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hydroelementation (E¼ B, Si, Ge, and Sn) of alkynes
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Catalytic hydroelementation of alkynes mainly with hydroboranes and hydrosilanes gives a straightforward

and atom-economical access to a wide range of vinylmetalloids, which are used as synthetically useful and/

or reactive species in both synthetic and materials chemistry. Thus far, although numerous transition metal

catalysts with well-defined ligand systems have been developed for alkyne hydroelementation, the

employed catalysts are mainly based on expensive and potentially toxic metals such as Rh, Pt, and Ir, and

their conventional inner-sphere hydride transfer pathways are susceptible to reaction systems, often

making it difficult to control the selectivity. In this regard, transition metal-free catalysts for

hydroelementation (E ¼ B, Si, etc.) have intensively been reported as an alternative to the conventional

metal catalytic regimes over the last decade. In this review, we describe the recent advances in transition

metal-free catalytic procedures for alkyne hydroelementation using hydrides based on Si, B, Sn, and Ge

with strong emphasis on the variation in the catalytic working mode depending on the intrinsic nature of

the reaction systems.
1. Introduction

Alkynes, a class of unsaturated hydrocarbons, are important
platform chemicals for the synthesis of various functions.1–6
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hydroelementation leading to a broad range of functionalized
vinyl molecules is of particular interest since the resultant vinyl
moieties have versatile reactivities as nucleophiles to diverse
electrophilic counterparts in organic synthesis.7–16 Accordingly,
B, Si, and Sn-based metalloid hydrides are widely employed and
studied as a reducing agent in combination with transition
metal catalysts for alkyne hydroelementation.17–25 This reaction
involves both regio- and stereochemical considerations, where
the regiochemistry denes the position of incorporating
metalloids between two carbons of unsymmetrical alkynes (a vs.
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Scheme 1 (a) Regio- and stereoselectivity and (b) general mechanisms of the catalytic hydroelementation of alkynes.
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View Article Online
b), and the stereochemistry indicates the olenic geometry of
the resultant vinyl products (trans vs. cis or E vs. Z) (Scheme 1a).
The possible selectivity outcomes are highly sensitive to the
reaction components including metal, ligand, and/or metalloid
hydride, which oen render multiple catalytic pathways oper-
ative to bring about undesirable side products.26–35 There are
mainly two types of inner-sphere pathways known for the
transition metal-mediated alkyne hydroelementation, where
the metal center initially undergoes oxidative addition to afford
an active metal species possessing M–H and/or M–[E] bonds ([E]
¼ metalloids), into which alkynes are inserted in a cis-manner
to eventually deliver (E)-vinylmetalloids (Scheme 1b,
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43540 | RSC Adv., 2020, 10, 43539–43565
le).18,25,26,28 On the other hand, the outer-sphere pathway
involving hydride transfer from an outer-sphere of catalytic
species is another important mechanism in the context of
alkyne reduction, and the majority of these catalytic systems are
based on Lewis acids. In the proposed mechanism, alkyne
substrates react with either Lewis acid catalysts or highly elec-
trophilic metalloid ions generated in situ to form zwitterion or
vinyl carbocation intermediates, respectively. These intermedi-
ates are nally reduced via the outer-sphere hydride transfer to
release the b-(Z)-vinyl products (Scheme 1b, right).36

Although numerous well-dened organometallic complexes
are known to promote the selective alkyne reduction, this
conventional procedure still has a range of cons in terms of
practicality, namely the use of expensive metals (e.g. Ru, Rh, Pd,
and Pt), instability of the metal complexes under ambient
conditions, and difficult separation of the transition metals
from crude reaction mixtures, which can be linked to toxicity in
the pharmaceutical industry.37–40 In this regard, a signicant
number of transition metal-free, organo(metallic) catalyst
systems for alkyne hydroelementation have recently been dis-
closed as a competent alternative by many research groups.
However, to date, there have been no reviews documenting the
transition metal-free catalytic procedures, whereas several
reviews on the transition metal-catalyzed alkyne hydro-
elementation have been published.22,23,25,26,28,36 For example in
2000, Yamamoto reviewed the Lewis acid-promoted hydro-
metalation of unactivated alkynes, where various outer-sphere
hydride transfer pathways were described.36 In 2005, Trost
published a seminal review on transitionmetal-catalyzed alkyne
hydrometallation with metalloid hydrides based on boron,
silicon, and tin.28 In 2019, Alami and Provot reported a review
This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Al(III)-catalyzed trans-hydrosilylation of alkynes. TMS ¼
trimethylsilyl.
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View Article Online
on the hydrostannation of alkynes, focusing on the reaction
mechanism and selectivity.23

In this review article, we aim to outline the recent examples
of diverse transition metal-free catalysts ranging from Lewis
acids (based on B, Mg, Al, Si, and P) and bases (based on Li, Mg,
P, and K) to Brönsted acids (carboxylic acids) and a Brönsted
base (NaOH) for the hydroelementation of alkynes with Si, B,
Sn, and Ge-based hydrides (Scheme 2). The term “transition
metal” in this review is dened as an element in the d-block of
groups 3 to 12 in the periodic table.41,42 The representative
catalytic working modes will be described by the type of cata-
lysts in combination with hydride metalloids. In addition, the
regio- and stereo-outcomes of the resultant vinylmetalloids will
be discussed with emphasis on the hydride transfer pathway
(inner- or outer-sphere mechanisms). The scope of the present
review excludes Arase-Hoshi-type alkyne hydroboration
involving RnBH3�n (n¼ 0, 1, 2) catalytic species,43–46 and transfer
hydroelementation of alkynes using cyclohexa-1,4-diene-based
metalloid hydride surrogates.47,48 This review covers the litera-
ture up to July, 2020.

2. Hydrosilylation

The transition metal-catalyzed hydrosilylation of alkynes is one
of the most utilized methods to synthesize a broad range of
vinyl compounds since hydrosilanes are cheap, variable, and/or
commercially accessible reducing agents.17–19 The majority of
organometallic catalysts for alkyne hydrosilylation are based on
precious metals, and their conventional inner-sphere pathways
leading to cis-hydrosilylation are susceptible to the reaction
system, usually giving a mixture of regioisomers. Accordingly,
environmentally benign and selective transition metal-free
catalysts can be a promising alternative to the conventional
metal catalysts.

In 1996, Yamamoto reported the electron-decient Al(III)-
catalyzed trans-hydrosilylation of alkynes (Scheme 3).49,50 This
work represents the rst transition metal-free catalytic hydro-
silylation of alkynes. A broad range of terminal and internal
Scheme 2 Transition metal-free catalysts for alkyne hydroelementation

This journal is © The Royal Society of Chemistry 2020
alkynes reacted with Et3SiH at 0 �C in the presence of AlCl3 (1a)
or EtAlCl2 (1a0) (20 mol%) to give the corresponding b-(Z)-
vinylsilanes in good to high yields. Notably, the hydrosilylation
of trimethylsilylacetylene yielded the a-vinylsilane exclusively.
The reactions of unsymmetrical acetylenes led to a mixture of b-
and a-vinylsilanes, and their ratios increased up to 7.6 : 1
depending on the differential steric effects of the alkyne
substituents. It is interesting that Et2AlCl was an inactive cata-
lyst possibly due to its low Lewis acidity, while 1a, which was
insoluble in toluene, catalyzed the hydrosilylation in a hetero-
geneous manner. The scope of silanes was broad to include
bulky silanes such as Ph3SiH. The present catalytic procedure
was applicable to the hydrosilylative cyclization of 1,6-hepta-
diyne, affording the six-membered cyclization product.

Based on the precedence of Lewis acid-catalyzed alkyne
reduction,51–54 a reaction pathway for the Al-catalyzed alkyne
(this review).

RSC Adv., 2020, 10, 43539–43565 | 43541
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Scheme 4 Proposed pathway for the Al-catalyzed trans-hydro-
silylation of alkynes.

Scheme 6 Proposed pathway for the Al-catalyzed regiodivergent
cyclizative hydrosilylation of alkynes.
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hydrosilylation was proposed (Scheme 4). Initially, the Al cata-
lyst (1a or 1a0) is assumed to react with an alkyne to form
zwitterionic intermediate 1b, where the sp-hybridized vinyl
carbocation is positioned b to the aluminum atom. The carbo-
cation is likely reduced by a hydrosilane from the opposite side
of the C(sp2)–Al moiety to generate aluminum ate-complex 1c.
Then, 1c is suggested to be converted in a stereo-retentive
manner to the (Z)-vinylsilane and the Al catalyst. This outer-
sphere mechanism involving the vinyl carbocation interme-
diacy was corroborated by the a-selectivity observed in the
hydrosilylation of trimethylsilylacetylene, involving an inter-
mediate such as 1b0 under the b-silicon effect.

Considering the preliminary result of the hydrosilylative
cyclization of a diyne (vide supra),49,50 the Yamamoto group
developed the 1a-catalyzed intramolecular hydrosilylation of
alkynes bearing a hydrosilyl moiety to produce various silacycles
(Scheme 5).55 A range of alkynes linked to an SiR0

2H (R0 ¼ Me,
iPr, Ph) moiety by three methylene groups smoothly underwent
cyclizative hydrosilylation in an endo-trans fashion in the pres-
ence of 1a (20 mol%) to produce the corresponding six-
Scheme 5 AlCl3-catalyzed intramolecular trans-hydrosilylation of
alkynes possessing a hydrosilyl moiety.

43542 | RSC Adv., 2020, 10, 43539–43565
membered silacycles in 30–96% yield. Notably, the substitu-
ents iPr and Ph on the silicon retarded the cyclizative hydro-
silylation to require a prolonged reaction time of up to 5 h. The
phenyl-substituted alkynes possessing four to ve methylene
tethers were cyclized in an exo-mode to give the six- and seven-
membered exo-silacycles, whereas the cyclization of substituted
alkynes bearing a benzene ring spacer proceeded in an endo-
mode to give the endo-trans products with seven to eight-
membered ring sizes.

A reaction pathway for the Al-catalyzed regiodivergent cycli-
zative hydrosilylation of alkynes was proposed (Scheme 6). AlCl3
1a is assumed to initially interact with an alkynyl group to form
a p-complex 1d. The species 1d, where the acetylenic bond is
highly activated, is presumed to undergo intramolecular
hydride transfer selectively to one of the acetylenic carbons
depending on the identity of tethers, generating intermediate
1e or 1g bearing a C(sp2)–Al bond. Intermediates 1e and 1g are
suggested to be cyclized to furnish the endo- and exo-silacycles,
respectively with the regeneration of 1a.

Based on Yamamoto's Al catalysis using hydromonosilanes
as a reducing agent, Tanaka conceived the AlCl3 (1a)-catalyzed
hydrosilylation of alkynes with hydrooligosilanes H(SiMe2)nR;
[n ¼ 2–4, R ¼ H, Me, Ph] as a reducing agent (Scheme 7).56 The
hydrosilylation of internal and terminal alkynes with pentam-
ethyldisilane (HSiMe2SiMe3, 1 equiv.) occurred at 0 to �42 �C to
furnish the b-(Z)-vinylsilanes as the major product with small
amounts of b-(E)- or a-vinylsilanes (�5%). Interestingly, the
reaction of phenylacetylene with HSiMe2SiMe3 not only gave the
desired trans-addition products, but also 1,1,2-trisilyl-
substituted ethylbenzene as a minor product (7–13%) depend-
ing on reaction temperature and concentration.

Next, a,u-dihydrooligosilanes [H(SiMe2)nH (n ¼ 2, 3)] were
subjected to alkyne hydrosilylation and hydrosilylative poly-
merization of 1,7-octadiyne (Scheme 8). The reactions with 0.5
equivalents of a,u-dihydrooligosilanes provided the corre-
sponding b,b-(Z,Z)-bis-vinylsilanes in good yields. The reaction
of 1,7-octadiyne with 1,3-dihydrohexamethyltrisilane in the
presence of 1a (10 mol%) gave a mixture of oligomeric and
This journal is © The Royal Society of Chemistry 2020
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Scheme 7 AlCl3-catalyzed trans-hydrosilylation of alkynes with monohydrooligosilanes.

Scheme 8 AlCl3-catalyzed trans-hydrosilylation of alkynes with polyhydrosilanes.

Scheme 9 EtAlCl2-mediated hydrosilylation of various alkynes on
porous silicon surfaces.
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polymeric materials [Mn¼ 3300 (Mw/Mn¼ 6.3)]. This Al catalysis
was useful in modifying the backbone of poly(hydrosilylene)s.
For example, poly(phenylsilylene) (Mw ¼ 2700, Mw/Mn ¼ 1.63)
reacted with 1-decyne via multiple hydrosilylations to yield
a polymer having decenyl pendants (Mw ¼ 4260,Mw/Mn ¼ 1.74).

Porous silicon, which has a high surface area morphology of
hydride-terminated silicon, exhibits photoluminescence upon
UV light irradiation, and has wide applications such as elec-
troluminescent displays,57 photodetectors,58 and chemical/bio-
sensing.59–61 However, silicon materials oen suffer from
corrosion and instability in highly oxidative and basic media,
which are needed for practical applications.62,63

Considering this, Buriak et al.modied the surface of porous
silicon via Al (1a0) catalysis in an attempt to strengthen its
chemical stability (Scheme 9).64,65 The hydrosilylation of 1-
dodecyne occurred on the porous silicon surface at 25 �C upon
the addition of EtAlCl2 (1a0) to allow the clean incorporation of
dodecenyl groups on the silicon surface. Under similar condi-
tions, a range of alkynes bearing various functionalities were
hydrosilylated on the surface, resulting in the corresponding
alkenyl group-terminated surfaces. It is noteworthy that excess
EtAlCl2 (1a0) was required for the hydrosilylation of alkynes
bearing Lewis basic functional groups, such as cyano and ester
groups. The incorporated alkenyl moieties on the surface were
This journal is © The Royal Society of Chemistry 2020
characterized via FT-IR and NMR spectroscopy, while elemental
analysis and secondary ionization mass spectrometry (SIMS)
depth proling indicated a consistent level of alkenyl group
incorporated throughout the porous silicon.

Although the work by Buriak et al. showcased silicon surface
modication via Al-mediated alkyne hydrosilylation, this
process required a stoichiometric amount of EtAlCl2 1a0.
Accordingly, Veinot and coworkers conceived to apply BH3$THF
(2) as a catalyst for the hydrosilylative modication of the
RSC Adv., 2020, 10, 43539–43565 | 43543
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Scheme 10 BH3-catalyzed hydrosilylation of alkynes on silicon
nanocrystals. Scheme 12 Transitionmetal-free Lewis acid-catalyzed hydrosilylation

of 1-decyne on silicon nanosheets.

Scheme 13 Proposed pathway for the Lewis acidic borane-catalyzed
alkyne hydrosilylation on H-SiNS.
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surface of hydride-terminated silica nanocrystals (H-SiNC).66

This work represents the rst borane-catalyzed surface modi-
cation of nanoscale silicon. The hydrosilylation of terminal
alkynes on H-SiNC occurred at 25 �C in the presence of 2
(2.5 mol%) to yield the alkenyl-functionalized SiNC (Akn-SiNC)
(Scheme 10). The degree of SiNC surface coverage was found to
decrease with an increase in the chain length of the alkyne
substrates, and terminal alkynes were more reactive than
internal alkynes in terms of surface functionalization probably
due to steric hindrance. It is noteworthy that the catalytic
activity was dependent on the size of SiNC, where the hydro-
silylation of larger H-SiNC (d ¼ 7.5 nm) required 12 h, whereas
the same reaction on smaller SiNC (d ¼ 3.6 nm) was faster and
was completed within 0.5 h.

Two reaction pathways were proposed for the 2-catalyzed
alkyne hydrosilylation on the surface of H-SiNC (Scheme 11).
One possible mechanism (path A) involves the syn-addition of 2,
followed by a metathesis process with the Si–H moiety on SiNC
(Scheme 11, le). The alternative pathway (path B) is assumed
to form zwitterionic vinyl carbocation 2b in the initial step upon
the reaction of alkyne with 2. Subsequently, 2b is suggested to
be reduced with H-SiNC to generate a vinyl borohydride having
a silylium ion site (2c). Finally, 2c is likely converted to Akn-
SiNCs with the liberation of 2 (Scheme 11, right).

As a continuing effort for the catalytic surface modication
of silicon, Rieger and Venoit examined various transition metal-
free Lewis acids as alkyne hydrosilylation catalysts to modify the
surface of hydride-terminated silicon nanosheets (H-SiNS)
(Scheme 12).67 The hydrosilylation of 1-decyne on the surface of
H-SiNS proceeded at 25 �C with the Lewis acid catalysts
(0.7 mol%) to provide the decenyl-functionalized silicon
Scheme 11 Two possible pathways for the BH3-catalyzed alkyne hydro

43544 | RSC Adv., 2020, 10, 43539–43565
nanosheets. Less bulky catalysts such as BH3 (2) and BF3 were
more active towards hydrosilylation than the bulky ones [tris(-
pentauorophenyl)alane (ACF, 10) and B(C6F5)3 20]. Considering
the poor reactivity of 20 in the case of porous silicon64,65 and
silicon nanocrystals,66 the observed catalytic reactivity of
B(C6F5)3 20 with H-SiNS suggests two insights: (i) the hydride
donor ability of H-SiNS is higher than the precedent silicon
materials, and (ii) the reaction proceeds via an outer-sphere
mechanism involving a silylium ion. It is interesting to see
that the Lewis acidity of the catalysts (e.g. BF3 vs. BH3$SMe2) did
not inuence the degree of functionalization, implying that the
steric effect of the catalyst is a major factor in determining its
reactivity with H-SiNS.

Based on experimental observations, a borane-catalyzed
outer-sphere hydrosilylation mechanism was proposed
silylation on H-SiNC.

This journal is © The Royal Society of Chemistry 2020
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Scheme 14 B(C6F5)3-catalyzed trans-hydrosilylation of internal yna-
mides. Ms ¼ methanesulfonyl.

Scheme 16 B(C6F5)3-catalyzed trans-hydrosilylation of internal
thioalkynes.
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(Scheme 13). Borane is assumed to initially form an adduct with
a hydrosilane on the surface (3), which generates a silylium ion
site, at which 1-decyne reacts to generate a vinyl carbocation
(3a) bearing a borohydride anion (HBR3

�). Then 3a likely
undergoes hydride transfer from the borohydride to yield
decenyl-SiNS with the regeneration of active site 3.

Motivated by the precedent Lewis acidic Al-catalyzed alkyne
hydrosilylation, Chang et al. developed for the rst time the
B(C6F5)3 (20)-catalyzed hydrosilylation of internal ynamides,
furnishing a broad range of b-silyl (Z)-enamides (Scheme 14).68

The hydrosilylation of ynamides having various substituents in
the b-position occurred at 60 �C in the presence of 20 (3 mol%)
with Et2SiH2 (2 equiv.). Variation of the N-substituents in yna-
mides from N-methyl to -phenyl or -cycloalkyl, and from N-tosyl
to -mesyl groups did not hamper the reactivity and selectivity
(52–81%; Z/E, >20 : 1). This catalysis was also operative with
other hydrosilanes except bulky tertiary silanes such as iPr3SiH
(not shown).

Based on computational studies, a catalytic working mode
was proposed (Scheme 15). The initial step is presumed to
transfer a silylium ion from the B(C6F5)3-silane adduct 20a to the
b-carbon of an ynamide to form a ketene iminium bearing
a HB(C6F5)3

� (20b). Subsequently, 20b undergoes hydride attack
by the borohydride from the opposite side of the silyl group,
leading to a (Z)-b-silyl enamide. Density functional theory (DFT)
calculations suggested that the anti-addition path of a hydro-
silane is preferred by 3.1 kcal mol�1 over the syn-addition path,
Scheme 15 Proposed working mode for the B(C6F5)3-catalyzed
hydrosilylation of internal ynamides.

This journal is © The Royal Society of Chemistry 2020
which is consistent with the observed high (Z)-stereoselectivity.
The origin of the differential activation energy (DDG‡ ¼
3.1 kcal mol�1) was attributed to the b-silicon effect, resulting in
geometrical bias between the same and opposite sides from the
silyl group in 20b.

Following the Chang's report, Shen reported a similar outer-
sphere trans-hydrosilylation of internal thioalkynes catalyzed by
B(C6F5)3 20 (Scheme 16).69 The hydrosilylation of phenyl(1-
heptynyl)sulfane cleanly proceeded at 60 �C with 20

(1.5 mol%) to give the b-(Z)-silylated vinyl phenyl sulde in 85%
yield in 12 h. Under the borane catalytic regime, a broad range
of 1�, 2�, and 3� hydrosilanes were viable for the (Z)-selective
hydrosilylation reactions. It is noteworthy that the reaction with
bulky silanes required a greater catalyst loading (up to 10mol%)
and/or increased silane quantities (up to 3 equiv.) to achieve
reasonable yields of the silylated vinyl suldes. The borane
catalyst was proven to be applicable for double hydrosilylation
with PhSiH3 furnishing the b-silylated bis-vinyl sulde as
a single (Z,Z)-isomer in good yield.

In 2014, Ingleson et al. utilized B(C6F5)3 (20) as a catalyst for
the synthesis of silaindenes from aryl-alkynes via a cascade
hydrosilylation (Scheme 17).70 For example, the reaction of 1-
phenyl-1-butyne with Ph2SiH2 in the presence of 20 (5 mol%) at
60 �C gave the vinyl silane, which was fully converted to the
corresponding silaindene via an intramolecular sila-Friedel–
Cras reaction upon the addition of 2,6-dichloropyridine (Cl2-
py, 1 equiv.). The added Cl2-py was presumed to serve as a Lewis
base for the deprotonation of the presupposed Wheland
intermediate.
Scheme 17 B(C6F5)3-catalyzed one-pot, two-step synthesis of
a silaindene from an internal alkyne. Cl2-py ¼ 2,6-dichloropyridine.

RSC Adv., 2020, 10, 43539–43565 | 43545

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07768b


Scheme 19 (a) Generation of an electrophilic phosphonium salt and
(b) its catalytic application for alkyne hydrosilylation.
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Inspired by Ingleson's Lewis acid-mediated intramolecular
sila-cyclization, Kawashima et al. developed an intramolecular
alkyne hydrosilylation route, leading to silaindenes from 2-
alkynylphenylsilane derivatives using trityl tetrakis(penta-
uorophenyl)borate ([Ph3C]

+[B(C6F5)4]
� 4) as an initiator

(Scheme 18a).71 A substoichiometric amount of 4 (1 mol%)
initiated the sila-cyclization of a series of [2-(trimethylsilyle-
thynyl)phenyl]silanes at 25 �C to provide the trimethylsilyl-
substituted silaindenes in 34–81% yield within 1 h. It is note-
worthy that this catalysis was susceptible to the substituents at
the silicon center of the substrates, where the methyl- or phenyl
moiety induced low to moderate yields (34–55%), whereas
a bulky diisopropyl silyl group gave a higher yield of the
silaindene of up to 75%. Interestingly, replacing the alkynyl
TMS group with a butyl gave no hydrosilylation, suggesting that
the alkynyl TMS moiety is essential for the catalytic turnover
and serves as a neighboring group participating in the stabili-
zation of a presumed vinyl carbocation by the b-silicon
effect.72–74

A prototypical silylium ion-involved, outer-sphere mecha-
nism of the trityl borate-initiated sila-cyclization was proposed
(Scheme 18b). Specically, 4 initially abstracts a hydride from
the Si–H group of the substrates to generate active species 4a,
which intramolecularly reacts with an adjacent alkynyl unit to
form ethenyl carbocation 4b. This cationic intermediate is
suggested to be stabilized by the (pre)installed silyl groups (b-
silicon effect). The catalytic cycle is assumed to be closed upon
hydride reduction by another hydrosilyl alkyne substrate,
accompanied by the liberation of the silaindene product and
the active catalyst 4a.

In 2013, Stephan et al. synthesized an electrophilic organo-
uorophosphonium salt [(C6F5)3PF]

+[B(C6F5)4]
� 5 through the

reaction of a diuorophosphorane (C6F5)3PF2 with the salt re-
ported by Lambert et al., [Et3Si]

+[B(C6F5)4]
�.75 The highly elec-

trophilic P(V) center in 5 was capable of abstracting a uoride
anion from uoroalkanes to generate (C6F5)3PF2 and
Scheme 18 (a) Trityl borate salt-initiated intramolecular sila-cycliza-
tion of alkynes and (b) their catalytic pathway.

43546 | RSC Adv., 2020, 10, 43539–43565
a carbocation. This carbocation was reduced by a hydrosilane to
release an alkane with the regeneration of Lambert's salt for
catalytic turnover (Scheme 19a). Based on the observed high
electrophilicity of 5, Stephan et al. further applied 5/silane as
a catalytic system for the hydrosilylation of alkynes.76 The
hydrosilylation of 1-decyne with Et3SiH occurred at 25 �C by 5
(1.5 mol%) to quantitatively afford the b-cis-vinylsilane within
1 h, suggesting the anti-1,2-addition of hydrosilanes to an
alkyne. DFT calculations suggested that the LUMO of 5 contains
the s* orbital oriented opposite to the P–F bond to promote the
formation of h1-silane adduct 5a (DH ¼ �15.2 kcal mol�1),
which was regarded as an active catalytic species and indeed
observed by 1H NMR (Scheme 19b).

Although the electrophilic phosphonium salt 5 displayed
unique Lewis acidic catalytic reactivity, the uoroarene
substituents in 5 limit structural variations. Considering this,
Stephan et al. reported a new synthetic strategy, leading to
a highly electrophilic phosphonium salt that does not bear
electron-decient aryl groups. Specically, NHC-ligated cationic
phosphine(III) 6a is oxidized by XeF2 to a P(V) cationic diuor-
ophosphorane 6b, which subsequently undergoes uoride
abstraction by Lambert's salt to eventually afford a uo-
rophosphonium dication supported by an NHC ligand [(NHC)
PFPh2]

2+[B(C6F5)4]
2� (6) (Scheme 20).77 To demonstrate the

Lewis acidity of 6 in catalytic reactions, Stephan et al. performed
the hydrosilylation of 1,2-diphenylacetylene in the presence of
a catalytic amount of 6, giving the (Z)-vinylsilane in excellent
yield at 45 �C within 24 h.
Scheme 20 Synthetic route to a dicationic imidazolium–phospho-
nium salt 6 as a hydrosilylation catalyst.

This journal is © The Royal Society of Chemistry 2020
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Scheme 21 KOt-Bu-promoted tandem alkynylation of carbonyls and
intramolecular trans-hydrosilylation.
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Pentacoordinate hydrosilicates in situ-generated from
hydrosilanes and Lewis base activators are well-known catalytic
species for the reduction of carbonyl functions,78,79 and alky-
nylsilanes have been utilized for the alkynylation of carbonyls
and imines via the corresponding hypervalent silicate inter-
mediates.80–84 Based on this background, Lee developed a KOt-
Bu (7)-catalyzed tandem alkynylation and hydrosilylative cycli-
zation of carbonyls with alkynylhydrosilanes (Scheme 21).85 A
range of aldehydes and ketones reacted with alkynylsilanes at
25 �C by catalyst 7 (10 mol%), providing diverse oxasilacyclo-
pentenes in 48–87% yield within 20 min. This catalysis was
highly sensitive to electronic and steric variations in substrates,
where less bulky and electron-neutral or -decient aryl-
substituted alkynylsilanes were only viable for the tandem
transformation.

The key steps for the 7-catalyzed tandem alkynylation and
hydrosilylation sequence were proposed (Scheme 22). Initially,
tert-butoxide attacks the silicon center of an alkynylsilane to
Scheme 22 Proposed key steps for the KOt-Bu-catalyzed tandem alkyn

Scheme 23 Cationic Al(III)-catalyzed hydrosilylation of alkynes.

This journal is © The Royal Society of Chemistry 2020
form a pentavalent silicate intermediate 7a, which transfers the
alkynyl group to the carbonyl to generate an activated hydri-
dosilyl ether 7b. This species is assumed to undergo intra-
molecular trans-hydrosilylation over the triple bond to liberate
an oxasilacyclopentene. A cross-over experiment using two
similar alkynylsilanes suggested a naked alkynyl anionic species
is involved in the alkynylation step for ketones.86–89

Recently, a series of Al complexes with various b-diketimi-
nate [ArNacNac]CH{C(Me)NAr}2] ligands have emerged as
competent catalysts for hydroelementation of unsaturated
functions.90–92 Additionally, neutral ArNacNacAl complexes [e.g.
DIPPNacNacAl(OTf)H, DEPNacNacAlH2; DIPP ¼ 2,6-i-Pr2C6H3,
DEP ¼ 2,6-Et2C6H3] were reported to catalyze the hydroboration
of alkynes and carbonyls,90,91 but the cationic ArNacNacAl
complexes remained unexplored. In this regard, Nikonov et al.
prepared the cationic DIPPNacNacAlH complex (8) through the
reaction of DIPPNacNacAlH2 with [Ph3C]

+[B(C6F5)4]
� (4), and

examined its catalytic activity towards the alkyne hydro-
silylation.93 The reactions of a few alkyne substrates with Et3SiH
proceeded via the action of 8 (5 mol%) with high conversions to
afford the vinylsilanes, albeit in low yields (7–29%) (Scheme 23).
The observed low yields were ascribed to the facile redistribu-
tion of hydrosilanes by 8. Although the exact catalytic working
mode of 8 was unclear, the experimental observations implied
that the cationic Al center in 8 serves as a Lewis acid for the
activation of Et3SiH.

Similar to the Nikonov's work, Hill et al. reported a neutral
NacNac-Mg hydride dimer (DIPPNacNacMgH)2 (9) as a catalyst
for alkyne hydrosilylation.94 The reaction of diphenylacetylene
with PhSiH3 slowly proceeded to give the b-(E)-vinylsilane in
95% yield in 30 days (Scheme 24). Unlike Al (8) catalysis under
the Lewis acid-activation mode,93 its isoelectronic monomeric
magnesium hydride 90 was found to work via the classical inner-
sphere pathway, involving alkyne insertion, followed by
a metathesis reaction with a hydrosilane.
ylation and hydrosilylation.

RSC Adv., 2020, 10, 43539–43565 | 43547
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Scheme 24 Mg(II)-catalyzed cis-hydrosilylation of diphenylacetylene.
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Recently, Fritz-Langhals et al. reported the catalytic use of
a silyliumylidene cation 10 [Cp*Si:+B(C6F5)4

�; Cp* ¼ pentam-
ethylcyclopentadienyl] having a vacant coordination site.95 The
hydrosilylations of some terminal alkynes proceeded in the
presence of 10 (0.04–0.1 mol%) at 25–50 �C to bring about
a complex mixture of the corresponding vinylsilanes (cis/trans)
and alkynylsilanes in poor yields, while in the case of ethynyl-
trimethylsilane, it underwent both hydrosilylation and redis-
tribution reactions to give various vinylsilanes as a mixture
(Scheme 25). As similar as the borane-silane adduct 20a,68–70 the
h1-silane adduct (10a) was proposed to act as an active catalyst
for the outer-sphere hydrosilylation of alkynes. In fact, the h1-
Si–H coordination to the cationic Si center at 10a was evidenced
by the coalescence of the Si–H signal in the time-dependent 1H
NMR spectra.
3. Hydroboration

Vinylboranes and vinylboronate esters have been widely utilized
as coupling reagents and/or intermediates in the context of
synthetic organic chemistry to construct new bonds of C–C, C–
N, and C–O on the vinyl skeleton.12,14,16 Hydroboration of
Scheme 25 Cp*Si:+-catalyzed hydrosilylation of alkynes. Cp* ¼ pentam

43548 | RSC Adv., 2020, 10, 43539–43565
alkynes is the most straightforward method to access the
vinylborane reagents, while their regio- and stereoselectivity (a/
b and E/Z issues) are variable and closely related to the possible
catalytic working modes.20–22,28 Conventional transition metal
catalytic systems tend to yield (E)-vinyl products via the syn-
addition of a B–Hmoiety (cis-hydroboration) at an inner-sphere
of the active catalytic species, whereas metal-catalyzed trans-
hydroboration affording (Z)-vinyl products is relatively less
documented.

With this background, Ingleson et al. reported the B(C6F5)3
20-catalyzed trans-hydroboration of terminal alkynes (Scheme
26).96 Their work represents the rst transition metal-free trans-
hydroboration of alkynes. The hydroboration process was
proposed to involve an electrophilic borenium cation possess-
ing a borohydride HB(C6F5)3

� (11) as the active species, which
was generated in situ upon the 1 : 1 reaction of I-DCDM-9-
BBN(H) (11a) [(I-DCDM ¼ 1,3-dimethyl-4,5-
dichloroimidazolylidene; 9-BBN(H) ¼ 9-borabicyclo3.3.1]non-
ane) and 20. Consistent with 11 as the presumed active species,
the stoichiometric reaction of 11, 11a, and 1-pentyne gave the
corresponding b-trans-hydroboration product with the constant
observation of 11 (Scheme 26a). Having this stoichiometric
insight, the hydroboration of a range of terminal alkynes with
11a as a reducing agent was conducted in the presence of 20

(5 mol%) to reveal that the reaction was completed within
10 min at 20 �C to afford the cis-vinylboranes in 56–97% yield
(Scheme 26b). Although most of the internal alkynes remained
inert, the nucleophilic internal alkyne 4-(1-propynyl)-N,N-
dimethylaniline reacted with 11a under the B(C6F5)3 catalytic
regime to yield the corresponding vinylborane in 70% in 3 h.

A deuterium labelling study and stoichiometric and catalytic
reactions supported a stepwise ionic hydroboration mecha-
nism, involving the b-addition of a borenium cation,97,98 leading
to a vinyl carbocation intermediate 11b, followed by hydride
ethylcyclopentadienyl.

This journal is © The Royal Society of Chemistry 2020
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Scheme 26 (a) Stoichiometric and (b) catalytic trans-hydroboration of alkynes mediated by B(C6F5)3, and (c) its plausible catalytic pathway.
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transfer mainly from 11a to the less hindered face of 11b to
release the trans-hydroboration product (Scheme 26c).

With interest in the synthesis of boron-containing hetero-
cycles,99–103 Stephan et al. previously reported a synthetic route
Scheme 27 B(C6F5)3-catalyzed intramolecular trans-hydroboration of a

This journal is © The Royal Society of Chemistry 2020
to obtain unique B–N heterocycles via “click reactions” of
boron-azides with (phospha)alkynes.104 In a related effort, in
2016, Stephan et al. reported the stoichiometric reactions of
alkynylphosphines with azido-phosphine-borane adducts,
lkynylphosphines leading to B–P heterocycles.

RSC Adv., 2020, 10, 43539–43565 | 43549
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Scheme 28 Lewis acidic borane-catalyzed cis-hydroboration of
alkynes under conventional and microwave conditions.
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forming a series of PNP species [representatively, t-Bu2-
P(C^CPh)NP(BH3)

iPr2 (12)].105 Interestingly, species 12 under-
went an intramolecular trans-hydroboration at the
phosphaalkynyl unit by the catalytic action of 20 (10 mol%) to
liberate the corresponding PNPCB heterocycle in 64% yield
(Scheme 27). The reaction pathway leading to PNPCB from 12
was proposed to involve a borenium cation bearing HB(C6F5)3

�

(12a) as the key intermediate. This outer-sphere mechanism
was corroborated by the trans-added B–H moiety on PNPCB, as
also shown in the report by Ingleson et al.96

Having sought a highly Lewis acidic, but functional group
tolerant boron-based reduction catalyst, the Oestreich group
previously synthesized tris[3,5-bis(triuoromethyl)phenyl]
borane as a catalyst for the hydroboration of alkenes and
imines, and demonstrated its superior catalytic activity over the
typical borane catalyst B(C6F5)3 20.106,107 Motivated by Oestreich's
work, the Melen group applied tris(2,4,6-triuorophenyl)borane
Scheme 29 Benzoic acid-catalyzed cis-hydroboration of alkynes.

43550 | RSC Adv., 2020, 10, 43539–43565
13 as a mild Lewis acid catalyst for the hydroboration of
alkynes.108 It is noteworthy that the 1 : 1 reaction of 20 and an
alkyne led to 1,1-carboboration, whereas this carboboration did
not occur with 13. The hydroboration of a range of alkynes
smoothly proceeded at 60 �C in the presence of 13 (2 mol%) to
provide a range of b-vinyl boranes with good functional group
tolerance (Scheme 28). It is intriguing to see that the alkenyl
geometry of the resultant vinylboronate esters was determined
to be a trans or (Z)-geometry, which was opposite to the stereo-
outcome (cis or E) shown in Ingleson's reaction system.96 Next,
in an attempt to improve the catalytic efficiency, Melen et al.
carried out the same hydroboration reaction under microwave
irradiation conditions with a tris(3,4,5-triuorophenyl)borane
catalyst (130).109 The hydroboration was completed within
1.5 h under the microwave conditions (180 �C, 20 atm) to afford
the trans or (Z)-products in good to high yields.

With an interest in the selective synthesis of 1,1-dibor-
ylalkenes110–114 via the direct hydroboration of alkynylboronates,
Jin and coworkers found that carboxylic acids were capable of
catalyzing the targeted hydroboration reaction (Scheme 29).115

This work represents the rst direct hydroboration of alky-
nylboronates, and the rst alkyne hydroboration catalyzed by
carboxylic acids. A range of carboxylic acids with a pKa of 4.2–5.0
worked well as the catalyst. The hydroboration of 2-phenyl-1-
ethynylboronic acid pinacol ester with HBpin (5 equiv.) in the
presence of 4-(dimethylamino)benzoic acid (14) (5 mol%) gave
the 1,1-diborylalkene in quantitative yield in 12 h. Under these
conditions, various alkynylboronates, and common terminal
and internal alkynes were smoothly reduced with exclusive
regio (b)- and stereoselectivity (trans or Z), and functional group
compatibility with polar groups. Although the working mode of
14 remained unclear, a tentative pinacolboronate ester gener-
ated from 14 and HBpin was suggested as a key catalytic species
for this hydroboration.116–118

Highly motivated by Jin's molecular benzoic acid catalyst,
Jones et al. applied poly(vinyl benzoic acid) [poly(vba)] 15 as
a heterogeneous catalyst for the hydroboration of alkynes
(Scheme 30).119 Phenylacetylene was cleanly hydroborated in the
presence of 15 (5 mol%) to give the corresponding trans-2-styryl-
Bpin in quantitative yield in 16 h. A variety of terminal alkynes
were viable, in which aryl-substituted terminal alkynes were
Scheme 30 Poly(vinyl benzoic acid)-catalyzed cis-hydroboration of
alkynes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 32 NaOH-catalyzed cis-hydroboration of terminal
arylalkynes.
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more reactive than the alkyl-substituted alkynes toward hydro-
boration. However, unlike the catalyst system of 14, the reac-
tivity of internal alkynes with 15 was poor under the conditions
presumably due to their steric effect, limiting access to the
catalytic site on the polymer. Catalyst 15 was sparsely soluble in
octane solvent, and thus was readily recycled up to the 3rd

catalytic batch, maintaining its catalytic activity.
Based on the experimental mechanistic observations (1�-

order in [15] and [HBpin], and fractional-order in [alkyne];
kinetic isotope effect KIE (kH/kD) � 0.5), a hypothetical reaction
pathway was depicted, as shown in Scheme 31. The initial step
is assumed to involve the interaction between a proton of
a carboxylic acid and an alkyne to induce polarization over the
alkyne unit. An HBpin bound at another acid site has close
contact with the polarized alkyne moiety, where the turnover-
limiting syn-addition of H–Bpin via a four-membered transi-
tion state occurs to release the b-trans-vinylborane with the
regeneration of the catalytic site of 15.

In addition to these Brönsted acid catalysts, Liu and Zhao
reported the NaOH (16)-initiated hydroboration of terminal
alkynes with HBpin.120 This work is the rst example of
Brönsted base-catalyzed alkyne hydroboration. The preliminary
NBO (natural bond orbital) calculations suggested that the
HBpin-NaOH adduct would enhance its hydride character
(hydricity) relative to free HBpin,121,122 which was envisioned to
facilitate the hydroboration process. Encouraged by this
preliminary theoretical insight, a range of simple terminal
alkynes were subjected to catalytic conditions [cat. NaOH
(8mol%), HBpin (1.4 equiv.), C6D6, 100 �C, 6 h] to reveal that the
trans-vinyl products were obtained in moderate to excellent
yields via the syn-addition of H–Bpin (Scheme 32). Notably, the
product yield signicantly decreased when the phenyl ring
possessed an ortho-substituent. The stoichiometric reaction of
HBpin with NaOH implied that various borohydride species
including BH3–NaOH could be responsible for the observed
catalytic activity, as supported by the reports of Clark123 and
Scheme 31 Proposed pathway for the poly(vba)-catalyzed hydro-
boration of terminal alkynes.

This journal is © The Royal Society of Chemistry 2020
Fu,124 where BH3-base adducts generated from the reaction with
NaOt-Bu or N,N-dimethylacetamide were observed.

Recently, Ohmiya and Sawamura documented the
phosphine-catalyzed trans-addition of boron-containing inter-
element compounds across the C–C triple bond in alkynyloates,
in which the electrophilic boron moiety was installed onto the
electropositive carbon b to the carbonyl group to form a C(sp2)–
B bond.125 As a continuing work, the Sawamura group suc-
ceeded in the phosphine-catalyzed trans-hydroboration of
alkynoic acid derivatives, providing the b-(E)-alkenylboronates
(Scheme 33).126 Among various tertiary phosphines, the less
bulky and electron-donor PBu3 (17) or PMe3 (170) (2.5–20 mol%)
showed the best catalytic performance with anti-selectivity. The
reaction of a broad range of b-substituted alkynoates, alkyny-
lamides, or alkynylazoles with HBpin afforded the b-borylated
(E)-vinyl products in 54–99% yield at 25–60 �C, and various
reducible groups were tolerant. It is noteworthy that the b-alkyl
substituents on the alkyne substrates led to lower anti-
selectivity, while primary and secondary alkynylamides were
barely reactive.

Based on their earlier work,125,127,128 the catalytic pathway for
the phosphine-catalyzed trans-hydroboration was proposed
(Scheme 34). Initially, the alkyne is assumed to undergo
conjugate addition of the phosphine (17 or 170) to the electro-
positive b-carbon to form zwitterionic allene intermediate 17a.
Scheme 33 Trialkylphosphine-catalyzed trans-hydroboration of
alkynoic acid derivatives.
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Scheme 34 Proposed pathway for the phosphine-catalyzed hydroboration of alkynoic acid derivatives.

Scheme 35 (a) DEPNacNac-ligated Al or Sn complex-catalyzed cis-
hydroboration of terminal alkynes and (b) proposed catalytic working
mode of DEPNacNac-ligated AlH2.
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The intramolecular hydride transfer to the allenyl central
carbon in 17a generates ylide intermediates 17b and 17c. The
ylide carbon in 17c is presumed to attack the proximal boron
atom to form the corresponding cyclic borate 17d. Finally, the
phosphine catalyst is assumed to be regenerated with the
release of the anti-hydroboration product upon concerted B–X
(X ¼ O, N) bond cleavage associated with the electron rear-
rangement on 17d. When the Lewis acidity of a boron center in
17d is lowered by b-alkyl-substituents, 17d can be isomerized to
17d0 to eventually bring about a mixture of anti/syn-products.

Shortly aer Sawamura's work, Santos et al. also reported the
17-catalyzed trans-hydroboration of alkynoate esters and alky-
nylamides.129 They reported similar reaction features to that
observed previously. For example, the alkyl-substituted alky-
noates at the b-position were converted to the b-borylacrylates
with decreased (E)-selectivity, and the secondary alkynylamides
were unreactive within the phosphine catalytic system.

Together with the transition metal-free organocatalysts for
the hydroboration of alkynes, environmentally benign and
commercially useful main-group catalysts based on Al,90,130–139

Li,138–142 and Mg143,144 have been recently developed as alterna-
tives to transition metal catalysts.145 In 2016, Roesky et al. re-
ported the cis-hydroboration of alkynes catalyzed by a neutral
DEPNacNacAlH2 (18).90 This work represents the rst hydro-
boration reaction catalyzed by a Group 13-based complex. A
broad range of terminal alkynes reacted with HBpin in CDCl3 in
the presence of 18 (3 mol%) to afford the b-trans-vinylboronate
esters in good yields in 12 h. Notably, the hydroboration of
ethynylcyclopropane was sluggish (82% in 32 h in neat), and the
reaction of internal alkynes did not proceed at all. Similar to
Roesky's work, Ma and Yang prepared DEPNacNac-ligated Al and
Sn complexes (AlMe2 180, AlEt2 1800, SnCl 19, and SnCl3 190) and
demonstrated their good catalytic efficiency towards the cis-
hydroboration of terminal alkynes (Scheme 35a).130

Based on DFT calculations, Roesky et al. proposed a catalytic
pathway for the Al dihydride 18-mediated hydroboration of
43552 | RSC Adv., 2020, 10, 43539–43565
phenylacetylene (Scheme 35b). The key step is suggested to
involve the turnover-liming, dehydrogenative s-bond metath-
esis between the Al–H in 18 and PhCC(sp)–H bonds, leading to
aluminum acetylide 18a. The alkynyl unit in 18a is assumed to
undergo syn-addition of HBpin to generate the alkenyl
aluminium hydride 18b, which likely reacts with the second
molecule of phenylacetylene to release the (E)-vinylborane with
the regeneration of the 18a active species. Although the catalytic
working modes of 180, 1800, 19, and 1900 remain unknown, the
This journal is © The Royal Society of Chemistry 2020
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Scheme 37 N,N-Bidentate Al(III) complex-catalyzed cis-hydro-
boration of terminal alkynes.
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almost same yields by these catalysts indicate their similar
reactivities towards alkyne hydroboration.130

Inspired by Roesky's NacNac-ligated Al(III) dihydride 18,
Nembenna et al. recently synthesized a bidentate bis-
guanidinate-ligated Al(III) dihydride complex 20 as a multifunc-
tional catalyst for the reduction of unsaturated functions
including alkynes.131 The reactions of various terminal alkynes
with HBpin (1 equiv.) at 60 �C produced the b-trans-vinyl-
boronate esters in 40–82% yield over 12 h in neat conditions
(Scheme 36a). Notably, catalyst 20 enabled the hydroboration of
internal alkynes, giving the (Z)-vinyl products in 30–40% yield,
which could not be realized with the catalytic system of 18.90

The working mode of 20 in the hydroboration of terminal
alkynes is assumed to involve aluminum acetylide species 20a,
which is the same as that proposed by Roesky.90 However, the
mechanism of the internal alkyne hydroboration is presumed to
be associated with insertion of the alkyne into the Al–H bond of
20 as the key step to form aluminium vinyl intermediate 20b, as
previously proposed by Cowley and Thomas.132 Subsequently,
20b reacts with HBpin via transmetallation to liberate the (Z)-
vinylboronate ester and active catalyst 20 (Scheme 36b). In fact,
20a and 20b were observed in the stoichiometric reactions of 20
with phenylacetylene and 1-phenyl-1-propyne, respectively.

As another example of the N,N-bidentate ligand-based Al
complex, Panda et al. synthesized an aluminum dimethyl
complex supported by a functionalized amidophosphine ligand
[k2-{Ph2P(]Se)NCH2(C5H4N)}AlMe2, 21]146 and applied it as
a precatalyst for hydroboration of terminal alkynes (Scheme
37).133 A range of terminal alkynes possessing electronically
variable and/or reducible functional moieties were chemo-
selectively reduced with HBpin to the corresponding anti-
Markovnikov alkenyl boronate esters with exclusive trans-
Scheme 36 (a) Bis-guanidinate-ligated Al dihydride-catalyzed cis-
hydroboration of alkynes and (b) its dual catalytic working modes
depending on the type of alkyne substrate (terminal vs. internal).

This journal is © The Royal Society of Chemistry 2020
selectivity under mild conditions [cat. 21 (3 mol%), toluene,
25 �C, 8 h]. The trans selectivity as the outcome of the syn-
addition of HBpin into the alkyne was further conrmed in the
hydroboration of 4-bromo-phenylacetylene-d1. As proposed by
Thomas and Cowley,132 and Nembenna,131 the 21-catalyzed
alkyne hydroboration proceeds via a “hydroalumination-
metathesis” mechanism, where an aluminum dihydride (21a)
and an aluminium vinyl hydride (21b) are regarded as the key
species.

Together with a range of bidentate Al hydroboration cata-
lysts,90,130,131,133 Cowley recently communicated a series of new
aluminium dihydride complexes with bidentate N,P-ligands (22,
220, and 2200) as the alkyne hydroboration catalyst.134 These
dihydride species (10 mol%) were found to catalyze the hydro-
boration of phenylacetylene at 110 �C to give the trans-vinyl-
boronate ester with excellent b-selectivity in good yields. It is
noteworthy that catalyst 2200 exhibited a slightly lower catalytic
activity (53%) than that (79–83%) of 22–220. This lower activity
was ascribed to the reversible phosphine slip on 2200 involving
an isomer of k2-N,N geometry (k2-N,N 2200) during the catalysis
(Scheme 38).

Inoue synthesized a monodentate N-heterocyclic imine-
stabilized dimeric aluminium dihydride [MesLNAlH2]2 23
Scheme 38 N,P-Bidentate Al(III) complex-catalyzed cis-hydro-
boration of phenylacetylene.

RSC Adv., 2020, 10, 43539–43565 | 43553
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Scheme 39 N-heterocyclic imine-ligated Al dihydride-catalyzed cis-
hydroboration of terminal alkynes.

Scheme 41 External ligand-free Al(III)-catalyzed cis-hydroboration of
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(MesLN ¼ 1,3-dimesityl-imidazolin-2-imino, Mes ¼ 2,4,6-trime-
thylphenyl) and utilized it as a catalyst for the hydroboration of
alkynes. The reaction of electron-neutral or -rich terminal ary-
lalkynes proceeded with good efficiency in the presence of 23
(4 mol%) at 80 �C to afford the b-trans-vinylboronate esters,
while an electron-decient arylalkyne was slowly converted to
the desired vinyl product (40% in 40 h) (Scheme 39).135 In the
proposed catalytic cycle, 23 is assumed to be transformed to an
alkynyl aluminium species, which is similar to Roesky's cata-
lytic working mode.90

Dub and coworkers were interested in terpyridine (tpy)-based
redox active Al complexes147 and nally serendipitously
synthesized a tridentate tpy-ligated aluminium dialkyl complex
(24)136 that uniquely featured a zwitterionic Meisenheimer-type
nature.148 The stoichiometric reaction of 24 with 2 equivalents
of HBpin at 25 �C generated complex 24a with the byproduct
(pinBCH2SiMe3) formation (Scheme 40a). Based on this result
and computational studies, species 24a was assumed to be
converted to the aluminium (di)hydride species (24b–c) via
consecutive metathesis processes of 24a with excess HBpin,
which was active species for hydroboration of alkynes. Indeed,
24 was shown to serve as a precatalyst for the cis-hydroboration
of alkynes at 80 �C, providing a range of b-trans- or (Z)-vinyl-
boronate esters in 84–96% yield with remarkable functional
group tolerance. It needs to be emphasized that precatalyst 24
Scheme 40 (a) Stoichiometric reaction of the zwitterionic Meisenheime
hydroboration of alkynes. tpy ¼ terpyridine.

43554 | RSC Adv., 2020, 10, 43539–43565
displayed a TON of 910, the highest among the Al-catalyzed
alkyne hydroboration reactions. The hydroboration of alkyne
was suggested to proceed via hydroalumination-metathesis
processes involving alkenyl aluminium intermediate 24d
(Scheme 40b).

Considering the practicality of the Al catalytic procedure,
Thomas and Cowley developed a more convenient aluminium
catalytic system for alkyne hydroboration by employing the
commercially available diisobutylaluminium hydride [DIBAL,
(iBu2AlH)2] 25 and bench-stable Et3Al$DABCO 250 (DABCO ¼
1,4-diazabicyclo[2.2.2]octane) as (pre)catalysts.132 It is note-
worthy that these (pre)catalysts required no external ligand(s) in
accomplishing the anti-Markovnikov (b), cis-selective hydro-
boration. Although the hydroboration occurred at 110 �C higher
than Roesky's condition (30 �C), the substrate scope was broad,
including various terminal and (non)symmetrical internal
alkynes with moderate to high catalytic efficiency (Scheme 41).

A plausible mechanism for the 25- or 250-catalyzed alkyne
hydroboration was proposed (Scheme 42). Initially, the
aluminium hydride, which can be 25 or a hydridoalane 2500, is
assumed to undergo the anti-Markovnikov-selective insertion of
an alkyne to form alkenyl aluminum species 25a, which reacts
r Al(III) complex with HBpin, and (b) its catalytic scope towards the cis-

alkynes. DIBAL ¼ diisobutylaluminium hydride.

This journal is © The Royal Society of Chemistry 2020
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Scheme 42 Proposed pathway for the external ligand-free Al(III)-catalyzed cis-hydroboration of alkynes.

Scheme 43 AlMe3-catalyzed cis-hydroboration of alkynylsilanes.
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with HBpin via a turnover-limiting s-bond metathesis to deliver
the trans- or (Z)-hydroboration products and regenerate the
active catalyst 25 or 2500. In fact, the stoichiometric reaction of
an isolated dimer [25a]2 with HBpin gave the borylated alkene,
Scheme 44 (a) Neutral or anionic Al(III)-catalyzed cis-hydroboration of
bonds.

This journal is © The Royal Society of Chemistry 2020
and 25a turned out to work as a catalyst for the alkyne hydro-
boration, corroborating the alkyne hydroalumination–s-bond
metathesis mechanism. DABCO as a base on 250 was suggested
to play a role in inhibiting the decomposition of the aluminium
catalyst, as evidenced by the outcome from the stoichiometric
reaction of Et3Al, HBpin, and DABCO.

Following the work by Thomas and Cowley,132 Shi et al.
recently reported the cis-hydroboration of alkynylsilanes cata-
lyzed by the commercially available and external ligand-free
AlMe3 (26). The reaction occurred at 80 �C in the presence of
26 (20 mol%) to produce a range of b-(Z)-alkenes bearing both
C(sp2)–Si and C(sp2)–B moieties in moderate to high yields in
24 h (Scheme 43).137 HAlMe2 (26a) as an active catalyst for the
alkyne hydroboration was suggested to be generated in situ via
an s-bond metathesis reaction between 26 and HBpin.

With interest in the possible inuence of the lithium
element within bimetallic Al–Li catalysts,149–151 Mulvey
compared the catalyst reactivity for the alkyne hydroboration
between neutral monometallic Al complexes (27 and 270) and
their corresponding anionic bimetallic lithium aluminates (28
alkynes, and (b) comparative insertion modes of alkynes into the Al–H

RSC Adv., 2020, 10, 43539–43565 | 43555
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Scheme 45 Anionic Al(III)-catalyzed cis-hydroboration of alkynes.
LDBBA ¼ lithium diisobutyl-tert-butoxyaluminum hydride; SDBBA ¼
sodium diisobutyl-tert-butoxyaluminum hydride.

Scheme 46 n-BuLi-catalyzed cis-hydroboration of alkynes.

Scheme 47 Sterically demanding Li complex-catalyzed cis-hydro-
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and 280) (Scheme 44a).138 Under identical catalytic conditions
[cat. Al (10 mol%), toluene-d8, 110 �C, 2 h], three types of simple
alkynes were examined for hydroboration, revealing that the
lithium aluminates 270 and 280 exhibited superior reactivity to
phenylacetylene and 1-phenyl-propyne, respectively, when
compared in parallel to their counterparts of monometallic
aluminium catalysts (27 and 28). However, catalyst 28 was
found to be more active than 280 in the hydroboration of
diphenylacetylene. The lower reactivity of 280 was attributed to
the steric repulsion between the isobutyl moiety on 280 and
phenyl group on the substrate (Scheme 44b).

Based on the report by Mulvey, the An group successfully
applied lithium diisobutyl-tert-butoxyaluminum hydride
(LDBBA, 29) as a bimetallic lithium aluminate catalyst for the
hydroboration of alkynes.139 The reactions of a range of alkynes
occurred in neat conditions at 50 �C with catalyst 29 (5 mol%) to
furnish the corresponding b-trans-alkenyl boronates in 46–98%
yield (Scheme 45). Electron-decient or internal alkynes were
less reactive relative to electron-rich or terminal alkynes, giving
moderate yields of the desired vinyl products. It is noteworthy
that 29 displayed higher hydroboration activity compared to
a series of neutral or anionic Al-based (pre)catalysts including
DIBAL 25 and SDBBA (sodium diisobutyl-tert-butoxyaluminum
hydride). As proposed by the Roesky group,90 the catalytic
pathway was suggested to involve the dehydrogenative C–H
alumination of a terminal alkyne to generate an acetylide
aluminium species (29a) in the initiation step.

Recently, the groups of Xue140 and Xu141 independently
demonstrated that highly basic and commercially available n-
BuLi (30) catalyzes the cis-hydroboration of terminal and
internal alkynes to produce the b-trans-alkenyl boronic esters
(Scheme 46). Under the n-BuLi (30) catalytic system, terminal
alkynes were hydroborated with HBpin in neat conditions at
25 �C, while the hydroboration of (un)symmetrical internal
43556 | RSC Adv., 2020, 10, 43539–43565
alkynes occurred at 130 �C to give a mixture of regio- or
stereoisomers of the vinyl products. It is interesting to see that
the regioselectivity was improved from 3 : 1 to 50 : 1 with an
increase in the steric difference between the two substituents on
the unsymmetrical internal alkynes.

Although n-BuLi (30) worked as a hydroboration catalyst, its
instability and inferior functional group compatibility were
problematic. In this regard, Sen et al. applied sterically pro-
tected lithium complexes [2,6-ditertbutyl phenolatelithium (31)
and 1,10-dilithioferrocene (32)] as the alkyne hydroboration
catalyst (Scheme 47).142 The reactions proceeded at 100 �C with
2 mol% of catalyst 31 or 32 to provide the b-trans-alkenyl bor-
onate esters in good to high yields in 12 h. However, internal
alkynes were relatively less reactive (up to �50% yield), and
halogen substituents on the alkyne substrates partially under-
went lithium–halide exchange, resulting in a decrease in cata-
lytic efficiency.
boration of alkynes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 48 Proposed pathway for the Li-catalyzed hydroboration of
alkynes.

Scheme 50 Proposed pathway for the Mg(I)-catalyzed hydroboration
of terminal alkynes.
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Based on DFT calculations, the 31-mediated reaction
mechanism was proposed (Scheme 48). Initially, a lithium
cation in 31 weakly coordinates to the oxygen atom of HBpin to
form adduct 31a, which is calculated to be more stable than
lithium borate salt 31a0. The polarized H–B bond in 31a is
presumed to insert into the alkyne in an anti-Markovnikov
manner via transition state 31b (DG‡ ¼ 35.4 kcal mol�1) to
deliver the alkenyl boronate ester with the regeneration of 31.
This step is regarded as the rate-determining step (RDS).

In parallel with aluminium-based catalysts, a few Mg
complexes were shown to catalyze the cis-hydroboration of
alkynes.143,144 In 2018, Ma et al. synthesized a dimeric Mg(I)
complex with unsymmetrical ArNacNac ligands as a hydro-
boration catalyst (33).143 Notably, the dimeric Mg(I) complex 33
was prepared through the reduction of ArNacNacMg(II) halide
with excess sodium metal. Also, 33 (5 mol%) with HBpin (1.5
equiv.) was found to enable hydroboration of terminal alkynes,
Scheme 49 Unsymmetrical NacNac-ligated dimeric Mg(I)-catalyzed
cis-hydroboration of terminal alkynes.

This journal is © The Royal Society of Chemistry 2020
producing the b-trans-alkenyl boronates in excellent yields at
110 �C. However, the dimeric Mg(I) with the symmetrical ligand
(DIPPNacNac) displayed a slightly lower catalytic performance in
the hydroboration of phenylacetylene [88% (not-shown) vs. 99%
33] (Scheme 49). This work represents the rst Mg(I)-catalyzed
hydroboration of alkynes.

Based on experimental observations in combination with
computational studies, a catalytic pathway for the 33-promoted
hydroboration of terminal alkynes was proposed (Scheme 50).
Specically, 33 is assumed to react with HBpin to lead to
a dimeric Mg boryloxide complex (33a).152 Indeed, 33a was iso-
lated as crystals during the catalysis. Species 33a is subse-
quently transformed to monomeric Mg hydride 33b with
HBpin. Subsequently, 33b as the active catalyst likely undergoes
turnover-liming syn-addition of the alkyne (R ¼ Ph, DG‡ ¼
31.3 kcal mol�1) to form 33c, which is further metathesized with
HBpin to release the trans-vinyl product (R ¼ Ph, DG‡ ¼
27.8 kcal mol�1) with the regeneration of 33b.

Motivated by Ma's work, where the Mg(II) hydride was
regarded as the active catalytic species, Rueping et al. reported
a simpler and external ligand-free Mg catalyst [MgBu2 (34)] for
alkyne hydroboration.144 Precatalyst 34 (7–10 mol%) with HBpin
catalyzed the hydroboration of a broad range of alkynes at 80 �C
with wide functional compatibility to alkoxy, amino, halide,
alkenyl, and hydroxy groups, giving the b-trans-vinylboronate
esters in good to high yields (Scheme 51). As observed in the
lithium catalysis,141 the regioselectivity in the case of unsym-
metrical internal alkynes was improved from 1.5 : 1 up to
>99 : 1 by increasing the differential steric effect of the
substituents (R and R0).

Based on stoichiometric reactions and DFT calculations,
a catalytic cycle for 34-promoted alkyne hydroboration was
proposed (Scheme 52). Initially, MgBu2 in the presence of
RSC Adv., 2020, 10, 43539–43565 | 43557
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Scheme 51 MgBu2-catalyzed cis-hydroboration of alkynes.

Scheme 52 Proposed pathway for the MgBu2-mediated hydro-
boration of terminal alkynes.
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HBpin likely prefers to be BuMgH (34a) over an alkynyl MgBu
(34a0), as predicted by the computational study (R¼ Ph, DDG‡ ¼
16.5 kcal mol�1). Indeed, the stoichiometric reaction of 34 and
excess HBpin was found to generate 34a. Specically, 34a is
assumed to undergo b-selective, syn-addition of an alkyne to
afford Mg-vinyl intermediate 34b. The next step is suggested to
involve the inner-sphere nucleophilic migration of the vinyl
moiety to the coordinated HBpin to form zwitterionic inter-
mediate 34c, which is subsequently isomerized to BuMg–H
species 34d via hydride migration from the boron to magne-
sium centers. These inner-sphere migration processes were
calculated to require activation energy of less than
10 kcal mol�1, and thus are highly facile (R ¼ Ph). The vinyl
product is suggested to be liberated from 34d with the regen-
eration of 34a.

Recently, Thomas et al. re-investigated the alkyne hydro-
boration promoted by a series of nucleophiles with strong focus
on the elucidation of the dominant active catalytic species.153

Surprisingly, the results suggested that several nucleophilic
43558 | RSC Adv., 2020, 10, 43539–43565
(pre)catalysts promote the decomposition of HBpin to generate
BH3 and its borohydride species in situ, which are potentially
active species for the alkyne hydroboration. Among the tested
(pre)catalysts, particularly NaOt-Bu, MgBu2 (34), and n-BuLi (30)
indeed turned out to serve as a promoter only for the HBpin
decomposition, not for the main hydroboration process.

4. Hydrostannation and
hydrogermylation

Alkenylstannes are valuable synthetic intermediates, allowing
mild cross-coupling reactions and leading to C(sp2)–C(sp2)
bonds with high functional group tolerance,7,15 and thus are
applied in the synthesis of densely functionalized (un)natural
compounds.154–158 In this regard, the transition metal-catalyzed
hydrostannation of alkynes providing alkenylstannes has been
extensively studied to date,23–25 while the transition metal-free
catalysts have been relatively less highlighted, and thus are
detailed in this section (vide infra). In 1998, Yamamoto et al.
reported the B(C6F5)3 20-catalyzed hydrostannation of a range of
terminal and internal alkynes with Bu3SnH, in situ generated
from Bu3SnCl and Et3SiH in one pot. This study represents the
rst transition metal-free hydrostannation of alkynes. The
reactions proceeded at �35–25 �C to give the b-cis-vinylstannes
in 70–90% yield via the trans-addition of an Sn–H bond (Scheme
53).159

The Maleczka group previously reported the in situ reduction
of organotin halides to organotin hydrides involving an orga-
notin oxide intermediate in the presence of aqueous Na2CO3

and PMHS (polymethylhydrosiloxane).160–162 Based on this and
Yamamoto's protocol,159 Maleczka et al. developed a one-pot
allylation-hydrostannation sequence for the reduction of alky-
nals, in which tin halide as the initial product was reduced to an
organotin hydride, and this tin hydride was subsequently
consumed for the hydrostannation of the alkyne unit on the
allylated intermediate in the catalytic system of 20/PMHS
(Scheme 54).163 Under the optimal conditions [(i) BF3$OEt2 and
allylstannes (1 equiv.), toluene, �35 �C, �1.5 h and (ii) B(C6F5)3
This journal is © The Royal Society of Chemistry 2020
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Scheme 53 B(C6F5)3-catalyzed trans-hydrostannation of alkynes.
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(20 mol%), PMHS (2 equiv.), �3 days], the sequential reduction
of a series of alkynals was performed, demonstrating that this
tandem reaction is highly susceptible to both steric and elec-
tronic factors. For example, an electron-donating or any
substituent close to the aldehyde moiety on the aromatic alky-
nal substrates halted or slowed down the desired one-pot
process, while aliphatic alkynals were less reactive compared
to aromatic alkynals, requiring 3 days to achieve �40% yield.

Based on the NMR-monitoring of the reaction progress,
a catalytic pathway for the tandem reductive transformation of
alkynals was proposed (Scheme 55). Initially, the aldehyde likely
forms an adduct with BF3$OEt2, which rapidly undergoes ally-
lation by tributyl(allyl)tin (119Sn d �18) to form a boryl ether
complexed with a stannyl cation species (35a, 119Sn d 156).164–166
Scheme 54 B(C6F5)3-mediated one-pot allylation-hydrostannation of a

Scheme 55 Proposed reaction pathway for the B(C6F5)3-mediated allyla

This journal is © The Royal Society of Chemistry 2020
Subsequently, 35a is suggested to react with the B(C6F5)3-PMHS
adduct to generate tributyltin hydride (Bu3SnH; 119Sn d �88),167

which is then trans-added to the alkyne moiety on 35a by the
action of 20 to eventually yield the allylation-hydrostannation
(Z)-product (119Sn d �56).

Based on Yamamoto's hydrostannation procedure,159 Organ
et al. conceived to hydrostannylate complex internal alkynes
using catalyst 20, and found that B(C6F5)3 20 enabled the regio-
and stereoselective hydrostannation of densely functionalized,
internal propargylic alcohol derivatives (Scheme 56).168 This work
represents the rst metal-free catalytic hydrostannation of
propargylic alcohols. The reaction of 1-tert-butyldimethylsilyloxy-
2-butene with Bu3SnH (2 equiv.) smoothly proceeded at 50 �C in
toluene in the presence of B(C6F5)3 20 (20 mol%) to quantitatively
give the b-(Z)-vinylstannane. However, the reactions of hindered
alkynes occurred only in THF solvent in high yields rather than in
toluene. The observed solvent-specicity of the B(C6F5)3 catalysis
was explained by the fact that THF, as a coordinating solvent,
assists in stabilizing the stannyl cation (in situ generated) by
forming a solvated adduct [Bu3Sn$THF]+ HB(C6F5)3

� (35b),169,170

whereas less bulky alkynes in toluene can directly coordinate to
the stannyl cation to form adduct 35c. Indeed, 35b was found to
be quantitatively generated from the reaction of 20 with excess
Bu3SnH in C6D6/THF (1 : 1).

An outer-sphere ionic pathway was proposed for the
B(C6F5)3-catalyzed alkyne hydrostannation (Scheme 57). Species
35b or 35c is presumed to insert into the b-position of the
lkynals.

tion-hydrostannation of alkynals.
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Scheme 56 B(C6F5)3-catalyzed trans-hydrostannation of internal
propargylic alcohol derivatives. TBS ¼ tert-butyldimethylsilyl, Ac ¼
acyl, PMB ¼ p-methoxybenzyl.

Scheme 58 Trityl borate salt-catalyzed trans-hydrostannation of
alkynes.
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alkyne molecule to form a vinylcation bearing a HB(C6F5)3
�

anion (35d), which is reduced by “Bu3SnH” not HB(C6F5)3
� to

deliver the hydrostannation product with the regeneration of
the stannyl cation. It is noteworthy that the stoichiometric
reaction of 35b with 1-tert-butyldimethylsilyloxy-2-butene in the
presence of Bu3SnH (2 equiv.) gave the (Z)-vinylstanne in
quantitative yield, but no hydrostannation product was
observed in the absence of Bu3SnH, corroborating the role of
HB(C6F5)3

� and Bu3SnH as a spectator counterion and
a hydride donor, respectively.171–173

Based on Yamamoto and Organ's outer-sphere hydro-
stannation reactions,159,168 Oestreich et al. reported the cata-
lytic system of [Ph3C]

+[B(C6F5)4]
� (4)/Bu3SnH, generating

a catalytically competent stannyl cation species in situ for the
trans-hydrostannation of alkynes.174 The hydrostannation of
phenylacetylene derivatives proceeded under mild conditions
[cat. 4 (1 mol%), pentane, 0–25 �C, 1–24 h] to furnish the
desired b-vinylstannes in 74–96% yield with cis-selectivity
ranging from 87% to 95% (Scheme 58). It is interesting that
propiolic acid methyl ester cleanly reacted with a-regiose-
lectivity. This catalytic system was well-tolerant of halogen,
alkoxy, and ester groups, whereas an amino substituent
Scheme 57 Proposed pathway for the B(C6F5)3-catalyzed hydro-
stannation of propargylic alcohol derivatives.

43560 | RSC Adv., 2020, 10, 43539–43565
deactivated the catalyst. Only few alkyl-substituted terminal
alkynes were cleanly converted to the corresponding b-cis-
vinylstannes. Some of the hindered alkynes underwent the
undesirable dehydrogenative C–H stannylation (ca. 10–40%).
Interestingly, the C–H stannylation products were not
observed under the catalytic system of B(C6F5)3, 20 (vide
supra).159 Internal alkynes were also reduced with excellent (Z)-
selectivity, and the regioselectivity in the case of unsymmet-
rical internal alkynes possessing a phenyl group was well
controlled to be b-preferred.

Recently, Reuping et al. successfully expanded the scope of
MgBu2 (34) catalysis from hydroboration144 to the hydro-
stannation of alkynes (Scheme 59).175 A range of (un)symmet-
rical internal alkynes were cleanly reduced with Bu3SnH at 50 �C
in the presence of 34 (10 mol%) to the b-vinylstannes in 70–98%
yield with high (Z)-selectivity as the outcome of the anti-
addition of H–SnBu3. Intriguingly, an internal alkyne bearing
an NMe2 substituent was reduced in the opposite manner of
Scheme 59 Alkyl Mg(II)-catalyzed hydrostannation of alkynes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 60 Proposed outer-sphere mechanism of the alkyl Mg(II)-
catalyzed hydrostannation of alkynes.

Scheme 61 B(C6F5)3-catalyzed stereodivergent hydrogermylation of
alkynes.

Scheme 62 Proposed pathway for the B(C6F5)3-catalyzed cis-
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regio- and stereoselectivity to afford the corresponding a-(E)-
vinylstanne. Unlike the case of internal alkynes, the hydro-
stannation of a broad range of terminal alkynes produced the b-
trans-products in high yields under similar conditions [cat. 34
(7 mol%), toluene, 70 �C, 16 h]. This indicated that the initially
formed cis-hydrostannation product is isomerized to the trans-
vinylstannes during the Mg catalysis. Indeed, 34 was found to
catalyze the isomerization of cis-vinylstannes to trans-vinyl-
stannes presumably via reversible vinylstanne/
organomagnesium exchange, as reported by Still and Sey-
ferth.176,177 In addition to catalyst 34, DIPPNacNacMgBu, 900, as
a catalyst was shown to improve the b-selectivity up to 12 : 1 for
the hydrostannation of particularly terminal propargylic alco-
hols, in which the bulky N-aryl ligand on 900 was assumed to
protect the active Mg center from coordination of the hydroxyl
moiety on the substrate.178,179

Based on a series of control experiments, a reaction
pathway for the Mg(II)-catalyzed hydrostannation of alkynes
was proposed (Scheme 60). The present catalysis is suggested
to operate via the outer-sphere hydride transfer pathway180–182

rather than an inner-sphere mechanism involving a Mg(II)
hydride species.144 Indeed, a Mg hydride (BuMgH) was barely
formed in the 1 : 5 reaction of 34 and Bu3SnH, not supporting
the inner-sphere path. Species 34 is assumed to activate either
Bu3SnH or the alkyne to form a vinyl carbocation as the key
intermediate(s) (34e or 34f/34f0), which is supposed to
undergo hydride reduction by the Bu2MgH anion or Bu3SnH
to nally deliver the (Z)-vinylstanne. The resultant (Z)-product
is likely isomerized to the more thermodynamically stable (E)-
isomer in the hydrostannation of terminal alkynes.

In 2005, Gevorgyan et al. communicated the B(C6F5)3 20-
catalyzed trans-hydrogermylation of alkynes with
This journal is © The Royal Society of Chemistry 2020
trialkylgermanes.183 This work represents the rst transition
metal-free hydrogermylation of alkynes. The hydrogermylation
worked over a broad range of unsymmetrical internal alkynes to
provide the b-(Z)-vinylgermanes in excellent yields at 25 �C
(Scheme 61). It is interesting that electronically-bias internal
alkynes dictated the insertion of a germyl moiety exclusively
into the position b to a more e�-rich aryl group. This catalysis
exhibited functional group tolerance to various reducible
groups, which was not observed in the B(C6F5)3-catalyzed
hydrosilylation181 and hydrostannation168,175 reactions. It is
striking that substituted propiolates were reduced in an exclu-
sively cis-fashion to give the corresponding (E)-vinylgermanes,
in all high yields under the same conditions. The observed (E)-
selectivity in the reaction of propiolates implied a mechanistic
path different from the prototypical B(C6F5)3-mediated outer-
sphere trans-hydroelementation.68,96

A reaction pathway for the cis-hydrogermylation of propio-
lates was proposed (Scheme 62). Initially, B(C6F5)3 is assumed to
bind the carbonyl moiety of the propiolate to form zwitterionic
complex 20e, where the carbocation is reduced by a hydro-
germane184 to generate allenolate 20f possessing a germylium
ion. Subsequently, 20f is suggested to combine the germylium
species from the less congested face cis to H50 to deliver the cis-
hydrogermylation product (Scheme 62).
hydrogermylation of propiolates.

RSC Adv., 2020, 10, 43539–43565 | 43561
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5. Summary and outlook

This review described a broad range of transition metal-free
molecular catalysts for the hydroelementation of terminal and
internal alkynes with metalloid hydrides based on Si, B, Sn, and
Ge, straightforwardly providing an array of functionalized vinyl
compounds. Starting from Yamamoto's work using AlCl3 as the
rst transition metal-free Lewis acid catalyst for the alkyne
hydrosilylation in 1996, a handful of research groups including
Buriak, Veinot, Ingleson, Stephan, Nikonov, and Hill success-
fully applied their catalysts for alkyne hydrosilylation in solu-
tion or on the surface. In parallel with hydrosilylation, a range
of Lewis acid and neutral complexes based on Al and Mg have
been utilized as hydroboration catalysts mainly by the groups of
Ingleson, Stephan, Melen, Roesky, Cowley, Ma, and Reuping,
while several types of simple (Lewis) bases have been demon-
strated to mediate the hydroboration of alkynes with high regio-
and stereoselectivity over the last decade. The hydrostannation
catalyzed by Lewis acids was recently reported by the groups of
Maleczka, Organ, Oestreich, and Reuping, whereas only one
report on the hydrogermylation was published by Gevorgyan
et al.

Overall, the viable metal-free catalysts for alkyne hydro-
elementation are highly diverse to include Lewis acids based on
B, Al, Si, and P, and Lewis bases based on Li, Mg, P, and K, as
well as Brönsted acids (carboxylic acids) and a Brönsted base
(NaOH). Most of the Lewis acid catalysts are proposed to operate
via an outer-sphere ionic mechanism, where the catalysts acti-
vate either the alkyne substrates or metalloid hydrides to form
a vinyl carbocation as the key intermediate, which is reduced via
the trans-oriented hydride transfer from the outer-sphere of the
catalytic species to eventually deliver the hydroelementation
products with high cis-selectivity. In contrast with the Lewis acid
catalysis, a range of neutral hydride complexes based on Al and
Mg, which are oen in situ generated, catalyze particularly the
hydroboration of alkynes via the inner-sphere mechanism
involving alkyne insertion into an M–H bond (M ¼ Al, Mg) or
the syn-addition of HBpin into an alkyne unit of the alkynyl
metal species to produce the trans-borylated vinyl compounds.
Unlike alkyne hydrosilylation and hydroboration, the hydro-
stannation and hydrogermylation of alkynes known thus far are
proposed to proceed via the outer-sphere mechanism by Lewis
acid catalysts. It is interesting to compare that a neutral Mg(II)
complex is supposed to serve as a Lewis acid catalyst for the
outer-sphere alkyne hydrostannation through the activation of
tin hydrides or alkynemolecules, whereas the sameMg complex
is assumed to be readily converted to the magnesium hydride to
catalyze the inner-sphere hydrosilylation and hydroboration
reactions.

Despite the intensive surge in the study of environmentally
and economically benign transition metal-free catalysts for the
hydroelementation of alkynes, there are still some critical issues
to be addressed as follows to compete with the traditional
transition metal catalysis: (i) relatively lower turnover numbers,
(ii) inferior regioselectivity in the case of unsymmetrical
internal alkynes, (iii) limited mechanistic insights with a lack of
43562 | RSC Adv., 2020, 10, 43539–43565
characterized key catalytic intermediates, and (iv) facile
disproportionation of metalloid hydrides such as HBpin. Thus,
considering the limitations of the current metal-free catalytic
systems, well-dened and robust complexes of alkaline or main
group elements that are supported by nely tunable and
strongly coordinating phosphine or NHC ligands can be next-
generation catalysts for alkyne hydroelementation. Within the
development of catalytic systems, robust chelation structures
are supposed to suppress the decomposition of catalysts and/or
metalloid hydrides to lead to improved catalytic efficiency,
while tunable electronic and steric effects in the ligand are
envisaged to enable regio- or stereodivergent hydro-
elementation with a broad substrate scope, including the
challenging unsymmetrical internal alkynes. We hope that this
review will draw signicant interest from the community of
organometallic catalysis and inspire synthetic chemists to
develop elegant transition metal-free catalytic systems for the
divergent hydroelementation of readily accessible olens as
a common chemical feedstock.
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