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ABSTRACT: Allenes are versatile synthons in organic synthesis and medicinal chemistry because of their diverse reactivities.
Catalytic 1,4-hydrosilylation of 1,3-enynes may present the straightforward strategy for synthesis of silylallenes. However, the
transition-metal-catalyzed reaction has not been successful due to poor selectivity and very limited substrate scopes. We report here
the efficient and selective 1,4-hydrosilylation of branched 1,3-enynes enabled by the ene-diamido rare-earth ate catalysts using both
alkyl and aryl hydrosilanes, leading to the exclusive formation of tetrasubstituted silylallenes. Deuteration reaction, kinetic study, and
DFT calculations were conducted to investigate the possible mechanism, revealing crucial roles of high Lewis acidity, large ionic
radius, and ate structure of the rare-earth catalysts.

Metal-catalyzed hydrosilylation of unsaturated organic
compounds, especially alkenes and alkynes, represents

the most efficient and straightforward protocol for the
synthesis of various silyl-functionalized organic molecules,
which played important roles in organic and materials
chemistry.1 1,3-Enynes, readily available conjugated organic
compounds containing both alkene and alkyne moieties, are
basic building blocks in synthetic chemistry.2 However,
catalytic hydrosilylation of 1,3-enynes confronts the issues of
regio- and stereoselective control because there exist three
mainly competing pathways, namely, 1,2-, 4,3-, and 1,4-
hydrosilyation (Scheme 1).3 As a result, only a few cases of
transition-metal-catalyzed 4,3-hydrosilylation of 1,3-enynes for
the synthesis of silyldienes have been reported,4 while catalytic
1,4-hydrosilyation of 1,3-enynes to silylallenes has been met
with very little success. There were only a couple of Pt- and

Pd-catalyzed asymmetric 1,4-hydrosilylations of 1,3-enynes
that have been reported.3a,b,5 However, these precious-metal-
catalyzed reactions suffered from very limited substrate scopes.
Because allenes feature unique structures and diverse
reactivities and are valuable multifunctional synthons in
synthetic and medicinal chemistry,6 the development of
efficient and selective catalysts for 1,4-hydrosilylation of
enynes is highly desired.
Rare-earth-catalyzed hydrosilylation of alkenes and alkynes

exhibits unique reactivity and selectivity because of their high
Lewis acidity and large ionic radiis.7 In particular, we have
recently shown that ene-diamido rare-earth (RE) complexes
enabled highly regioselective hydrosilylation of internal alkenes
and alkynes.8 Stimulated by the high reactivity of these rare-
earth complexes, we are interested in the exploration of rare-
earth-catalyzed hydrosilylation of 1,3-enynes with the expect-
ation to realize some novel and selective transformations for
the synthesis of valuable synthons and organosilanes.
Herein, we report the employment of ene-diamido rare-earth

ate complexes for the successful catalytic 1,4-hydrosilylation of
branched 1,3-enynes, leading to the formation of tetrasub-
stituted silylallenes (Scheme 1). Mechanistic studies and DFT
calculations indicated that the high Lewis acidity, large ionic
radius, and unique ate structure are key factors for the
unprecedented transformation.
Catalytic hydrosilylation of 2-methyl-4-trimethylsilyl-1-bu-

tene-3-yne (7a) with nC6H13SiH3 (6a) was selected as model
reaction (Table 1). Initially, we investigated the ene-diamido
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Scheme 1. Catalytic Hydrosilylation of 1,3-Enynes
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rare-earth alkyl and amide complexes LY(CH2SiMe3)(THF)2
(YC, L = ArNC(Me)C(Me)NAr, Ar = 2,6-iPr2C6H3, entry 1),

9

LSm(CH2SiMe3)(THF)2 (1, entry 2),
8b and LLa(N(SiMe3)2)-

(THF) (3, entry 3).8c However, only very low conversions
(<5% yield of geminal disilylallene 8a) have been observed in
12 h at 80 °C with these neutral catalysts. Prompted by our
recent successes in the hydrosilylation of internal alkynes with
rare-earth ate complexes, the ene-diamido lanthanum bis-
(amido) ate complex K[LLa(N(SiMe3)2)2] 2 (entry 4) was
employed. Indeed, 2 enabled highly selective hydrosilylation of
7a with 6a to give 1,4-hydrosilylation product 8a in high yield
(74%) in 4 h at room temperature without the contamination
of the other hydrosilylation products. The samarium and
yttrium ate complexes K[LSm(N(SiMe3)2)2] (4)8c and
K[LY(N(SiMe3)2)2] (5, see the Supporting Information
(SI)) were also examined (entries 5 and 6). Under same
reaction conditions, the samarium ate complex 4 gave 8a in
68% yield whereas the yttrium complex 5 only produced 8a in
21% yield. This activity trend appeared to be closely correlated
with the ionic radii of the elements: the larger the ionic radius
is, the higher the activity (La3+ > Sm3+ > Y3+). When the
reaction time was extended to 8 h (entry 7), the lanthanum ate
complex 2 gave 8a almost quantitatively. KN(SiMe3)2 (KN,
entry 8) is also active but only gave 8a in 29% yield at 80 °C in
24 h, and the reaction did not produce any more product after
24 h. These results indicated that the combination of a large
rare-earth ion with KN(SiMe3)2 forming ate structure is crucial
for the effective catalytic 1,4-hydrosilylation of enynes.
Toluene (entry 9) and C6D6 are the superior solvents for the

hydrosilylation of the enyne, whereas the reaction in n-hexane
(entry 10) only resulted in the 1,4-hydrosilylation product in
52% yield probably because of the poor solubility of 2 in n-

hexane. In sharp contrast, almost no reaction was observed in
THF (entry 11) probably due to the interactions of the solvent
molecules with the lanthanum ion, which suppresses the
coordination−insertion process.
Under the optimized conditions (Table 1, entry 9),

hydrosilylation of a range of branched 1,3-enynes 7a−r with
alkyl-substituted hydrosilanes nC6H13SiH3 6a and CySiH3 6b
was examined (Table 2). All of the branched enynes

underwent selective 1,4-hydrosilylation to afford tetrasubsti-
tuted silylallenes 8a−r in excellent yields (83−94%), while the
other hydrosilylation products were not observable. When the
internal substituent R2 on the alkene moiety is alkyl, the
catalytic reaction could be applied to enynes containing various
silyl-substituted alkyne moieties (R1) to yield geminal
disilylallenes (8a−g); when the internal substituent R2 is
silyl, the reaction is viable for enynes containing alkyl-
substituted alkyne moieties (R1) to produce 1,3-disilylallenes
(8h−q). It is noteworthy that the 1,4-hydrosilylation under-
went smoothly in good yields for the enynes with sterically
demanding groups (86−87% yields of 8c, 8d, and 8m). The

Table 1. Reaction Condition Optimizationa

entry cat solvent time (h) T (°C) yield (%)b

1 YC C6D6 12 80 <5
2 1 C6D6 12 80 <5
3 3 C6D6 12 80 <5
4 2 C6D6 4 rt 74
5 4 C6D6 4 rt 68
6 5 C6D6 4 rt 21
7 2 C6D6 8 rt >99
8 KNc C6D6 24 80 29
9 2 toluene 8 rt >99
10 2 n-hexane 8 rt 52
11 2 THF 24 80 <5

anC6H13SiH3 6a (0.44 mmol), 2-methyl-4-trimethylsilyl-1-butene-3-
yne 7a (0.4 mmol), catalyst (0.02 mmol, 5 mol %), 0.6 mL of solvent.
bYields of 8a were determined by 1H NMR and GC-MS with the
crude mixture. cKN = KN(SiMe3)2.

Table 2. Hydrosilylation with Alkyl Hydrosilanesa

aRSiH3 6a and 6b (R = nC6H13, R = cyclohexyl, 0.44 mmol), enynes
7a−r (0.4 mmol), catalyst 2 (0.02 mmol, 5 mol %), rt and 1 mL of
toluene. Isolated yield. b60 °C.
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hydrosilylation of enynes with siloxyl and N-heterocyclic
substituents (8p and 8q) could also achieve good yields in 16
and 8 h. The enynes with chloro and hydroxyl groups were not
compatible with this reaction.
The substituent effects of 1,3-enynes on the hydrosilylation

selectivity have been further examined with alkyl substituted
enynes and terminal enynes. 1,3-Enynes with t-butyl and
cyclohexyl groups could also been successfully hydrosilyated to
give 1,4-hydrosilylation products (8r and 8s, 91 and 92%
yields) in 12 and 6 h. However, n-hexyl (R1) substituted 1,3-
enynes (R2 = H, Me) exhibited poor regioselectivity with the
formation of 1,4- and 4,3-hydrosilylation products (Table S1 in
the SI). It is very likely that the steric effects of R1 group could
efficiently inhibit the 4,3-insertion but favor 1,4-selectivity.10 It
is noted that 8n was generated selectively from enynes with R1

= n-hexyl and R2 = silyl groups because of the inductive effects
of the silyl group on the alkene moiety, which could result in
high electron density on the silyl carbon atom and facilitate the
1,2-insertion.8c,11 However, with 1,3-enynes of R1 = aryl and R2

= silyl groups, the reactions only yielded polymeric materials
and hydrosilylation products could not be observed.8a,12

Aryl-substituted hydrosilanes could also be applied to the
catalytic reaction (Table 3) with satisfactory yields (81−90%)

and excellent regioselectivity. The catalytic protocol is
tolerated to some functional groups (chloro 8v and alkoxy
8w). In addition, the bis(allene) 8y can be obtained. It is noted
that the substituents of hydrosilanes have significant effect on
the catalytic activity: aryl hydrosilanes (phenyl 8t) are more
active than alkyl hydrosilanes (n-hexyl 8a and cyclohexyl 8b),
and bulky hydrosilanes are less active (naphthyl 8x). To our
delight, the 1,4-hydrosilylation with the secondary silane
Ph2SiH2 proceeded successfully to give the expected product
9 in 84% yield. The hydrosilylation with PhSiD3 yielded the
deuteration 1,3-disilylallenes (10) exclusively (90% yield),

indicating the 1,4-hydrosilylation by D and RSiD2 groups,
which was strongly supported by the 1H, 2H, and 13C NMR
spectra. The synthetic potentials of silylallenes was demon-
strated by the desilylation of 8o with TBAF (Scheme 2), which
afforded 1,3-disubstituted allene 11 in 90% yield.13

The reaction of lanthanum ate complex 2 with silane 6 was
reported to yield lanthanum hydride K[L((Me3Si)2N)La(μ-
H)2La(H)(THF)L]K.

8c In contrast, the neutral complex 3 is
inactive to the hydrosilane. These results indicated that the
negative charge in anionic [LLa(N(SiMe3)2)2]

− of ate complex
2 could facilitate the σ-bond metathesis of 2 with hydrosilane
to form active rare-earth hydride intermediate (Figure
1a).8,14,15 The catalytic cycle may initiate with the selective
1,2-insertion of enyne 7 into the lanthanum hydride A, giving
the η3-propargyl/allenyl lanthanum intermediate B, similar to
the Cu and Mg hydride-catalyzed 1,4-hydroelementation of
1,3-enynes.10 After that, σ-bond metathesis of B with
hydrosilane 6 led to the exclusive formation of silylallene 8
and regeneration of the active hydride A.
To gain further support for the proposed mechanism, DFT

calculations were carried out. First, the LUMO of the 1,3-
enyne 7g was calculated using frontier orbital population
analysis (Figure S1 in the SI). The coefficients at the C1 and
C2 (0.40, 0.31) atoms of the alkene moiety are larger than
those at the C4 and C3 (0.27, 0.13) atoms of the alkyne
moiety, which explains, to a certain degree, the preference for
initial 1,2-insertion rather than 4,3-insertion.16 To further
understand the mechanism, the calculations were also
performed on the 1,4-hydrosilylation of 1,3-enyne 7a with
MeSiH3 using [LLa(H)(N(SiMe3)2]

− as the catalyst (Figure
1b). It is predicted that the hydrosilylation was initiated by the
facile 1,2-insertion of an enyne via the four-centered TS1
(Figure 1c) with the energy barrier of 21.1 kcal/mol, affording
the η3-propargyl/allenyl lanthanum intermediate B. The 4,3-
insertion showed higher activation energy (ΔΔG⧧ = 0.4 kcal/
mol) than that of 1,2-insertion because of the strong steric
repulsion between substituents on the internal alkyne moiety
and bulky ene-diamido ligand in TS1′ (Figure S2 in the SI).
Meanwhile, the calculations suggest that propargyl/allenyl
intermediate B from 1,2-insertion is more stable (ΔΔG = −4.7
kcal/mol) than dienyl intermediate B′ from 4,3-insertion. It is
worth noting that the η1-propargyl lanthanum species has not
been predicted on the basis of 1,2-insertion, which is probably
caused by the large lanthanum ion that could favor the η3-
fashion.17 In fact, the short distance of La−C4 (2.67 Å)
compared to that of La−C2 (3.37 Å), along with the almost
linear C2−C3−C4 angle of 171.9°, suggests that the geometry
of intermediate B lies between η3-propargyl/allenyl and η1-
allenyl structures. Finally, intermediate B underwent σ-bond
metathesis with hydrosilane via the TS2 to give the silylallene
with the regeneration of the hydride intermediate. This σ-bond
metathesis step requires a higher energy barrier (24.1 kcal/
mol) and thus becomes the rate-limiting step of the overall
reaction.

Table 3. Hydrosilylation with Aryl Hydrosilanesa

aArSiH3 6c−j (0.44 mmol), 1,3-enyne 7a, 7g, and 7m (0.4 mmol),
catalyst 2 (0.02 mmol, 5 mol %), rt and 1 mL of toluene. Isolated
yield. b60 °C.

Scheme 2. Derivatization of Silylallene
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Kinetic studies on 1,4-hydrosilylation were carried out
(Table S2 and Figure S3 in the SI) which indicated that the
rate law was of first order dependence on the hydrosilane and
enyne.8c The results suggested that the reaction rate was
influenced by both substrates. It is probably attributed to the
steric hindrance of the branched 1,3-enynes, which leads to the
intermediate B with bulky η3-propargyl/allenyl features having
a relatively slow σ-bond metathesis reaction with hydrosilane.
In summary, we have disclosed that the lanthanum ate

complex 2 enabled highly efficient and selective 1,4-hydro-
silylation of branched 1,3-enynes with various primary and
secondary hydrosilanes to yield tetrasubstituted silylallenes.
The high activity for sterically demanding branched enynes
could be attributed to the high Lewis acidity and large ionic
radius of lanthanum ion as well as the highly reactive ate
hydride intermediate. Further applications of ene-diamido rare-
earth ate catalysts in hydroelementation of bulky unsaturated
molecules are in progress.
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platinum-catalysed addition of O−H and N−H bonds to allenes.
Chem. Soc. Rev. 2014, 43, 3164−3183. (r) Neff, R. K.; Frantz, D. E.
Recent Advances in the Catalytic Syntheses of Allenes: A Critical
Assessment. ACS Catal. 2014, 4, 519−528. (s) Holmes, M.; Schwartz,
L. A.; Krische, M. J. Intermolecular Metal-Catalyzed Reductive
Coupling of Dienes, Allenes, and Enynes with Carbonyl Compounds
and Imines. Chem. Rev. 2018, 118, 6026−6052.
(7) (a) Anwander, R. In Principles in Organolanthanide Chemistry;
Springer: Berlin/Heidelberg, 1999; pp 3−23. (b) Reznichenko, A. L.;
Hultzsch, K. C. In Molecular Catalysis of Rare-Earth Elements; Roesky,
P. W., Ed.; Springer: Berlin, 2010; Vol. 137, pp 2−12. (c) Molander,
G. A.; Romero, J. A. C. Lanthanocene Catalysts in Selective Organic
Synthesis. Chem. Rev. 2002, 102, 2161−2186. (d) Liu, D.; Liu, B.;
Pan, Z.; Li, J.; Cui, C. Rare-earth metal catalysts for alkene
hydrosilylation. Sci. China: Chem. 2019, 62, 571−682.
(8) (a) Li, J.; Zhao, C.; Liu, J.; Huang, H.; Wang, F.; Xu, X.; Cui, C.
Activation of Ene-Diamido Samarium Methoxide with Hydrosilane
for Selectively Catalytic Hydrosilylation of Alkenes and Polymer-
ization of Styrene: an Experimental and Theoretical Mechanistic
Study. Inorg. Chem. 2016, 55, 9105−9111. (b) Liu, J.; Chen, W.; Li,
J.; Cui, C. Rare-Earth-Catalyzed Regioselective Hydrosilylation of
Aryl-Substituted Internal Alkenes. ACS Catal. 2018, 8, 2230−2235.
(c) Chen, W.; Song, H.; Li, J.; Cui, C. Catalytic Selective
Dihydrosilylation of Internal Alkynes Enabled by Rare-Earth Ate
Complex. Angew. Chem., Int. Ed. 2020, 59, 2365−2369. (d) Chen, W.;
Liu, X.; Kong, J.; Li, J.; Chen, Y.; Cui, C. Rare-Earth-Catalyzed
Selective Synthesis of Linear Hydridopolycarbosilanes and Their
Functionalization. Macromolecules 2021, 54, 673−678.
(9) Kissel, A. A.; Mahrova, T. V.; Lyubov, D. M.; Cherkasov, A. V.;
Fukin, G. K.; Trifonov, A. A.; Del Rosal, I.; Maron, L. Metallacyclic
yttrium alkyl and hydrido complexes: synthesis, structures and
catalytic activity in intermolecular olefin hydrophosphination and
hydroamination. Dalton Trans. 2015, 44, 12137−12148.
(10) (a) Huang, Y.; del Pozo, J.; Torker, S.; Hoveyda, A. H.
Enantioselective Synthesis of Trisubstituted Allenyl−B(pin) Com-
pounds by Phosphine−Cu-Catalyzed 1,3-Enyne Hydroboration.
Insights Regarding Stereochemical Integrity of Cu−Allenyl Inter-
mediates. J. Am. Chem. Soc. 2018, 140, 2643−2655. (b) Wang, B.; Li,
Y.; Pang, J. H.; Watanabe, K.; Takita, R.; Chiba, S. Hydro-
magnesiation of 1,3-Enynes by Magnesium Hydride for Synthesis of
Tri- and Tetra-substituted Allenes. Angew. Chem., Int. Ed. 2021, 60,
217−221.
(11) (a) Snider, B. B.; Karras, M.; Conn, R. S. E. Nickel-catalyzed
addition of Grignard reagents to silylacetylenes. Synthesis of
tetrasubstituted alkenes. J. Am. Chem. Soc. 1978, 100, 4624−4626.
(b) Gao, Y.; Sato, F. On the mechanism of titanocenedichloride-
catalysed hydromagnesiation of alkynes with alkyl Grignard reagents.
J. Chem. Soc., Chem. Commun. 1995, 659−660. (c) Shirakawa, E.;

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c04689
J. Am. Chem. Soc. 2021, 143, 12913−12918

12917

https://doi.org/10.1021/acscatal.5b02308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0783986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC04012F
https://doi.org/10.1246/cl.1985.1405
https://doi.org/10.1246/cl.1985.1405
https://doi.org/10.1246/bcsj.65.1280
https://doi.org/10.1246/bcsj.65.1280
https://doi.org/10.1246/cl.1997.623
https://doi.org/10.1246/cl.1997.623
https://doi.org/10.1016/S0022-328X(00)00189-3
https://doi.org/10.1016/S0022-328X(00)00189-3
https://doi.org/10.1016/j.jorganchem.2013.12.046
https://doi.org/10.1021/ja107141p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja107141p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2031085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2031085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2031085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4001334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4001334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200351587
https://doi.org/10.1002/anie.200351587
https://doi.org/10.1002/chem.201103360
https://doi.org/10.1002/chem.201103360
https://doi.org/10.1002/chem.201202260
https://doi.org/10.1002/chem.201202260
https://doi.org/10.1002/chem.201202260
https://doi.org/10.1021/acs.joc.8b03143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017138h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017138h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017138h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060138b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060138b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060138b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9902796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar020133k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar020133k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar020133k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010025w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010025w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200300628
https://doi.org/10.1002/anie.200300628
https://doi.org/10.1021/bk-2005-0911.ch010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2005-0911.ch010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020024j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar900153r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar900153r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201108001
https://doi.org/10.1002/anie.201108001
https://doi.org/10.1021/ar800011h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800011h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201101460
https://doi.org/10.1002/anie.201101460
https://doi.org/10.1021/cr400015d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400015d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr3005263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr3005263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar4002069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar4002069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CS00024B
https://doi.org/10.1039/C4CS00024B
https://doi.org/10.1039/C3CS60462D
https://doi.org/10.1039/C3CS60462D
https://doi.org/10.1039/c3cs60408j
https://doi.org/10.1039/c3cs60408j
https://doi.org/10.1021/cs401007m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs401007m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010291+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010291+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-018-9403-7
https://doi.org/10.1007/s11426-018-9403-7
https://doi.org/10.1021/acs.inorgchem.6b01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201913773
https://doi.org/10.1002/anie.201913773
https://doi.org/10.1002/anie.201913773
https://doi.org/10.1021/acs.macromol.0c02692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5DT00129C
https://doi.org/10.1039/C5DT00129C
https://doi.org/10.1039/C5DT00129C
https://doi.org/10.1039/C5DT00129C
https://doi.org/10.1021/jacs.7b13296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202012027
https://doi.org/10.1002/anie.202012027
https://doi.org/10.1002/anie.202012027
https://doi.org/10.1021/ja00482a066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00482a066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00482a066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39950000659
https://doi.org/10.1039/c39950000659
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Yamagami, T.; Kimura, T.; Yamaguchi, S.; Hayashi, T. Arylmagne-
siation of Alkynes Catalyzed Cooperatively by Iron and Copper
Complexes. J. Am. Chem. Soc. 2005, 127, 17164−17165. (d) Tan, B.
H.; Dong, J.; Yoshikai, N. Cobalt-catalyzed addition of arylzinc
reagents to alkynes to form ortho-alkenylarylzinc species through 1,4-
cobalt migration. Angew. Chem., Int. Ed. 2012, 51, 9610−9614.
(e) Lee, Y. H.; Morandi, B. Palladium-Catalyzed Intermolecular
Aryliodination of Internal Alkynes. Angew. Chem., Int. Ed. 2019, 58,
6444−6448. (f) Pan, Z.; Gao, D.; Zhang, C.; Guo, L.; Li, J.; Cui, C.
Synthesis and Reactivity of N-heterocyclic Carbene Stabilized
Lanthanide(II) Bis(amido) Complexes. Organometallics 2021, 40,
1728−1734.
(12) Fu, P.-F.; Marks, T. J. Silanes as Chain Transfer Agents in
Metallocene-Mediated Olefin Polymerization. Facile in Situ Catalytic
Synthesis of Silyl-Terminated Polyolefins. J. Am. Chem. Soc. 1995,
117, 10747−10748.
(13) Brown, H. C.; Khire, U. R.; Narla, G. B-(.gamma.-
(Trimethylsilyl)propargyl)diisopinocampheylborane: A New, Highly
Efficient Reagent for the Enantioselective Propargylboration of
Aldehydes. Synthesis of Trimethylsilyl-Substituted and Parent.alpha.-
Allenic Alcohols in High Optical Purity. J. Org. Chem. 1995, 60 (25),
8130−8131.
(14) Fu, P.-F.; Brard, L.; Li, Y.; Marks, T. J. Regioselection and
Enantioselection in Organolanthanide-Catalyzed Olefin Hydrosilyla-
tion. A Kinetic and Mechanistic Study. J. Am. Chem. Soc. 1995, 117,
7157−7168.
(15) Molander, G. A.; Julius, M. Selective hydrosilylation of alkenes
catalyzed by an organoyttrium complex. J. Org. Chem. 1992, 57,
6347−6351.
(16) Sasaki, Y.; Horita, Y.; Zhong, C.; Sawamura, M.; Ito, H.
Copper(I)-Catalyzed Regioselective Monoborylation of 1,3-Enynes
with an Internal Triple Bond: Selective Synthesis of 1,3-
Dienylboronates and 3-Alkynylboronates. Angew. Chem., Int. Ed.
2011, 50, 2778−2782.
(17) (a) Hajela, S.; Schaefer, W. P.; Bercaw, J. E. Highly electron
deficient group 3 organometallic complexes based on the 1,4,7-
trimethyl-1,4,7-triazacyclononane ligand system. J. Organomet. Chem.
1997, 532, 45−53. (b) Ihara, E.; Tanaka, M.; Yasuda, H.; Kanehisa,
N.; Maruo, T.; Kai, Y. Coordination of allenyl/propargyl group to
samarium(III): the first crystal structures of η3-allenyl and η1-
propargyl lanthanide complexes. J. Organomet. Chem. 2000, 613, 26−
32. (c) Quiroga Norambuena, V. F.; Heeres, A.; Heeres, H. J.;
Meetsma, A.; Teuben, J. H.; Hessen, B. Synthesis, Structure, and
Reactivity of Rare-Earth Metallocene η3-Propargyl/Allenyl Com-
plexes. Organometallics 2008, 27, 5672−5683. (d) Kaneko, H.; Nagae,
H.; Tsurugi, H.; Mashima, K. End-Functionalized Polymerization of
2-Vinylpyridine through Initial C−H Bond Activation of N-
Heteroaromatics and Internal Alkynes by Yttrium Ene−Diamido
Complexes. J. Am. Chem. Soc. 2011, 133, 19626−19629. (e) Kefalidis,
C. E.; Perrin, L.; Burns, C. J.; Berg, D. J.; Maron, L.; Andersen, R. A.
Can a pentamethylcyclopentadienyl ligand act as a proton-relay in f-
element chemistry? Insights from a joint experimental/theoretical
study. Dalton Trans. 2015, 44, 2575−2587. (f) Nagae, H.; Kundu, A.;
Tsurugi, H.; Mashima, K. Propargylic C(sp3)−H Bond Activation for
Preparing η3-Propargyl/Allenyl Complexes of Yttrium. Organo-
metallics 2017, 36, 3061−3067.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c04689
J. Am. Chem. Soc. 2021, 143, 12913−12918

12918

https://doi.org/10.1021/ja0542136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0542136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0542136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201204388
https://doi.org/10.1002/anie.201204388
https://doi.org/10.1002/anie.201204388
https://doi.org/10.1002/anie.201812396
https://doi.org/10.1002/anie.201812396
https://doi.org/10.1021/acs.organomet.1c00207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00148a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00148a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00148a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00130a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00130a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00130a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00130a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00130a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00132a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00132a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00132a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00049a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00049a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201007182
https://doi.org/10.1002/anie.201007182
https://doi.org/10.1002/anie.201007182
https://doi.org/10.1016/S0022-328X(96)06768-X
https://doi.org/10.1016/S0022-328X(96)06768-X
https://doi.org/10.1016/S0022-328X(96)06768-X
https://doi.org/10.1016/S0022-328X(00)00479-4
https://doi.org/10.1016/S0022-328X(00)00479-4
https://doi.org/10.1016/S0022-328X(00)00479-4
https://doi.org/10.1021/om800547n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800547n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800547n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208293h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208293h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208293h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja208293h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4DT02387K
https://doi.org/10.1039/C4DT02387K
https://doi.org/10.1039/C4DT02387K
https://doi.org/10.1021/acs.organomet.7b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

