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ABSTRACT: The enantioselective C−H alkenylation of ferrocenes with alkynes is, in principle, a straightforward and atom-efficient
route for the construction of planar-chiral ferrocene scaffolds bearing alkene functionality but has remained scarcely explored to date.
Here we report for the first time the highly enantioselective C−H alkenylation of quinoline- and pyridine-substituted ferrocenes with
alkynes by a half-sandwich scandium catalyst. This protocol features broad substrate scope, high enantioselectivity, and 100% atom
efficiency, selectively affording a new family of planar-chiral ferrocenes bearing N/alkene functionalities. The mechanistic details
have been clarified by DFT analyses. The use of a quinoline/alkene-functionalized ferrocene product as a chiral ligand for
asymmetric catalysis is also demonstrated.

Ferrocene and its derivatives have been the subject of
extensive studies since the discovery of ferrocene in the

early 1950s, because of their fascinating structural features and
properties.1−10 In particular, ferrocenes possessing planar
chirality are of great interest and importance in the fields of
asymmetric catalysis and materials science. Therefore, the
development of efficient protocols to introduce planar chirality
into the ferrocene backbone has attracted intense attention
over the past decades.5−33 In view of the high potential of
chiral hybrid olefin ligands containing both a heteroatom and
an olefin unit in asymmetric catalysis,34−46 planar-chiral
ferrocenes bearing both N-heterocycle and alkene function-
alities are of great interest. In principle, the asymmetric C−H
addition of N-heterocycle-substituted ferrocenes to alkynes
could be a straightforward and 100% atom-efficient route for
the synthesis of planar-chiral ferrocenes bearing N/alkene
functionalities.47 However, despite extensive studies and recent
advances in C−H activation and transformations,11−16 the
enantioselective C−H alkenylation of ferrocenes with alkynes
has remained a challenge to date because of the lack of suitable
chiral catalysts. It has been previously reported that the
reaction of amine-substituted ferrocenes with diphenylacety-
lene in the presence of a chiral palladium catalyst gave the
corresponding alkyne-annulated ferrocene products, while a
straightforward C−H alkenylation product was not obtained
(Scheme 1a, i).19 The reaction of an isoquinoline-substituted
ferrocene with diphenylacetylene by a chiral iridium catalyst
afforded the C−H alkenylation product, but no significant
enantioselectivity was observed (Scheme 1a, ii) although the
analogous asymmetric C−H alkylation with alkenes worked
well.31 Search for new catalysts for the asymmetric C−H
alkenylation of ferrocenes with alkynes is therefore of much
interest and importance.
We have recently found that half-sandwich rare-earth

catalysts can serve as a unique platform for various chemical
transformations,48−70 including the enantioselective C−H
addition of pyridines to alkenes,63,65 diastereodivergent

asymmetric carboamination/annulation of cyclopropenes
with aminoalkenes,66 and enantioselective construction of all-
carbon quaternary stereocenters via C−H alkylation of
imidazoles with 1,1-disubstituted alkenes.70 These findings
have provoked our interest in exploring the potential of rare-
earth catalysts for asymmetric C−H alkenylation with alkynes.
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Scheme 1. Asymmetric C−H Addition of Ferrocenes to
Alkynes by Different Catalysts
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Herein, we report for the first time the enantioselective C−H
alkenylation of ferrocenes with various internal alkynes by a
chiral half-sandwich scandium catalyst (Scheme 1b). This
protocol offers an efficient and selective route for the synthesis
of a new family of planar-chiral ferrocenes bearing quinoline
and pyridine/alkene functionalities with high enantioselectiv-
ity. The mechanistic details have been clarified by DFT
calculations. The potential of a quinoline/alkene-function-
alized ferrocene product as a chiral ancillary ligand for
asymmetric rhodium catalysis is also demonstrated.
At first, we examined the reaction of a quinoline-substituted

ferrocene 1a with 1-phenyl-1-propyne 2a by using half-
sandwich scandium catalysts bearing various binaphthyl-
substituted cyclopentadienyl ligands (Table 1).71−73 The Sc

catalysts possessing OMe (OMe-Sc),68 OSi(iPr)3 (TIPS-Sc),
63

and OSitBuPh2 (TBDPS-Sc)63 substituents at the 3,3′-
positions of the binaphthyl group in the Cp ligand, which
were previously reported to show high activity and excellent
enantioselectivity in the hydroarylation63,70 and hydrosilyla-
tion68 of alkenes, did not work in the C−H alkenylation of 1a
with 2a under the similar conditions (Table 1, entries 1−3). In
contrast, an analogous catalyst bearing phenyl substituents at
the binaphthyl group (Ph-Sc)66 afforded the desired C−H
alkenylation product 3a in 61% yield with an enantiomer ratio
of 95:5 (Table 1, entry 4). The introduction of a bulky SiMe3
substituent to the Cp ring of the catalyst (Ph-TMS-Sc, Figure
1)74 gave a further higher yield (81%) and higher
enantioselectivity (98:2 e.r.) (Table 1, entry 5).75−81 Lowering
the reaction temperature from 80 to 70 °C did not influence
the enantioselectivity, while a lower yield of 3a was observed
(Table 1, entry 6). The formation of 3a in the reaction of 1a
with 2a represents the first example of enantioselective C−H
alkenylation of a ferrocene compound with an alkyne, standing

in sharp contrast with the analogous reactions catalyzed by
Pd19 or Ir31 catalysts, which either gave an alkyne-annulated
product or did not show significant enantioselectivity (see also
Scheme 1a).
Having established the optimal conditions for the asym-

metric C−H alkenylation of 1a with 2a, we then examined the
reactions of 1a with various alkynes. Some representative
results are shown in Table 2. In addition to 2a, internal alkynes
bearing various aryl and alkyl substituents could generally serve
as efficient alkenylating reagents for 1a in the presence of Ph-
TMS-Sc. The C−C bond formation took place regioselectively
at the carbon atom of a CC unit bearing the alkyl
substituent, affording the corresponding alkenylated ferrocene
derivatives in high yields and excellent enantioselectivities (e.r.
= 96:4−99:1). Phenyl (3e), naphthyl (3f), phenoxy (3g),
trimethylsilyl (3h), chloro (3i, 3k), bromo (3j), methylthio
(3l), carbazolyl (3m), and vinyl (3o) functional groups in the
alkyne substrates were all compatible with the catalyst, without
showing erosion of the enantioselectivity. Thiophenyl (3n),
PhS (3q), and iPrS (3r) groups directly bonded to the CC
unit of the alkyne substrates did not hamper the reaction. The
sterically demanding diphenylacetylene (3p) also worked well
for the alkenylation of 1a.82 The absolute configuration of the
alkenylation product 3p was assigned to be Sp by spectroscopic
comparison with a reference compound (Rp)-3p prepared from
the well-known Ugi’s amine (see the Supporting Information
for details).83

Table 3 shows the Ph-TMS-Sc catalyzed enantioselective
C−H alkenylation of various N-heterocycle-substituted
ferrocenes with alkynes. Methyl (3s), bromo (3t), and fluoro
(3u) substituents at the quinoline moiety of the ferrocene
substrates did not hamper the enantioselectivity (e.r. = 96:4−
98:2). A fused polycyclic quinoline unit (3v) was well
accommodated. n-Butyl (3w) or bromo (3x) substituent at a
Cp ring of the ferrocenes was also compatible with the C−H
alkenylation at the other Cp ring, without deteriorating the
enantioselectivity. In addition to quinoline substituents,

Table 1. Asymmetric C−H Alkenylation of 1a with 2a by
Various Half-sandwich Scandium Catalystsa

entry [Sc] T (°C) t (h) yield (%)b e.r.c

1 OMe-Sc 80 24 0 /
2 TIPS-Sc 80 24 0 /
3 TBDPS-Sc 80 24 0 /
4 Ph-Sc 80 24 61 95:5
5 Ph-TMS-Sc 80 24 81 98:2
6 Ph-TMS-Sc 70 48 61 98:2

aReaction conditions: 1a (0.05 mmol), 2a (0.07 mmol), [Sc] (4 mol
%), [Ph3C][B(C6F5)4] (4 mol %), toluene-d8 (0.5 mL). bYield of 3a
was determined by 1H NMR spectroscopy using CH2Br2 as an
internal standard. cEnantiomer ratio of 3a determined by HPLC
analysis on a chiral stationary phase.

Figure 1. ORTEP drawing of Ph-TMS-Sc showing thermal ellipsoids
at the 30% probability level. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [Å] and angles [°]: Sc1−Cp (av.)
2.538(3), Sc1−C1 2.304(4), Sc1−C10 2.281(4), Sc1−N1 2.420(3),
Sc1−N2 2.464(3); C1−Sc1−N1 71.63(12), C1−Sc1−N2 87.03(13),
C10−Sc1−N2 72.05(12).
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pyridine-substituted ferrocenes were also suitable for the
present C−H alkenylation reaction, efficiently yielding the
corresponding pyridine/alkene-functionalized planar-chiral
ferrocene derivatives (3y, 3z) in excellent enantioselectivity
(e.r. = 97:3).84 Besides ferrocenes, a ruthenocene substrate
could also be efficiently C−H alkenylated in an enantiose-
lective fashion (3aa).
To gain insights into the C−H bond cleavage step of a

quinoline-functionalized ferrocene compound 1a, we carried
out several deuterium-labeling experiments (Scheme 2). When
2-ferrocenyl-8-deuterium-quinoline (1a−d1) was stirred with
Ph-TMS-Sc (4 mol %) and [Ph3C][B(C6F5)4] (4 mol %) in
toluene at 80 °C for 8 h, a D/H scrambled product 1a-d/h was
formed (Scheme 2a). This suggests that the C−H activation of
1a by the scandium catalyst could take place at both the C8
position of the quinoline substituent and the ortho-positions of
the Cp group in the ferrocene moiety, similar to what was
observed previously in the case of 2-phenylquinoline.62 When
the reaction of 1a−d1 with 2a was carried out in the presence
of Ph-TMS-Sc/[Ph3C][B(C6F5)4] at 80 °C for 48 h, the
ferrocene C−H alkenylation product (Sp)-3a−d was formed
accompanied by the similar H/D scrambling (Scheme 2b).

Table 2. Asymmetric C−H Alkenylation of 1a with Various
Alkynes by Ph-TMS-Sca

aReaction conditions unless noted otherwise: 1a (0.05 mmol), 2
(0.07 mmol), Ph-TMS-Sc (4 mol %), [Ph3C][B(C6F5)4] (4 mol %),
toluene (0.5 mL), 80 °C, 24−72 h, isolated yield, r.r. > 20:1, e.r.
determined by HPLC analysis on a chiral stationary phase. b1a (0.20
mmol), 2 (0.30 mmol), Ph-TMS-Sc (4 mol %), [Ph3C][B(C6F5)4] (4
mol %), toluene (2.0 mL), 80 °C, 48 h. cPh-TMS-Sc (8 mol %),
[Ph3C][B(C6F5)4] (8 mol %).

Table 3. Asymmetric C−H Alkenylation of Various N-
Heterocycle-Substituted Ferrocenes and Ruthenocene with
Alkynes by Ph-TMS-Sca

aReaction conditions unless noted otherwise: 1 (0.05 mmol), 2 (0.07
mmol), Ph-TMS-Sc (4 mol %), [Ph3C][B(C6F5)4] (4 mol %),
toluene (0.5 mL), 80 °C, 24−72 h, isolated yield, r.r. > 20:1, e.r.
determined by HPLC analysis on a chiral stationary phase. bPh-TMS-
Sc (8 mol %), [Ph3C][B(C6F5)4] (8 mol %). c23 °C, 24 h.
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These results suggest that the alkyne insertion reaction could
occur regio- and enantioselectively at a ferrocene C−H
position, although C−H activation at the C8 position of the
quinoline unit may also take place.
To gain more information on the reaction mechanism, we

performed the density functional theory (DFT) calculations

(see Supporting Information for details). Some representative
energy data together with a possible reaction mechanism for
the reaction of 1a with 2a by Ph-TMS-Sc are shown in Figure
2. The deprotonative C−H activation at the C8 position of the
quinoline unit in 1a by the Sc−R species in cat-Sc followed by
coordination of another molecule of 1a to the metal center
would give intermediate A by overcoming an energy barrier of
ΔG‡ = 25.4 kcal/mol. The intramolecular C−H activation of
the quinoline-substituted Cp unit of the coordinated 1a in A
then gives (Rp)-B (ΔG‡ = 20.1 kcal/mol). This process is
much favored over the alkyne insertion into the Sc−quinolyl
bond in A to give D (ΔG‡ = 25.8 kcal/mol, see also Figures
S14−S16). The direct C(Cp)−H activation of 1a by cat-Sc to
afford (Rp)-B is also possible by overcoming a comparable
energy barrier (via TS1, ΔG‡ = 25.2 kcal/mol). The
replacement of 1a with 2a followed by CC insertion into
the Sc−Cp σ-bond in (Rp)-B could give (Sp)-C (via TS2, ΔG‡

= 21.1 kcal/mol).85 Subsequently, the hydrogen abstraction of
1a by the Sc−vinyl bond in (Sp)-C would release the final
product (Sp)-3a (ΔG‡ = 25.0 kcal/mol) and regenerate (Rp)-B
after coordination of another molecule of 1a. The direct
formation of enantiomeric isomer (Sp)-B by the reaction of

Scheme 2. Deuterium-Labeling Experiments

Figure 2. Possible mechanism of enantioselective C−H alkenylation of 1a with 2a by Ph-TMS-Sc. The free energy barriers (ΔG‡) in solution are
given in kcal/mol. Bond distances are given in angstrom (Å). The energy values were obtained at the M06/6-311+G(d,p)&SDD (SMD, toluene)//
B3PW91/6-31G(d)&SDD (353.15 K) level of theory (see the Supporting Information for more details).
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cat-Sc with 1a requires a much higher energy barrier (via TS1″,
ΔG‡ = 29.7 kcal/mol). Although (Sp)-B could be alternatively
generated from (Rp)-B (ΔG‡ = 19.6 kcal/mol), the alkyne
insertion into (Sp)-B to give (Rp)-C (via TS2″, ΔG‡ = 27.4
kcal/mol) is less favored compared to the conversion of (Sp)-B
to (Rp)-B (ΔG‡ = 19.7 kcal/mol).
To probe the potential of the N/alkene-functionalized

ferrocene products obtained in this work as chiral ligands in
asymmetric catalysis, we examined (Sp)-3a in the Rh-catalyzed
1,4-addition of an arylboronic acid 5 to an α,β-unsaturated
ketone 4 (Scheme 3).86 The desired β-arylated ketone product

6 was obtained in a decent yield with a high-level of
enantioselectivity under mild conditions (e.r. = 96:4 at room
temperature), demonstrating that the N/alkene-functionalized
planar-chiral ferrocenes can serve as excellent ancillary ligands
in asymmetric catalysis.39

In summary, by using a newly prepared chiral half-sandwich
scandium catalyst Ph-TMS-Sc, we have achieved for the first
time the enantioselective C−H alkenylation of ferrocenes with
diverse internal alkynes. This protocol offers a straightforward
route for the synthesis of a new family of N/alkene-
functionalized planar-chiral ferrocenes with high enantioselec-
tivity, high yields, broad substrate scope, and 100% atom
efficiency. Deuterium-labeling and computational studies have
revealed that although C−H activation at both the ferrocene
Cp unit and the C8 position of the quinoline moiety in a
quinoline-substituted ferrocene compound such as 1a is
possible, the alkenylation with an alkyne such as 2a favors
the Cp unit in an enantioselective fashion. The successful use
of (Sp)-3a as a chiral ligand in the Rh-catalyzed asymmetric
1,4-addition of an aryl boric acid to cyclohexanone
demonstrates the high potential of the N/alkene-functionalized
planar-chiral ferrocene products obtained in this work in
asymmetric catalysis. Further studies on rare-earth-catalyzed
asymmetric C−H functionalization and related transformations
are in progress.
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(51) Wozńiak, Ł.; Cramer, N. Enantioselective C−H Bond
Functionalizations by 3d Transition-Metal Catalysts. Trends Chem.
2019, 1, 471.
(52) Guan, B.-T.; Hou, Z. Rare-Earth-Catalyzed C−H Bond
Addition of Pyridines to Olefins. J. Am. Chem. Soc. 2011, 133, 18086.
(53) Oyamada, J.; Hou, Z. Regioselective C-H alkylation of anisoles
with olefins catalyzed by cationic half-sandwich rare earth alkyl
complexes. Angew. Chem., Int. Ed. 2012, 51, 12828.
(54) Guan, B.-T.; Wang, B.; Nishiura, M.; Hou, Z. Yttrium-
Catalyzed Addition of Benzylic C-H Bonds of Alkyl Pyridines to
Olefins. Angew. Chem., Int. Ed. 2013, 52, 4418.
(55) Song, G.; Wang, B.; Nishiura, M.; Hou, Z. Catalytic C−H Bond
Addition of Pyridines to Allenes by a Rare-Earth Catalyst. Chem. - Eur.
J. 2015, 21, 8394.
(56) Song, G.; Luo, G.; Oyamada, J.; Luo, Y.; Hou, Z. ortho-Selective
C-H addition of N, N-dimethyl anilines to alkenes by a yttrium
catalyst. Chem. Sci. 2016, 7, 5265.
(57) Nako, A. E.; Oyamada, J.; Nishiura, M.; Hou, Z. Scandium-
catalysed intermolecular hy droaminoalkylation of olefins with
aliphatic tertiary amines. Chem. Sci. 2016, 7, 6429.
(58) Shi, X.; Nishiura, M.; Hou, Z. C-H Polyaddition of
Dimethoxyarenes to Unconjugated Dienes by Rare Earth Catalysts.
J. Am. Chem. Soc. 2016, 138, 6147.
(59) Shi, X.; Nishiura, M.; Hou, Z. Simultaneous Chain-Growth and
Step-Growth Polymerization of Methoxystyrenes by Rare-Earth
Catalysts. Angew. Chem., Int. Ed. 2016, 55, 14812.
(60) Luo, Y.; Ma, Y.; Hou, Z. α-C-H Alkylation of Methyl Sulfides
with Alkenes by a Scandium Catalyst. J. Am. Chem. Soc. 2018, 140,
114.
(61) Cong, X.; Zhan, G.; Mo, Z.; Nishiura, M.; Hou, Z.
Diastereodivergent [3 + 2] Annulation of Aromatic Aldimines with
Alkenes via C-H Activation by Half-Sandwich Rare-Earth Catalysts. J.
Am. Chem. Soc. 2020, 142, 5531.
(62) Lou, S.-J.; Zhang, L.; Luo, Y.; Nishiura, M.; Luo, G.; Luo, Y.;
Hou, Z. Regiodivergent C−H Alkylation of Quinolines with Alkenes
by Half-Sandwich Rare-Earth Catalysts. J. Am. Chem. Soc. 2020, 142,
18128.
(63) Song, G.; Wylie, W. N. O.; Hou, Z. Enantioselective C−H
Bond Addition of Pyridines to Alkenes Catalyzed by Chiral Half-
Sandwich Rare-Earth Complexes. J. Am. Chem. Soc. 2014, 136, 12209.
(64) Teng, H.-L.; Luo, Y.; Wang, B.; Zhang, L.; Nishiura, M.; Hou,
Z. Synthesis of Chiral Aminocyclopropanes by Rare-Earth-Metal-
Catalyzed Cyclopropene Hydroamination. Angew. Chem., Int. Ed.
2016, 55, 15406.
(65) Luo, Y.; Teng, H.-L.; Nishiura, M.; Hou, Z. Asymmetric
Yttrium-Catalyzed C(sp3)-H Addition of 2-Methyl Azaarenes to
Cyclopropenes. Angew. Chem., Int. Ed. 2017, 56, 9207.
(66) Teng, H.-L.; Luo, Y.; Nishiura, M.; Hou, Z. Diastereodivergent
Asymmetric Carboamination/Annulation of Cyclopropenes with
Aminoalkenes by Chiral Lanthanum Catalysts. J. Am. Chem. Soc.
2017, 139, 16506.
(67) Teng, H.-L.; Ma, Y.; Zhan, G.; Nishiura, M.; Hou, Z.
Asymmetric C(sp)−H Addition of Terminal Alkynes to Cyclo-
propenes by a Chiral Gadolinium Catalyst. ACS Catal. 2018, 8, 4705.
(68) Zhan, G.; Teng, H.-L.; Luo, Y.; Lou, S.-J.; Nishiura, M.; Hou, Z.
Enantioselective Construction of Silicon-Stereogenic Silanes by
Scandium-Catalyzed Intermolecular Alkene Hydrosilylation. Angew.
Chem., Int. Ed. 2018, 57, 12342.
(69) Kundu, A.; Inoue, M.; Nagae, H.; Tsurugi, H.; Mashima, K.
Direct ortho-C−H Aminoalkylation of 2-Substituted Pyridine
Derivatives Catalyzed by Yttrium Complexes with N,N′-Diary-
lethylenediamido Ligands. J. Am. Chem. Soc. 2018, 140, 7332.
(70) Lou, S.-J.; Mo, Z.; Nishiura, M.; Hou, Z. Construction of All-
Carbon Quaternary Stereocenters by Scandium-Catalyzed Intra-
molecular C−H Alkylation of Imidazoles with 1,1-Disubstituted
Alkenes. J. Am. Chem. Soc. 2020, 142, 1200.

(71) Ye, B.; Cramer, N. Chiral Cyclopentadienyls: Enabling Ligands
for Asymmetric Rh(III)-Catalyzed C−H Functionalizations. Acc.
Chem. Res. 2015, 48, 1308.
(72) Newton, C. G.; Kossler, D.; Cramer, N. Asymmetric Catalysis
Powered by Chiral Cyclopentadienyl Ligands. J. Am. Chem. Soc. 2016,
138, 3935.
(73) Mas-Roselló, J.; Herraiz, A. G.; Audic, B.; Laverny, A.; Cramer,
N. Chiral cyclopentadienyl ligands: design, syntheses and applications
in asymmetric catalysis. Angew. Chem., Int. Ed. 2020, DOI: 10.1002/
anie.202008166.
(74) See the Supporting Information for the synthesis and structural
characterization of complex Ph-TMS-Sc.
(75) Wang, C.; Luo, G.; Nishiura, M.; Song, G.; Yamamoto, A.; Luo,
Y.; Hou, Z. Heteroatom-assisted olefin polymerization by rare-earth
metal catalysts. Sci. Adv. 2017, 3, e1701011.
(76) Wang, H.; Yang, Y.; Nishiura, M.; Higaki, Y.; Takahara, A.;
Hou, Z. Synthesis of Self-Healing Polymers by Scandium-Catalyzed
Copolymerization of Ethylene and Anisylpropylenes. J. Am. Chem. Soc.
2019, 141, 3249.
(77) Wang, H.; Zhao, Y.; Nishiura, M.; Yang, Y.; Luo, G.; Luo, Y.;
Hou, Z. Scandium-Catalyzed Regio- and Stereoselective Cyclo-
polymerization of Functionalized α, ω-Dienes and Copolymerization
with Ethylene. J. Am. Chem. Soc. 2019, 141, 12624.
(78) Sun, Y.; Cramer, N. Tailored trisubstituted chiral CpxRhIII

catalysts for kinetic resolutions of phosphinic amides. Chem. Sci. 2018,
9, 2981.
(79) Sun, Y.; Cramer, N. Enantioselective Synthesis of Chiral-at-
Sulfur 1,2-Benzothiazines by CpxRhIII-Catalyzed C−H Functionaliza-
tion of Sulfoximines. Angew. Chem., Int. Ed. 2018, 57, 15539.
(80) Ozols, K.; Jang, Y.-S.; Cramer, N. Chiral Cyclopentadienyl
Cobalt(III) Complexes Enable Highly Enantioselective 3d-Metal-
Catalyzed C−H Functionalizations. J. Am. Chem. Soc. 2019, 141,
5675.
(81) Cui, W.-J.; Wu, Z.-J.; Gu, Q.; You, S.-L. Divergent Synthesis of
Tunable Cyclopentadienyl Ligands and Their Application in Rh-
catalyzed Enantioselective Synthesis of Isoindolinone. J. Am. Chem.
Soc. 2020, 142, 7379.
(82) The reaction of 1a with an alkyne having two different aryl
substituents such as 1-chloro-4-((4-phenoxyphenyl)ethynyl)benzene
gave a mixture of regioisomers (r.r. = 2.5:1). A terminal alkyne did not
undergo an alkenylation reaction because of strong acidity (see also
ref 67).
(83) Lu, X.; Chen, G. An Efficient Diastereoselective Synthesis of
Chiral Ferrocenyl Aldehydes. Tetrahedron 1998, 54, 12539.
(84) The reaction of C6-substituent-free 2-ferrocenylpyridine with
2a did not give the desired product probably because of the smaller
steric hindrance of pyridine unit, which may allow stronger
coordination of more pyridine units to the catalyst metal center and
thus hamper the access of the alkyne substrate to the catalyst. Such
influence has also been observed previously (see ref 52).
(85) The 2,1-insertion of alkyne into (Rp)-B was less favored (ΔG‡ =
24.8 kcal/mol) compared to the 1,2-insertion (see Figure S17 for
details).
(86) Tian, P.; Dong, H.-Q.; Lin, G.-Q. Rhodium-Catalyzed
Asymmetric Arylation. ACS Catal. 2012, 2, 95.

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

https://dx.doi.org/10.1021/jacs.0c13166
J. Am. Chem. Soc. 2021, 143, 2470−2476

2476

https://dx.doi.org/10.1002/anie.201904214
https://dx.doi.org/10.1002/anie.201904214
https://dx.doi.org/10.1016/j.trechm.2019.03.013
https://dx.doi.org/10.1016/j.trechm.2019.03.013
https://dx.doi.org/10.1021/ja208129t
https://dx.doi.org/10.1021/ja208129t
https://dx.doi.org/10.1002/anie.201206233
https://dx.doi.org/10.1002/anie.201206233
https://dx.doi.org/10.1002/anie.201206233
https://dx.doi.org/10.1002/anie.201208867
https://dx.doi.org/10.1002/anie.201208867
https://dx.doi.org/10.1002/anie.201208867
https://dx.doi.org/10.1002/chem.201501121
https://dx.doi.org/10.1002/chem.201501121
https://dx.doi.org/10.1039/C6SC00833J
https://dx.doi.org/10.1039/C6SC00833J
https://dx.doi.org/10.1039/C6SC00833J
https://dx.doi.org/10.1039/C6SC02129H
https://dx.doi.org/10.1039/C6SC02129H
https://dx.doi.org/10.1039/C6SC02129H
https://dx.doi.org/10.1021/jacs.6b03859
https://dx.doi.org/10.1021/jacs.6b03859
https://dx.doi.org/10.1002/anie.201609065
https://dx.doi.org/10.1002/anie.201609065
https://dx.doi.org/10.1002/anie.201609065
https://dx.doi.org/10.1021/jacs.7b11245
https://dx.doi.org/10.1021/jacs.7b11245
https://dx.doi.org/10.1021/jacs.0c01171
https://dx.doi.org/10.1021/jacs.0c01171
https://dx.doi.org/10.1021/jacs.0c08362
https://dx.doi.org/10.1021/jacs.0c08362
https://dx.doi.org/10.1021/ja504995f
https://dx.doi.org/10.1021/ja504995f
https://dx.doi.org/10.1021/ja504995f
https://dx.doi.org/10.1002/anie.201609853
https://dx.doi.org/10.1002/anie.201609853
https://dx.doi.org/10.1002/anie.201705431
https://dx.doi.org/10.1002/anie.201705431
https://dx.doi.org/10.1002/anie.201705431
https://dx.doi.org/10.1021/jacs.7b10786
https://dx.doi.org/10.1021/jacs.7b10786
https://dx.doi.org/10.1021/jacs.7b10786
https://dx.doi.org/10.1021/acscatal.8b01189
https://dx.doi.org/10.1021/acscatal.8b01189
https://dx.doi.org/10.1002/anie.201807493
https://dx.doi.org/10.1002/anie.201807493
https://dx.doi.org/10.1021/jacs.8b03998
https://dx.doi.org/10.1021/jacs.8b03998
https://dx.doi.org/10.1021/jacs.8b03998
https://dx.doi.org/10.1021/jacs.9b12503
https://dx.doi.org/10.1021/jacs.9b12503
https://dx.doi.org/10.1021/jacs.9b12503
https://dx.doi.org/10.1021/jacs.9b12503
https://dx.doi.org/10.1021/acs.accounts.5b00092
https://dx.doi.org/10.1021/acs.accounts.5b00092
https://dx.doi.org/10.1021/jacs.5b12964
https://dx.doi.org/10.1021/jacs.5b12964
https://dx.doi.org/10.1002/anie.202008166
https://dx.doi.org/10.1002/anie.202008166
https://dx.doi.org/10.1002/anie.202008166?ref=pdf
https://dx.doi.org/10.1002/anie.202008166?ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c13166/suppl_file/ja0c13166_si_001.pdf
https://dx.doi.org/10.1126/sciadv.1701011
https://dx.doi.org/10.1126/sciadv.1701011
https://dx.doi.org/10.1021/jacs.8b13316
https://dx.doi.org/10.1021/jacs.8b13316
https://dx.doi.org/10.1021/jacs.9b04275
https://dx.doi.org/10.1021/jacs.9b04275
https://dx.doi.org/10.1021/jacs.9b04275
https://dx.doi.org/10.1039/C7SC05411D
https://dx.doi.org/10.1039/C7SC05411D
https://dx.doi.org/10.1002/anie.201810887
https://dx.doi.org/10.1002/anie.201810887
https://dx.doi.org/10.1002/anie.201810887
https://dx.doi.org/10.1021/jacs.9b02569
https://dx.doi.org/10.1021/jacs.9b02569
https://dx.doi.org/10.1021/jacs.9b02569
https://dx.doi.org/10.1021/jacs.0c02813
https://dx.doi.org/10.1021/jacs.0c02813
https://dx.doi.org/10.1021/jacs.0c02813
https://dx.doi.org/10.1016/S0040-4020(98)00733-9
https://dx.doi.org/10.1016/S0040-4020(98)00733-9
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c13166/suppl_file/ja0c13166_si_001.pdf
https://dx.doi.org/10.1021/cs200562n
https://dx.doi.org/10.1021/cs200562n
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c13166?ref=pdf

