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Abstract: Enantioenriched propargylic and allenic derivatives of 

silicon, germanium, and tin are versatile building blocks for 

stereoselective synthesis. Consequently, considerable efforts toward 

their efficient and selective synthesis have been made, both through 

classical approaches for chirality transfer and catalytic 

enantioselective strategies that employ the latest developments in 

transition metal catalysis, organocatalysis, and photoredox catalysis.  

In this review, we survey broadly applicable synthetic strategies and 

discuss the scope and mechanistic details for specific protocols that 

afford these compounds in a regio- and stereoselective manner. 

1. Introduction 

As congeners of carbon in Group 14 of the Periodic Table, the 
heavier tetrels (Si, Ge, Sn and Pb) form organometallic 
compounds that played important historic roles and continue to 
see important applications in chemical industry and academic 
research. Due to the moderate electropositivity of these elements 
(1.9 to 2.0 on the Pauling electronegativity scale) and their 
electron-precise bonding (leaving behind no vacant orbitals or 
lone pairs), organotetrel compounds are generally characterized 
by stability to air and water and compatibility with a range of 
reagents and catalysts.[1] Consequently, they serve as valuable 
reagents in a variety of synthetic protocols. In particular, 
organosilicon and organotin compounds have become well-
established reagents in C–C bond formation reactions, including 
metal-catalyzed cross-coupling, olefination, and carbonyl/imine 
addition reactions. 

 
Scheme 1. Synthetic applications of enantioenriched organotetrel compounds. 

 

Organic synthesis using these organometallic reagents in 
enantioenriched form has allowed for the construction of 
functionally complex molecules with precise control of 
stereochemistry.[2] A variety of transformations have enabled the 
conversion of enantioenriched silanes and stannanes into 
products containing new C–C or C–X bonds in a stereospecific 
manner (Scheme 1).[3] Germanes, including their enantioenriched 
derivatives, are far less explored compared to silanes and 
stannanes but have recently received increased attention due to 
their potential to serve as lower-toxicity alternatives to 
stannanes.[4] Among these organometallic derivatives, π-
nucleophilic reagents that typically react with SE2′ selectivity stand 
out as a particularly versatile family of reagents.[5] In 
enantioenriched form, these reagents, which include allylic, 
propargylic, and allenic organotetrels, have been used as chiral 
building blocks for the enantioselective synthesis of natural 
products and other complex bioactive compounds, due to their 
utility in forging contiguous stereocenters with nearby sites of 
unsaturation.[6] 

While the synthesis of enantioenriched allylmetal reagents, 
including allylsilanes and allylstannanes, is well-documented,[7] 
the synthesis of enantioenriched allenyl- and propargylmetal 
derivatives of Si, Ge, Sn has yet to be surveyed in a systematic 
manner. We felt that it was worthwhile to discuss the synthesis of 
these reagents collectively herein, as propargyl- and allenylmetal 
reagents are regioisomeric counterparts of one another and are 
often prepared from the same or closely related starting 
materials.[8] Consequently, the effective control of propargyl vs. 
allenyl regioselectivity is a crucial feature of useful protocols for 
their synthesis, in addition to control of stereochemistry.[8a–b] 

Although general methods for the synthesis of enantioenriched 
propargyl and allenyl derivatives of Si, Ge, and Sn are highly 
sought after due to their aforementioned synthetic utility,[9] only a 
small collection of strategies have been successfully deployed for 
the enantioselective assembly of these molecular architectures.  

In this review, we summarize these strategies and provide a 
critical examination of existing protocols for the synthesis of these 
closely related classes of compounds. We first provide an 
overview of the broad approaches and major strategies that have 
been employed for stereoinduction, followed by details of reported 
protocols, including a delineation of their scope and notable 
features, organized into sections by specific types of 
transformations. 
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2. Overview of strategies for stereoinduction 

Enantioenriched organosilanes constitute the major class of 
chiral organotetrel compounds employed in stereoselective 
synthesis. Accordingly, we provide an overview of stereoinduction 
strategies for installing tetrels on the alkyne and allene moieties, 
using organosilanes as the basis for discussion.[10]  

2.1. Chirality transfer 

A common approach for the preparation of enantioenriched 
allenylsilanes employs alkynes bearing a stereodefined leaving 

group at the propargylic position in stereospecific SN2' process. In 

this type of process, an organometallic reagent attacks the more 
distal carbon of the alkyne to displace the leaving group and 
generate an allene bearing a new axis of chirality, through which 
high levels of chirality transfer with 1,3-anti-stereospecificity can 
be achieved. In this fashion, the silyl group can either arise from 
a preexisting substituent on the alkyne substrate or be introduced 
as the attacking nucleophile using an external silylmetal reagent. 
Such a process may take place in a single concerted SN2' 
transition state or take place in a multistep fashion through one or 
more organometallic intermediates, aided by a transition metal 
catalyst (a formal SN2' substitution). In a similar manner, central-
to-axial chirality transfer in the Claisen rearrangement of 
substituted propargyl vinyl ethers leads to the formation of 
functionalized allenylsilanes with very high levels of 
stereospecificity.  

The synthesis of enantioenriched propargylsilanes from 
enantioenriched alkynes is uncommon, as reported examples of 
nucleophilic substitution of alkynes carrying propargylic leaving 
groups by silylmetal reagents have all strongly favored 
substitution with SN2' regioselectivity over SN2.  The same is true 

for most instances of transition metal-catalyzed substitution 
reactions using carbon nucleophiles as coupling partners.  Under 
limited circumstances (for α,β-epoxyalkynes specifically), 
enantioenriched α-chiral alkynes have been employed as starting 
materials. These substrates are reported to undergo metalation 
and subsequent electrophilic silylation at the propargylic position 
with retention of configuration (Scheme 2).  

Although the abovementioned methods are effective for the 
enantioselective synthesis of allenylsilanes, the requirement for 
alkyne starting materials of high enantiopurity can render 
structurally complex substrates less practically accessible, 
thereby limiting the synthetic utility of a chirality transfer approach. 
Furthermore, the access to propargylsilanes is severely limited. 
Synthetic methods using achiral or racemic starting materials 
have enabled access to a broader range of products.  

 
Scheme 2. Asymmetric synthesis from chiral starting materials.  

2.2. Enantioselective silylation 

The introduction of a silyl group in an enantioselective manner 
is a direct and increasingly important approach for the asymmetric 
synthesis of propargyl and allenylsilanes. In this approach, the 
stereocenter is introduced to a prochiral or chiral but racemic 
alkyne through the attack of a nucleophilic or electrophilic 
silylating reagent. Four general methods under this scenario are 
outlined below (Scheme 3):  

1. Enantioselective hydrosilylation of enynes. In this approach, 
achiral enyne substrates undergo enantioselective hydrosilylation 
enabled by transition metal catalysts and chiral ligands. 
Hydrosilylation of the double bond yields enantioenriched 
propargylsilane products, while hydrosilylation across the 1,3-
enyne moiety affords enantioenriched allenylsilane products.  

2. Catalytic propargylic silylation. Enabled by transition metal 
catalysts and chiral ligands, racemic alkynes carrying a leaving 
group at the α position can be used as substrates to undergo 
stereoconvergent cross-coupling with nucleophilic silylmetal 
reagents, giving enantioenriched allenylsilane derivatives. 

3. Enantioselective deprotonation-silylation. Internal alkynes 
with propargylic protons can undergo deprotonation by strong 
organolithium base in the presence of stoichiometric chiral 
promoter or through transition metal catalysis in the presence of 
amine base, generating nucleophilic intermediates which react 
with electrophilic silyl sources, resulting in the formation of 
enantioenriched propargylsilane or allenylsilane products. 

4. Metal catalyzed Si–H insertion.  Starting with a metal carbene 
precursor (e.g., a tosylhydrazone-derived diazoalkane), direct 
insertion into the Si–H bond of a silane reagent in the presence of 
a chiral ligand affords enantioenriched propargylsilane products, 
which could subsequently be converted stereospecifically into 
allenylsilanes under metal catalysis.  
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Scheme 3. Enantioselective silylation from achiral or racemic starting materials.  

2.3. Enantioselective alkyne functionalization 

In addition to installing silyl group on the alkyne substrates in 
an asymmetric fashion, enantioenriched organosilanes can also 
be synthesized by forging a new C–C bond to the achiral or 
racemic alkynes bearing a pre-installed silyl group. Methods 
falling under this category include 1) nucleophilic addition of a 
terminal alkyne to an acylsilane via a metal acetylide intermediate, 
either in the presence of a chiral ligand or chiral auxiliary, 2) 
asymmetric 1,4-functionalization of 1,3-enynes catalyzed by 
transition metals in the presence of a chiral ligand, 3) reductive 
metalation by low-valent metal followed by electrophilic trapping 
using a reagent carrying a chiral auxiliary, and 4) 
enantioconvergent cross-coupling of α-silylated propargyl halides 
and organometallic reagents proceeding through radical 
intermediates in the presence of a chiral transition metal catalyst 
(Scheme 4).  

 
Scheme 4. Enantioselective synthesis from achiral or racemic silicon-containing 
starting materials.  

3. Propargylic substitution 

3.1. SN2' and SN1' substitution 

Asymmetric SN2' substitution of alkynes bearing a 
stereodefined leaving group at the propargylic position is the most 
straightforward and mechanistically simple approach for the 
preparation of allenyl tetrels in their enantioenriched forms. This 
approach relies on chirality transfer, which results from the 
stereoelectronic preference for orienting the attacking nucleophile 
and leaving group in a 1,3-anti configuration in the transition state. 
On the other hand, for reactions proceeding through an SN1' 
mechanism, in which leaving group departure generates a 
stabilized carbocation, racemic substrates may potentially give an 
enantioconvergent outcome.  

In 2003, Hiyama and coworkers reported a synthesis of 1-boryl-
1-silylallenes from terminal propargylic mesylates or acetates 
using a transmetalation/silyl migration strategy.  In the reported 
protocol, treatment of the enantioenriched terminal alkyne with 

BuLi is used to generate a lithium acetylide. Upon addition of 
Me2PhSiBpin, the alkynylboronate species is formed, which in 
turn undergoes boron-to-carbon migration with SN2' displacement 
of the leaving group to give the allene product with moderate 
levels of stereospecificity.[11] 

Subsequently, the Fleming group reported an enantioselective 
synthesis of allenylsilane through an SN2' process employing a 
methyl Grignard reagent (Scheme 5).[12] They began with 
moderately enantioenriched propargyl alcohol substrate, 
prepared by asymmetric alkynone reduction with Alpine-Borane, 
and converted it into a camphorsulfonate for further upgrading of 
stereoisomeric purity. A single diastereomer (>99.5:0.5 dr) of 
which was obtained after three rounds of recrystallizations. Then 
treatment with methyl Grignard reagent afforded the allenylsilane 
product with high enantiomeric purity (99:1 er). The authors also 
performed derivatizations of the allenylsilane compound through 
electrophilic substitution reactions, generating several 
enantioenriched functionalized alkynes.  

 
 

Scheme 5. Synthesis of enantioenriched allenylsilane by SN2'.  

More recently, Chemla, Ferreira, Pérez-Luna, and co-workers 
developed a nucleophilic ring-opening of N-tert-butanesulfinyl 
ethynylaziridines by lithium tris(phenyldimethylsilyl)zincate 
(Scheme 6).[13] The reaction was demonstrated to proceed 
through an anti-SN2' pathway in a stereoselective and 
stereospecific fashion. Diverse 4-amino-1-allenylsilanes were 
obtained in good yields (up to 85%) and high levels of 
enantioselectivity (>98:2 dr). The N-tert-butanesulfinyl group was 
shown to be readily removed under acidic conditions to afford 
amine hydrochloride salts. Earlier, the same group reported that 
this strategy could be applied to the corresponding epoxides for 
the synthesis of the analogous stereodefined 4-hydroxy-1-
allenylsilanes.[14] 

 
Scheme 6. Stereoselective access to 4-amino-1-allenylsilanes. 

In a variant of this strategy, Terada demonstrated a 
stereoconvergent substitution reaction proceeding through an 
SN1' mechanism catalyzed by a chiral phosphoric acid, which 
converted racemic indolylmethanols bearing 
tetrahydrocarbazoles into enantioenriched allenylsilanes with N-
methyl-2-pyrrolyl substituents (Scheme 7).[15] In this reaction, the 
substrate undergoes an exclusive 1,8-addition across the 
extended conjugated system in good yields (43–94%) and high 
enantioselectivities (up to 95% ee). 
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Scheme 7. Chiral Brønsted acid catalyzed enantioconvergent substitution of 
indolylalkynyl silanes with N-methylpyrrole. 

The SN2' reaction is also a common and conventional approach 
for the synthesis of enantioenriched allenylstannanes. In 1983, 
Vermeer and coworkers reported the use of a stannylcopper(I) 
reagent to convert a chiral acetylene into an allenylstannane 
compound in a stereospecific fashion.[16] In the 1990s, Marshall 
disclosed the use of chiral alkynes with a propargyl leaving group, 
which were prepared by stereoselective reduction of alkynones 
with the LiAlH4–(ent-)Darvon alcohol complex, for the synthesis of 
enantioenriched allenylstannanes through stereospecific SN2' 
substitution using a stannyllithium reagent.[17] In the course of their 
investigations, the authors also uncovered a chlorostannane 
mediated interconversion of allenyl- and propargylstannanes in a 
1H NMR study. When allenylstannane A was treated with BuSnCl3 
at –40 °C, a signal at 2.92 ppm appeared with concomitant 
disappearance of allenic proton at 4.55 ppm, indicating the 
formation of an alkyne. The resulting propargylstannane species 
B remained stable in the mixture for 2 h at –40 °C. Upon warming 
to ambient temperature, a new allenic proton signal 
corresponding to stannane C appeared at 5.21 ppm and gradually 
intensified, while the propargyl proton signal diminished over a 
period of 5 h. The treatment of stannane B or C with 
carbaldehydes yielded enantioenriched alcohols, suggesting that 
this allene isomerization process is stereospecific (Scheme 8). In 
addition, the authors demonstrated the preparation of compound 
A on 8.90 mmol scale without significant loss in yield and 
stereoselectivity. 

 
Scheme 8. Stereoselective synthesis of allenylstannanes. 

3.2. Metal-catalyzed formal SN2' by metalation–elimination 

Functionalization of alkynes with metal–silane reagents is 
another common strategy for the synthesis of chiral allenylsilanes. 
The silylmetal reagents can be employed stoichiometrically or 
generated in situ through catalytic transmetalation between 
silylboronates and metal catalysts. As illustrated in Scheme 9, this 
process features a site-selective addition to the triple bond and 
subsequent β-O or Cl elimination. 

 
Scheme 9. Mechanism of silylation–elimination for the generation of 
enantioenriched allenylsilanes.  

In 2009, Sawamura developed a Rh-catalyzed silylation of 
propargyl carbonates for the synthesis of racemic tri- and 
tetrasubstituted allenylsilanes.[18] This method tolerated various 
functionalized propargyl carbonates and allowed the reaction to 
proceed at ambient temperature. In this work, the authors 
demonstrated one example of asymmetric synthesis, in which an 
enantioenriched starting material was employed to generate 
axially chiral allenylsilane product in excellent enantioselectivity 
(>95% ee). Under a similar mechanistic paradigm, Oestreich 
reported the Cu(I)-catalyzed enantio- and regioselective 
propargylic substitution of α-chiral phosphates in 2011.[19] The 
initial Cu(I)-catalyzed Si–B bond activation generates a catalytic 
nucleophilic Si–Cu species, which undergoes propargylic 
substitution with SN2' selectivity. The α-branched propargylic 
systems were found to give superb γ-selectivity (γ:α > 99:1), and 
the enantioenriched propargyl phosphate substrate reacted with 
good central-to-axial chirality transfer (92% es). Building on this 
work, Xu and Loh reported a copper-catalyzed silylation of 
propargyl dichlorides.[20] These prochiral substrates react with 
moderate to good enantioselectivity to give trisubstituted 
allenylsilanes when a copper catalyst based on a chiral BOX 
ligand was used (Scheme 10). 

 
Scheme 10. Transition-metal-catalyzed enantioselective propargylic 
substitution with silylboronate.  

In 2016, Pérez-Luna and co-workers reported a stereospecific 
and stereoselective synthesis of a range of functionalized 
allenylsilanes containing both an axially chiral allenylsilane, as 
well as an adjacent nitrogen-substituted stereocenter, through the 
diastereocontrolled reaction of stereodefined 4-aminopropargylic 
acetates with lithium tris(phenyldimethylsilyl)zincate (Scheme 
11).[21] Mechanistic experiments suggested that this reaction is not 
likely to proceed through the anti-SN2′ displacement of the acetate 
group. More likely, it involves a syn-silylzincation of the carbon–
carbon triple bond followed by an anti-β-elimination. 
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Scheme 11. Stereospecific silylzincation-elimination.  

Hydrosilanes are an alternative class of silylating reagents used 
for the synthesis of allenylsilanes by metalation–elimination SN2′ 
reaction. In a very recent report, Zhu and Sun demonstrated a 
new application of dirhodium(II) complexes, fine-tuned with amine 
ligands, in the catalytic transformation of aryl-substituted 
propargyl acetates (Scheme 12).[22] The authors performed a 
chirality transfer experiment using a chiral propargyl ester as the 
starting material, generating an enantioenriched allenylsilane 
product in 69% yield with slightly reduced enantiomerically purity 
(80% ee). Experimental results and DFT calculations suggested 
that the mechanistic pathway of this process involves a σ-alkenyl 
rhodium intermediate, which undergoes β-oxygen elimination to 
afford the allenylsilane product.  

 
Scheme 12. Rh-catalyzed SN2′-type silylation of propargyl esters.  

3.3. Transition metal-catalyzed cross-coupling 

In 2023, the Wang group at the Westlake University reported 
an effective chromium-catalyzed stereoconvergent coupling of 
racemic propargyl halides bearing an alkynyl silyl group to access 
chiral α-keto allenylsilanes under mild conditions.[23]  A wide array 
of aromatic aldehydes with electronically distinct substituents, as 
well as alkyl groups of propargyl bromides with diverse steric 
profiles were well tolerated, exhibiting good to moderate yields (up 
to 77%) and high enantioselectivities (96% ee). This process goes 
through an unprecedented Cr-catalyzed asymmetric reductive 
radical–polar crossover/Oppenauer oxidation sequence, which 
represents a novel strategy for the synthesis of enantioenriched 
ketonic allenes (Scheme 13). 

  

Scheme 13. Cr-catalyzed asymmetric allenylsilane synthesis via sequential 
radical–polar crossover and Oppenauer oxidation.  

Germanium, considered as a bioisostere of carbon in medicinal 
chemistry, holds significant value for biological and 
pharmacological studies.[24] Enantioenriched organogermanes 
with diverse and complex structures have seen increased 
application potential, the access to which is highly appealing yet 
challenging and underexplored.[25] In 2024, Shu reported an 
enantioselective nickel-catalyzed reductive coupling of propargyl 
esters and tertiary chlorogermanes (Scheme 14, top).[26] A chiral 
BOX ligand was utilized to achieve excellent stereoinduction (up 
to 98% ee). A variety of electronically and structurally distinct 
alkynes were efficiently tolerated in this process. 

Mechanistic studies revealed that Ni−C homolysis takes place 
to give propargylic radicals to allow for a stereoconvergent 
process. Notably, the source of this radical is a propargylic 
carbonate ester, an unusual and rarely reported radical precursor. 
The authors proposed a catalytic cycle, as shown at the bottom of 
Scheme 14, in which oxidative addition of Ni(0) to the carbonate 
ester is followed by reduction with Mn to generate a 
propargylnickel(I) species B. This intermediate undergoes a 
second oxidative addition with chlorogermane to form a Ni(III) 
complex C, which is subject to rapid epimerization at the 
propargylic position through the intermediacy of a propargylic 
radical. Selective reductive elimination of one particular 
stereoisomer of C leads to the desired propargylgermane product 
in highly enantioenriched form through an enantioconvergent 
process. 

 
Scheme 14. Enantioconvergent and propargyl-selective cross-coupling of 
propargylesters with chlorogermanes by nickel catalysis. 

A nickel-catalyzed cross coupling strategy also found 
application in the synthesis of enantioenriched allenylsilanes. In 
2021, Oestreich developed an enantioconvergent and 
regioselective synthesis of allenylsilanes from racemic α-silylated 
propargyl bromides and primary alkylzinc reagents (Scheme 
15).[27] In this process, the bulky silyl group installed at the α-
position directed the cross coupling to occur exclusively at the γ-
position of the alkyne moiety. A chiral PyBOX ligand contributed 
to the enantiocontrol at a moderate level (up to 82% ee). The yield 
and enantioselectivity remained consistent on a 1.0 mmol scale. 
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Scheme 15. Nickel-catalyzed C(sp2)−C(sp3) cross-coupling starting from 
racemic α‑silylated propargyl bromides. 

4. Enyne functionalization 

1,3-Enyne derivatives are versatile and accessible precursors 
for the preparation of unsaturated products, including ones that 
carry additional readily functionalizable chemical handles at 
nearby positions.[8h][28] Earlier work on transition metal-free 
methods using chiral promoters, as well as more recent advances 
in asymmetric transition metal catalysis, have made them 
valuable substrates for enantioselective 1,2- and 1,4-
functionalization reactions, allowing them to be employed in a 
number of general protocols for the synthesis of enantioenriched 
allenyl and propargyl tetrels. 

4.1. Transition metal-catalyzed hydrofunctionalization 

In an early report, Sato described a stereoselective and -
specific addition of nucleophilic enyne−titanium complexes to 
chiral imines, generating enantioenriched allenylsilanes with three 
consecutive stereocenters (Scheme 16).[29] In this approach, (Z)-
enynes with a TMS group pre-installed at the alkynyl position were 
treated with (ƞ2-propene)Ti(O-i-Pr)2 to generate the 
enyne−titanium complex, as evidenced by protonolysis and 
deuteriolysis experiments. The addition to imines proceeded at 
the remote olefinic carbon to give the β-aminoallenylsilane with 
excellent control of the relative stereochemistry of the allene 
stereoaxis and α and β stereocenters. Although yields of this 
transformation were moderate (up to 67%), high 
diastereoselectivity was achieved (up to 97:3 ds, with respect to 
stereoinduction by the chiral reagent).  

 
Scheme 16. Stereoselective and -specific addition of enyne-titanium complex 

In 2011, Hayashi reported a palladium-catalyzed asymmetric 
hydrosilylation of 1-buten-3-ynes to obtain axially chiral 
allenylsilanes (Scheme 17).[30] This process was proposed to 
proceed by hydropalladation across the enyne moiety through a 
π-propargyl(silyl)palladium intermediate. Chiral 
ferrocenylphosphine ligands were employed to achieve 

stereoinduction. While it represents an early example of 1,4-
selective catalytic asymmetric hydrosilylation of enynes for the 
synthesis of allenylsilanes, this protocol was limited to enynes 
with sterically bulky substituents, and only moderate control of 
enantioselectivity (up to 77% ee) was achieved. 

 
Scheme 17. Palladium-catalyzed asymmetric hydrosilylation of 4-substituted 1-
buten-3-ynes. 

In 2015, Xu and Loh reported a copper-catalyzed 
hydrosilylation of (Z)‑enynoates with silylboronates that 
proceeded with exclusive 1,6-selectivity to give enantioenriched 
allenylsilane products.[31] A chiral BOX ligand was used to achieve 
high levels of enantioselectivity (up to 94% ee). Prompted by this 
work, Oestreich further modified this copper catalysis system and 
developed a method to achieve the 1,4-selective addition of 
silylboronic ester to (E)‑enynoates, leading to a range of α-chiral 
propargylsilanes.[32] Ligand screening experiments revealed 
(R,R)-QuinoxP* to be an exceptional ligand for effective control 
over both enantioselectivity and 1,4- versus 1,6-selectivity 
(Scheme 18). 

 
Scheme 18. Enantioselective copper-catalyzed deconjugative addition of 
silicon nucleophiles to enynoates.  

Scheme 19 depicts the general mechanistic pathways of this 
copper-catalyzed silylation process. First, a Cu−Si species is 
generated from the silylboronate with the assistance of an alcohol. 
Then upon coordination with the enynoate, 1,4- or 1,6-silyl 
addition occurs to afford a copper enolate intermediate. Finally, 
protonation by the alcohol releases the desired silylated product. 
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Scheme 19. Mechanistic synopsis of copper-catalyzed hydrosilylation of 
enynoates. 

In a mechanistically similar approach to aforementioned Cu-
catalyzed hydrosilylation, Hayashi developed a rhodium-
catalyzed asymmetric hydroarylation of β-alkynyl acrylamides 
substituted with a silyl group on the alkynyl carbon, yielding 
allenylsilanes with exclusive 1,6-selectivity and high 
enantioselectivity (94−99% ee).[33] The proposed mechanism 
involves the insertion of an alkyne moiety into the rhodium−aryl 
bond in which the aryl is placed proximal to the silyl group, 
generating an alkenyl rhodium intermediate. This intermediate 
undergoes rhodium migration along the π-system followed by 
hydrolysis to deliver the allenylsilane product and regenerate the 
active hydroxorhodium species (Scheme 20). 

 
Scheme 20. Rhodium-catalyzed enantioselective hydroarylation of enynamides.  

As an advancement of enhancing the synthetic utility of the 
hydrosilylation approach, Shen and Lan disclosed a mild and 
efficient system catalyzed by copper in 2023, enabling the 
synthesis of chiral allenylsilanes from simple 4-substitued 1-
buten-3-ynes.[34] This transformation, which used (S,S)-Ph-BPE 
as the ligand, proceeded with excellent levels of enantioselectivity 
in most cases (95 to >99% ee, 30 examples). Moreover, the 
construction of allenylsilanes with a second stereogenic center at 
the silicon was explored, demonstrating both high 
enantioselectivity (90−98% ee) and good diastereoselectivity (9:1 
to >20:1 dr). When the reaction was conducted on a gram scale, 
both yield and enantiopurity of the allenylsilane product remained 
consistently high. Contemporaneously, Xu and Zhao disclosed a 
very similar copper-catalyzed system for conversion of enynes to 
allenylsilanes and investigated the effect of ligand on 1,2- vs. 1,4-
regioselectivity.[35] 

Combining experimental results and DFT calculations, Shen 
and Lan proposed a catalytic cycle as illustrated in Scheme 21. 
Starting from a CuH species, olefin insertion into the Cu–H bond 
generates a propargylcopper intermediate A, which isomerizes to 
an allenylcopper intermediate B through 1,3-Cu shift. When 
PhSiH3 is used (pathway I), σ-bond metathesis occurs to generate 
(Sa)-3a with the retention of axial chirality of B. On the other hand, 

when PhMeSiH2 is used (pathway II), intermediate B first 
isomerizes to intermediate C (with the opposite sense of axial 
chirality) via a dynamic kinetic asymmetric process before 
undergoing a diastereoselective σ-bond metathesis to produce 
(RSi,Ra)-4a. 

 
Scheme 21. Copper catalyzed enantioselective access to allenylsilanes of axial 
chirality and chirality at the silicon stereogenic center. 

4.2. 1,4-Difunctionalization 

In early studies on allenyltetrel synthesis through enyne 
functionalization, transition metal-free stoichiometric 1,4-
difunctionalization was employed as a straightforward and 
convenient approach. In 2006, Hoppe reported a synthesis of 
enantioenriched allenylstannanes through (–)-sparteine-
mediated lithiation.[36] This reaction proceeded through 
deprotonation of the (Z)-1-alken-1-yl N,N-diisopropylcarbamate at 
the allylic position by BuLi/(–)-sparteine with high enantiotopic 
differentiation, leading to a configurationally stable lithium chelate. 

Trapping this intermediate with electrophilic stannylating reagent 
resulted in the highly enantioenriched allenylstannane product 
(70% yield, 99:1 er). Using a similar approach, Yoshida 
established a flow microreactor system for asymmetric 
allenylsilane and allenylstannane synthesis in 2011.[37] Notably, 
this system enabled the use of a configurationally unstable chiral 
organolithium intermediate, generated via carbolithiation of the 
enyne, in a reaction with an electrophilic Si or Sn reagent before 
epimerization could occur (Scheme 22). 
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Scheme 22. Asymmetric synthesis of allenyltetrels through (–)-sparteine-
mediated lithiation. 

In recent years, newly emergent transition metal-catalyzed 
methodologies based on single-electron processes have also 
been employed in 1,4-difunctionalization of enynes, enabling 
transformations of readily prepared starting materials under mild 
conditions. In 2022, Wang group at the Westlake University 
reported an asymmetric three-component 1,4-dialkylation of 1,3-
enynes via dual photoredox and chromium catalysis to provide 
chiral α-hydroxylallenylsilanes.[38] This method allowed for the 
generation of a broad range of products in good yield, high 
diastereo- and enantioselectivity. The proposed mechanistic 
pathway involves the formation of a propargyl chromium 
intermediate via radical capture, followed by subsequent 
nucleophilic addition to aldehydes leading to the desired 
allenylsilane product (Scheme 23). 

 
Scheme 23. Asymmetric 1,4-functionalization of 1,3-enynes via dual 
photoredox and chromium catalysis. 

In 2024, Fu reported a new approach to the synthesis of 
enantioenriched allenylsilanes through nickel-catalyzed 
enantioconvergent and diastereoselective cross-coupling 
between racemic alkyl halides and prochiral 1,3-enynes in the 
presence of a hydride reagent.[39] A chiral oxazoline ligand was 
employed for enantioinduction. Similar to Wang’s work described 
above, this method enabled the challenging and seldom reported 
simultaneous control of vicinal central and axial elements of 
chirality under catalytic conditions, and all the reactions could be 
carried out on 0.8 mmol scale. 

Scheme 24 outlines the plausible mechanism of this nickel 
catalysis process. A chiral nickel hydride species undergoes a 
regio- and stereoselective migratory insertion into the prochiral 
double bond of the 1,3-enyne to form a propargyl nickel complex 
A. This is followed by the stereospecific 1,3-migration of nickel to 
give an allenyl nickel complex B, establishing the axis of chirality. 
Finally, the coupling of intermediate B with the alkyl halide via a 

trifluoromethyl-substituted secondary radical affords the desired 
product. 

 
Scheme 24. Nickel-catalyzed enantioconvergent and diastereoselective 
allenylation of alkyl electrophiles. 

The transition metal-catalyzed enyne 1,4-difuntionalization 
strategy could also be applied to the asymmetric synthesis of 
chiral allenyl stannes. In 2021, Liao and coworkers reported a Cu-
catalyzed asymmetric 1,4-borylstannation of 1,3-enynes.[40] 

Bu3SnOMe and bis(pinacolato)diboron (B2pin2) were chosen as 
reaction partners to achieve 1,4-borylstannation, oxidation by 
NaBO3•4H2O gave the desired allenylic alcohols. Analogous to 
the nickel system, the proposed mechanism of this process also 
involves a stereospecific isomerization of propargylmetal species 
to form an allenylmetal intermediate. This intermediate 
coordinates with the bromide ion (from Bu4NBr) and Bu3SnOMe 
to form a stable four-membered ring intermediate, generating the 
desired allenylstannane product via stereoretentive 
transmetallation (Scheme 25). 

 
Scheme 25. Asymmetric 1,4-functionalization of 1,3-enynes via dual 
photoredox and chromium catalysis. 

5. Claisen rearrangement 
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As a complement to the extensively developed substitution and 
addition-based methods discussed above, the Claisen 
rearrangement of enantioenriched silicon-containing alkynes is 
also a reliable and convenient approach for the preparation of 
chiral allenylsilanes. 

In 2007, Panek demonstrated an enantioselective synthesis of 
a chiral allenylsilane by the Johnson orthoester variant of the 
Claisen rearrangement.[41] Refluxing xylenes was found to be 
crucial for the high conversion to the allenylsilane product in this 
transformation.  Starting from a highly enantioenriched 1-silyl 
propargyl alcohol, the ester substituted allenylsilane was obtained 
in good yield (81%) and excellent levels of chirality transfer (98% 
ee). The authors employed the stereodefined allenylsilane 
products prepared using this method as the carbon nucleophile in 
Lewis acid mediated addition to oxocarbenium ions for the 
synthesis of a range of homopropargylic ethers bearing 
contiguous stereocenters with high levels of chirality transfer and 
diastereoselectivity. In order to demonstrate the practicality of this 
approach, Panek reported a similar operating procedure for 
conducting this reaction on a gram scale in 2012, with no 
significant loss in yield and stereoselectivity.[42] In this work, In 
2011, Sakaguchi reported the stereoselective total synthesis of 
(–)-funebrine in 14 steps.[43] The crucial steps in the synthesis 
involve a stereoselective Ireland−Claisen rearrangement of the 
(S)-α-acyloxy-α-alkynylsilane, which gave the allenylsilane 
product as a single diastereomer (50% yield, >20:1 dr). It was 
suggested in their previous study that the high diastereoselectivity 
can be attributed to the preferential formation of the Z-enolate and 
equatorial orientation of the silyl group in the transition state of the 
sigmatropic rearrangement (Scheme 26).[44] 

 
Scheme 26. Asymmetric synthesis of allenylsilanes through Claisen 
rearrangement. 

6. Alkynylation 

Compared to the synthesis of allenylsilanes with effective 
stereoinduction, the incorporation of a silyl group at the 
propargylic position in an enantioselective fashion is a challenging 
process. Instead, a more common and important strategy for 
synthesizing enantioenriched proparylsilanes is to alkynylate at 
the α position of a silane, using simple terminal alkynes, either 
pre-metalated or metalated in situ, as the alkyne source in an 
asymmetric alkynylation reaction.  

6.1. Addition to acylsilanes 

In early reports, asymmetric addition of acetylides to 
acylsilanes was discovered as a mechanistically simple approach 
for the synthesis of α-hydroxy propargylsilanes. In 2004, Bienz 
reported a stereospecific reaction of an acylsilane bearing a chiral 

auxiliary with the nucleophilic lithium acetylide reagent.[45] The use 
of Et2O as the solvent gave the best stereochemical outcome 
(85:15 dr). In a significant advance, which eliminated the need for 
the chiral auxiliary, Scheidt reported a catalytic asymmetric 
addition of alkynes to acylsilanes.[46] This approach utilized a 
tridentate Schiff base ligand for enantioinduction, yielding the α-
hydroxy propargylsilane product in 74% ee. The authors further 
converted the propargylsilane product into a silyloxyallene via the 
Brook rearrangement, which resulted in good (94% es) point-to-
axial chirality transfer (Scheme 27). 

 
Scheme 27. Asymmetric addition of acetylides to acylsilanes. 

6.2. Transition metal-catalyzed coupling reactions 

In recent years, enantioselective synthesis of propargylsilanes 
by transition metal catalyzed alkynylation has gained increased 
attention as a successful approach to access this class of 
products in high levels of enantioselectivity. Most transformations 
of this type involve the in situ formation of copper acetylides as 
key intermediates. 

In 2011, Hoveyda reported a catalytic enantioselective method 
for the formation of the propargylsilanes bearing tetrasubstituted 
stereogenic centers (Scheme 28).[47] The chiral NHC–Cu complex 
efficiently promoted transfer of the alkyne group from the 
alkynylaluminum reagent to the silyl-substituted allylic phosphate 
substrate via an enantioselective allylic substitution (EAS) 
process, affording the SN2′ product in high yield (91%) and high 
degree of enantioselectivity (96:4 er). 

 
Scheme 28. NHC–Cu-Catalyzed enantioselective allylic substitutions with 
alkynylaluminum reagent. 

More recently, Liu developed an asymmetric copper-catalyzed 
C(sp3)–C(sp) coupling in 2019 by combining a copper catalyst 
with a cinchona alkaloid-based chiral P,N-ligand.[48] This approach 
enabled the Sonogashira-type cross-coupling of a broad range of 
terminal alkynes with racemic alkyl halides. The authors 
demonstrated one example of the coupling of α-silylbenzyl 
bromide, generating a carbazole-containing propargylsilane 
product in 86% yield and 97% ee. In 2022, Zhang and coworkers 
extended this strategy to the synthesis of a broader range of 
enantioenriched propargylsilanes in a study in which they 
developed a novel phosphino-oxazoline ligand to achieve good to 
excellent stereocontrol (up to 95% ee).[49] In their exploration of 
substrate scope, the authors carefully examined a broad range of 
functionalized substituents on the alkyne, as well as the aryl and 
silyl groups on the electrophilic coupling partner (Scheme 29). 
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Both research groups performed thorough investigations to 
probe the reaction mechanism. Many of their observations, along 
with literature support, led to the insight that this copper catalyzed 
process undergoes a mechanism involving the coupling of an 
alkyl radical with a copper acetylides species. In one possible 
pathway, that the reaction starts with the formation of monomeric 
Cu(I) acetylide B from the reaction of Cu(I)L* complex A with the 
terminal alkyne in the presence of base. Subsequent stepwise 
one-electron oxidative addition of B with alkyl halide through 
either inner- or outer-sphere electron transfer followed by 
coupling of Cu(II) acetylide C with the α-silyl benzylic radical 
results in the formation of a Cu(III) complex D. Finally, C(sp3)–
C(sp) bond coupling occurs via reductive elimination to furnish the 
enantioenriched product and regenerate the active catalyst. 

 
Scheme 29. Copper-catalyzed coupling of alkynes with α-silyl benzyl halides. 

In 2023, Morken reported a copper-catalyzed site-selective 
coupling of a 1,2-diboryl-1-silylalkane to an alkynyl bromide 
proceeding through a mechanistic pathway distinct from the one 
previously described.[50] The enantioenriched diboronate starting 
material was prepared from a Pt-catalyzed enantioselective 
hydrosilylation of (Z)-1,2-diborylethylene enabled by a chiral 
phosphoramidite ligand. In the subsequent copper-catalyzed 
reaction, coupling with an alkynyl bromide took place α to the silyl 
group which gave the product with high levels of regioselectivity 
and stereospecificity. The general mechanism of this type of 
transformations is depicted in Scheme 30, in which a 
transmetallation between the Cu(I) complex and the silylboronate 
was suggested to occur as a requisite event, followed by trapping 
of the organocopper product by the alkynyl bromide to release the 
product and the copper salt. As demonstrated in their previous 
studies, lithium methoxide likely served as an activator for the 
silylboronate substrate by forming a cyclic chelated ate 
complex.[51] 

 
Scheme 30. Enantioselective synthesis of 1,2-diborylsilanes and copper-
catalyzed site-selective cross-coupling. 

7. Direct C(sp3)–H silylation 

In contrast to monosubstituted acetylenes and metal acetylides, 
internal alkynes are a less common class of starting materials for 
the synthesis of enantioenriched propargylsilanes. Yet, as 
substrates for direct asymmetric C(sp3)–H silylation, they hold 
considerable potential as precursors that are particularly versatile 
and synthetically accessible. While still underdeveloped, this 
retrosynthetically straightforward strategy has found successful 
applications in stoichiometric lithiation chemistry, as well as a 
recent catalytic study. The mechanisms of these transformations 
all involve organic base-mediated deprotonation at the 
propargylic position, followed by functionalization with 
electrophilic silylating reagents.  

7.1. Organolithium base-mediated deprotonation 

In early reports, Pale reported an asymmetric propargylic 
silylation of ethynyl oxiranes with chiral C(sp3) centers, a 
structural motif commonly found in natural products (Scheme 
31).[52] This process proceeds through initial deprotonation of 
enantioenriched ethynyl oxiranes using n-butyllithium. The 
propargylic oxiranyl anions were then trapped with trimethylsilyl 
chloride as the electrophile to produce silylated ethynyl oxiranes 
in excellent enantioselectivities (>99% ee). Due to the difficulty of 
stabilizing oxiranyl anions, the scope of this reaction is limited to 
a small number of specialized substrates. In 2003, Sieburth 
developed an asymmetric synthesis of a tert-butoxycarbonyl 
(Boc) protected propargylaminosilane from a racemic 
propargylamine derivative.[53] The use of (–)-sparteine–n-
butyllithium complex enables propargylic deprotonation to form 
the N-silylated carbanion intermediate, which undergoes a 
reverse aza-Brook rearrangement to give the C-silylated product. 
The Boc group allows for the formation of a configurationally 
stable carbanion and also provides a driving force for the 
rearrangement by stabilization of the N-lithio product. The product 
was obtained in excellent enantioselectivity, albeit in modest yield 
(38%, 98% ee). 
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Scheme 31. Asymmetric organolithium-mediated propargylic deprotonation-
silylation. 

7.2. π-Complexation-assisted deprotonation 

In 2024, Wang and Liu reported a system for asymmetric 
propargylic silylation under ambient conditions demonstrating 
broad functional group tolerance, in which internal alkynes 
undergo asymmetric and regioselective C(sp3)–H 
functionalization catalyzed by a phosphoramidite-ligated iridium 
catalyst.[54] Notably, this process allowed for direct catalytic 
C(sp3)–H silylation of alkynes without pre-functionalization or 
specialized silylating reagents. Notably, the use of different 
electrophilic silyl sources (R3SiOTf or R3SiNTf2) allowed for the 
regiodivergent synthesis of silylated compounds with good to 
excellent control of regioselectivity. On a 5.0 mmol scale, 
propargylic silanes could be obtained without significant loss in 
yield and stereoselectivity. 

The mechanistic synopsis of the likely pathway towards 
propargylsilane products is depicted in Scheme 32. Initially, upon 
addition of silyl triflate and alkyne into a catalyst mixture 
containing Ir[L*]2Cl, halide abstraction and coordination with the 
alkyne takes place to give a cationic Ir–alkyne complex. This 
allows for deprotonation at the propargylic position by mild organic 
base 2,2,6,6-tetramethylpiperidine (TMPH) to afford an η3-
allenyliridium intermediate. Kinetic data and DFT computations 
support a mechanism in which the subsequent C–Si bond 
formation occurs via outer-sphere attack by the electrophilic 
silylating reagent. 

 
Scheme 32. Ir-catalyzed enantioselective and regiodivergent synthesis of 
propargyl and allenylsilanes. 

8. Carbene insertion 

In 2021, a seminal report by Zhou and Zhu described an 
enantioselective synthesis of propargylsilanes and allenylsilanes 
by a Rh-catalyzed carbene insertion strategy.[55] In this work, 
chiral spiro phosphate-ligated dirhodium complexes were used to 
catalyze the asymmetric insertion of aryl alkynyl carbenes into the 
Si−H bonds of silanes with excellent enantioselectivities (up to 
98% ee) under mild conditions. In addition, the authors developed 
mild and general conditions for the stereospecific isomerization of 
propargylsilanes to give axially chiral allenylsilanes with excellent 
levels of stereospecificity. Although the method is limited to aryl-
substituted carbene precursors, this report represents an 
alternative strategy for asymmetric propargylsilane synthesis and 
describes the first example of a highly enantioselective insertion 
reaction of alkynyl carbenes. In addition, the reaction could be 
performed on a gram scale in good yield (75%) and good 
enantioselectivity (94% ee). 

The proposed mechanism is outlined in Scheme 33. Treatment 
of alkynyl N-trisylhydrazones with base and rhodium catalyst 
leads to the formation of the active alkynyl rhodium carbene. This 
carbene intermediate undergoes concerted insertion into the Si−H 
bond of the silane to furnish the desired silylated product.  
Mechanistic studies pointed to platinum nanoparticles as the 
active catalyst for the reported conditions for the stereospecific 
isomerization of propargylsilanes to allenylsilanes. 
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Scheme 33. Rh-catalyzed enantioselective insertion of alkynyl carbenes into 
Si−H bonds. 

9. Miscellaneous methods 

In 1998, Fleming reported an unusual approach for the 
synthesis of enantioenriched propargylsilanes without employing 
alkyne substrates (Scheme 34).[56] In this five-step route, which 
starts with α,β-unsaturated carbonyl fragments attached to 
Koga’s chiral auxiliary, conjugate addition of the silylcopper 
reagent gives imides bearing a β-silyl stereogenic center with high 
levels of diastereoselectivity. Removal of the auxiliary, triflation, 
and elimination of HOTf using lithium diisopropylamide (LDA) 
furnished the enantioenriched propargylsilane products. Despite 
its lengthy synthesis, this method represents a rare example of a 
process that is suitable for accessing propargylsilanes derived 
from terminal alkynes. 

 
Scheme 34. Synthesis of enantioenriched propargylsilanes from α,β-
unsaturated imides with chiral auxiliary. 

In 2003, Suginome described a stereoselective access to an 
enantioenriched allenylsilane via palladium-catalyzed 
intramolecular bis-silylation (IBS).[57] As illustrated in Scheme 35, 
the palladium−isocyanide catalyst was used to establish the IBS 
process through Si−Si activation, generating the oxasiletane 
product. Subsequent Peterson-type elimination enabled by 
treatment with n-BuLi led to the allenylsilane product in 86% yield. 
Although the enantiopurity of the allenylsilane could not be 
determined, its derivatization product obtained after treatment of 
cyclohexanecarboxaldehyde in the presence of TiCl4 exhibited 
high enantiopurity (93.2% ee). The IBS step proceeded with high 
syn-selectivity, which, combined with the syn-stereospecific 
silyloxy elimination of the oxasiletane, enabled the efficient overall 
transfer of point chirality to axial chirality in this strategically 
distinct approach to the synthesis of enantioenriched 
allenylsilanes. 

 
Scheme 35. Asymmetric allenylsilane synthesis via Pd-catalyzed 
IBS/elimination sequence. 

In 2007, Soderquist described an asymmetric synthesis of 
boron-containing allenylsilanes and their conversion to 
enantioenriched propargylsilanes.[58] In this approach, B-alkynyl 
10-TMS-9-BBDs (10-trimethylsilyl-9-borabicyclo[3.3.2]decane) in 
optically pure form were treated with TMSCHN2 to give 
isomerically pure γ-boryl allenylsilanes through stereoselective 
insertion of a Me3SiCH group into the alkynyl B−C bonds in a 
Matteson-type process, followed by spontaneous 1,3-borotropic 
rearrangement. These, in turn, react with aldehydes to give β-
hydroxy propargylsilanes (upon removal of the borabicyclic 
fragment with the aid of pseudoephedrine) in good yields 
(80−96%) and with excellent levels of chirality transfer (94−99% 
ee), as shown in Scheme 36. 

 
Scheme 36. Asymmetric synthesis of allenylsilanes from alkynyl boranes 
through a 1,2-insertion–1,3-borotropic rearrangement. 

In 2010, Ogasawara and Takahashi reported the conversion of 
2-bromo-1-silyl-1,3-dienes, which were prepared by bromination 
of β-silylenals/enones followed by Peterson olefination, into 
axially chiral allenylsilanes via asymmetric Pd-catalyzed SN2′ 
reaction.[59] Subsequent carbo-, fluoro-, and protodesilylation of 
the 3,3-dialkylallenylsilanes took place via the anti SE2′ pathway 
and resulted in the formation of terminal alkynes bearing a 
propargylic tertiary stereogenic center, proceeding with complete 
axial-to-central chirality transfer (Scheme 37). 
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Scheme 37. Asymmetric Pd-catalyzed SN2′ reaction and the desilylative SE2′ 
reaction to the ambivalent 2-bromo-1-silyl-1,3-dienes. 

In a 2023 report, Szabó developed an organocatalytic three-
component coupling reaction of alkynyl boronates, 
diazomethanes (including the trifluoromethyl and trimethylsilyl 
derivatives), and aliphatic/aromatic ketones for the synthesis of 
enantioenriched allenes (including examples of allenylsilanes) 
through the catalysis by a BINOL derivative.[60] Though the yields 
are moderate (40−52%), this transformation gave excellent 
enantioselectivities (95−98% ee) and only a single diastereomer 
was formed. It was suggested that this reaction proceeds via a 
transesterification of the alkynyl boronate with BINOL-I2 to 
generate a BINOL boronate A. This species reacts with the 
diazomethane derivative to form an ate complex B, which 
undergoes 1,2-migration of the alkynyl group with loss of N2 to 
give the stereodefined α-SiMe3 propargyl boronate C. Reaction of 
C with the ketone substrate through a closed transition state then 
gives boronic ester D, which regenerates the catalyst upon 
transesterification with EtOH to give the diethoxy boronic ester, 
the hydrolysis of which affords the allenylic alcohol product upon 
workup (Scheme 38). 

 
Scheme 38. Asymmetric organocatalytic homologation of alkynyl boronates. 

3. Summary and Outlook 

In addition to continued investigation and exploitation of 
classical stoichiometric approaches, developments in catalytic 
methods in recent years have resulted in a significant expansion 
of the range of synthetically accessible propargylic and allenic 
derivatives of Si, Ge, and Sn.  This is especially true for 
enantioenriched allenylsilanes, with an assortment of both 
unadorned and functionalized derivative now being readily 
accessible in enantioenriched form.  Nevertheless, stereodefined 
allenylsilanes of certain substitution patterns, including those that 
are 1,3-disubstituted or tetrasubstituted, are accessible only in 
special cases.  Access to enantioenriched propargylsilanes also 
remains somewhat limited. In contrast, the catalytic 
enantioselective synthesis of propargylic and allenic stannanes 
remains virtually unexplored, while few enantioenriched 
germanes of any kind have been prepared so far.  Thus, in spite 
of their known and potential synthetic utility, a vast range of 
stereodefined propargylic and allenic organotetrels remains 
nontrivial to access.  More widespread availability and utilization 
of these compounds await further conceptual advances in 
synthetic technology, as well as the ingenuity and effort of the 
synthetic community.  
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