 6 nitrogen atoms from two L mole-
cules in 2a and 3, and three ligand nitrogen, two Cl- and methanol
oxygen in 4. In these cases the coordination scheme is a distorted oc-
tahedron. Complexes 1 and 1a are isostructural; they probably contain
different solvent molecules. In structure 1 (apparently of worse quality)
we were able to model the disordered methanol molecule without any
restraints, which improved the quality of the model. It is also inter-
esting when compared with structure 4, where the MeOH molecule
actively coordinates to the cobalt metallic centre, and in 4 it prefers to
constitute part of the crystal lattice. In 1a, even though the quality of
the structure looks better, we were not able to reasonably model the
diffused electron density, and the attempts using the model of 1 led to
significantly worse refinements, therefore SQUEEZE procedure was
used in this case. The crystal structure of these complexes show that the
solvent takes part in hydrogen bonding (Fig. 3, Table S1), so we might
assume that in 1a totally disordered water molecules take part in for-
mation of the crystal lattice.

It should be noted that in 1 and 2, where Schiff base ligands differ
only in arrangement of the imidazole NH position, the apical chloride
anions are involved in hydrogen bonding: in 1 the N—H---Cl interac-
tions close the dimeric rings, which are further connected by hydrogen
bonds with the solvent molecules (Fig. 3 right), in 2 such rings are also

Fig. 3. The van der Waals radii representation of the crystal structure of la
(without solvent); (Bottom) Hydrogen bonds (blue dashed lines) in the structure
of 1; MeOH solvent molecules are involved in the network.

.\\ E - ] B %3} M
Fig. 4. The chain of dimers in 2 connected by N—H---Cl hydrogen bonds.

closed, but they are further expanded by N—H---Cl bonds into chains
(Fig. 4).

In 4, which differs from 2 in the change of benzimidazole to pyr-
idine rings in the ligand, thanks to the presence of an additional hy-
drogen bond donor offered by coordinated methanol molecule, both
Cl™ ions take part in hydrogen bonds (Fig. 5 left, Table S1). Three-
molecule rings are formed, which further expand into the fully three-
dimensional, hydrogen-bonded structure (Fig. 5 right).

Crystal lattices of coordination compounds that belong to the
[CoL,1%* group differ significantly from the [CoLCl,(MeOH),] group
due to the presence of an additional ionic component.

Structure of 2a is unique due to very complicated character; this
compound crystallizes in the trigonal R3 space group, with a degree of
pseudosymmetry. Its unit cell contains 18 double-charged [CoL,]*"
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Fig. 5. (Left) Three-membered hydrogen-bonded ring in 4; (right) crystal ar-
chitecture of 4; hydrogen bonds are shown as dashed lines.

Fig. 6. Voids (channels along [001]) in the crystal structure of 2a; (middle)
crystal structure of 2a as seen along the three-fold axis (z); (bottom) Van der
Waals representation of structure 3.

complexes, 3 [CoCl,4]?>~ anions and 10 chloride anions; additionally we
have identified 18 methanol molecules and the regions of diffused
electron density (17.6 % of the unit cell volume [45]), which could not
be modelled (Fig. 6 top left). All these components are connected by
electrostatic interactions between charged fragments and by a network
of hydrogen bonds into the three-dimensional architecture (Fig. 6 top
right)

The crystal structure of 3 also contains voids, the channels along the
[010] direction (Fig. 6 bottom), which sum up to 17.5 % of the unit cell
volume [45]; its architecture is mainly determined by electrostatic in-
teractions between cations and anions.

3.3. Catalytic activity of Co(II) complexes in olefin hydrosilylation

Activation of the synthesized cobalt complexes was performed in
accordance with the protocol of Nakazawa et al. [46] using alkali metal
triethylborohydrides. Thus, the active cobalt catalysts were generated
in-situ from bench-stable cobalt(II) precursors, which has recently been
a commonly employed strategy.® All the Co(II) complexes showed
catalytic activity in the model reaction of hydrosilylation of styrene
with phenylsilane (marked as the abbreviation H in the Table 3) when
activated by sodium or lithium triethylborohydrides, however, com-
petitive phenylsilane redistribution to diphenylsilane (marked as the
abbreviation R in the Table 3) was also observed under given condi-
tions in most cases (Scheme 1). The results vary significantly depending
on the chosen Schiff base scaffold, which can be to a certain extent
corroborated by the structures determined in the solid and solution
states. The conditions for effective addition of phenylsilane to styrene in
the presence of cobalt(Il) complexes and MHBEt; were optimized via
catalytic screening of the substrate conversion, together with evalua-
tion of selectivity by GC and GC-MS methods. In a typical procedure,
styrene, phenylsilane and the cobalt precatalyst (1:1:0.03 M ratio) were
dissolved in dry THF, then 0.12 equiv. of triethylborohydride was
added and the reaction mixture was heated and stirred at 80 °C or
stirred at room temperature for 20 h using Schlenk techniques
(Table 4).
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Pyridinic complexes 4 and 5 showed catalytic activity at 80 °C in the
presence of NaHBEt; with moderate selectivity. The formation of sig-
nificant amounts of diphenylsilane (26-39 %), as the product of com-
petitive phenylsilane redistribution was observed (Table 3, entries 1
and 4). The reactions performed with lithium triethylborohydride re-
sulted in conversions not exceeding 50 %, however with only single
hydrosilylation step taking place, resulting in alpha and beta products
detected in the reaction mixture, exclusively alpha for catalyst 4. High
selectivity towards a-hydrosilylation products in the presence of alkali
metal trialkylborohydrides at elevated temperatures can be connected
with intrinsic catalytic activity of the latter in the Markovnikov-selec-
tive hydrosilylation, recently discovered by our group. [47]

From among the benzimidazole-based cobalt(Il) precursors tested, 1
(8 mol%) activated by 4 equivalents of NaHBEt; or LiHBEt3 showed the
highest activity and selectivity (93-96 %) towards hydrosilylation re-
action (Table 3, entries 9-10). After several attempts we found that a
catalytic system consisting of 1 and LiHBEt; promoted hydrosilylation
also at room temperature to yield predominantly the B-addition pro-
duct, although higher-order addition products were also detected in the
reaction mixture (Table 3, entry 11). In addition, the presence of THF as
a solvent appears to be necessary to ensure higher selectivity to give [3-
hydrosilylation product at room temperature (Table 3, entry 12). When
1 is compared to the remaining cobalt complexes from this group, ei-
ther reduced activity and selectivity (2) or competitive phenylsilane
redistribution process were observed (3). The latter one is the least
active system from all studied cobalt(II) precatalysts, with no hydro-
silylation observed in the presence of NaHBEt3. This observation can be
explained when remembering that in the solid state, this system forms
closed [CoLy]** species therefore rendering them catalytically inert.
Certain degree of activity can be explained by the presence of
[CoCl,]?>~ counteranion, which also depends on the triethylborohy-
dride salt (Table 3, entries 13 and 14).

The best precatalysts turned out to be the pentacoordinated neutral
complex 1 containing a tridentate Schiff base ligand and two chloride
anions [CoLCl,]. Its high performance is probably due to the easier
substitution of chloride ligands with hydrides and generation of the
active form of the cobalt catalyst. This would be a result of a subtle
interplay between the basicity of the ligand as well as thus-derived
propensity towards formation of ‘open’ species. Indeed, the most basic
ligand L3 forms predominantly ‘closed’ species, therefore its activity is
worse than one would expect.

The mechanism proposed involves the activation of cobalt(Il)
complex with alkali metal borohydride to give cobalt-hydride inter-
mediates. Depending on the type of cobalt(Il) complex activation, hy-
drosilylation is possible according to the classical Chalk-Harrod me-
chanism [11] (where active species - Co(0) complexes are generated by
elimination of molecular hydrogen) or o-bond metathesis (SBM), in
which there is no change in the cobalt oxidation state. SBM relies on the
insertion of alkene into cobalt-hydrogen bond followed by the proper
metathesis of o bonds with hydrosilane leading to regeneration of the
initial complex cobalt-hydride complex. To further verify the catalytic
efficiency of the developed system, catalyst loading experiments were
carried out using the model reaction of styrene and PhSiH;. To our
delight, lowering the precatalyst 1 loading to 0.25 mol% and LiHBEt; to
0.75 mol% did not significantly affect their catalytic activity and the
reaction took place effectively within 20 h (98 % silane conversion)
with increasing selectivity of the hydrosilylation process (98 % of p-
hydrosilylation product) (Table 3, entry 13). The increase in hydro-
silylation selectivity as catalyst loading (both Co precursor and bor-
ohydride) decreases may be due to the lower content of lithium trie-
thylborohydride in the reaction mixture, which promotes competitive
redistribution of phenylsilane. Such a low loading of the cobalt pre-
catalyst in the olefin hydrosilylation reaction has been very rare re-
ported in literature [23,32,48], with one of the lowest (50 ppm) re-
ported so far belonging to silyl-donor-functionalized NHC Co(II)
complexes [15].
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Table 3
Catalytic activity of cobalt(II) complexes with tridentate Schiff base ligands activated by alkali metal trialkylborohydrides in hydrosilylation of styrene with phe-
nylsilane.

Entry Catalyst T[°C] MHBEt3 Phenylsilane Conversion? Hydrosilylation Selectivity Selectivity

a:P:higher-order products H/R

1 5 80 NaHBEt3 100 0:0:100 61:39

2 80 LiHBEt3 47 57:43:0 54:46

3 RT LiHBEt3 34 62:38:0 73:27

4 4 80 NaHBEt3 100 0:0:100 74:26

5 80 LiHBEt3 46 100:0:0 65:35

6 RT LiHBEt3 26 100:0:0 37:63

7 2 80 NaHBEt; 53 81:19:0 80:20

8 80 LiHBEt3 15 86:14:0 92:8

9 1 80 NaHBEt; 100 32:50:18 96:4

10 80 LiHBEt; 100 6:78:16 93:7

11 RT LiHBEt3 100 4:77:18 100:0

12 RT LiHBEt3 100 16:59:25 100:0°

13 RT LiHBEt; 98 2:98:0 100:0°

14 3 80 NaHBEt3 29 0:0:100 40:60

15 80 LiHBEt3 48 83:17:0 30:70

Reaction conditions: [Co]:[MHBEts]:[styrene]:[PhSiH3] = 0.03:0.12:1:1, THF (0.5 M), 20 h; ® Reaction performed with 1 mol% 1 and 4 mol% LiHBEts; b Reaction
performed without THF, © Reaction conditions: [1]:[LiHBEt3]:[styrene]:[PhSiH3] = 0.25:0.75:100:100, THF (0.5 M), 20 h, dealculated by GC with decane as internal

standard.

With the slightly modified conditions in hand, we subsequently
examined the scope of hydrosilylation with other olefins and various
silanes since it is known that hydrosilanes of diverse reactivity and
degree of substitution are remarkably different in the activation of
precatalysts for Co-catalyzed hydrosilylation.” The presence of func-
tional groups at the phenyl ring, either electron-donating or electron-
withdrawing, did not significantly affect the reactivity of styrene deri-
vatives in the reaction with phenylsilane and diphenylsilane (Table 4,
entries 1-8). All the reactions with phenylsilane occurred with high
selectivity towards [(-hydrosilylation products (86-98 %). Moreover,
we have found that hydrosilylation of substituted styrenes with Ph,SiH,
proceeded smoothly to give (3-addition products in almost quantitative
yields. Similarly as for styrene derivatives, hydrosilylation of 2-vi-
nylnaphthalene (Table 4, entries 9-10) led to the -addition products as
predominant under given conditions, in good yield. Unfortunately, the
reaction of styrene with diethylsilane proceeded with low silane con-
version (21 %). Tertiary silanes (PhMe,SiH, Et3SiH or Me3SiOSiMe,H)
did not hydrosilylate styrene or other olefin under the applied condi-
tions.

Similarly, hex-1-ene and 3,3-dimethylbut-1-ene seem to be inactive
in the reaction with primary and secondary silanes in the presence of 1/
LiHBEt; catalytic system. Unfortunately, increasing the reaction tem-
perature to 80 °C and the precatalyst loading up to 3 mol% did not
improve the reaction of tertiary silanes with styrene as well as the re-
action of aliphatic olefins with phenylsilane, which implies that in-
sufficient activity for this group of compounds is the inherent nature of
the catalyst. It is also worth noting that although dehydrogenative si-
lylation in similar N3-Co(II)Cl, systems can be observed [36,49] it was
not the case here in any studied system.

4. Conclusions
A series of structurally similar Schiff base ligands allows formation

of bench-stable cobalt(Il) precatalysts, whose structure and catalytic
activity depend on the benzimidazole/ pyridine/ imidazole

A [col

©/% + ©/S' H MHBEt;

(alpha-)

Table 4
Catalytic activity of 1/LiHBEt; system in hydrosilylation of olefins.
Entry olefin Silane Silane Hydrosilylation Selectivity
Conversion® Selectivity B a: H/R
1 MQ\ PhSiH3 98 86:14 100:0
2 Ph,SiH, 98 100:0 100:0
3 ErD/* PhSiH3 71 98:2 100:0
4 Ph,SiH, 99 100:0 100:0
5 Oh PhSiH3 86 86:14 100:0
6 ‘ Ph,SiH, 100 100:0 100:0
7 ® A PhSiH3 84 88:12 100:0
8 Ph,SiH, 98 100:0 100:0
9 OO = PhSiH3 98 86:14 100:0
10 Ph,SiH, 100 100:0 100:0
11 Y Ph,SiH, 100 (96)* 100:0 100:0
12 Z PhSiH; 100 (98)" 97:3 100:0
13 Et,SiH, 21 80:20 100:0
14 PhMe,SiH 0 - -
15 Et,SiH 0 - -
16 o~ PhSiH3 0 - -
17 Ph,SiH, 0 - -
18 > s PhSiH; 0 - -
19 Ph,SiH, 0 - -

Reaction conditions: [1]:[LiHBEts]:[olefin]:[PhSiH3;] = 0.25:0.75:100:100,
THF (0.5 M), 20 h, RT; ? isolated yield of (2-phenylethyl)diphenylsilane; ®
isolated yield of (2-phenylethyl)phenylsilane; “Calculated by GC with decane as
internal standard.

frameworks. The pentacoordinated cobalt(II) chloride complex with
benzimidazole/2H-imidazole-based ligand, when activated by lithium
triethylborohydride, has been found to act as a good catalyst for hy-
drosilylation of vinylarenes by primary and secondary silanes. Mild
reaction conditions, low catalyst loading and high selectivity towards -
hydrosilylation products are attractive features of the developed cata-
lytic system. It is worth noting that no competitive silane redistribution
or olefin dehydrogenative silylation has been observed under applied
conditions. Our work shows that seemingly similar coordination motifs

@* O, @N - m T st

(beta-) (higher-order products)

Scheme 1. Hydrosilylation of styrene in the presence of [Co(II)]/MHBEt; catalytic system.
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do not necessarily lead to the isostructural group of catalytically open
cobalt(Il) coordination compounds, which is an important factor to
consider in the design of new catalysts in general.
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1. Analytical data of isolated products
1.1. Phenethyldiphenylsilane 1; colourless oli, yield: 277 mg (96%)
'"H NMR (300MHz, CDCls): 87.63-7.51 (m, 4H), 7.40-7.30 (m, 6H), 7.25-
H 7.20 (m, 2H), 7.19-7.08 (m, 3H), 4.96-4.78 (t, 1H), 2.85-2.58 (m, 2H), 1.53-
Si 1.43 (m, 2H)
BCNMR (75 MHz, CDCl5): 5144.39, 135.18, 134.09, 129.68, 128.37, 128.07,

127.86, 125.74, 30.44, 14.28
Conforms to the literature analytical data.!

1.2. Phenethyl(phenyl)silane 2; colourless oli, yield: 208 mg (98%)

'HNMR (300MHz, CDCl3): $7.61-7.55 (m, 2H), 7.42-7.36 (m, 3H), 7.33-7.28

@\A /@ (m, 2H), 7.23-7.19 (m, 3H), 4.41-4.25 (t, 2H), 2.84-2.73 (m, 2H), 1.37-1.28
N (m, 2H)
H,

3C NMR (75 MHz, CDCl;): §144.01, 135.28, 132.16, 129.68, 128.40, 128.07,
127.92,125.84,31.12, 12.14
Conforms to the literature analytical data.?

1.3 (2-(naphthalen-2-yl)ethyl)diphenylsilane; crude product — not isolated

'H NMR (300MHz, CDCL): §7.86-7.74 (m, 3H), 7.66-7.60 (m, 4H),
7.49-7.33 (m, 10H), 4.97-4.93 (t, 1H), 3.05-2.87 (m, 2H), 1.75-1.57 (m,

2H)
SiH
O Conforms to the literature analytical data.’



1.4 (4-methoxyphenethyl)diphenylsilane; crude product — not isolated

'H NMR (300MHz, CDCls): §7.63-7.57 (m, 4H), 7.43-7.36 (m, 6H),
7.15-7.09 (m, 2H), 6.86-6.80 (m, 2H), 4.95-4.87 (t, 1H), 3.82-3.77 (s,
3H), 2.80-2.69 (m, 2H ), 1.55-1.47 (m, 2H)

SiH
Conforms to the literature analytical data.’
o

1.5 (4-bromophenethyl)diphenylsilane; crude product — not isolated

'H NMR (300MHz, CDCls): §7.61-7.55 (m, 4H), 7.46-7.35 (m, 8H),
7.09-7.02 (m, 2H), 4.94-4.87 (s, 1H), 2.79-2.68 (m, 2H), 1.54-1.44 (m,

2H)
oS
Br

1.6 (4-(tert-butyl)phenethyl)diphenylsilane; crude product — not isolated

'H NMR (300MHz, CDCls): 87.66-7.55 (m, 4H), 7.43-7.36 (m, 6H),
7.34-7.29 (d, 2H), 7.18-7.11 (d, 2H), 4.95-4.91 (t, 1H), 2.84-2.70 (m,
2H), 1.58-1.48 (m, 2H), 1.36-1.31 (s, 9H)

SiH
\{/©/\/ O Conforms to the literature analytical data.*

1.7 (4-methylphenethyl)diphenylsilane; crude product — not isolated

'H NMR (300MHz, CDCLs): §7.64-7.56 (m, 4H), 7.44-7.36 (m, 6H), 7.12-
7.08 (s, 4H), 4.94-4.88 (t, 1H), 2.82-2.70 (m, 2H), 2.35-2.33 (s, 3H), 1.55-
1.46 (m, 2H)

SiH
/©/\/ O Conforms to the literature analytical data.*
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2. Table S1. Hydrogen bond data (A, °)

D | H | A |[DH|H~A| DA |DH-"A
1
N1 H1 CI2' | 0.86 | 2.41 | 3.177(7) 149
N15 | HI15 | OlA | 086 ] 1.94 [2.771(15)| 163
OlA | H1A | Ccl' | 0.82 | 2.81 |3.253(16)| 116
1a
0.88 | 2.37 | 3.145(2) | 147
2
N1 HI | cl1v | 0.88 ] 2.29 | 3.108(4) 154
N17 | H17 | CI¥ |0.88 | 2.52 | 3.210(4) 136
3
NIA | HIA | C2" | 0.88 | 2.32 | 3.182(9) 167
N17A | HI7TA | CIl | 0.88 | 2.32 |3.199(11)| 177
NIB | HIB | OIS | 0.88 | 1.87 |2.748(14)| 171
N17B | HI7B | CI2A | 0.88 | 2.39 | 3.145(8) 144
NIC | HIC | Ol |088]| 1.84 [2.709(14)| 172
NID | HID | CI3¥% | 0.88 | 2.29 | 3.142(9) 164
N17D | HI17D | CI1Yii | 0.88 | 2.28 |3.159(11)| 175
Ol Hl CI3 |0.84| 224 |3.027(13) | 156
OIS | HIS | Cc12 084 229 [3.087(13)| 159
4
N1A | HIA |Cl4C* | 0.88 | 2.34 [3.197(12)] 166
5
N14 | HI14 | CI2* | 0.88 | 2.38 | 3.117(3) 141
OlA | HIA | Cl1™* | 0.84 | 2.36 | 3.094(2) 147
Symmetry codes: 12-x,1-y,1-z; T x,1+y,z; ' —x,1-y,1-z; V2-x,1-y,1-z; ¥ 1-x,2-y,1-z; V12/3-y,1/3+x-
y,1/3+z; Vil 1/3-y,-1/3+x-y,-1/3+z; Vil -1/3+x,1/3+y,1/3+z; * x,-1+y,z;

N1 | HI | cii
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40 - 60°C
LiHBEt,

THF

R5SiH

R,Si = PhMe,Si; Ph,SiH; PhSiH,

0.05 - 0.5 mol%

RJLSiR3

a selectivity 91 - 100%

29 examples

Yield
72 -99%

ABSTRACT: A bench-stable cobalt(II) complex, with 3N-donor socket-type benzimidazole-imine-2H-imidazole ligand is reported
as a precatalyst for regioselective hydrosilylation of terminal alkynes. Both aromatic and aliphatic alkynes could be effectively
hydrosilylated with primary, secondary, and tertiary silane to give a-vinylsilanes in high yields with excellent Markovnikov selectivity
and extensive functional-group tolerance. Catalyst loading varies within 0.5—0.05 mol %, which is one of the most efficient reported
so far in the literature on cobalt-catalyzed alkyne hydrosilylation.

O rganosilicon compounds are particularly interesting and

powerful tools in organic chemistry. Vinylsilanes, which

belong to this group, are applied in the syntheses of natural
1

products, and stereocontrolled

reactions,’ especially in hydrogenation processes.4 Among all

cross coupling reactions,

the synthetic pathways for obtaining vinylsilanes, the noble
metal-catalyzed hydrosilylation of alkynes and 1,3-dienes has
been generally accepted as the most effective route.”” '’ One of
the main problems in hydrosilylation of internal and terminal
alkynes is the control of regio- and stereoselectivity. Develop-
ment of newer and more sophisticated catalysts, in terms of
structure, that would help to solve this problem has been the
challenge for a number of research groups.''

From the environmental and economic point of view,
compounds based on earth abundant metals are more desirable
as catalysts than those based on noble metals. On the other
hand, in the era of molecular-heavy and complex ligands, it is
essential to develop a rational and sustainable coordination
environment. New, simple ligands must be designed to
compete with multistep synthesized ones in terms of activity,
chemo- regio-, and stereoselectivity. Complexes of first row
transition metals, such as Fe or Co, have been proven to be
efficient and selective in the reaction of hydrosilylation of

12723 providing f3-(E/Z)-vinylsilanes or a-vinylsilanes.

alkynes,
Although these catalysts show high catalytic activity, obtaining
a-vinylsilanes as a result of hydrosilylation of alkynes is still

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

663

challenging and rarely reported, and is usually achieved with
cobalt(IT) precatalysts.”*~*°

For this purpose, as illustrated in Scheme 1, Huang’s and
Lu’s research groups have developed efficient systems based on
pyridine-bis(oxazoline) (PyBox)24 or iminopyridine-oxazoline
(IPO)*® 3N tridentate pincer ligands, whereas Yang’s*® and
Jin’s>’ groups have proposed structurally simpler (amine)-
pyridine-imine ligands. Regiocontrol in Markovnikov hydro-
silylation of terminal alkynes can be also achieved using
Co(OAc),4H,0/2,2 -bipyridine catalytic system.28 To the
best of our knowledge, all these catalytic systems are active in
reactions of terminal alkynes involving primary and secondary
silanes.

Recently we have synthesized a series of new cobalt(Il)
chloride precatalysts coordinated to structurally similar
hydrazone Schiff base ligands, easily obtained in a two-step
synthetic protocol.”’ These complexes are air- and moisture-
stable, and are operationally simple and easy to handle on the
laboratory bench. The synthesized cobalt(II) complexes have
been evaluated for their ability to act as olefin hydrosilylation

Received: November 8, 2020
Published: January 13, 2021
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Scheme 1. Cobalt(IT) Based Precatalysts for a-Selective
Alkyne Hydrosilylation

Cat.
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catalysts in the presence of alkali metal trialkylborohydrides.
The cobalt(Il) chloride complex containing benzimidazole-
imine-2H-imidazole ligand (complex 1, Scheme 1) has been
selected as the most efficient in terms of hydrosilylation activity
and selectivity toward f-addition. Successful use of complex 1
as a catalyst for hydrosilylation of olefins prompted us to
investigate its catalytic activity in the reaction with alkynes.
Herein we describe highly selective hydrosilylation of internal
and terminal alkynes with primary, secondary, and tertiary
silanes in the presence of Schiff base cobalt(II) complex.

For the optimization reaction (Table 1), phenylacetylene
and diphenylsilane were chosen as model substrates. To

Table 1. Optimization Protocol for Hydrosilylation of
Phenylacetylene with Diphenylsilane®

Ph,SiH,
temp.  cat. 1 loading conversion' selectivityb
entry  solvent [°C [mol %] [%] (a:p)
1Y THF 70 3 >99 95:5
2 THF 70 3 >99 99:1
3 toluene 70 1 >99 95:S
4 dioxane 70 1 >99 9S8:5
S THF 40 1 >99 99:1
6° THF 40 1 52 87:13
7 THF 40 0.5 >99 98:2
8¢ THF 40 0.1 >99 99:1
9° THF RT 0.1 85 95:5
10 THF 60 0.05 85 99:1

“Conditions: Ph,SiH, (0.5 mmol), phenylacetylene (0.5 mmol),
precatalyst (0.05—3 mol %), L1HBEt3 (0.15—9 mol %), 20h, solvent
0.25 mL, unless stated otherw15e bCalculated by GC with decane as
internal standard. 1 h. “Reaction with NaHBEt, (9 mol %).
“Reaction with t-BuONa (2 mol %).

minimize the amount of wastes, the reaction setup was based
on an equimolar ratio of alkyne to silane. The initial reaction
was carried out in the presence of 3 mol % of precatalyst 1 with
9 mol % of sodium triethylborohydride in toluene as an
activator. The concentration of silane was set to 2 M in THF at
the temperature of boiling solvent (Table 1, entry 1). High
conversion of diphenylsilane and regioselectivity toward a-
addition were observed. To satisfy our aims we also
investigated the reaction with LiHBEt; in THF as an activator.
Fortunately, the use of the alternative reducing agent led to

664

increased selectivity toward Markovnikov product, while
maintaining high conversion of diphenylsilane (Table 1,
entry 2). Experiments with toluene and dioxane as solvents
(Table 1, entry 3—4) were successful, but resulted in yielding a
mixture of 95% of a-vinylsilane and 5% of p-vinylsilane.
Encouraged by these results we tried to lower the
concentrations of cobalt precatalyst and borohydride activator.
In our investigation, the catalyst loading was lowered from 3
mol % to 0.1 mol %, preserving its activity and selectivity
(Table 1, entry 7). Reaction of phenylacetylene with
diphenylsilane was completed in 1h at 40 °C. Further
decreases in the catalyst loading (0.0S mol % of 1 and 0.15
mol % LiHBEt;) resulted in a slightly lower diphenylsilane
conversion (85%), even at elevated temperatures. Having
optimized the conditions for hydrosilylation of phenylacetylene
with diphenylsilane, the reaction scope was explored by using a
variety of terminal and internal alkynes. In addition, the
influence of functional groups, ie., electron-donating and
electron-withdrawing substituents to phenyl ring, was inves-
tigated. In most experiments, the yields of the reaction
products were quantitative, and selectivities toward a-addition
products exceeded 99% (Scheme 2).

Scheme 2. Range of Alkynes in Hydrosilylation with
Diphenylsilane”

10.1 % mol

LiHBE; 0.3 % mol R R
R—==—R' + PhsSH, ——————> - _
THF 2M, 40°C, 20h  R” "SiPhyH \}\smth

©)L SiPhH \kQ)LSuthH /©)LS|thH SiPh;H

2a 99% (>99:1) 2b 99% (>99:1) 2c® 99% (>99:1)

msmth /@/‘Ls,ph;H O)LS'P"Z"'

2f 99% (>99:1) 2g° 99% (94:6)

SiPhH \\k(v

SiPh,H

2d 99% (>99:1)
SiPh,H

2e 99% (>99:1)

|
©>\SithH
HoN

2i 99% (72:28)

2h 99% (97:3)

SlthH

2j 99% (>99:1) 2KP 95% (>99:1) 21 99% (>99:1)

SiPh,H
\/\n/ SiPh,H SiPhoH SiPh,H

2m 72% (>99:1) 2nP 95% (>99:1)

= Ph 9
SiPh,H S\~ | m)]\
1Fhy . (¢] SiPh,H
SiPh,H  Ph” SiPhH

2u 99% (>99:1)

20 94% (>99:1) 2p 99% (>99:1)

NC

2r° 55% (>99:1) 25 98% (>99:1) 2t 98% (>99:1)

“Conditions: alkyne (1 mmol), diphenylsilane (1 mmol), complex 1
(0.1 mol %), LiHBEt; (0.3 mol %). Ratlo of a to f-addition products
determined using GC. Isolation yields. Reaction performed at 60 °C
with 0.5% mol 1 and 1.5% mol LiHBEt;.

The reactions with alkynes effectively occurred in the
presence 0.1 mol % catalyst 1 and 0.3 mol % LiHBEt;
concentration at 40 °C but required a relatively long time
(20 h). Phenylacetylene reacted with diphenylsilane to give the
corresponding a-vinylsilane with 99% isolated yield (2a). To
check the impact of different substituents, the reactions

https://dx.doi.org/10.1021/acs.orglett.0c03721
Org. Lett. 2021, 23, 663—667
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involving para-substituted phenylacetylene were performed. 4-
tert-Butylphenylacetylene, 4-ethynylanisole, and 4-ethynylani-
line reacted with 99:1 selectivity (ar/f-vinylsilane), with a 99%
isolated yield (2b, 2f, 2j).

Halide substituents such as 4-bromophenylacetylene under-
went the reaction with excellent yield, employing increased
catalyst loading (2c). Cycloaliphatic alkynes, ethynylcyclohex-
ane, cyclohexenyleacetylene, and cyclopropylacetylene, were
also smoothly hydrosilylated according to our protocol (2d,
2g, 2h). However, despite excellent conversions of cyclo-
aliphatic alkynes, trace amounts of f-addition products were
observed (3—6%). Aliphatic alkynes, 3-phenylprop-1-yne and
oct-1-yne, were transformed easily to the corresponding a-
vinylsilanes, and no f-addition products were observed (2e,
21). Symmetrical internal alkynes, 4-octyne and diphenylace-
tylene, underwent hydrosilylation with total conversion of
diphenylsilane (2k, 2t), giving selectively the corresponding
(E)-silylalkenes. Interestingly, the reaction with 1-phenylprop-
1-yne resulted in a mixture of a and f-addition products (in
favor of a), presumably due to a low steric hindrance of a
methyl group (2i). Heteroaromatic thiophene moiety was
tolerated, and the reaction proceeded smoothly to yield single
a-vinylsilane isomer (2s). It is worth noting that the reactive
groups such as nitrile and ester were compatible with the
hydrosilylation conditions (2r, 2u). We also examined the
impact of a methyl group substituted to phenyl ring. In
contrast to 4-ethynyltoluene, which required elevated temper-
ature and increased catalyst loading (2n), 2-ethynyltoluene and
3-ethynyltoluene were transformed easily (20, 2p) to the
corresponding a-vinylsilanes. Masked alcohol, (but-3-yn-1-
yloxy)dimethyl(phenyl)silane, appeared to be less reactive and
gave the corresponding product with 72% yield (2m).

To highlight the utility of this procedure for the synthesis of
a-vinylsilane, we conducted the synthesis on a gram-scale
under the optimized conditions. The hydrosilylation of
phenylacetylene (4 mmol) with Ph,SiH, (4 mmol) in the
presence of 0.1 mol % 1 and 0.3 mol % LiHBEt; afforded 1.12
g of diphenyl(1-phenylvinyl)silane (2a) in 98% isolated yield
with 99:1 a/f selectivity.

Our next aim was to investigate the reactivity of primary
silane in the reaction with terminal alkynes. The reaction of
phenylacetylene with phenylsilane catalyzed by 1 activated
with LiHBEt; under standard conditions (0.1 mol % of 1, 0.3
mol % of LiHBEt;, 40 °C, 20 h) results in a mixture of
Markovnikov addition product, phenyl(1-phenylvinyl)silane,
and a product of subsequent hydrosilylation of the latter,
phenyldi(1-phenylvinyl)silane. During optimization of the
reaction conditions (SI), we found that the lowering of
catalyst 1 loading to 0.05 mol % resulted in the total
conversion of substrates and did not substantially affect
hydrosilylation selectivity. Further lowering of the catalyst 1
loading to 0.005 mol % resulted in a decrease in phenylsilane
conversion; however, the catalyst still remained very active
(TOF as high as 8000 h™"). In all cases only Markovnikov
addition products were detected, and no trace amounts of f-
addition products were observed. In the optimized conditions
(0.05 mol % of 1, 0.15 mol % of LiHBEt;, 40 °C, 20 h), the
substrate scope of the Markovnikov-selective hydrosilylation
was investigated with a range of electronically different
terminal alkynes (Table 2). Aromatic and aliphatic alkynes
underwent successful hydrosilylation with phenylsilane in
excellent yields and regioselectivity; however, small amounts
of double addition products (a,a-divinylsilanes) were
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Table 2. Scope of Alkynes in Hydrosilylation with
Phenylsilane”

0.05% 1
0.15% LiHBEt;

B+

R——=—=—H + PhSiH; R” "SiH,Ph + PhHSi
THF 2M, 40°C 20h o o R
yield [%] selectivity selectivity
entry R (isolated) a:f a:a,a
1 Ph (3a) 99 (98) >99:1 79:21
2 4-t-BuCeH, 99 >99:1 100:0
3 4-BrC4H, 38 >99:1 97:3
4 4-MeOC4H, 99 >99:1 >99:1
S 4-NH,C¢H, 99 >99:1 >99:1
6 4-MeC4H, 99 >99:1 97:3
7 3-MeC¢H, (3g) 99 (94) >99:1 91:9
8 2-MeC¢H, (3h) 99 (99) >99:1 91:9
9 Cyclopropyl 99 >99:1 91:9
10  PhCH, 93 >99:1 97:3

“Conditions: alkyne (1 mmol), phenylsilane (1 mmol), 1 (0.05 mol
%), LiHBEt; (0.15 mol %), 40 °C, 20 h. Product ratio and reaction
yield determined by GC.

observed. Phenylacetylene derivatives with electron-donating
groups such as methoxy, amine, and methyl reacted smoothly
(99% yields), whereas the presence of electron-withdrawing 4-
bromo-substituent decreased the reaction yield (38%). Cyclo-
propylacetylene and 3-phenyl-prop-1-yne also underwent
successful hydrosilylation in good yields. In all cases, exclusive
formation of a-addition products was observed and no f-
vinylsilanes were detected.

Complex 1 was found to successfully catalyze hydrosilylation
of alkynes with tertiary silane—dimethylphenylsilane. To the
best of our knowledge, Markovnikov hydrosilylation of
terminal alkynes with tertiary silanes is very scarce using
cobalt catalysis. A single example of regioselective hydro-
silylation of phenylacetylene with PhMe,SiH (84% yield, a:f =
88:12) has been reported recently.”> In our experiments,
dimethylphenylsilane underwent quantitative reactions with
terminal alkynes; however, the reaction required higher
concentration of the catalyst (0.5 mol %) and elevated
temperature (60 °C) in comparison with the protocol
developed for primary and secondary silanes. Applying the
optimized conditions, we examined the impact of alkyne
structure on silane conversion and hydrosilylation selectivity
(Scheme 3). Phenylacetylene was hydrosilylated easily by
dimethylphenylsilane with 91% selectivity toward a-addition
product (4a). The presence of alkyl substituents at the phenyl
ring led to increased selectivity toward a-addition, irrespective
of their position (4b, 4f—h). Bromo, amino and methoxy
groups were tolerated, however, hydrosilylation of 4-
bromophenylacetylene and 4-aminophenylacetylene (4c and
4e) proceeded with lower yields (75—79%) than the other
compounds. Cyclopropylacetylene underwent hydrosilylation
with excellent yield and selectivity (4i), but 3-phenylprop-1-
yne was not reactive in the reaction with dimethylphenylsilane.

Our protocol seems to be the first effective cobalt complex-
catalyzed Markovnikov-selective hydrosilylation of aromatic
and cycloaliphatic alkynes with PhMe,SiH. Unfortunately,
increasing the reaction temperature and the precatalyst loading
did not afford positive results for the reaction of other tertiary
silanes such as triphenylsilane, triethoxysilane, or triethylsilane
with terminal alkynes, which implies that it is the inherent

https://dx.doi.org/10.1021/acs.orglett.0c03721
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Scheme 3. Range of Alkynes in Hydrosilylation with
Dimethylphenylsilane”

0.5% 1
1.5% LiHBEts
—_—

|

©)LSiMe2Ph

4a 94% (91:9)

i R
H:+:PhMezSiH R” “siMe,Ph T NN sime,ph

/©)LSiMe2Ph
Br

4c 79% (95:5)

THF 2M, 60°C 20h
SiMe,Ph

4b 99% (97:3)

SiMe,Ph

O)LSiMezPh /©)LSiMe2Ph
° H,N

4d 94% (94:6)

\©)LSiMezPh

4g 92% (91:9)

4e 75% (93:7)

©/”\SiMezPh

4h 96% (100:0)

4f 96% (93:7)

V)L SiMe,Ph

4i 95% (99:1)

“Conditions: alkyne (1 mmol), dimethylphenylsilane (1 mmol), 1
(0.5 mol %), LiHBEt; (1.5 mol %), THF, 60 °C, 20 h. Isolated yields.
Regioselectivity a:B-(E) determined by '"H NMR.

nature of the catalyst to be insufficiently active for this group of
compounds.

To understand the nature of silane addition to alkyne, NMR
studies with deuterium labeled phenylacetylene were per-
formed. Reaction of D,-phenylacetylene and diphenylsilane
afforded syn-addition product, and no anti-addition products
were observed (SI). On the basis of deuterium labeling
experiments and the previously reported data,®® we propose
the following simplified mechanism for cobalt-catalyzed a-
selective alkyne hydrosilylation (Scheme 4). Cobalt(II)
precatalyst reacts with borohydride and silane to form in situ
cobalt(I)-silyl intermediate. Following this, migratory insertion
of alkyne into Co—Si bond takes place to produce vinylcobalt
species, which can undergo reaction with silane to afford a-
vinylsilane and regenerate the catalytically active cobalt-silyl
intermediate. Alternatively, Co(0) pathway of Markovnikov-

Scheme 4. Proposed Mechanism for Cobalt-Catalyzed a-
Selective Alkyne Hydrosilylation

[ColCl,
+ LiHBEts
+ Ph,SiH,
SiHPh,
Ph [Co]=SiHPh,  =——pp
Ph,SiH,
[Co]  SiHPh, [Col—SiHPh,
o = ph
\ (ol SiPh, /
=
=—Ph
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selective hydrosilylation, recently proposed for 3N pincer—
cobalt complex on the basis of DFT calculations, can be
considered.”

In conclusion, a pentacoordinated cobalt(II) chloride
complex with benzimidazole/2H-imidazole-based ligand,
activated by lithium triethylborohydride, has been found to
act as a good catalyst for regioselective hydrosilylation of
alkynes by primary, secondary, and tertiary silanes. Mild
reaction conditions, low catalyst loading, functional group
tolerance (amine, halide, ester, nitrile, etc.), and extremely high
selectivity toward oa-hydrosilylation products are unique
features of the developed methodology. We believe that the
possibility of using tertiary silane makes it more universal than
the previously reported catalytic systems based on cobalt
complexes with 3N-donor ligands.
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EXPERIMENTAL PROCEDURES

1.1.

1.2.

General remarks:

All reactions were performed in flame-dried glassware under argon atmosphere. THF
was purified by distillation over sodium and benzophenone, under argon atmosphere.
Other solvents were dried by distillation over calcium hydride.

Gas chromatography was performed on a Bruker Scion 436-GC with a 30 m Agilent
VF5-ms 0.53 mm Megabore column and a TCD detector. The temperature program
was as follows: 60 °C (3 min), 20 °C/min, 280 °C (20 min). Decane was used as a
reference. GC-MS analyses were performed on a Bruker Scion 436-GC with a 30 m
Varian DB-5 0.25 mm capillary column and a Scion SQ-MS mass spectrometry
detector. The temperature program was as follows: 60 °C (3 min), 10 °C/min, 250 °C
(15 min). NMR analyses were performed on a Bruker Fourier 300 MHz or 400 MHz
spectrometer.

FT-IR spectra were recorded on a Nicolet iS50 (Thermo Scientific) Fourier transform
spectrophotometer equipped with a diamond ATR unit. In all cases, 16 scans at a
resolution of 2 cm™ were collected, to record the spectra in the range of
4000-400 cm™

HRMS Spectra were recorded on a QTOF type mass spectrometer (Impact HD, Bruker)
in positive ion mode.

General procedure of alkyne hydrosilylation:

General procedure for hydrosilylation of alkynes A: To a flame-dried Schlenk bomb
flask charged with argon, precatalyst (0.1 mol %), THF (0.5 mL), silane (1.0 mmol), and
alkyne (1.0 mmol) were placed. Mixture was then heated to 40°C with stirring in oil
bath. After 10 minutes LiHBEt; was added (0.3 mol %), and reaction vessel was then
closed. After 20 hours, hexane was added to reaction mixture. Solution was then
filtered through silica plug, and concentrated on rotavapor. The crude mixture was
purified by evaporating volatiles on vacuum line followed by extraction with hexane.
Regioselectivity was monitored by '"H NMR.

General procedure for hydrosilylation of alkynes B: To a flame-dried Schlenk bomb
flask charged with argon, precatalyst (0.5 mol %), THF (0.5 mL), silane (1.0 mmol), and
alkyne (1.0 mmol) were placed. Mixture was then heated to 60°C with stirring in oil
bath. After 10 minutes LiHBEt; was added (1.5 mol %), and reaction vessel was then
closed. After 20 hours, hexane was added to reaction mixture. Solution was then
filtered through silica plug, and concentrated on rotavapor. The crude mixture was
purified by evaporating volatiles on vacuum line followed by extraction with hexane.
Regioselectivity was monitored by 'H NMR.

General procedure for hydrosilylation of alkynes C: To a flame-dried Schlenk bomb
flask charged with argon, precatalyst (0.05 mol %), THF (0.5 mL), silane (1.0 mmol),
and alkyne (1.0 mmol) were placed. Mixture was then heated to 40°C with stirring in oil
bath. After 10 minutes LiHBEt; was added (0.15 mol %), and reaction vessel was then
closed. After 20 hours, hexane was added to reaction mixture. Solution was then
filtered through silica plug, and concentrated on rotavapor. The crude mixture was
purified by evaporating volatiles on vacuum line followed by extraction with hexane.
Regioselectivity was monitored by '"H NMR..



1.3. Optimization of hydrosilylation of phenylacetylene with phenylsilane?®

1 (x mol %) Ph H
LiHBEt; (3x mol %) Si
Ph—= + PhSiH, PhJLSiPth + y \W/
Ph Ph
2M THF 3a 3aa
Entry Catalyst 1 Time [h] Temp. Phenylsilane Selectivity®
loading [mol%] [°C] Conversion® [%] (3a/3aa)
1 0.1 20 40 >99 78:22
2 0.05 20 40 >99 79:21
3 0.05 20 40 >99 91:9
4 0.05 20 20 91 79:21
5 0.025 20 40 >99 84:16
6 0.01 20 40 >99 86:14
7 0.01 0.166 40 14 94:6
8 0.005 20 40 85 89:11
9 0.005 0.5 40 20 92:8

aConditions: phenylacetylene (1 mmol), phenylsilane (1 mmol). ®°Calculated by GC with decane as internal standard.

dReaction with 1.5 mmol of phenylsilane.

1.4. Ligand(L) and complex 1 synthesis:

N | N O HN/ﬁ
P . WV G 3
N/ NH, 7N N” °NH

EtOH s N NH, \_ EtOH,ps

Ligand was synthesized according to reported procedure[1]. 2-chlorobenzimidazole (8.00 g
0.05 mol) was placed under argon atmosphere in two-necked round-bottomed flask.
Methylhydrazine (11.9 g, 0.25 mol), in five-fold excess, was dissolved in anhydrous ethanol
and was added to the reaction mixture, which was heated in heating mantle to 80°C and stirred
for 20 h. The white, crystalline product was filtered on Blichner funnel and dried under vacuum.
Yield 68.2% (5.8 g, 0.036 mol). Then condensation of 2-imidazolecarboxyaldehyde with
2-(1-methylhydrazine)benzimidazole was performed. At two-necked round-bottomed flask
2-(1- methylhydrazine)benzimidazole (1 g, 6.16 mmol) placed under argon atmosphere. The
4-imidazolecarboxyaldehyde (0.591 g, 6.16 mmol) was dissolved in anhydrous ethanol and
was added to the reaction mixture. Reaction mixture was stirred for 24 h at 60°C. Yellow clear
solution was cooled to room temperature. Precipitate, was then filtered by vacuum filtration,
washed with anhydrous ethanol and dried under vacuum to give 1.24 g (5.16 mmol) of L. The
supernatant was concentrated to minimal amount of volume and the next part of precipitate
was obtained 0.140 g (0.58 mmol). Total yield is 91% (1.38 g, 5.74 mmoI).

HN \
@[%N fN +  CoClyx 6 HyO
MeOHabS \ /N

Complex 1 was synthesized according to reported procedure[2]. To a solution of L (100.0 mg)
in hot MeOH, the methanolic solution of CoCl»-6H20 (99.1 mg) was added. Mixture was stirred
for 24 h at room temperature. Solvents were subsequently evaporated under vacuum to
minimal amount. Then, excess of Et,O was added. Precipitate was filtered and washed twice
with Et2O and air dried, affording 153.9 mg (99.8% yield) of complex 1.



2. Analytical data of isolated products

2.1.(2a) Diphenyl(1-phenylvinyl)silane — prepared from phenylacetylene (1.0 mmol) and
diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (colorless oil, 285.9 mg - >99%).

"H NMR (300 MHz, CDCls): & 7.52 — 7.45 (m, 4H), 7.36 — 7.23 (m, 8H),
7.21-7.12 (m, 3H), 6.23 —6.19 (d, 1H, J = 1.7 Hz), 5.63 - 5.59 (d, 1H, J =
2.4 Hz), 5.31 (s, 1H)

@ 3C NMR (75 MHz, CDCls): 5 145.9, 142.9, 135.8, 133.1, 132.2, 129.9,
128.5,128.1, 127.1, 126.8

H
Si

Corresponds to previously reported data [3]

2.2.(2b) (1-(4-(tert-butyl)phenyl)vinyl)diphenylsilane - prepared from
(4-tert-butyl)phenylacetylene (1.0 mmol) and diphenylsilane (1.0 mmol) according to general
procedure A. Purified by extraction with n-hexane followed by filtration through silica plug.
Volatiles were removed under lower pressure affording pure product (pale yellow oil, 340.5 mg

- >99%).
gi© 'H NMR (300 MHz, CDCls): & 7.53 — 7.46 (m, 4H), 7.36 — 7.17 (m,
10H), 6.23 — 6.19 (dd, 1H, J = 2.3 Hz), 5.58 - 5.53 (d, 1H, J = 2.4

Hz), 5.32 (s, 1H), 1.20 (s, 9H)

¥C NMR (75 MHz, CDCls): & 150.1, 145.1, 139.8, 135.8, 133.3,
131.5, 139.8, 128.1, 126.3, 125.4, 34.5, 31.3

Corresponds to previously reported data [3]

2.3. (2c) (1-(4-bromophenyl)vinyl)diphenylsilane - prepared from (4-bromo)phenylacetylene
(1.0 mmol) and diphenylsilane (1.0 mmol) according to general procedure B. Purified by
extraction with n-hexane followed by filtration through silica plug. Volatiles were removed under
lower pressure affording pure product (yellow oil, 365.0 mg - >99%).

8H), 7.24-7.16 (m, 2H), 6.29 — 6.26 (d, 1H, J = 1.7 Hz), 5.74 - 5.70 (d,

g 1H, J = 2.2 Hz), 5.38 (s, 1H)

Si

Br 3C NMR (75 MHz, CDCls): & 144.9, 141.9, 135.8, 132.7, 132.6,
131.5, 130.0, 128.4, 128.2, 121.1

/@ '"H NMR (300 MHz, CDCls): & 7.59 — 7.53 (m, 4H), 7.47 — 7.34 (m,

Corresponds to previously reported data [3]



2.4.(2d) (1-cyclohex-1-enylvinyl)diphenylsilane - prepared from cyclohexylacetylene (0.5
mmol) and diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (yellow oil, 146.2 mg - >99%).

"H NMR (300 MHz, CDCls): & 7.59 — 7.53 (m, 4H), 7.41 — 7.34 (m, 6H),

Q 5.99 (s, 1H), 5.96 — 5.91 (t, 1H), 5.38 — 5.34 (d, 1H, J = 2.2 Hz), 5.33 -
5.30 (s, 1H), 2.29-2.20 (m, 2H), 2.10 — 2.01 (m, 2H), 1.75 — 1.65 (m, 2H),
1.60 — 1.52 (m, 2H)

H
Si

®C NMR (75 MHz, CDCls): d 145.9, 138.5, 135.8, 135.5, 133.9, 129.5,
127.9,127.0, 26.0, 26.0, 22.3, 22.2

Corresponds to previously reported data [4]

2.5.(2e) Diphenyl(3-phenylprop-1-en-2-yl)silane - prepared from 3-phenylprop-1-yne (1.0
mmol) and diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (yellow oil, 298,0 mg - >99%).

"H NMR (300 MHz, CDCls): & 7.46 — 7.41 (m, 4H), 7.33 — 7.24 (m, 6H),
©\)L @ 7.19 - 7.09 (m, 3H), 7.01 — 6.96 (d, 2H), 5.68 — 5.65 (d, 1H, J = 1.1 Hz),
g 5.49 - 5.46 (d, 1H, J = 1.3 Hz), 4.92 (s, 1H), 3.44 (s, 2H)
13C NMR (75 MHz, CDCls): 5 145.8, 139.3, 135.7, 132.9, 131.2, 129.75,
129.5, 128.3, 128.0, 126.1, 43.0

HRMS (ESI): calculated for [C21H20SiNa]* requires 323.1226 m/z, found 323.1226 m/z

2.6.(2f) (1-(4-methoxyphenyl)vinyl)diphenylsilane - prepared from 4-ethynylanisole (1.0 mmol)
and diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 313.8 mg - >99%).

"H NMR (300 MHz, CDCls): & 7.63 — 7.57 (m, 4H), 7.45 — 7.31 (m,

8H), 6.86 — 6.80 (d, 2H), 6.28 — 6.25 (d, 1H, J = 1.8 Hz), 5.64 - 5.61
S' (d, 1H, J = 2.1 Hz), 5.42 (s, 1H), 3.77 (s, 3H)

3C NMR (75 MHz, CDCls): 5 158.9, 144.7, 135.8, 133.2, 129.8,

128.1, 127.8, 113.8, 55.3

Corresponds to previously reported data [3]

2.7.(29g) (1-cyclohexylvinyl)diphenylsilane - prepared from cyclohexylacetylene (0.5 mmol) and
diphenylsilane (0.5 mmol) according to general procedure B. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 146.2 mg - >99%).

'"H NMR (300 MHz, CDCls): 5 7.62 — 7.56 (m, 4H), 7.46 — 7.36 (m, 6H),
/@ 5.94 - 5.92 (m, 1H), 5.46 — 5.42 (d, 1H, J = 2.3 Hz), 5.18 (s, 1H), 2.25-

H

Si 2.15 (m, 1H), 1.81 — 1.71 (m, 4H), 1.31 — 1.17 (m, 4H), 1.20 — 1.09 (m,
2H)
13C NMR (75 MHz, CDCls): & 152.0, 135.7, 133.9, 129.5, 128.0, 127.9,

42.9,33.2,26.7,26.2

Corresponds to previously reported data [4]



2.8.(2h) (1-cyclopropylvinyl)diphenylsilane - prepared from cyclopropylacetylene (1.0 mmol)
and diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 249.8 mg - >99%).

@ "H NMR (300 MHz, CDCls): 5 7.64 — 7.57 (m, 4H), 7.45 — 7.34 (m, 6H), 5.65
%H. —5.62(d, 1H, J = 1.8 Hz), 5.28 - 5.25 (d, 1H, J = 2.4 Hz), 5.01 (s, 1H), 1.59

S
| —1.50 (m, 1H), 0.73 — 0.64 (m, 2H), 0.57 — 0.51 (m, 2H)
@ 3C NMR (75 MHz, CDCls): & 147.7, 135.5, 133.1, 129.5, 127.5, 127.8,
125.8, 16.4, 7.3

Corresponds to previously reported data [5]

2.9.(2i) (E)-diphenyl(1-phenylprop-1-en-1-yl)silane (major product) - prepared from 1-
phenylprop-1-yne (0.5 mmol) and diphenylsilane (0.5 mmol) according to general procedure
B. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles were
removed under lower pressure affording pure product (yellow oil, 146.2 mg - >99%).

"H NMR (300 MHz, CDCls): & 7.68 — 7.61 (m, 1H), 7.59 — 7.50 (m, 3H),

| H 747 -7.32(m, 7H), 7.30-7.21 (m, 2H), 7.21 -7.12 (m, 1H), 7.06 — 7.01
Si (m, 1H), 6.95 (s, 0.26H minor), 6.41 — 6.22 (q, 0.74H major), 5.32 (s,
@ 0.28H minor), 5.22 (s, 0.72H major), 2.09 (s, 0.8H minor), 1.81 — 1.69 (d,

2.20H major)

Major product

3C NMR (75 MHz, CDCls): & 142.8, 142.1, 141.1, 139.04, 137.9, 135.8,
135.8, 133.6, 133.2, 129.8, 129.6, 129.1, 128.5, 128.1, 128.1, 128.1,
| /@ 127.9, 127.0, 125.8, 17.5, 16.4
H
Si

Corresponds to previously reported data [3]

Minor product

2.10.(2j) 4-(1-(diphenylsilyl)vinyl)aniline - prepared from (4-ethynyl)aniline (1.0 mmol) and
diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (brown oil, 300.9 mg - >99%).

'H NMR (300 MHz, CDCls): & 7.62 — 7.55 (m, 4H), 7.42 — 7.32 (m,
@ 6H), 7.25 - 7.19 (m, 2H), 6.62 — 6.56 (m, 2H), 6.25 — 6.22 (dd, 1H, J
= 2.3 Hz), 5.55 - 5.52 (d, 1H, J = 2.4 Hz), 5.39 (s, 1H), 3.63 (s, 2H)

@ 3C NMR (75 MHz, CDCls): & 145.7, 144.6, 135.8, 133.4, 133.0,

H,N
129.7, 129.2, 128.0, 127.7, 115.0

Corresponds to previously reported data [3]



2.11.(2k) (E)-oct-4-en-4-yldiphenylsilane - prepared from oct-4-yne (1.0 mmol) and
diphenylsilane (1.0 mmol) according to general procedure B. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (pale yellow oil, 280.3 mg - 95%).

"H NMR (300 MHz, CDCls): & 7.60 — 7.55 (m, 4H), 7.42 — 7.35 (m, 4H),
I, @ 5.96 — 5.90 (t, 1H), 6.28 — 6.25 (d, 1H, J = 1.8 Hz), 5.10 (s, 1H), 2.26-2.14
Si (m, 4H), 1.48 — 1.38 (h, 2H), 1.38 — 1.28 (h, 2H), 0.97 — 0.90 (t, 3H), 0.88
@ —0.81 (t, 3H),

3C NMR (75 MHz, CDCls): 5 146.7, 135.7, 135.1, 134.3, 129.4, 127.9,
32.6, 30.9, 23.1, 22.6, 14.3, 14.0

Corresponds to previously reported data [3]

2.12.(21) Oct-1-en-2-yldiphenylsilane - prepared from okt-1-yne (0.5 mmol) and diphenylsilane
(0.5 mmol) according to general procedure A. Purified by extraction with n-hexane followed by
filtration through silica plug. Volatiles were removed under lower pressure affording pure
product (pale yellow oil, 146.2 mg - >99%).

"H NMR (300 MHz, CDCls): & 7.61 — 7.51 (m, 4H), 7.45 — 7.31 (m, 6H),
/@ 5.93 — 5.80 (b, 1H), 5.50 — 5.43 (d, 1H, J = 2.8 Hz), 5.07 (s, 1H), 2.28-
2.17 (t, 2H), 1.46 — 1.34 (m, 2H), 1.27 — 1.17 (m, 6H), 0.89 — 0.79 (m,

3H)
13C NMR (75 MHz, CDCls): 5 146.6, 135.7, 133.4, 129.6, 129.5, 128.0,
37.0, 31.7, 29.0, 28.8, 22.6, 14.1

Corresponds to previously reported data [4]

2.13.(2m) ((3-(diphenylsilyl)but-3-en-1-yl)oxy)dimethyl(phenyl)silane - (but-3-yn-1-yloxy)-
-dimethyl(phenyl)silane (0.5 mmol) and diphenylsilane (0.5 mmol) according to general
procedure A. Purified by extraction with n-hexane followed by filtration through silica plug.
Volatiles were removed under lower pressure affording pure product (colorless oil, 140.1 mg —
72%).

"H NMR (300 MHz, CDCl3): & 7.58 — 7.50 (m, 5H), 7.45 — 7.33
- A)LH @ (m, 10H), 5.99 — 5.83 (m, 1H), 5.56 (s, 1H), 5.09 (s, 1H), 3.68 —
) Si 3.58 (t, 2H), 2.55 — 2.45 (t, 1H), 0.35 — 0.26 (s, 6H)

HRMS (ESI): calculated for [C24H28Si>ONa]* requires 411.1571 m/z, found 411.1575 m/z



2.14.(2n) Diphenyl(1-(p-tolyl)vinyl)silane - prepared from (4-methyl)phenylacetylene (0.5
mmol) and diphenylsilane (0.5 mmol) according to general procedure B. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (pale yellow oil, 142.8 mg - 95%).

"H NMR (300 MHz, CDCls): & 7.59 — 7.53 (m, 4H), 7.41 — 7.31 (m, 7H),
@ 57.24 — 7.22 (m, 1H), 7.08 — 7.03 (m, 2H), 6.29 — 6.23 (dd, 1H, J = 2.1
Hz), 5.66 — 5.59 (d, 1H, J = 2.2 Hz), 5.37 (s, 1H), 2.29 (s, 3H)

3C NMR (75 MHz, CDCls): 5 145.5, 139.9, 136.8, 135.8, 133.2, 131.37,
129.8, 129.1, 128.1, 126.6, 21.1

Corresponds to previously reported data [3]

2.15.(20) Diphenyl(1-(m-tolyl)vinyl)silane - prepared from (3-methyl)phenylacetylene (1.0
mmol) and diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (pale yellow oil, 281,3 mg - 94%).

"H NMR (300 MHz, CDCls): & 7.65 — 7.60 (m, 4H), 7.48 — 7.38 (m, 6H),
@ 57.23 — 7.17 (m, 3H), 7.10 — 7.06 (m, 1H), 6.33 — 6.31 (dd, 1H, J=2.5
Hz), 5.73 — 5.71 (d, 1H, J = 2.5 Hz), 4.74 (s, 1H), 2.24 (s, 3H)

3C NMR (75 MHz, CDCls): & 148.0, 143.4, 135.7, 134.6, 133.8, 132.9,
130.1, 129.8, 128.1, 128.0, 126.4, 125.5, 20.4

Corresponds to previously reported data [3]

2.16.(2p) Diphenyl(1-(o-tolyl)vinyl)silane - prepared from (2-methyl)phenylacetylene (1.0
mmol) and diphenylsilane (1.0 mmol) according to general procedure A. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (pale yellow oil, 298,5 mg - >99%).

57.19 — 7.06 (m, 3H), 6.98 — 6.95 (d, 1H), 6.01 — 5.98 (d, 1H, J = 3.1 Hz),
5.95—5.93 (d, 1H, J = 3.1 Hz), 5.26 (s, 1H), 2.24 (s, 3H)

3C NMR (75 MHz, CDCls): 5 148.0, 143.4, 135.7, 134.5, 133.3, 132.9,
130.1, 129.8, 128.0, 128.0, 126.4, 125.4, 20.4

/@ 'H NMR (300 MHz, CDCl3): 8 7.63 — 7.57 (m, 4H), 7.48 — 7.37 (m, 6H),
Si

Corresponds to previously reported data [3]



2.17.(2r) 4-(1-(diphenylsilyl)vinyl)benzonitrile - prepared from 4-ethynylbenzonitrile (0.5 mmol)
and diphenylsilane (0.5 mmol) according to general procedure B at 40°C. Purified by extraction
with n-hexane followed by filtration through silica plug. Mixture required further purification by
column chromatography on silica gel (hexane:ethyl acetate = 2:1). Volatiles were removed
under lower pressure affording pure product (yellow oil, 85.3 mg - 55%).

"H NMR (300 MHz, CDCl3): & 7.57 — 7.51 (m, 6H), 7.45 — 7.34 (m,
@ 8H), 6.34 — 6.27 (dd, 1H, J = 2.0, 0.6 Hz), 5.84 —5.79 (d, 1H, J = 2.1

Hz), 5.40 — 5.33 (s, 1H)

NC 3C NMR (75 MHz, CDCls): & 147.9, 145.3, 135.7, 134.5, 132.2,
132.0, 130.2, 128.2, 127 .4, 118.9, 110.6

Corresponds to previously reported data [3]

2.18.(2s) Diphenyl(1-(thiophen-3-yl)vinyl)silane - prepared from 3-ethynylthiophene (0.5
mmol) and diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (brown oil, 144.2 mg — 98%).

"H NMR (300 MHz, CDCls): & 7.63 — 7.58 (m, 4H), 7.43 — 7.35 (m, 6H),
H@ 7.16 — 7.12 (m, 1H), 6.96 — 6.91 (m, 1H), 6.90 — 6.85 (m, 1H), 6.35 (s,
ad 1H), 5.52— 5.47 (d, 1H, J = 1.6 Hz), 5.42 (s, 1H)
S 13C NMR (75 MHz, CDCls): & 146.4, 137.9, 135.8, 134.7, 134.3, 132.4,
130.0, 129.6, 128.1, 127.5, 126.0, 124.2

Corresponds to previously reported data [3]

2.19.(2t) (E)-(1,2-diphenylvinyl)diphenylsilane - prepared from diphenylacetylene (0.5 mmol)
and diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 176.8 mg - 98%).

"H NMR (300 MHz, CDCls): & 7.60 — 7.54 (m, 4H), 7.46 — 7.36 (m, 6H),
O 7.42 —7.33 (m, 6H), 7.24 — 7.15 (m, 3H), 7.13 — 7.08 (m, 3H), 7.04 — 6.98

| /@ (m, 5H), 5.28 (s, 1H)
H
Si 3C NMR (75 MHz, CDCls): & 142.9, 141.6, 140.2, 136.9, 135.9, 133.0,
129.8, 129.7, 128.6, 128.1, 128.0, 127.9, 127.5, 126.2
Corresponds to previously reported data [3]

2.20.(2u) 3-(diphenylsilyl)but-3-en-1-yl benzoate - prepared from butyn-3-yl benzoate (0.5
mmol) and diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (colourless, 178.2 mg — 99%).

o "H NMR (300 MHz, CDCls): & 8.02 — 7.95 (m, 2H), 7.61 — 7.51

A)LH @ (m, 5H), 7.45 — 7.32 (m, 8H), 6.07 — 6.01 (d, 1H, J = 1.4 Hz),

0 Si 5.65—5.57 (d, 1H, J = 2.3 Hz), 5.15 (s, 1H), 4.43 — 4.31 (t, 2H),
@ 2.76 — 2.67 (t, 2H)

3C NMR (75 MHz, CDCls): & 166.4, 142.2, 135.6, 132.8, 132.6,
132.5, 130.3, 129.9, 129.6, 128.3, 128.1, 63.8, 35.8

HRMS (ESI): calculated for [C23H22SiO2Na]* requires 381.1281 m/z, found 381.1289 m/z



2.21. (but-3-yn-1-yloxy)dimethyl(phenyl)silane - But-3-yn-1-0l was silylated with
dimethylphenylsilane according to reported procedure[6]. (but-3-yn-1-
yloxy)dimethyl(phenyl)silane was purified by extraction with n-hexane followed by filtration
through silica plug. Volatiles were removed under reduced pressure.

@ 'H NMR (300 MHz, CDCls): 5 7.63 — 7.54 (m, 2H), 7.42 — 7.33 (m, 3H),
— 3.78-3.68 (t, 2H), 2.47- 2.37 (td, 2H), 2.00 - 1.93 (t, 1H), 0.40 (s, 6H
?"OM (t, 2H) ( ) (t, 1H) ( )

2.22.(3a) Phenyl(1-phenylvinyl)silane— prepared from phenylsilane (1.0 mmol) and
phenylacetylene (1.0 mmol) according to general procedure C. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 206.3 mg — 98%).

"H NMR (300 MHz, CDCls): & 7.58 — 7.51 (m, 2H), 7.37 — 7.27 (m, 6H),
@ ’ 7.25-7.17 (m, 2H), 6.23 - 6.18 (d, 1H, J = 2.4 Hz), 5.81 — 5.77 (d, 1H, J
i’ = 2.3 Hz), 4.80 (s, 2H)
H

3C NMR (75 MHz, CDCls): d 144.2, 142.3, 135.6, 131.4, 131.2, 129.9,
128.6, 128.2, 127.3, 126.5

Corresponds to previously reported data [7]

2.23.(3g) Phenyl(1-(m-tolyl)vinyl)silane — prepared from phenylsilane (1.0 mmol) and 3-
ethynyltoluene (1.0 mmol) according to general procedure C. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 210.3 mg — 94%).

"H NMR (300 MHz, CDCls): & 7.65 — 7.58 (m, 2H), 7.46 — 7.34 (m, 3H),

@ 7.25—7.16 (m, 3H), 7.12 — 7.04 (m, 1H), 6.27 — 6.23 (d, 1H, J = 2.5 Hz),
5 5.87 —5.79 (d, 1H, J = 2.4 Hz), 4.86 (s, 2H), 2.40— 2.34 (s, 3H)

|

H

3C NMR (75 MHz, CDCls): & 144.3, 142.3, 138.1, 135.6, 131.1, 129.9,
128.4,128.1,127.1,123.7, 21.5

Corresponds to previously reported data [7]

2.24.(3h) Phenyl(1-(o-tolyl)vinyl)silane — prepared from phenylsilane (1.0 mmol) and 2-
ethynyltoluene (1.0 mmol) according to general procedure C. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording pure product (yellow oil, 223.9 mg — 99%).

7.19 — 7.08 (m, 3H), 7.02 — 6.89 (m, 1H), 5.95 — 5.91 (d, 1H, J = 2.0 Hz),
5.90 — 5.86 (d, 1H, J = 1.9 Hz), 4.71 (s, 2H), 2.25 (s, 3H)

3C NMR (75 MHz, CDCls): & 146.5, 143.1, 135.6, 133.0, 130.1, 129.9,
128.0, 127.9, 126.6, 125.6, 20.3

@ 'H NMR (300 MHz, CDCls): & 7.62 — 7.53 (m, 2H), 7.44 — 7.32 (m, 3H),
Si.
|

H

Corresponds to previously reported data [7]
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2.25.(4a) Dimethyl(phenyl)(1-phenylvinyl)silane — prepared from dimethyl(phenyl)silane (1.0
mmol) and phenylacetylene (1.0 mmol) according to general procedure B. Purified by
extraction with n-hexane followed by filtration through silica plug. Volatiles were removed under
lower pressure affording pure product (yellow oil, 225.0 mg — 94%).

"H NMR (300 MHz, CDCls): & 7.62 — 7.51 (m, 2H), 7.41 — 7.32 (m, 3H),
@ 7.25—7.17 (m, 3H), 7.12 (m, 2H), 6.04 — 5.95 (d, 1H, J = 2.8 Hz), 5.72 —
Si 5.63 (d, 1H, J = 2.9 Hz), 0.41 (s, 6H)

®C NMR (75 MHz, CDCls): & 153.3, 146.5, 140.6, 136.4, 131.5, 131.4,
130.4, 130.1, 129.2, 128.7, 0.0

Corresponds to previously reported data [8]

2.26.(4b)  (1-(4-(tert-butyl)phenyl)vinyl)dimethyl(phenyl)silane - prepared  from
dimethyl(phenyl)silane (1.0 mmol) and 1-(tert-butyl)-4-ethynylbenzene (1.0 mmol) according
to general procedure B. Purified by extraction with n-hexane followed by filtration through silica
plug. Volatiles were removed under lower pressure affording pure product (yellow oil, 291.5

mg — 99 %).
©\ "H NMR (300 MHz, CDCls): & 7.67 — 7.54 (m, 2H), 7.46 — 7.35 (m,
si’ 3H), 7.32 - 7.24 (m, 2H), 7.17 —= 7.02 (m, 2H), 6.11 — 6.00 (d, 1H, J
I

= 2.8 Hz), 5.72 — 5.62 (d, 1H, J = 2.9 Hz), 1.32 (s, 9H), 0.50 (s, 6H)

3C NMR (75 MHz, CDCls): & 152.3, 151.5, 143.0, 140.8, 136.2, 131.2, 130.8, 130.0, 128.6,
127.2, 36.6, 33.5, 0.0

Corresponds to previously reported data [10]

2.27.(4c) (1-(4-bromophenyl)vinyl)dimethyl(phenyl)silane - prepared from
dimethyl(phenyl)silane (1.0 mmol) and 1-bromo-4-ethynylbenzene (1.0 mmol) according to
general procedure B. Purified by extraction with n-hexane followed by filtration through silica
plug. Volatiles were removed under lower pressure affording pure product (yellow oil, 251.7
mg — 79%).

5H), 7.01 — 6.96 (m, 2H), 6.01 — 5.92 (d, 1H, J = 2.7, 0.6 Hz), 5.74 —
5.66 (d, 1H, J = 2.8 Hz), 0.40 (s, 6H)

3C NMR (75 MHz, CDCls): 5 152.6, 145.6, 140.3, 136.5, 133.7, 132.0,
131.7, 131.0, 130.4, 122.9, 0.0

@ 5 'HNMR (300 MHz, CDCls): 5 7.59 — 7.49 (m, 2H), 7.41 - 7.29 (m,
si”

Corresponds to previously reported data [8]
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2.28.(4d) (1-(4-methoxyphenyl)vinyl)dimethyl(phenyl)silane - prepared from
dimethyl(phenyl)silane (1.0 mmol) and 4-ethynylanisole (1.0 mmol) according to general
procedure B. Purified by extraction with n-hexane followed by filtration through silica plug.
Volatiles were removed under lower pressure affording pure product (pale yellow oil, 251.7 mg
- 94%).

@ O~ "H NMR (300 MHz, CDCls): 5 7.61 — 7.54 (m, 2H), 7.40 — 7.33 (m,
si” 3H), 7.13 — 7.05 (m, 2H), 6.82 — 6.75 (m, 2H), 6.03 — 5.96 (d, 1H, J
| = 2.8 Hz), 5.65 - 5.59 (d, 1H, J = 2.8 Hz), 3.77 (s, 3H), 0.42 (s, 6H)

3C NMR (75 MHz, CDCls): & 160.6, 152.1, 140.7, 138.6, 136.2, 131.2, 130.2, 130.1, 130.0,
115.7,57.4,0.0

Corresponds to previously reported data [8]

2.29.(4e) 4-(1-(dimethyl(phenyl)silyl)vinyl)aniline — prepared form dimethyl(phenyl)silane (1.0
mmol) and 4-ethynylaniline (1.0 mmol) according to general procedure B. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower
pressure affording pure product (pale yellow oil, 189.4 mg — 75%).

'H NMR (300 MHz, CDCls): & 7.63 — 7.52 (m, 2H), 7.41 — 7.32 (m,

@\ NHy 3H), 7.02 - 6.96 (m, 2H), 5.59 — 5.54 (m, 2H), 6.00 — 5.96 (d, 1H, J
Si = 2.8 Hz), 5.58 — 5.55 (d, 1H, J = 2.8 Hz), 3.78 — 3.45 (b, 2H), 0.42
(s, 6H)

8C NMR (75 MHz, CDCls): & 151.8, 147.1, 140.9, 136.3, 136.1,
131.0, 129.9, 129.9, 129.0, 117.0, 0.0

HRMS (ESI): calculated for [C1sH20SiN]* requires 254.1360 m/z, found 254.1365 m/z

2.30.(4f) dimethyl(phenyl)(1-(p-tolyl)vinyl)silane - prepared from dimethyl(phenyl)silane (1.0
mmol) and 4-ethynyltoluene (1.0 mmol) according to general procedure B. Purified by
extraction with n-hexane followed by filtration through silica plug. Volatiles were removed under
lower pressure affording pure product (yellow oil, 243.4 mg — 96%).

7.10 —6.99 (m, 4H), 6.05 - 5.95 (d, 1H, J = 2.8 Hz), 5.71 — 5.61 (d, 1H,
J = 2.9 Hz), 2.31 (s, 3H), 0.44 (s, 6H)

3C NMR (75 MHz, CDCls): d 152.8, 143.4, 140.7, 138.3, 136.3, 131.3,
131.1, 130.9, 130.0, 129.0, 23.3, 0.0

@ "H NMR (300 MHz, CDCls): & 7.63 — 7.53 (m, 2H), 7.43 — 7.32 (m, 3H),
T

Corresponds to previously reported data [9]
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2.31.(4g) dimethyl(phenyl)(1-(m-tolyl)vinyl)silane — prepared from dimethyl(phenyl)silane (1.0
mmol) and 3-ethynyltoluene (1.0 mmol) according to general procedure B. Purified by
extraction with n-hexane followed by filtration through silica plug. Volatiles were removed under
lower pressure affording pure product (yellow oil, 231.3 mg — 92%).

'"H NMR (300 MHz, CDCls): 5 7.61 — 7.53 (m, 2H), 7.24 — 7.17 (m, 3H),

7.10 — 6.99 (m, 2H), 6.91 — 6.84 (m, 2H), 6.02 — 6.98 (d, 1H, J = 3.0
o Hz), 6.67 — 5.63 (d, 1H, J = 3.0 Hz), 2.07 (s, 3H), 0.39 (s, 6H)
|
| 13C NMR (75 MHz, CDCls): & 153.3, 146.4, 140.6, 139.9, 136.4, 131.3,
130.2, 130.1, 129.9, 129.4, 126.3, 23.8, 0.00

HRMS (ESI): calculated for [C17H20SiNa]* requires 275.1226 m/z, found 275.1226 m/z

2.32.(4h) dimethyl(phenyl)(1-(o-tolyl)vinyl)silane — prepared from dimethyl(phenyl)silane (1.0
mmol) and 2-ethynyltoluene (1.0 mmol) according to general procedure B. Purified by
extraction with n-hexane followed by filtration through silica plug. Volatiles were removed under
lower pressure affording pure product (orange oil, 243.3 mg — 96%).

"H NMR (300 MHz, CDCl3): & 7.52 — 7.44 (m, 2H), 7.24 — 7.18 (m, 3H),
7.08 — 6.99 (m, 3H), 6.94 — 6.88 (m, 1H), 5.72 — 5.69 (d, 1H, J = 3.4 Hz),
- 5.67 —5.63 (d, 1H, J = 3.4 Hz), 2.06 (s, 3H), 0.32 (s, 6H)

| 3C NMR (75 MHz, CDCls): & 152.3, 143.9, 137.7, 134.3, 134.1, 130.0,
129.6, 129.1, 127.7, 127.7, 125.9, 125.0, 20.2, -3.0

Corresponds to previously reported data [11]

2.33.(4i) (1-cyclopropylvinyl)dimethyl(phenyl)silane — prepared from dimethyl(phenyl)silane
(1.0 mmol) and cyclopropylacetylene (1.0 mmol) according to general procedure B. Purified
by extraction with n-hexane followed by filtration through silica plug. Volatiles were removed
under lower pressure affording pure product (pale yellow oil, 193.1 mg — 95%).

"H NMR (300 MHz, CDCls): 5 7.61 — 7.52 (m, 2H), 7.28 — 7.20 (m, 3H), 5.54
P —5.45 (m, 1H), 5.35 - 5.26 (d, 1H, J = 2.6 Hz), 1.35 — 1.22 (quint, 1H), 0.46
Slﬁ —0.41 (m, 4H), 0.38 (s, 6H)

3C NMR (75 MHz, CDCls): & 151.8, 138.4, 134.0, 128.9, 127.7, 121.6, 15.4,
6.9, -2.9

Corresponds to previously reported data [12]
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3. Deuterium labelled experiment

D H

10.1% \
LiHBEt; 0.3% -
Ph—==—D + Ph,SiH, > " SiPhaH
THF 2M, 40*C

100%

3.1 Hydrosililation of Ds-phenylaceylene with diphenylsilane.

To a flame-dried Schlenk bomb flask charged with argon, precatalyst (1 mol %), THF (1.0 mL),
diphenylsilane (0.5 mmol), and Di-phenylacetylene (0.5 mmol) were placed. Mixture was then
heated to 40°C with stirring. After 10 minutes LiHBEt; was added (0.3 mol %), and reaction
vessel was then closed. After 1 hour, hexane was added to reaction mixture. Solution was then
filtered through silica plug, and concentrated on rotavapor. The crude mixture was purified by
evaporating volatiles on vacuum line followed by extraction with hexane. Regioselectivity was
monitored by 'H NMR.

"H NMR (300 MHz, CDCls): 57.52 — 7.46 (m, 4H), 7.36 — 7.24 (m, 8H),

@ 7.21-7.11 (m, 3H), [6.23 — 6.19 Not observed], 5.63 - 5.56 (s, 1H,), 5.37
s| - 5.28 (s, 1H)
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The search for simple and easy-to-synthesize ligands for bench stable cobalt (pre)catalysts that would
ensure high activity and selectivity in alkyne hydrosilylation reactions is an interesting current challenge.
Herein, we report that a cobalt(Il) complex bearing pyrimidine-imine-2H-imidazole ligand activated by
LiHBEt; exhibits not only high catalytic activity, but also unprecedented tolerance towards tertiary
silanes in highly regioselective Markovnikov hydrosilylation of aliphatic and aromatic terminal alkynes
to give o-vinylsilanes. In addition, a variety of 1-aryl-2-(trimethylsilyl)acetylenes have been hydrosily-
lated efficiently by diphenylsilane in the presence of [Co(L)Cl,]/LiHBEt; catalytic system to yield (E)-
1-aryl-1,2-bis(silyl)ethenes with high selectivity. Such selectivity is very rarely observed for
cobalt-catalyzed hydrosilylation of silylacetylenes.

© 2022 Published by Elsevier Inc.

1. Introduction

Vinylsilanes are versatile reagents in organic and organometal-
lic chemistry. Due to their stability, low toxicity and ease of han-
dling, they have been extensively applied in organic synthesis,
fine chemistry and materials science [1]. From among all the syn-
thetic pathways for such compounds, direct addition of Si-H to
alkynes is perceived as the most efficient and atom economical
[2]. Initially, the field of metal-catalyzed hydrosilylation of alkynes
was overwhelmed by noble metals [3] such as Ru, Pt and Ir. The
reactions involving catalysts based on these metals are efficient
and selective, however, the low natural abundance of such metals
and increasing market demand resulted in enormous peak in price.
Due to the fact that the price of noble metals determines the sub-
sequent price of the catalyst, development of new precious metal
catalysts is becoming increasingly economically questionable. To
this end hydrosilylation catalysts based on earth abundant metals
are more desirable from the economic and environmental points of
view [4]. On the other hand, scientists should also reconsider
developing multistep synthetized and complex ligands. New cata-
lysts should bear simple and rational coordinating environment,
simultaneously maintaining high efficiency and selectivity.

* Corresponding author at: Faculty of Chemistry, Adam Mickiewicz University,
Uniwersytetu Poznanskiego 8, 61-614 Poznaf, Poland.
E-mail address: piotrpaw@amu.edu.pl (P. Pawlug).

https://doi.org/10.1016/j.jcat.2022.05.002
0021-9517/© 2022 Published by Elsevier Inc.

Cobalt catalysis offers a sustainable alternative to the com-
monly used noble metal catalysts [5]. In the last decade, cobalt
complexes have been reported as effective catalysts in the synthe-
sis of p-(E) [6], p-(Z) [7] and a-vinylsilanes [8]. Despite extensive
research, the field of «-selective hydrosilylation of alkynes with
ligand simplification has not yet been fully examined. Jin's [9]
and von Wangelin’s [10] groups have developed systems based
on Co(OAc), and simple, bidentate ligands. Although characterized
by high conversion and selectivity, the hydrosilylation involving
secondary and tertiary silanes was neither satisfactory nor accessi-
ble. Subsequently, Chen’s [11] group described the complex of
CoBr, with N°NN tridentate ligand as active in the hydrosilylation
of alkynes and 1,3-diynes with diphenylsilane.

Tertiary silanes are very challenging substrates in cobalt-
catalyzed alkyne Markovnikov hydrosilylation (Scheme 1). Apart
from noble metal catalysts, in 1999 Isobe [12] described a single
example of hydrosilylation of dihydropyranyl-substituted alkyne
with triethylsilane with poor selectivity (a/f = 2) in the presence
of Coy(CO)s/HC=CCMe,OH complex. After two decades, Deng’s
[13] and Park’s [14] groups developed new cobalt catalysts for effi-
cient alkyne Markovnikov hydrosilylation with tertiary silanes.
Despite excellent results and impressive selectivity (o/f up to
55:1), the Deng catalyst, based on dicobalt carbonyl N-heterocyclic
carbene complex [(IPr),Co,(CO)g] (IPr = 1,3-di(2,6-diisopropylphe
nyl)-imidazol-2-ylidene), requires 10 mol % of cobalt loading. Park
and co-workers have described the use of a cobalt hydride catalytic
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SiMe,Ph, SiMe,0SiMe,

Scheme 1. Co complexes for «-selective hydrosilylation of alkynes with tertiary
silanes.

system generated from [(bis(dicyclohexylphosphino)ethane)CoBr;]
complex and NaHBEt; for regioselective migratory hydrosilylation
of 2-alkynes to furnish «-vinylsilanes with excellent regioselectivity
(/B up to 20:1). However, the application of.

commercially unavailable dimethyl(3,5-dimethyl-4-methoxy
phenyl)silane and relatively high (pre)catalyst loading (5-7.5 mol
%) somewhat limits its versatility.

Our previously reported catalytic system [15], based on cobalt
(II) complex with a simple Schiff base ligand: benzimidazole-
imine-2H-imidazole, catalyzed Markovnikov hydrosilylation of
terminal alkynes with HSiMe,Ph with high selectivity (91-99% of
a-isomer). The hydrazone Schiff base ligand can be easily obtained
in a two-step synthetic protocol from commercially available sub-
strates. Although this is the most active catalytic system reported
to date (0.5 mol % Co complex activated by 1.5 mol % LiHBEt3),
its further application for reactions with other tertiary silanes
was unsuccessful.

Inspired by the results of the study with using Schiff bases as
optimal ligands in the selective hydrosilylation of alkynes, we
decided to look for a more universal coordination environment
for cobalt(Il) ions, which would create a catalyst tolerant to a wide
variety of tertiary silanes. Herein, we describe the application of
structurally simple ligands which, after coordination with cobalt
(11) chloride, allow high activity and selectivity in the hydrosilyla-
tion reactions of terminal and internal alkynes to be maintained.

2. Results and disscusion

A series of in situ formed Co(Il) complexes with hydrazone Schiff
base ligands L'-L? (Scheme 2) were evaluated with regard to their

117

Journal of Catalysis 411 (2022) 116-121

activity and selectivity in model hydrosilylation reaction of pheny-
lacetylene with diphenylsilane. Schiff base ligands are easily
obtained through a two-step synthetic protocol (SI).

In order to check the selectivity of the hydrosilylation reaction,
catalytic tests were carried out using equimolar amounts of pheny-
lacetylene and diphenylsilane. For this purpose, anhydrous CoCl,
and ligands were placed in a Schlenk flask, dried under reduced
pressure and stirred in THF for an hour before the experiment.
The reaction of phenylacetylene and diphenylsilane was carried
out in the presence of 1 mol % of ligand (L'-L%), 1 mol % of anhy-
drous CoCl, and threefold excess of an activator (LiHBEt3), at room
temperature for 20hs, under argon atmosphere. The results are
summarized in Table 1. The results obtained by employing the
ligands with the 1Me-imidazol-2-yl motif (L2, L% L8) show
diphenylsilane conversions ranging from 26% to 58% without spec-
ified selectivity. Subsequently investigated Schiff base motifs con-
taining 1H-imidazol-4-yl derivatives (L3, L% L°) showed higher
activity (48-87%), and selectivity towards «-selective hydrosilyla-
tion (for L® and L°) products under similar reaction conditions,
while the reaction in the presence of L> was non-selective. The effi-
ciency and regioselectivity are mostly driven by the imidazole side
of the ligand. However, the role of the activator on the activity and
selectivity is not entirely clear. The borohydride seems to interact
with the imidazole fragment acting as a base and deprotonating
the NH groups. Further interactions with free borane can electron-
ically and sterically stabilize the imidazole ring. The cobalt com-
plexes containing 1H-imidazol-2-yl scaffold (L', L* L’) seemed to
be the most active and selective systems. Thus, the (pre)catalysts
containing CoCl, and ligands L', L* and L7 were chosen for further
investigation.

Catalytic activity and selectivity of all three systems remained
unchanged when salt/ligand loadings were lowered to 0.5 mol %
(Table 2, entry 1-3). Further lowering of the catalyst loading to
0.1 mol % was successful only for the CoCl, and pyrimidine ligand
L7 mixture, activated by LiHBEt; (entry 4-6). The use of the other
borohydrides tested, i.e. KHBEts;, NaHB(sec-Bu); and NaHBEtz, led
to total conversion of diphenylsilane with slightly lower selectivity
(entry 7-9), whereas the use of sodium tert-butoxide resulted in
54% of conversion of silane (entry 10). This phenomenon might
be connected to the size of borohydride counterion (o/p selectivity
LiHBEt; > NaHBEt; > KHBEts). Elevated temperature (40 °C) was
found to be effective with a lower catalyst loading of 0.05 mol %
(entry 13), which is one of the most efficient catalytic systems
reported so far in the literature on cobalt-catalyzed alkyne hydrosi-
lylation. Unfortunately, 0.01 mol % of catalyst loading, at an ele-
vated temperature, was enough for only 58% conversion of
diphenylsilane.

On the basis of these results, we synthesized a cobalt(Il) com-
plex with ligand L7 (synthesis and characterization is described
in the Supporting Information) and we used the complex [Co(L”)
Cly], in which L7 is (E)-2-(2-((1H-imidazol-2-yl)methylene)-1-met
hylhydrazinyl)pyrimidine, for further research (complex 1). Com-

L' [ T \ /
N__N.~_N N__N. N N._N. ~~_N
SEUNTY STUNTY N N
CO " OOV Lo
L4 LS L®
N\
A HN N N X N=\
CLay Gl CL N
N "‘l,N\ N N7 N,N%N N7 b‘l,NQ/\,
8

L7
SN HN
C )
N/)\"“,N\ N

Scheme 2. Structures of Schiff base ligands.

fN \N/\> f)N\ NS\
NAN,N%N N "“.NW
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Table 1
Hydrosilylation of phenylacetylene with diphenylsilane in the presence of CoCl,/hydrazone Schiff base ligand activated by lithium triethylborohydride.
entry O o Conversion of Ph,SiH, o/ ratio
L' ©\/ﬁ>‘i H 99 91:9
~
N R
L2 / 26 48:52
}‘irN
N
L ﬁ/\ 48 50:50
-
NH
N/
L4 | SN H >99 89:11
~
g )
L’ / 58 64:36
}ﬂ/N
\w
L° %/\ 87 85:15
-
NH
N~/
7 .
L ﬁN g\(“ >99 96:4
Pz \
N)F{ N\/7
L8 / 31 37:63
}{rN
N2
L H\{K\ 48 85:15
-
NH
N~/

?Conditions: Phenylacetylene 1 mmol, Ph,SiH, 1 mmol, Schiff base ligand 1 mol %, CoCl, 1 mol %, LiHBEt; 3 mol %, 1 M solution of silane in THF, room temperature, 20 h.

bCalculated by GC with mesitylene (0.166 mmol) as internal standard.

Table 2
Optimization of conditions for hydrosilylation of phenylacetylene with diphenylsi-
lane®.

\ H
> S VR W

+ CoCl, SiH,Ph
+ LiHBEty +
Ph—=—= + Ph,SiH,
1M THF 20h J/S‘Hzph
Ph B

entry CoCl, & Ligand [mol %] Conversion of Ph,SiH, [%] o/ B ratio
1 L' 0.5% 98 97:3

2 L% 0.5% >99 94:6

3 L7 0.5% >99 96:4

4 L' 0.1% 13 64:36

5 L% 0.1% 32 72:28

6 L7 0.1% 97 94:6

7¢ L7 0.1% >99 89:11

84 L7 0.1% >99 84:16

9e L7 0.1% >99 95:5

10f L7 0.1% 54 76:24
11¢ L7 0.1% >99 72:28
12 L7 0.05% 97 98:2
130 L7 0,05% >99 >99:1
140 L7 0,01% 58 98:1

¢ Conditions: Phenylacetylene 1-5 mmol, Ph,SiH, 1-5 mmol, anhydrous CoCl, n
mol %, ligand n mol %, LiHBEt; 3n mol %, 1 M solution of silane in THF, room
temperature, 20 h. "Calculated by GC with mesitylene (0.166 mmol) as internal
standard. Reactions with “KHBEts/‘NaHB(sec-Bu)s/*NaHBEtS;NaO'Bu/°Red-Al as an
activator (instead of LiHBEts;). "Reaction heated to 40 °C.

plex 1 was air- and moisture-stable, operationally simple and easy
to handle on the laboratory bench.

Hydrosilylation of other aliphatic and aromatic alkynes with
diphenylsilane has been performed under established reaction
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conditions (Table 3). Application of alkyl-substituted pheny-
lacetylenes led to the synthesis of a-vinylsilanes with good regios-
electivity (2b-2e) (o/p > 94:6). Halogenated aryl alkynes such as 4-
fluorophenylacetylene (2f) or 4-bromophenylacetylene (2 g) were
hydrosilylated effectively with good selectivity (97%) towards o-
addition products.

Despite the high conversion of 2-ethynylthiophene (2 h),
another heteroaromatic substrate — 2-ethynylpyridine (2i) reacted
with diphenylsilane only with 23% conversion and moderate selec-
tivity, even using a ten times higher concentration of the cobalt
(pre)catalyst and activator. Reactive groups, such as amine (2j),
dimethylamine (2p), methoxy (2r) or nitrile (2 k) were tolerated,
affording products in good yields. Aliphatic and cycloaliphatic alky-
nes, such as hex-1-yne (2 1), ethynylcyclopropane (2 m), cyclohexy-
lacetylene (2n) and 1-ethynylcyclohexene (20) showed reactivity
similar to aromatic alkynes, except for the reaction of diphenylsi-
lane with cyclohexylacetylene, where a slightly lower selectivity
(/B = 84:16) was observed. It should be noted that to achieve total
conversion of substrates, the reactions with cyclohexyl-acetylene,
4-bromophenylacetylene and 4-ethynylbenzonitrile required
higher catalyst loading (0.5 mol % complex 1 and 1.5 mol % LiHBEt3).
The reaction of phenylacetylene with an equimolar amount of
diethylsilane resulted in total conversion of silane, however, a mix-
ture of Markovnikov addition product - diethyl(1-phenylvinyl)
silane, and a product of subsequent hydrosilylation of the latter -
diethyldi(1-phenylvinyl)silane was detected in 87:13 ratio.
Selected products were isolated and characterized using 'H and
13C NMR.

Our main target was to investigate the catalytic activity of
cobalt(Il) complex in the Markovnikov hydrosilylation of alkynes
with tertiary silanes. For this purpose, reactions of
dimethylphenylsilane with various aromatic and cycloaliphatic
alkynes (Table 4) were performed. As we established in our previ-
ous work,'> to provide complete conversion, tertiary silanes
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Table 3
Scope of alkynes in the hydrosilylation with secondary silanes.”.
o
[Co(L7)Cl,] 0,05% Ph™ "SiH,Ph
LiHBEt; 0,15% +
Ph—= + Ph,SiH, —_
SiH,Ph
1M THF, 40*C, 20h J/
Ph B
Entry R Silane Silane Conver-sion [%]° Selecti-vity o/p
2a Phenyl Ph,SiH, >99 (95) 100:0
2b (4-Me)CgH, >99 96:4
2¢ (2-Me)CgH,4 99 99:1
2d (3-Me)CgH,4 99 94:6
2e (4-tBu)CgH, >99 (92) 99:1
2f (4-F)CgHy >99 (96) 97:3
2g° (4-Br)CgH4 99 97:3
2h 2-thienyl >99 100:0
2i¢ 2-pyridyl 23 69:31
2j (4-NH,)CgH4 >99 100:0
2k° (4-CN)CgH4 69 97:3
21 n-hexyl >99 93:7
2m cyclopropyl >99 100:0
2n¢ cyclohexyl 95 84:16
20 cyclohexen-1-yl >99 92:8
2p (4-NMe,)CsHy >99 (98) 95:5
2r (4-MeO)CgHy4 >99 (96) 100:0
2s¢ Phenyl Et,SiH, >99 100:0¢

2 Conditions: Alkyne 0.5 mmol, silane 0.5 mmol, 0.05 mol % of complex 1, 0.015 mol % LiHBEts, 1 M solution of silane in THF, 40 °C, 20 h. "Calculated by GC with mesitylene
(0.166 mmol) as internal standard. 0.5 mol % of complex 1, 1.5 mol % LiHBEts, 60 °C. Isolated yields of the reaction products are given in parentheses. ‘Mixture of diethyl(1-
phenylvinyl)silane and diethyldi(1-phenylvinyl)silane in 87:13 ratio. 2 mol % of complex 1.

Table 4
Scope of alkynes in the hydrosilylation with dimethylphenylsilane®.
a
[Co(LT)Cl,] 0,25% R” “SiMe,Ph
LiHBEt; 0,75%
R—= + PhMe,SH — +
1M THF, 60*C, 20h B
R~
~Z 7 siMe,Ph

Entry R Silane Conversion [%] Selectivity o/p
3a Phenyl 98 96:4
3b (4-Me)CgH4 98 94:6
3c (4-tBu)CgHy4 78 93:7
3d (2-Me)CgHy4 89 98:2
3e (3-Me)CgHy 94 93:7
3f (4-MeO)CgH4 97 94:6
3g (4-NH,)CgH4 88 96:4
3h (4-NMe,)CgH, >99 (95) 99:1
3i (4-F)CsH4 >99 (98) 97:3
3j cyclopropyl 100 98:2
3k cyclohexen-1-yl 100 88:12
31 2-thienyl 30 85:15

2 Conditions: Alkyne 0.5 mmol, PhMe,SiH 0.5 mmol, 0.25 mol % of complex 1,
0.75 mol % LiHBEt3, 1 M solution of silane in THF, 60 °C, 20 h. "Calculated by GC with
mesitylene (0.166 mmol) as internal standard. Isolated yields of the selected
reaction products are given in parentheses.

require elevated temperature (60 °C). Based on catalytic tests of
the reaction of phenylacetylene with dimethylphenylsilane, we
determined the optimal catalyst loading as 0.25 mol % of complex
1, which is not achievable for previously reported cobalt-based cat-
alysts. Phenylacetylene and its alkyl-substituted derivatives (3a-e)
reacted with excellent selectivity and good yields. However,
slightly worse selectivity in the reaction with 3-ethynyltoluene
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o-addition
[Co(LT)CL,] 2% R”™ "SiRj

LiHBEt, 6%

R—= + H-SRy — > +
1M THF, 20h, 60*C R%SiRB B-addition
dLSiMeZOSiMe3 /©)L8|MeZOS|Mes v)LSiMeZOSiM%

4a 95% (89:11)

/@JL&MeZOSIMeg

4d 97% (98:2)

/@JLSiMePhZ
?

49 91% (98:2)

OLSiMePhQ

4 97% (95:5)

4b 92% (92:8)

\{/@JI\SMeZOSlMea

4e 92% (71:29)

/©)L8|MePh2

4h 98% (99:1)

©)LS|M9 OEt),

4k> 77% (73:27)

©)LSiPh3

4m 93% (<99:1)

4c 98% (96:4)

SiMePh,

%

4f 97% (97:3)

)

SiMePh,

4i 87% (>99:1)

Si(OEt),

£

41°¢ 72% (61:39)

©)LSiEt3

4n 32% (>99:1)

Scheme 3. Reactivity of tertiary silanes in the reactions with terminal alkynes.”.
?Conditions: Alkyne 0.5 mmol, silane 0.5 mmol, 2 mol % of complex 1, 6 mol %
LiHBEt3, 1 M solution of silane in THF, 60 °C, 20 h. Ratio of «- to p-addition products
in parentheses, determined by 'H NMR. Isolation yields. "Not isolated, conversions
calculated by GC with mesitylene as internal standard. “Reaction with twofold
excess of silane.
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was observed. Methoxy, amino, dimethylamino, and fluoro sub-
stituents (3f-3i) were tolerated and functionalized aryl acetylenes
reacted with good conversion and with selectivity o/ not less than
94:6. Cycloaliphatic alkynes such as cyclopropylacetylene (3j) and
1-ethynylcyclohexene (3 k) were smoothly hydrosilylated under
the given conditions, however, the reaction with the latter resulted
in generation of an increased amount of p-(E) addition product
(/B = 88:12). The reaction with 2-ethynylthiophene (3 1) was less
successful in terms of substrate conversion and reaction selectivity.

We broadened the reaction scope by applying various tertiary
silanes (Scheme 3) such as triethylsilane, triethoxysilane,
methyldiphenylsilane, triphenylsilane, diethoxymethylsilane and
pentamethyldisiloxane (4a-n), from which o-vinylsilanes bearing
different silyl groups were synthesized in moderate to good yields.
The best results were achieved by applying 2 mol% of complex 1, at
60 °C for 20 h. Outstanding selectivities were obtained in the reac-
tions of both aromatic and aliphatic alkynes with methyldiphenyl-
silane and triphenylsilane (4f-4i, 4 m) («/f > 97:3). Triethylsilane
reacted with phenylacetylene affording only one product (4n).
Although the obtained selectivity was excellent, the conversion
of silane was only 32%. Triethoxysilane and diethoxymethylsilane
reacted with moderate conversions (4 k, 4 1) and selectivities lower
than that obtained using the other silanes. The decreased Markov-
nikov selectivity observed for the reactions of alkoxysilanes can be
attributed to the steric, less demanding nature of ethoxylsilyl
groups. Unsurprisingly, the Si-O bond cleavages with simultaneous
formation of cyclic siloxanes were observed under the applied con-
ditions. This phenomenon is a common issue in the reaction of
alkoxysilanes in the presence of strong bases and nucleophiles
[16]. Contrary to alkoxysilanes, pentamethyldisiloxane proved to
be an effective partner for the catalytic hydrosilylation of aromatic
and aliphatic alkynes (4a-4e), however, the Markovnikov selectiv-
ity was strictly dependent on the alkyne used and varied within
the range 71-98%.

The reaction of D;-phenylacetylene and diphenylsilane afforded
syn-addition product, and no anti-addition products were observed
(SI). On the basis of deuterium labeling experiments and the previ-
ously reported data®® we assume that the hydrosilylation of alky-
nes catalyzed by complex 1 in the presence of LiHBEts; proceed
via cobalt(I)-silyl intermediate. Alternatively, Co(0) pathway of
Markovnikov-selective hydrosilylation, recently proposed for 3 N
pincer cobalt complex on the basis of DFT calculations can be con-
sidered [17].

Internal alkynes could also be hydrosilylated under our cobalt-
catalyzed conditions. Symmetrical internal alkynes: oct-4-yne and
diphenylacetylene underwent hydrosilylation with diphenylsilane
with good yield (86-99%), selectively giving the corresponding (E)-
silylalkenes (Scheme 4). The reaction occurred with 0.5 mol % com-
plex 1 and 1.5 mol% LiHBEt; at 60 °C for 20 h. Unfortunately,
increasing the reaction temperature, time and the precatalyst load-
ing did not afford positive results for the reaction with tertiary
silanes.

To emphasize the applicability of our catalytic system, we inves-
tigated the hydrosilylation of 1-phenyl-2-(trimethylsilyl)acety
lenes (Scheme 5). The most common approach to the hydrosilyla-
tion of silylacetylenes involves ruthenium catalysts [18].

[Co(L7)Cl,] 0.5 mol%
LiHBEt; 1.5 mol%
Ph,SiH, I
1M THF, 60°C, 20h R™ "SiHPh,

R

I+

R
R = Ph (99%)
R = n-Pr (86%)

Scheme 4. Hydrosilylation of symmetrical internal alkynes with diphenylsilane.
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[Co(L7)Cl,] 2%

SiMes Me;Si " ’
“‘ . ensiH LiHBEL. 6% 3 ] . Me3S|j/S|HPh2
2 2 N
1M THF, 60°C, 20h Ar” "SiHPhy Ar

vicinal

Me;Si Me;Si Me;Si Me;Si
(jj\smph2 /©J\S|HF‘h Meo\©ls|Hth /©J\S|HPh2

5a 93% (81:19)

geminal

5b 97% (85:15) 5c 96% (84:16)

Me;Si Me;Si Me;Si
| | |
/@J\SiHth SiHPh, SiHPh,
NC FsC \ITJ

5e 97% (86:14)

5d 72% (79:21)

5f 95% (75:25) 5g 92% (91:9)

Scheme 5. Hydrosilylation of 1-aryl-2-(trimethylsilyl)ethynes with diphenylsilane.
?Conditions: Alkyne 0.5 mmol, Ph,SiH, 0.5 mmol, 2 mol % of complex 1, 6 mol %
LiHBEt;, 1 M solution of silane in THF, 60 °C, 20 h. Ratio of vicinal to geminal
products determined by 'H NMR. Isolated yields.

Silylacetylenes are challenging substrates for cobalt complex-
catalyzed hydrosilylation. So far, only few catalytic systems have
been reported for the hydrosilylation of terminal [8b] and internal
silylacetylenes [6g], most of which promoted the formation of
geminal bis(silyl)alkene products. The application of our catalytic
system [Co(L7)Cl,]/LiHBEt; indicated formation of isomeric (bis)
silylated products - (E)-1-aryl-1,2-bis(silyl)ethenes in good yields
(72-97%), which constitute a group of useful synthons [19]. To
the best of our knowledge, there is only one example in the litera-
ture of cobalt-catalyzed alkyne hydrosilylation leading to such
products [20]. 1-Phenyl-2-(trimethylsilyl)acetylene and its deriva-
tives were reacted with diphenylsilane in the presence of 2 mol%
of complex 1 over 20 h at 60 °C. The reaction of diphenylsilane with
1-phenyl-2-(trimethylsilyl)acetylene led to (E)-1-phenyl-1-diphe
nylsilyl-2-(trimethylsilyl)ethene (5a) as a predominant product
with 93% yield (selectivity 81:19 of 1,2- (vicinal) to 1,1- (geminal)
product). A similar selectivity was observed for p- and m-substi-
tuted derivatives on the phenyl ring, irrespective of the nature of
the substituents (5b-5 g). The highest selectivity was achieved for
an electron donating dimethylamino group (vic: gem = 91:9), and
the lowest for an electron withdrawing p-trifluoromethyl sub-
stituent (vic: gem = 75:25).

3. Conclusions

In summary, a new bench stable and easily synthesized (pre)-
catalyst for cobalt-catalyzed Markovnikov hydrosilylation of alky-
nes has been developed. A pentacoordinated cobalt(Il) chloride
complex with pyrimidine/2H-imidazole-based ligand, activated
by lithium triethylborohydride, has been found to act as a good
catalyst for regioselective hydrosilylation of terminal alkynes by
secondary and tertiary silanes as well as internal alkynes by
diphenylsilane. The catalytic system is applicable to both
alkyl- and aryl-substituted alkynes showing good functional group
compatibility (amine, halide, ether, nitrile etc.) and broad scope on
tertiary silanes. Low catalyst loading (0.05-2 mol %) and high
selectivity towards «-hydrosilylation products make it more uni-
versal than the previously reported catalytic systems based on
cobalt complexes with 3 N-donor ligands.
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EXPERIMENTAL PROCEDURES
1.1. General remarks:

All reactions were performed in flame-dried glassware under argon atmosphere. THF was purified by
distillation over sodium and benzophenone, under argon atmosphere. Other solvents were dried by
distillation over calcium hydride.

Gas chromatography was performed on a Bruker Scion 436-GC with a 30 m Agilent VF5-ms 0.53 mm
Megabore column and a TCD detector. The temperature program was as follows: 60 °C (3 min),
20 °C/min, 280 °C (20 min). Decane was used as a reference. GC-MS analyses were performed on a
Bruker Scion 436-GC with a 30 m Varian DB-5 0.25 mm capillary column and a Scion SQ-MS mass
spectrometry detector. The temperature program was as follows: 60 °C (3 min), 10 °C/min, 250 °C
(15 min). NMR analyses were performed on a Bruker Fourier 300 MHz or 400 MHz spectrometer.

FT-IR spectra were recorded on a Nicolet iS50 (Thermo Scientific) Fourier transform spectrophotometer
equipped with a diamond ATR unit. In all cases, 16 scans at a resolution of 2 cm™ were collected, to
record the spectra in the range of 4000-400 cm™

HRMS Spectra were recorded on a QTOF type mass spectrometer (Impact HD, Bruker) in positive ion
mode.

1.2. General procedure of alkyne hydrosilylation:

General procedure for hydrosilylation of alkynes A: A flame-dried Schlenk bomb flask was charged
with argon, to which precatalyst (0.05 mol %), THF (0.5 mL), silane (0.5 mmol), and alkyne (0.5 mmol)
were added. . The mixture was then heated to 40°C upon stirring in an oil bath. After 10 minutes LiHBEt3
was added (0.15 mol %), and the reaction vessel was closed. After 20 hours, hexane was added to the
reaction mixture. The solution was then filtered through a silica plug, and concentrated on a rotavapor.
The crude mixture was purified by evaporating volatiles on vacuum line, followed by extraction with
hexane. Regioselectivity was monitored by "H NMR.

General procedure for hydrosilylation of alkynes B: A flame-dried Schlenk bomb flask was charged
with argon, to which precatalyst (0.25 mol %), THF (0.5 mL), silane (0.5 mmol), and alkyne (0.5 mmol)
were added. The mixture was then heated to 40°C upon stirring in an oil bath. After 10 minutes LiHBEt3
was added (0.75 mol %), and the reaction vessel was closed. After 20 hours, hexane was added to the
reaction mixture. The solution was then filtered through a silica plug, and concentrated on a rotavapor.
The crude mixture was purified by evaporating volatiles on vacuum line, followed by extraction with
hexane. Regioselectivity was monitored by '"H NMR.

General procedure for hydrosilylation of alkynes C: A flame-dried Schlenk bomb flask was charged
with argon, to which precatalyst (2 mol %), THF (0.5 mL), silane (1.0 mmol), and alkyne (1.0 mmol)
were added. The mixture was then heated to 60°C upon stirring in an oil bath. After 10 minutes LiHBEt;
was added (6 mol %), and the reaction vessel was closed. After 20 hours, hexane was added to the
reaction mixture. The solution was then filtered through a silica plug, and concentrated on a rotavapor.
The crude mixture was purified by evaporating volatiles on vacuum line, followed by extraction with
hexane. Regioselectivity was monitored by '"H NMR.



1.3. Ligand structures and General procedure for ligand (L) synthesis:

I H | /
Ny No# s N N N s N ‘ =
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= NH

L3 (E)-2-(2-((1 H-imidazol-4-yI)

1 -
L" (E}-2-(2-((1H-imidazol-2-y1) L2 (E}-2-(1-methyl-2-((1-methyl-1 H-imidazol-2-yl)
methylene)-1-methylhydrazinyl)quinoline

methylene)-1-methylhydrazinyl)quinoline methylene)hydrazinyl)quincline
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L* (E)-2-(2-((1H-imidazol-2-y1) 7 L® (E)-2-(1-methyl-2-((1-methyl-1 H-imidazol-2-y} L® (E)-2-(2{(1H-imidazol-4-yl)
methylene)-1-methylhydrazinyl)pyridine methylene)hydrazinyl)pyridine methylene)-1-methylhydrazinyl)pyridine
f N HIN ’\> ?N N A =N N==,
- | ’> f " NH
NAT,NQ/LN N/J\N’NVL\N N/)\N,Nw
\ \
LT (E)-2-(2-((1H-imidazol-2-y1) L® (£)-2-(1-methyl-2-((1-methyl-1 H-imidazol-2-yl) L? (E)-2-(2-((1H-imidazol-4-yl)
methylene)-1-methylhydrazinyl)pyrimidine methylene)hydrazinyl)pyrimidine methylene)-1-methylhydrazinyl)pyrimidine

Chloroarene (0.05 mol) was placed under argon atmosphere in a two-necked round-bottomed flask.
Methylhydrazine (0.25 mol), in five-fold excess, was dissolved in anhydrous ethanol and added to the
reaction mixture, which was heated in a heating mantle to 80°C and stirred for 20 h. The product was
concentrated, precipitated with Et,O, filtered off on a Biichner funnel and dried under vacuum. Then
condensation of imidazolecarboxyaldehyde with (1-methylhydrazine)arene was performed. In a two-
necked round-bottomed flask (1-methylhydrazine)arene (0.01 mol) was placed under argon atmosphere.
Imidazolecarboxyaldehyde (0.01 mol) was dissolved in anhydrous ethanol and added to the reaction
mixture. The reaction mixture was stirred for 24 h at 80°C. The solution was then cooled to room
temperature. The precipitate was filtered off by vacuum filtration equipment, washed with cold
anhydrous ethanol and dried under vacuum to give L. The supernatant was concentrated to minimal
volume and a subsequent part of the precipitate was obtained.

L' - '"H NMR (300 MHz, CDCI3): § 7.96 — 7.90 (1H, d), 7.83 — 7.73 (2H,
t), 7.69 — 7.66 (1H, s), 7.65 — 7.60 (1H, d), 7.57 — 7.49 (1H, t), 3.73 —

| H
N N\ — N
X N 3.67 (3H, s
BC NMR (300 MHz, CD;OD): & 155.9, 146.6, 144.9, 137.3, 129.2,

127.1, 126.6, 124.8,124.7,123.3, 111.2, 28.4

N h’, __ | L*-"HNMR (300 MHz, CDCI3): § 8.03 —7.99 (1H, d), 7.89 — 7.86 (1H,
. N
@T\j NAWJ s), 7.85 — 7.81 (1H, d), 7.79 — 7.74 (1H, d), 7.71 — 7.67 (1H, d), 7.64 —
= N—/  7.58 (1H, d), 7.35—7.31 (1H, 1), 7.13 — 7.09 (1H, 5), 6.97 — 6.92 (1H, s),
4.11 - 4.06 (3H, s), 3.84 — 3.79 (3H, )

BC NMR (300 MHz, CDsOD): & 155.9, 146.9, 143.5, 137.6, 129.7,
128.9, 128.4,127.3, 124.5, 123.6, 110.8, 35.9, 29.2



L? - "H NMR (300 MHz, CD;0D): § 8.21 — 8.04 (2H, q), 7.88 — 7.82

N r\lj ~_ _N (1H,s),7.80-7.68 (3H,m), 7.62 - 7.55 (1H, 1), 7.39 — 7.27 (2H, m), 3.81
@ N/\[\> ~3.72 3H, 5)
= NH

3C NMR (300 MHz, CD;OD): & 146.8, 137.1, 129.1, 127.1, 126.3,
124.4,122.9,111.3,28.3

L7-"H NMR (300 MHz, CDCls): § 8.46 — 8.38 (2H, d), 7.88 — 7.83 (1H, s),
7.18 —7.00 (2H, b), 6.80 — 6.72 (1H, t), 3.72 — 3.66 (3H, s)

Ly
Dl
_N N\/> BC NMR (300 MHz, CDCl5): 8 159.7, 157.9, 145.0, 129.9, 113.2, 30.4

L-'H NMR (300 MHz, CDCls): § 8.52 — 8.48 (2H, d), 7.94 -7.88 (1H, s), 6.94
~6.90 (1H, 5), 6.81 — 6.75 (1H, 1), 4.17 — 4.12 (3H, 5), 3.71 — 3.69 (3H, s)

l /
N N. = N
N N
Y w . ,
_N N C NMR (300 MHz, CDCls): 6 158.1, 131.5, 130.5, 128.9, 123.8, 113.4, 35.5,

30.3

N ,\'1 ~_ N L’-'HNMR (300 MHz, CDCLy): § 8.45 —8.38 (2H, d), 7.77 — 7.74 (1H, s),
,G\l( N/\[ Y 7.66 -7.62 (1H, ), 7.32 ~7.27 (1H, 5), 6.70 — 6.77 (1H, 1), 3.70 — 3.66 (3H,
= NH s)

BC NMR (300 MHz, CDCls): 8 159.9, 157.9, 137.2, 128.5, 112.8, 30.2

Synthesis and characterization of ligands L*, L5, L® are known and described.[1]

1.4. Ligand (L7) and complex [Co(L")Cl,] synthesis:

O

L, - (L A e
HN. - P - NN
| N/)\CI " NH, N)\N/ T N7ONH l /\Nr /\,\}(\/)

EtOHA,,h, [\IjH \___/ EtOHAnh.
2

2-Chloropirymidine (5.73 g 0.05 mol) was placed under argon atmosphere in a two-necked round-
bottomed flask. Methylhydrazine (11.9 g, 0.25 mol), in five-fold excess, was dissolved in anhydrous
ethanol and added to the reaction mixture, which was heated in a heating mantle to 80°C and stirred for
20 h. The pale orange, crystalline product was filtered off on a Biichner funnel and dried under vacuum.
Yield 53% (3.29 g, 0.026 mol). Then condensation of 2-imidazolecarboxyaldehyde with 2-(1-
methylhydrazine)pyrimidine was performed. A two-necked round-bottomed flask was charged with 2-
(1-methylhydrazine)pyrimidine (1 g, 8.05 mmol) under argon atmosphere. 4-Imidazolecarboxyaldehyde
(0.772 g, 8.05 mmol) was dissolved in anhydrous ethanol and was added to the reaction mixture. The
reaction mixture was stirred for 24 h at 60°C. Yellow clear solution was cooled to room temperature.
The precipitate, was then filtered off by vacuum filtration, washed with anhydrous ethanol and dried
under vacuum to give 0.833 g (4.12 mmol) of L. The supernatant was concentrated to minimal volume
and a subsequent part of the precipitate was obtained 0.253 g (1.25 mmol). Total yield is 67% (1.09 g,
5.37 mmol).
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To a solution of L7 (100.0 mg 4.95 mmol) in hot MeOH, the methanolic solution of anhydrous CoCl,
(64.3 mg 4.95 mmol) was added. The mixture was stirred for 24 h at room temperature. The solvents
were subsequently evaporated under vacuum to minimal volume. Then, excess of acetone was added.
The precipitate was filtered off and washed twice with acetone and air dried, affording 146.2 mg (89%
yield) of complex [Co(L")Cl]
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2. Analytical data of isolated products

2.1. (2p) 4-(1-(diphenylsilyl)vinyl)aniline— prepared from 4-ethynyl-N,N-dimethylaniline (0.5 mmol)
and diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction with n-hexane
followed by filtration through silica plug. Volatiles were removed under lower pressure affording
product (160.4.0 mg - 98%). Corresponds to reported data. [2]

'H NMR (300 MHz, CDCLy): § 7.75 — 7.70 (4H, m), 7.51 — 7.43 (8H, m),
6.80 — 6.73 (2H, d), 6.41 — 6.34 (1H, dd, J = 2.44, 1.08 Hz), 5.67 — 5.64

Si (1H, d, J=2.44 Hz), 5.59 — 5.54 (1H, s), 3.02 — 2.98 (3H, s)
~
’\ll @ BC NMR (75 MHz, CDCls): & 149.8, 144.5, 135.9, 133.6, 130.9, 129.7,
128.6, 128.1, 127.6, 112.6, 40.6
2.2 (21 (1-(4-fluorophenyl)vinyl)diphenylsilane - prepared from

(4-Fluoro)phenylacetylene (0.5 mmol) and diphenylsilane (0.5 mmol) according to general procedure
A. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles were
removed under lower pressure affording product (145.9 mg - 96%). Corresponds to reported data. [2]

"H NMR (300 MHz, CDCls): § 7.52 — 7.43 (4H, m), 7.35 — 7.18 (8H, m), 6.90
HO ~6.80 (2H, t), 6.17 — 6.12 (1H, d, J = 2.38 Hz), 5.62 — 5.57 (1H, d, J = 2.39
Hz), 5.31 - 5.26 (1H, s)

F BCNMR (75 MHz, CDCls): 8 163.8, 160.6, 144.9, 139.0, 135.8, 132.8, 130.0,
128.2,115.5,115.2

2.3. (3h) 4-(1-(dimethylphenylsilyl)vinyl)aniline— prepared from 4-ethynyl-N,N-dimethylaniline (0.5
mmol) and dimethylphenylsilane (0.5 mmol) according to general procedure B. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording product (133.5 mg - 95%). Corresponds to reported data. [3]

| 'HNMR (300 MHz, CDCL): 7.53 743 (2H, m), 7.28 - 7.21 (3H, m), 7.05
si” 6.96 (2H, m), 6.56 — 6.47 (2H, m), 5.93 — 6.87 (1H, d, J=2.79 Hz), 5.48 — 5.42
- (1H, d, J = 2.82 Hz), 2.82 — 2.74 (3H, s), 0.36 — 0.28 (6H, s)

3C NMR (75 MHz, CDCl): 151.4, 141.0, 136.0, 133.9, 130.8, 129.7, 129.6,
128.3,114.2,42.5,0.0

24. 3i) (1-(4-fluorophenyl)vinyl)(dimethyl)phenylsilane - prepared from
(4-Fluoro)phenylacetylene (1.0 mmol) and dimethylphenylsilane (1.0 mmol) according to general
procedure B. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording pure product (125.3 mg — 98%).

'H NMR (300 MHz, CDCls): 8 7.56 — 7.51 (2H, m), 7.40 — 7.32 (3H, m), 7.09 —
Si” 7.02 (2H, m), 6.95 — 6.86 (2H, m), 5.98 — 5.93 (1H, d, J = 2.73 Hz), 5.70 - 5.65

. (1H, d, J = 2.76 Hz), 0.43 — 0.39 (6H, s)
13C NMR (75 MHz, CDCly): & 165.8, 162.5, 152.4, 142.5, 142.4, 140.0, 136.4,

131.6, 130.6, 130.3, 117.2, 0.0



2.5. (€))] ((cyclopropyl)vinyl)(dimethyl)phenylsilane - prepared from
cyclopropylacetylene (0.5 mmol) and dimethylphenylsilane (0.5 mmol) according to general procedure
B. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles were
removed under lower pressure affording pure product (93.9 mg — 93%). Corresponds to reported data.

(4]

% |~ 'HNMR (300 MHz, CDCls): § 7.60 -7.53 (2H, m), 7.40 — 7.32 (3H, m), 5.48 — 5.45 (1H,
dd, J=2.55, 1.36 Hz), 5.27 — 5.22 (1H, d, J = 2.68 Hz), 1.44 — 1.33 (1H, dt), 0.65 — 0.56
@ (2H, m), 0.46 — 0.40 (8H, m)

BC NMR (75 MHz, CDCls): 8 151.7, 138.3, 134.0, 128.9, 127.7, 121.6, 6.9

2.6. (40) triethyl(1-phenylvinyl)silane - prepared from phenylacetylene (1.0 mmol) and triethylsilane
(1.0 mmol) according to general procedure C. Purified by extraction with n-hexane followed by filtration
through silica plug. Volatiles were removed under lower pressure affording product (69.5 mg - 32%).
Corresponds to reported data. [5]

6.85 (1H, d, J=3.09 Hz), 5.59 — 5.56 (1H, d, J = 3.10 Hz), 0.96 — 0.89 (9H, t), 0.71

K "H NMR (300 MHz, CDCls): § 7.73 — 7.63 (2H, m), 7.54 — 7.44 (3H, m), 6.89 —
SI/\
—0.62 (6H, q)

BC NMR (75 MHz, CDCls): 8 150.4, 145.5, 128.8, 128.0, 126.6, 126.0, 7.3, 3.3

2.7. (4a) 1,1,1,3,3-pentamethyl-3-(1-phenylvinyl)disiloxane - prepared from pentamethyldisiloxane (0.5
mmol) and phenylacetylene (0.5 mmol) according to general procedure C. Purified by extraction with
n-hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording product (118,8 mg - 95%)

'HNMR (300 MHz, CDCl3): & 7.55 — 7.40 (3H, m), 7.23 — 7.20 (2H, m), 5.92 —
40l 586 (1H, d,7=2.99 Hz), 5.70 - 5.64 (1H, d, J = 2.96 Hz), 0.25 - 0.22 (6H, 5),
7 0.08-0.05 (9H, 5)

2.8. (4b) 1-(1-(4-methoxyphenyl)vinyl)-1,1,3,3,3-pentamethyldisiloxane - prepared from
pentamethyldisiloxane (0.5 mmol) and (4-methoxy)phenylacetylene (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (128.9 mg - 92%).

| | . 'HNMR (300 MHz, CDCL): § 7.33 - 7.25 (2H, m), 6.93 ~ 6.86 (3H, m),
si0si” 5.92-5.86 (1H, d, J=2.98 Hz), 5.65 — 5.60 (1H, d, J = 2.96 Hz), 3.87 -
- Il | 3.82(3H,s), 0.28 —0.23 (6H, s), 0.12 — 0.09 (9H, s



2.9. (4¢) 1-(1-cyclopropylvinyl)-1,1,3,3,3-pentamethyldisiloxane - prepared from
pentamethyldisiloxane (0.5 mmol) and cyclopropylacetylene (0.5 mmol) according to general procedure
C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles were
removed under lower pressure affording product (105.1mg - 98%).

'"H NMR (300 MHz, CDCLy): & 5.38 — 5.35 (1H, dd), 5.26 — 5.23 (1H, d), 2.21 —
| ol _ 2.10 (1H, m), 1.93 - 1.784 (2H, m), 1.51 — 1.33 (2H, m), 0.19 — 0.17 (6H, s), 0.11
Sl' Sll ~0.09 (9H, s)

2.10. (4d) 1-(1-(4-fluorophenyl)vinyl)-1,1,3,3,3-pentamethyldisiloxane -  prepared from
pentamethyldisiloxane (0.5 mmol) and (4-Fluoro)phenylacetylene (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (130.2 mg - 98%).

'"H NMR (300 MHz, CDCls): § 7.17 — 7.12 (2H, m), 6.99 — 6.95 (2H, m), 5.88
| ol —582(1H,dd,J=2.77, 131 Hz), 5.67 - 5.62 (1H, d, J = 2.81 Hz), 0.26 —

|
Sli Sli 0.19 (6H, s), 0.08 — 0.03 (94, s)

2.11. (4f) 1-(1-(4-(tert-butyl)phenyl)vinyl)-1,1,3,3,3-pentamethyldisiloxane - prepared from
pentamethyldisiloxane (0.5 mmol) and (4-(tert-butyl))phenylacetylene (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (141.1mg - 92%).

| | . 'HNMR (300 MHz, CDCL): § 7.36 - 7.33 (2H, m), 7.29 — 7.28 (2H, m),
si0si” 5.95-5.92 (1H, d, J=2.96 Hz), 5.68 — 5.65 (1H, d, J = 2.99 Hz), 1.36
|| 1.35(9H,s), 0.28 — 0.26 (6H, s), 0.10 — 0.08 (9H, s)

2.12. (4g) methyldiphenyl(1-phenylvinyl)silane— prepared from phenylacetylene (0.5 mmol) and
methyldiphenylsilane (0.5 mmol) according to general procedure C. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure affording
product (145.1 mg - 97%).

)
Si

'H NMR (300 MHz, CDCls): & 7.60 — 7.51 (4H, m), 7.43 — 7.32 (7H, m), 7.22 —
7.15 (4H, m), 6.19 — 6.13 (1H, d, J = 2.82 Hz), 5.62 — 5.55 (1H, d, J = 2.84 Hz),

0.69 — 0.64 (3H, s)

@ B3C NMR (75 MHz, CDCl;): 8 148.7, 143.8, 136.0, 135.2, 129.4, 128.1, 127.8,
127.0, 126.6, -3.4



2.13. (4h) (1-(4-methoxyphenyl)vinyl)(methyl)diphenylsilane — prepared from 4-methoxy-
phenylacetylene (0.5 mmol) and methyldiphenylsilane (0.5 mmol) according to general procedure C.
Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles were removed
under lower pressure affording product (149.8 — 91%).

'"HNMR (300 MHz, CDCL3): § 7.59 — 7.52 (4H, m), 7.41 — 7.35 (6H, m), 7.17
-7.09 (2H, m), 6.79 — 7.73 (2H, d), 6.16 — 6.08 (1H, dd, J = 2.77, 1.49 Hz),

Si 5.54 —5.48 (1H, dd, J = 2.80, 1.56 Hz), 3.78 — 3.75 (3H, s), 0.69 — 0.65 (3H,
7 @ .
| 13C NMR (75 MHz, CDCLs):  158.8, 147.9, 136.5, 136.3, 135.4, 130.7, 129.6,

128.4,128.1, 113.8, 55.2,-3.0

2.14. (4i) 4-(1-(methyldiphenylsilyl)vinyl)aniline — prepared from 4-ethynyl-N,N-dimethylaniline (0.5
mmol) and methyldiphenylsilane e (0.5 mmol) according to general procedure C. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording product (153.9 mg — 98%).

| 7.06 — 7.00 (2H, m), 6.56 — 6.51 (2H, m), 6.15 — 6.05 (1H, d, J = 2.73 Hz),

@ 'H NMR (300 MHz, CDCls): § 7.57 — 7.50 (4H, m), 7.43 — 7.30 (6H, m),
Si

5.46 —5.36 (1H, d, J=2.77 Hz), 3.64 — 3.53 (2H, s), 0.69 — 0.65 (3H, 5)

H,N BC NMR (75 MHz, CDCl3): § 147.5, 145.1, 136.5, 135.2, 133.9, 129.4,
129.2,128.0, 127.8, 114.9, -3.2

2.15. (4j) (1-cyclopropylvinyl)(methyl)diphenylsilane — prepared from cyclopropylacetylene (0.5
mmol) and methyldiphenylsilane (0.5 mmol) according to general procedure C. Purified by extraction
with n-hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording product (114.4 mg - 87%)

'H NMR (300 MHz, CDCls): § 7.58 — 7.52 (4H, m), 7.40 — 7.34 (6H, m), 5.60 —
| 5.56 (1H, dd, J=2.43,1.27 Hz), 5.25 - 5.22 (1H, d, J = 2.44 Hz), 1.48 — 1.39 (1H,
Si dt), 0.73 — 0.68 (3H, s), 0.67 — 0.59 (2H, m), 0.52 — 0.46 (2H, m)

BC NMR (75 MHz, CDCls): § 149.9, 136.1, 135.1, 129.2, 127.7, 123.8, 15.6, 7.7, -
3.8

2.16. (4k) hex-1-en-2-yl(methyl)diphenylsilane — prepared from hex-1-yne (0.5 mmol) and
methyldiphenylsilane (0.5 mmol) according to general procedure C. Purified by extraction with n-
hexane followed by filtration through silica plug. Volatiles were removed under lower pressure affording
product (135.8 mg - 97%). Corresponds to reported data. [6]

\/\)L 'H NMR (300 MHz, CDCls): § 7.55 — 7.49 (4H, m), 7.40 — 7.32 (6H, m), 5.87
|
Si

~5.80 (1H, d, J=2.91 Hz), 5.42 — 5.36 (1H, d, /= 2.82 Hz), 2.22 - 2.12 (3H,
t), 1.41 — 1.17 (4H, m), 0.86 — 0.77 (3H, 1), 0.68 — 0.63 (3H, s)

BC NMR (75 MHz, CDCls): & 148.4, 136.2, 135.0, 129.2, 128.2, 127.7, 35.7,
31.0,22.4,13.9,-3.9
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2.17. (5a) (E)-(2-(diphenylsilyl)-2-phenylvinyl)trimethylsilane - prepared from 1-Phenyl-2-
trimethylsilylacetylene (0.5 mmol) and diphenylsilane (0.5 mmol) according to general procedure C.
Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles were removed
under lower pressure affording product (166.5 mg - 93%). Corresponds to reported data. [7]

| '"H NMR (300 MHz, CDCL): & 7.53 — 7.48 (4H, m), 7.41- 7.33 (6H, m) 7.19 —
S 7.14 (3H, m), 6.99 — 6.94 (2H, m), 6.63 — 6.59 (1H, s), 5.33 — 5.32 (0.15H, s),
| H 5.20 - 5.17 (0.85H, s), -0.13 - -0.16 (9H, s)
|
13C NMR (75 MHz, CDCL): & 160.5, 159.0, 151.4, 144.5, 135.8, 133.3, 129.7,
127.9, 127.7, 126.3, 0.0

2.18. (5b) (E)-(2-(diphenylsilyl)-2-(4-methoxyphenyl)vinyl)trimethylsilane - prepared from ((4-
methoxyphenyl)ethynyl)trimethylsilane (0.5 mmol) and diphenylsilane (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (188.4 mg - 97%)

| 'H NMR (300 MHz, CDCls): § 7.51 — 7.48 (4H, m), 7.40 — 7.33 (7H, m),
S 6.90 - 6.87 (2H, m), 6.75 — 6.72 (2H, m), 6.59 — 6.57 (1.H, 5), 5.19 — 5.16
I (14, 5),3.77 - 3.7., 5 (3H, 5) -0.12 - -0.15 (9H, s),
Si
- 13C NMR (75 MHz, CDCly): & 158.5, 158.2, 151.3, 136.9, 135.8, 133.5,
0o 129.6, 128.5, 128.8, 127.9, 113.2, 55.1, 0.1

2.19. (5¢) (E)-(2-(diphenylsilyl)-2-(3-methoxyphenyl)vinyl)trimethylsilane - prepared from ((3-
methoxyphenyl)ethynyl)trimethylsilane (0.5 mmol) and diphenylsilane (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (187.0mg - 96%)

| 'H NMR (300 MHz, CDCL): 8 7.52 — 750 (3H, m), 7.40 — 7.32 (7H, m),
| S 7.13 - 7.07 (1H, t), 6.73 — 6.68 (1H, dd), 6.61 — 6.60 (1H, s), 6.59 — 6.56
0 I (1H, d), 5.20 — 5.15 (1H, s), 6.64 — 3.62 (3H, ), -0.10 - -0.13 (9H, s)
Si
13C NMR (75 MHz, CDCLy): & 158.9, 158.8, 151.2, 145.8, 135.8, 133.3,
129.7, 128.8, 127.9, 120.3, 112.9, 112.3, 55.0, 0.0
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2.20. (5d) (E)-(2-(4-chlorophenyl)-2-(diphenylsilyl)vinyl)trimethylsilane - prepared from ((4-
chlorophenyl)ethynyl)trimethylsilane (0.5 mmol) and diphenylsilane (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (141.3mg - 72%)

| 'H NMR (300 MHz, CDCls): § 7.56 — 7.53 (3H, m), 7.50 — 7.47 (4H, m),
Si 7.19 = 7.12 (5H, m), 6.90 - 6.85 (2H, m), 5.20 — 5.11 (1H, s), 0.13 - 0.15
g (9H, 5)
Si

L5

2.21. (5e) (E)-4-(1-(diphenylsilyl)-2-(trimethylsilyl)vinyl)benzonitrile - prepared from 4-
((trimethylsilyl)ethynyl)benzonitrile (0.5 mmol) and diphenylsilane (0.5 mmol) according to general
procedure C. Purified by extraction with n-hexane followed by filtration through silica plug. Volatiles
were removed under lower pressure affording product (186.1mg - 97%)

| '"H NMR (300 MHz, CDCLs): & 7.49 — 7.46 (6H, m), 7.41 — 7.35 (7H, m),
Si 7.04 — 7.01 (2H, d), 6.69 — 6.67 (1H, ), 5.17 — 5.14 (1H, s), -0.14 - -0.16
I (9H, 5)
Si
13C NMR (75 MHz, CDCls): & 157.6, 152.8, 149.7, 135.6, 132.2, 131.6,
NC 130.0, 128.45, 128.1, 119.0, 110.0, 0.0

2.22. (5f) (E)-(2-(diphenylsilyl)-2-(4-(trifluoromethyl)phenyl)vinyl)trimethylsilane - prepared from
trimethyl((4-(trifluoromethyl)phenyl)ethynyl)silane (0.5 mmol) and diphenylsilane (0.5 mmol)
according to general procedure C. Purified by extraction with n-hexane followed by filtration through
silica plug. Volatiles were removed under lower pressure affording product (202.5 mg - 95%)

| '"H NMR (300 MHz, CDCl3): § 7.53 — 7.50 (4H, m), 7.47 — 7.41 (6H, m),
S 7.40 — 7.36 (4H, m), 7.10 — 7.04 (2H, d), 6.71 — 6.68 (1H, ), 5.21 — 5.18
(1H, 5), -0.11 - -0.15 (9H, 5)

BC NMR (75 MHz, CDCls): 8 158.3, 157.9, 152.5, 148.3, 135.7, 134.3,
133.9, 132.5,129.9, 128.0, 124.7, 0.0

12



2.23. (5g) (E)-4-(1-(diphenylsilyl)-2-(trimethylsilyl)vinyl)-N,N-dimethylaniline - prepared from N,N-
dimethyl-4-((trimethylsilyl)ethynyl)aniline (0.5 mmol) and diphenylsilane (0.5 mmol) according to
general procedure C. Purified by extraction with n-hexane followed by filtration through silica plug.
Volatiles were removed under lower pressure affording product (184.7 mg - 92%)

| '"H NMR (300 MHz, CDCls): § 7.53 — 7.49 (4H, m), 7.38 — 7.33 (6H, m),
S 6.90 — 6.86 (2H, d), 6.60 — 6.56 (2H, d), 6.51 — 6.50 (1H, s), 2.91 — 2.90
I (6H, s), -0.10 - -0.12 (9H, 5)
Si
- 13C NMR (75 MHz, CDCls): & 158.8, 150.4, 149.3, 135.8, 133.9, 132.9,
’T‘ 129.5, 128.6, 127.9, 112.0, 40.6, -0.3

2.24. (2a) diphenyl(1-phenylvinyl)silane - prepared from phenylacetylene (0.5 mmol) and
diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction with n-hexane
followed by filtration through silica plug. Volatiles were removed under lower pressure affording
product (135.9 mg - 95%). Corresponds to reported data. [4]

@ '"H NMR (300 MHz, CDCls): § 7.62 — 7.56 (4H, m), 7.46 — 7.35 (10H, m), 7.27

H —7.23 (1H, m), 6.34 — 6.28 (1H, dd, J = 2.47, 0.99 Hz), 5.75 — 5.68 (1H, d, J =
Si 2.52 Hz), 5.44 — 5.40 (1H, s)
@ 13C NMR (75 MHz, CDCL): § 145.9, 142.9, 135.7, 133.0, 132.1, 129.8, 128.4,
128.0, 127.0, 126.7

2.25. (2e) (1-(4-(tert-butyl)phenyl)vinyl)diphenylsilane - prepared from (4-(tert-butyl))phenylacetylene
(0.5 mmol) and diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction with
n-hexane followed by filtration through silica plug. Volatiles were removed under lower pressure
affording product (157.6 mg - 92%). Corresponds to reported data. [4]

7.31 -7.28 (3H, m), 6.34 — 6.29 (1H, dd, J=2.51, 1.17 Hz), 5.66 — 5.62

/@ 'H NMR (300 MHz, CDCls): § 7.61 — 7.55 (4H, m), 7.43 — 7.35 (7H, m),
H
Si (1H, d, J=2.39 Hz), 5.42 — 5.36 (1H, s), 1.13 — 1.28 (9H, s)

BC NMR (75 MHz, CDCls): & 150.1, 145.1, 139.7, 135.8, 133.2, 131.1,
129.7,128.0, 126.3, 125.3,34.4,31.3

2.26. (2r) (1-(4-methoxyphenyl)vinyl)diphenylsilane - prepared from phenylacetylene (0.5 mmol) and
diphenylsilane (0.5 mmol) according to general procedure A. Purified by extraction with n-hexane
followed by filtration through silica plug. Volatiles were removed under lower pressure affording
product (151.7 mg - 96%). Corresponds to reported data. [4]

'H NMR (300 MHz, CDCL): & 7.59 — 7.54 (4H, m), 7.40 — 7.29 (8H, m),
H 6.84 — 6.77 (2H, d, J=2.42, 0.98 Hz), 6.27 — 6.21 (1H, dd, J = 2.44, 0.79
Si Hz), 5.63 — 5.58 (1H, d), 5.41 — 5.36 (1H, s), 3.78 — 3.76 (3H, 5)
~N
0o 13C NMR (75 MHz, CDCL): § 158.8, 144.7, 135.8, 135.2, 134.3, 133.2,
130.5, 129.7, 128.0, 113.8, 55.2
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2.27. (4n) triphenyl(1-phenylvinyl)silane - prepared from (4-methoxy) phenylacetylene (0.5 mmol) and
triphenylsilane (0.5 mmol) according to general procedure C. Purified by extraction with n-hexane
followed by filtration through silica plug. Volatiles were removed under lower pressure affording
product (168.6 mg - 93%). Corresponds to reported data. [5]

'"H NMR (300 MHz, CDCls): § 7/53 — 7.47 (6H, m), 7.43 — 7.38 (4H, m), 7.36
—7.31 (6H, m), 7.19 — 7.16 (4H, s), 6.30 — 6.27 (1H, d, J = 2.72 Hz), 5.71 —

Si 5.68 (1H, d, J = 2.74 Hz)
O 13C NMR (75 MHz, CDCLs): & 147.2, 143.9, 136.4, 134.2, 133.9, 129.5, 128.1,
127.8, 127.4, 126.7

3. Deuterium labelled experiment

3.1 Hydrosililation of D;-phenylaceylene with diphenylsilane.

To a flame-dried Schlenk bomb flask charged with argon, precatalyst (0.1 mol %), THF (0.5 mL),
diphenylsilane (0.5 mmol), and D;-phenylacetylene (0.5 mmol) were placed. Mixture was then heated
to 40°C with stirring. After 10 minutes LiHBEt; was added (0.3 mol %), and reaction vessel was then
closed. After 20 hours, diethyl ether was added to reaction mixture. Solution was then filtered through
silica plug, and concentrated on rotavapor. The crude mixture was purified by evaporating volatiles on
vacuum line followed by extraction with hexane. Regioselectivity was monitored by 'H NMR.

'H NMR (300 MHz, CDCLs): 87.60— 7.55 (m, 4H), 7.44 — 7.32 (m, 10H), 7.24-

D H
7.21 (m, 3H), [6.34 — 6.28 Not observed|, 5.69 - 5.67 (s, 1H,), 5.42 — 5.38 (s, 1H)

H

Si
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The first example of sodium triethylborohydride-catalyzed C(sp)—
H bond silylation is reported. The reaction of aromatic and ali-
phatic alkynes with aromatic hydrosilanes and hydrosiloxanes pro-
ceeded in a highly selective manner to afford dehydrocoupling
products. Competitive hydrosilylation of the terminal alkyne did
not occur as a side-reaction. In view of the above it is remarkable
that NaHBEt; is commonly used as a reducing agent generating
active transition-metal catalysts in situ in other hydrosilylation
reactions.

Introduction

Alkynylsilanes are versatile starting materials that are used not
only as protected forms of terminal alkynes but also in
carbon-carbon and carbon-heteroatom bond formation
reactions."® The preparation of silylalkynes is routinely
achieved by the deprotonation of terminal alkynes with strong
bases, followed by addition of silyl electrophiles e.g
halosilanes,* ® siloxanes,”® silylamines®'° or silyl triflates."*
Catalytic dehydrogenative silylation of terminal alkynes
with hydrosilanes appears to be a method more convenient for
the synthesis of silylalkynes due to reagent availability, atom
economy, and waste reduction."” However, the necessity of
the use of precious metal catalysts and competitive hydrosilyl-
ation reactions remains a fundamental limitation for these
transformations. On the other hand, highly basic compounds
such as metal alkoxides,'® MgO,"'® KNH,,"® LiAlH,4,>° and even
metal hydroxides® have shown catalytic activity in the de-
hydrocoupling of terminal alkynes with hydrosilanes.
However, in contrast to metal alkoxides and hydroxides, the
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Sodium triethylborohydride as a catalyst for the
dehydrogenative silylation of terminal alkynes with

j*a,b

application of metal hydrides as catalysts is limited to only a
handful of examples.

Recently, we have reported that sodium triethylborohydride
can be used as a highly selective and commercially available
catalyst for the hydrosilylation of resonance-stabilized alkenes
with hydrosilanes, which does not provide pathways for de-
hydrogenative processes.”> The hydrosilylation of selected
alkenes, in particular styrenes, vinylsilanes and allyl glycidyl
ether, with aromatic and alkoxy hydrosilanes proceeded in a
highly regioselective manner to afford Markovnikov products
(Scheme 1) according to an unusual anionic mechanism. It is
significant that several protocols use NaHBEt; as a reducing
agent generating active catalysts in situ in other hydrosilylation
reactions.

Hydroborane adducts and NaHBEt; have been recently
demonstrated to catalyze the hydroboration of alkynes and
alkenes with pinacolborane to afford alkenyl and alkyl boronic
esters, respectively.>®> On the other hand, lithium diamidodi-
hydridoaluminates promote the hydroboration of aldehydes
and ketones** and simple aluminum hydrides (e.g. LiAlH, and
DIBAL-H) have been recently reported as catalysts for the selec-
tive hydroboration of alkenes®® and alkynes®® which
are conceptually related to hydrosilylation chemistry.
Triethylborohydrides of lithium and sodium were also found
to be good catalysts for the hydrosilylation of C=0 and C=N
bonds.”” 1t is significant that many protocols use metal boro-
hydrides e.g. NaHBEt; as reducing agents generating active
transition-metal catalysts in situ in other alkyne hydrosilylation
reactions;*®* ! however, it has never been used alone as a cata-
lyst for the (hydro)silylation of alkynes.

R" NaHBEt; SiR3
— + RaSiH —omol% R|4VH
R toluene, 100°C R"

32-94%
R3Si = SiH,Ph, SiHPh,, Si(OEt); SiMe,Ph

Scheme 1 Regioselective hydrosilylation of olefins in the presence of
NaHBEts.

This journal is © The Royal Society of Chemistry 2018
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The successful use of NaHBEt; as a highly selective catalyst
for the a-hydrosilylation of olefins prompted us to investigate
its catalytic activity in the reaction with alkynes. Unexpectedly,
we have found that the application of NaHBEt; as a catalyst in
the reaction of terminal alkynes with hydrosilanes promoted
the dehydrocoupling pathway instead of alkyne hydrosilyl-
ation. Herein, we wish to report a new transition metal-free
catalytic system for the highly selective dehydrogenative silyla-
tion of terminal alkynes with hydrosilanes, providing an
efficient route to differently substituted silylalkynes.

Results and discussion

We started the study with the silylation of phenylacetylene 1
using H,SiPh, under our previously reported NaHBEt;-cata-
lyzed olefin hydrosilylation conditions. The reaction of equi-
molar amounts of alkyne 1 and H,SiPh, performed in toluene
at 100 °C yielded exclusively the mono-silylation product
((ethynylphenyl)diphenylsilane 3) in 79% yield after 24 h
(Table 1, entry 5). The structure of compound 3 was confirmed
by 'H and "*C NMR spectroscopy of the isolated product (see
the ESI{). While the reaction mixture was heated in toluene-
ds, the appearance of a new signal (s, 4.50 ppm) was detected
in the '"H NMR spectrum, which can be assigned to the hydro-
gen molecule, in line with literature data.>* Additional experi-
ments performed with phenylacetylene and deuterated di-
phenylsilane as well as deuterated phenylacetylene and
diphenylsilane confirmed the formation of hydrogen deuteride
(HD) (1:1:1 triplet, 4.26 ppm) under the same conditions
(see the ESIf).

Table 1 Screening of the reaction conditions

Si
\© . _—SH si
1 2 3 O
Catalytic Conversion

Entry [1]:[2] system” t/h T/PC of 2° Selectivity”
1 1:1 10% NaHBEt; 24 60 2% —

2 1:1 10% NaHBEt; 24 80 52% 99% 3

3 1:1 10% NaHBEt; 2 100 35% 99% 3

4 1:1 10% NaHBEt; 6 100 58% 99% 3

5 1:1 10% NaHBEt; 24 100 79% 99% 3

6 1:1 10% NaHBEt; 24 120 100% 99% 3

7 1:1 5% NaHBEt; 24 100 70% 99% 3

8 1:1 10% NaHBEt; 48 100 83% 99% 3

9 1:1 20% NaHBEt; 24 100 72% 99% 3
10 2:1 10% NaHBEt; 24 100 84% 99% 3
11 1:1 10% KHBEt; 24 100 28% 97% 3
12 1:1 10% LiHBEt; 24 100 39% 98% 3
13 1:1 Without NaHBEt; 24 100 0 —

0.5 M solution of 2 in toluene unless stated otherwise. ” Determined
by GC with decane as an internal standard. ° Determined by GC and
"H NMR spectroscopy of isolated 3.

This journal is © The Royal Society of Chemistry 2018
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The influence of temperature and catalyst loading was
tested for the model reaction. A decrease in the catalyst
loading to 5 mol% lowered the conversion of H,SiPh, to 70%
after 24 h (entry 7), whereas an increase in the catalyst concen-
tration to 20 mol% did not affect significantly the silane con-
version (entry 9). Increasing the reaction temperature to 120 °C
resulted in complete conversion of silane after 24 h; however,
under the conditions used a rapid polymerization of phenyl-
acetylene took place. On the other hand, the silylation reaction
performed at a lower temperature (80 °C) caused a decrease in
silane conversion to 52% after 24 h (entry 2) and a further
decrease in temperature led to a drastic reduction of silane
conversion (entry 1).

Formation of the bis-silylated product 4 was observed only
in trace amounts (less than 1%) in most cases. It is worth
noting that lithium triethylborohydride, while being far better
in the hydrosilylation of ketones and imines,”” exhibited the
activity of only half of that of NaHBEt; under the same con-
ditions (entry 12). The use of potassium triethylborohydride
led to only 28% conversion of diphenylsilane, however, with
good selectivity towards mono-silylation (entry 11). The use of
two-fold excess of alkyne 1 leads to a slightly higher H,SiPh,
conversion (84%), and interestingly, the reaction proceeds
almost exclusively towards the single mono-silylation product
3 (entry 10). In all cases, no side hydrosilylation by-products
have been observed.

Under the optimized conditions, we then examined the
scope and limitations of the proposed method by determining
the range of substituted alkynes and hydrosilanes. In a typical
procedure, the substrates and catalyst (10 mol%) were dis-
solved in toluene (0.5 M concentration) and heated in a
Schlenk bomb flask fitted with a plug valve, at 100 °C for 24 h
under an argon atmosphere. The results are presented in
Table 2.

The results provided evidence that NaHBEt; can be applied
as a catalyst for the silylation of various terminal alkynes,
e.g., aryl-substituted alkynes, aliphatic alkynes and alkynyl-
silanes with hydrosilanes bearing preferentially aromatic sub-
stituents. The representative products of the reactions that
proceeded with good yields were isolated and proven to be de-
hydrocoupling products (see the ESI).

Simple phenylacetylene 1 reacted with phenylsilane, diphe-
nylsilane and diethylsilane to form selectively mono-substi-
tuted products with moderate yields; nonetheless the reaction
failed completely for the tertiary silanes such as dimethyl-
phenylsilane and triethylsilane. Surprisingly, the reaction of 1
with 1,1,1,3,5,5,5-heptamethyltrisiloxane proceeded success-
fully to afford 3-ethynylphenyl-1,1,1,3,5,5,5-heptamethyl-
trisiloxane as a single product in 32% isolated yield. The pres-
ence of functional groups at the phenyl ring, either electron-
donating or electron-withdrawing, did not significantly affect
the reactivity of phenylacetylene derivatives. Electron-donating
groups such as p-tBu gave rise to the corresponding products
(entries 7 and 8) in moderate to good 55-72% yields. The intro-
duction of the p-MeO group into the phenyl ring caused a
decrease in the conversion of silanes (entries 9 and 10).

Dalton Trans., 2018, 47, 5948-5951 | 5949
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Table 2 Results of dehydrogenative coupling of alkynes with hydro-
silanes in the presence of NaHBEt3

NaHBEt
R—=—H + [SiH, — > R—=—{SitHps + (R—=J;SilHy,

Silylacetylene

yield® [%)] Selectivity”
Entry  Alkyne Silane (isolated) [mono]: [di]
1 H;SiPh 54 99:1
2 ©}{ H,SiPh, 79 (31) 99:1
3 HSiMe(OSiMe;), 47 (32) 100:0
4 H,SiEt, 55 100: 0
5 HSiMe,Ph 0 —
6 HSiEt; 0 —
7 H;SiPh 55 100:0
8 >(©X H,SiPh, 72 100:0
9 H,SiPh 38 —
10 /@X H,SiPh, 66 100: 0

o

11 H;SiPh 34 47:0
12 /©}{ H,SiPh, 59 100:0
13 Br HSiMe(OSiMe;), 29 100: 0
14 >r‘sZ H,SiPh, 44 (20) 77:23
15 2 H;SiPh 64 85:15
16 O/ H,SiPh, 91 (30) 97:3
17 HSiMe(OSiMe;), 93 (36) 100:0
18 O}{ H,SiPh, 82 100:0
19 "~ H,3SiPh 42 51:49
20 H,SiPh, 68 100: 0
21 | % H,SiPh 42 45:0:(55)°
22 Sil  H,SiPh, 63 (20) 74:4:(22)
23 HSiMe(OSiMes), 28 95:0:(5)°
24 ~g % H;SiPh 20 82:18
25 - H,SiPh, 54 (42) 79:21
26 w H,SiPh 19 89:11
27 »srz( H,SiPh, 47 85:15
28 /( H,SiPh 13 79:21
29 s H,SiPh, 48 85:15

“Reaction conditions: 0.5 M hydrosilane in toluene, 100 °C,
[HSi]: [alkyne]: [NaHBEt;] = 1:1:0.10. ”Calculated by GC analysis
using decane as an internal standard. “In parentheses the amount of
symmetrical bis(silyl)acetylene related to silylacetylene determined by
GC and "H NMR spectroscopy.

Phenylacetylene substituted with the electron-withdrawing
group such as p-Br led to the corresponding products with
29-59% yields (entries 11-13).

Contrary to olefin hydrosilylation, not only aromatic acety-
lenes but also simple aliphatic substrates i.e. 1-octyne, 3,3-di-
methylbut-1-yne, ethynylcyclohexane or 1-ethynylcyclohex-1-
ene can be used with this catalytic system. If 1-octyne was
used, both single and double substitution products were
formed, depending on the hydrosilane substrate. The reaction
with diphenylsilane led to the formation of a mono-substi-
tuted product (entry 20), while phenylsilane gave equimolar

5950 | Dalton Trans., 2018, 47, 5948-5951
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NaHBEt; T BEt;

RC=C-SiR’ NaH RC=CH

R’3SiH [RC=C|Na* H,

Scheme 2 The proposed mechanism of dehydrogenative coupling of
alkynes with hydrosilanes.

amounts of single and double substitution products (entry 19).
The NaHBEt;-catalyzed dehydrocoupling proceeded more
efficiently for alicyclic substrates: ethynylcyclohexane and
1-ethynylcyclohex-1-ene to afford the corresponding 1-cyclohex
(en)yl-2-silylethynes in high yields (64-93%).

Silylation of ethynylsilanes (entries 21-29) was less effective
(13-63% yield). Both aromatic silanes and hydrosiloxanes can
be employed for the silylation of ethynylsilanes to afford
unsymmetrically substituted bis(silyl)ethynes. However, when
using ethynyldimethyl-phenylsilane as a substrate in the reac-
tion with aromatic silanes, significant amounts of the sym-
metrical silylation by-product (bis(dimethylphenylsilyl)ethyne)
were detected (entries 21 and 22). In all cases, no side hydro-
silylation by-products were observed. Interestingly, internal
alkynes (e.g. diphenylacetylene, 1-phenyl-1-propyne and tri-
methylsilylacetylene) do not undergo the competitive hydro-
silylation reaction with diphenylsilane and phenylsilane that
might be expected for internal alkynes under given conditions.

The postulated mechanism of the NaHBEt;-catalyzed de-
hydrogenative silylation reaction is similar to those reported
for alkyne silylation catalyzed by other complex metal
hydrides'® and assumes the generation of an acetylide anion
as an intermediate (Scheme 2).

It has been established that HBEt;~ has one of the lowest
standard enthalpies of dissociation from among many other
borohydrides.*® Thus, sodium hydride generated by the initial
dissociation of triethylhydroborate would react with alkyne to
give sodium acetylide with the evolution of molecular hydro-
gen. In the next step sodium acetylide would then react with
hydrosilane to form the dehydrocoupling product with the
regeneration of sodium hydride. A possible role of trialkyl-
borane released as a result of the initial dissociation of trialkyl-
hydroborate should also be considered. Boron, which in this
compound is a strong Lewis acid, can facilitate the removal of
the hydride anion during the substitution, acting similarly to
perfluorinated triphenylborane in the mechanism of transfer
hydrosilylation.**

Conclusions

In conclusion, sodium triethylborohydride can be used as a
highly selective, inexpensive and commercially available cata-
lyst for the silylation of aromatic and aliphatic alkynes with

This journal is © The Royal Society of Chemistry 2018
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hydrosilanes, which does not provide pathways for hydrosilyl-
ation processes. Although the substrate scope is limited, this
particular method can be applied to the synthesis of alkynyl-
silanes containing SiH,Ph and SiHPh, groups, unsymmetri-
cally substituted bis(silyl)ethynes and, what is important -
alkynylsiloxanes which are interesting substrates in cross-
coupling reactions. It is remarkable that NaHBEt;, reported
here as a single catalyst, is widely used for the in situ reduction
of other hydrosilylation precatalysts.
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Experimental procedures

1.1 General remarks

All reactions were performed in oven-dried glassware under argon atmosphere. Toluene was
purified by MBraun SPS-8400 system and degassed after collection. Other solvents were dried by
distillation over calcium hydride.

Gas chromatography was performed on a Bruker Scion 436-GC with a 30 m Agilent VF5-ms
0.53 mm Megabore column and a TCD detector. The temperature program was as follows: 60 °C
(3 min), 20 °C/min, 280 °C (20 min). Decane was used as a reference. GC-MS analyses were
performed on a Bruker Scion 436-GC with a 30 m Varian DB-5 0.25 mm capillary column and a
Scion SQ-MS mass spectrometry detector. The temperature program was as follows: 60 °C
(3 min), 10 °C/min, 250 °C (15 min). NMR analyses were performed on a Bruker Fourier 300
spectrometer.

1.2 General procedure of dehydrogenative silylation catalyzed by NaHBEt;

0.5 mmol of silane, 1 mL of toluene, 0.5 mmol of alkyne, and 0.1 mL of decane were placed in
previously evacuated Schlenk bomb flask fitted with a plug valve. A reference sample was taken.
Next, 0.05 mL of 1M solution of NaHBEt; (0.05 mmol) in toluene was added, reaction vessel was
closed and heated at 100 °C with stirring.

After specified time, reaction mixture was cooled down to the room temperature and analyzed
using GC and GC-MS.

Products of dehydrogenative silylation were isolated by first evaporating toluene on a rotary
evaporator, then extraction with 1 mL of hexane followed by column chromatography of
concentrated extract (SiO,, hexane as eluent).
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Analytical data of isolated products

2.1. Diphenyl(phenylethynyl)silane 1; colorless oil, yield: 87 mg (31%)

SiH
= O

H NMR (300MHz, CDCls): 7.78-7.66 (m, 4H), 7.60-7.51 (m, 2H), 7.48-7.28 (m, 9H), 5.3 (s, 1H)

3C NMR (75 MHz, CDCly): 8135.24, 132.24, 132.18, 130.16, 129.17, 128.33, 128.17, 122.52,
109.56, 87.15

MS (70 eV): m/z (%): 206 (100), 284 (82), 129 (66), 205 (56), 207 (54), 105 (53), 181 (46), 178
(27), 180 (26), 204 (26), 283 (23), 285 (22), 103 (21), 130 (16), 53 (16), 179 (14), 208 (13), 182
(12), 106 (11), 155 (11).

Conforms to the literature analytical data."

1.2.1,1,1,3,5,5,5-heptamethyl-3-(phenylethynyl)trisiloxane 2; colorless oil, yield: 103 mg (32%)

"H NMR (300MHz, CDCly): 7.34-7.25 (m, 2H), 7.17-7.06 (m,3H), 0.07 (s,3H), 0.00 (s,18H)
13C NMR (75 MHz, CDCl;): 130.25, 127.02, 126.52, 121.07, 99.97, 90.75, 0.06, 0.00

MS (70 eV): m/z (%): 307 (100), 159 (47), 308 (34),73 (25),309 (14),146 (12).

HRMS (ESI TOF) calcd for C1sH60,SisNa: 345,1138, found: 345,1132
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1.3. (3,3-dimethylbut-1-yn-1-yl)diphenylsilane 3; colorless oil, yield: 53 mg (20%)

O

"H NMR (300MHz, CDCl;): 87.70-7.61 (m, 4H), 7.43-7.32 (m, 6H), 5.12 (s, 1H), 1.31 (s, 9H)
3C NMR (75 MHz, CDCl5): 5135.09, 133.06, 129.84, 128.00, 121.08, 75.16, 30.79, 28.54

MS (70 eV): m/z (%): 207 (100), 186 (99), 171 (52), 105 (49), 129 (45), 208 (31), 181 (23), 187
(22), 145 (21), 53 (20), 130 (20), 143 (18), 264 (17), 172 (15), 221 (13), 121 (12), 51 (11), 84 (11),
183 (11), 188 (11), 67 (10).

Conforms to the literature analytical data.?

1.4. (cyclohexylethynyl)diphenylsilane 4; colorless oil, yield: 87 mg (30%)

SiH
= O

H NMR (300MHz, CDCl3):7.72-7.59 (m, 4H), 7.45-7.30 (m, 6H), 5.25-5.03 (s, 1H), 2.61-2.44 (m,
1H), 1.92-1.68 (m, 4H), 1.62-1.25 (m, 6H)

8C NMR (75 MHz, CDCl5):135.10, 133.01, 129.88, 128.02, 116.96, 76.94, 32.38, 30.26, 25.83,
24.76

MS (70 eV): m/z (%): 212 (100), 105 (95), 183 (56), 181 (54), 207 (53),208 (44), 106 (34), 53 (33),
131 (30), 209 (30), 189 (27), 129 (26), 133 (24), 107 (24), 134 (24), 130 (23), 144 (21), 213 (20),
79 (19), 169 (18), 182 (18), 190 (17), 155 (16), 121 (15), 157 (13), 171 (12), 132 (12), 103 (11),
222 (11), 158 (10), 55 (10).

Conforms to the literature analytical data.?
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1.5. 3-(cyclohexylethynyl)-1,1,1,3,5,5,5-heptamethyitrisiloxane 5; colorless oil, yield: 118 mg (36%)

"H NMR (300MHz, CDCl,): 2.44-2.32 (m, 1H), 1.87-1.63 )m, 4H), 1.54-1.22(m, 6H), 0.20-0.08 (m,
21H)

3C NMR (75 MHz, CDCl;): 106.85, 81.10, 30.57, 27.96, 24.12, 23.05, 0.21, 0.00

MS (70 eV): m/z (%): 313 (100), 73 (92), 207 (75), 231 (41), 314 (34), 208 (18), 315 (17), 133
(15), 83 (13), 189 (11), 59 (11), 191 (11), 232 (11), 74 (10), 209 (10).

HRMS (ESI TOF) calcd for C15H3,0,SisNa: 351,1608, found: 351,1598

1.6. ((Diphenylsilyl)ethynyl)dimethyl(phenyl)silane 6; colorless oil, yield: 68 mg (20%)

SiH

| =
Si_

&

'"H NMR (300MHz, CDCl,): 7.74-7.64 (m, 6H), 7.46-7.35 (m, 9H), 5.21 (s, 1H), 0.51 (s, 6H)

8C NMR (75 MHz, CDCl3):137.27, 136.21, 135.87, 135.33, 134.77, 132.85, 131.15, 130.59,
129.13, 128.95, 118.52, 109.18, 0.00

MS (70 eV): m/z (%): 105 (100), 197 (87), 327 (77), 135 (63), 264 (48), 86 (42), 78 (36), 57 (35),
209 (33), 106 (33), 77 (31), 342 (31), 23 (30), 206 (30), 249 (29), 119 (29), 283 (26), 59 (24), 266
(23), 107 (22), 198 (22), 51 (22), 73 (22), 158 (20), 147 (20), 181 (20), 328 (20), 195 (18), 165
(17), 132 (17), 259 (17), 159 (16), 109 (16), 91 (16), 146 (15), 152 (15), 180 (15), 87 (14), 211
(14), 97 (13), 186 (13), 343 (13), 341 (12), 50 (12), 171 (12), 60 (12), 129 (12),163 (12), 81 (12),
149 (11), 288 (10), 136 (10).
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1.7. ((diphenyisilyl)ethynyl)trimethylsilane, 7; colorless oil, yield: 118 mg (42%)

SiH

\ Z
S

H NMR (300MHz, CDCly): 7.75-7.65 (m, 4H), 7.48-7.39 (m, 6H), 5.19 (s, 1H), 0.28 (s, 9H)
13C NMR (75 MHz, CDCl5): 135.42, 132.25, 130.33, 128.34, 120.11, 106.22, 0.00

MS (70 eV): m/z (%): 135 (100), 265 (85), 202 (74), 187 (73), 105 (56), 197 (29), 73 (27), 280
(27),245 (26), 266 (23), 181 (22), 207 (20), 53 (19), 203 (19), 129 (17), 188 (16), 107 (14), 159
(12),143 (12), 221 (11), 131 (11), 51 (10), 182 (10), 195 (10), 136 (10).

Conforms to the literature analytical data*

References:
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