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O R G A N I C  C H E M I S T R Y

Rhodium-catalyzed atropodivergent hydroamination of 
alkynes by leveraging two potential 
enantiodetermining steps
Ruijie Mi1, Rongkai Wu2, Jierui Jing3, Fen Wang3, Xiao-Xi Li1, Xin Hong2,4,5*, Xingwei Li1,3*

A pair of enantiomers is known to have different biological activities. Two catalysts with opposite chirality are 
nearly always required to deliver both enantiomeric products. In this work, chiral rhodium(III) cyclopentadienyl 
complexes are repurposed as efficient catalysts for enantiodivergent and atroposelective hydroamination of steri-
cally hindered alkynes. Products with opposite chirality have been both obtained using the same or closely analo-
gous chiral catalyst in good efficiency and excellent enantioselectivity, and the enantiodivergence was mainly 
enabled by an achiral carboxylic acid and its silver salt. Mechanistic studies revealed the origin of the enantiodi-
vergence ascribable to the switch of the enantiodetermining step (alkyne insertion versus protonolysis) under 
acid control, which constitutes a previously unidentified working mode of enantiodivergence by leveraging two 
elementary steps.

INTRODUCTION
The design of chiral catalysts that accommodate various elementary 
steps and stabilize corresponding intermediates has been long 
sought in asymmetric catalysis. In this context, chiral cyclopentadi-
enyl complexes of rhodium and iridium [CpXRh(III) and CpXIr(III)] 
stand out as powerful catalysts in asymmetric activation of C─H 
bonds (1–13), as pioneered by Cramer and co-workers and notably 
contributed by You and others (14–21). These catalysts typically un-
dergo cyclometalation, and the organorhodium intermediate inter-
acts with an unsaturated reagent to continue the catalytic cycle. 
Alternatively, analogous organorhodium intermediates were acces-
sible via transmetalation (22–24) or alkyne cyclization (Fig. 1A) 
(25). Overall, these systems take advantage of the innate reactivity 
of soft Rh─C bonds. In contrast, Rh(III)─N bonds with a hard ni-
trogen ligand such as amine/amide have been rarely explored in 
catalysis, likely due to their intrinsically low reactivity toward mi-
gratory insertion. Recently, Ellman and others have realized rare 
systems of Rh(III)/Ir(III)-catalyzed N─H insertion into carbene 
reagents (26, 27). However, these studies are limited to racemic or 
achiral reactions, and only a few Rh(III)-catalyzed asymmetric sys-
tems other than C─H activation have been realized, such as oxy-
amination (28) and olefin aziridination (29, 30).

Asymmetric hydroamination has received increasing attention 
as an atom-economic approach toward the construction of chiral 
amines (31–36). Still, asymmetric hydroamination has been pre-
dominantly limited to creation of central chirality. Hartwig, Hou, 
Breit, Dong, and others (37–44) explored asymmetric hydroamina-
tion of diverse olefins. Meanwhile, catalytic asymmetric hydroami-
nation of carbene reagents provides an alternative approach (45–55). 

In contrast, atroposelective intermolecular hydroamination remains 
limited to a few systems by following the same carbene insertion 
strategy (56, 57). Instead, intramolecular hydroaminocyclization 
of a specific class of aniline-tethered alkynes becomes a dominant 
approach of atroposelective hydroamination (58–61). Asymmetric 
hydroamination reactions suffer from limited reaction patterns and 
chirality patterns. Thus, it is necessary to exploit asymmetric hy-
droamination by taking advantage of abundant alkynes to fulfill the 
increasing demand for axially chiral amines. However, intermolecu-
lar atroposelective hydroamination remains untraversed, although 
hydrosilylation and hydrophosphination of sterically demanding 
alkynes have been accomplished (62–64).

A pair of enantiomers often exhibit different biological activities, 
and access to both enantiomers typically requires two catalysts with 
opposite chirality. To address this limitation, the concept of enantio-
divergence has been developed, which refers to generation of both 
enantiomers in good optical purity starting from the same substrate 
under different conditions with the same chiral catalyst (65). Early 
examples concerned Lewis acid–catalyzed addition of carbon nucleo-
philes to carbonyl compounds (66–71). Recently, You and co-workers 
(72) disclosed an elegant time-dependent enantiodivergent allylic ami-
nation system, which involves two sequential kinetic resolutions that 
proceed at competing rates. In 2021, Zhang and co-workers (73) re-
ported Ir-catalyzed enantiodivergent hydrogenation of quinolines, 
where both enantiomeric products could be obtained in good enan-
tioselectivities in different solvents. Very recently, the Zhang group 
(74) achieved Ti-catalyzed formal enantiodivergent synthesis of 
chiral alcohols, with the divergence ascribed to the nuclearity of 
the chiral catalyst. In the regime of C─H bond activation, Li and 
co-workers (75, 76) reported CpXRh(III)-catalyzed enantiodivergent 
syntheses of chiral heterocycles by subtle adjustment of the achiral 
carboxylic acid and the reaction solvent. Enantiodivergence has also 
been realized by subtle changes in the solvent in other metal-catalyzed 
reactions (77, 78).These outcomes underscored the promise of chiral 
rhodium(III) catalysts in enantiodivergent catalysis. However, en-
antiodivergent hydroamination reactions have not been disclosed. 
The rarity of enantiodivergent synthesis is largely ascribed to chal-
lenging control of the enantiodetermining step (EDS). The origin of 
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divergence is either unclear or predominantly ascribed to tuning of 
the transition state (TS) of a specific enantiodetermining elementary 
step such as addition (71), C─H activation (75), or σ-bond metathe-
sis (Fig. 1B, left) (76). Under different conditions, the chirality of the 
major enantiomeric product is switched by following a TS with an 
altered coordination number, charge, or coordination sphere. We con-
ceived a working principle by incorporating a second elementary step 
(Fig. 1B, right). In the case of two sequential elementary steps with 
comparable barriers in each pathway (black and blue curves), tun-
ing the reaction may result in two consequences. The nature of the 
TSs may be altered to allow for enantiodivergence (black versus blue). 
Moreover, the EDS may be switched between the two elementary 
steps owing to the condition-dependent tuning of the relative barrier 
and/or thermodynamics of these two steps. This previously uniden-
tified enantiodetermining mode, which intertangles two steps, will 
leave more room for enantiodivergent control. Nevertheless, this mode 
has not been investigated because of complicated kinetic and thermo-
dynamic scenarios. We now report our proof-of-concept studies of 
Rh(III)-catalyzed enantiodivergent hydroamination of sterically hin-
dered alkynes, affording both atropisomeric olefins in high regio-, 
stereo-, and enantioselectivity (Fig. 1C), where the enantiodivergence 
was enabled by judicious choice of readily available achiral acids.

RESULTS
Initial optimization studies
Inspired by the reactive Rh(III)─C bonds in diverse asymmetric 
catalysis, we explored the alternative Rh─N species in asymmetric 

hydroamination by repurposing the versatile chiral CpXRh(III) cat-
alysts. The coupling reaction of an alkyne 1a and a hydrazine 2a 
bearing a chelating group was screened in the presence of AgSbF6 
(Table 1). The desired hydroamination reaction proceeded under 
various conditions in the presence of a Cramer-type rhodium cata-
lyst and a carboxylic acid and its silver salt. The enantioselectivity 
was found to be significantly affected by the carboxylate. The AcOH/
AgOAc participated to give only poor enantioselectivity in all cases 
(entries 1 to 4). Moving to the PivOH/PivOAg combination im-
proved the enantioselectivity (entry 5), suggesting the superiority of 
sterically bulky aliphatic acid. The use of AdCO2H/AdCO2Ag im-
proved the enantioselectivity to 84% enantiomeric excess (ee ;entry 
6). The enantioselectivity was further improved to 89% ee when a 
slightly different (R)-Rh2 catalyst was used in 2,2,2-Trifluoroethanol 
(TFE) solvent (entry 12), while other catalyst-solvent combinations 
only gave inferior outcomes (entries 7 to 11). Given the marked ef-
fects of the carboxylic acid, a series of benzoic acids was also 
screened (entries 14 to 18). To our astonishment, the use of a com-
bination of MesCOOH/MesCOOAg afforded product 3 with the 
opposite and complementary (S) configuration in −91% ee, consti-
tuting a rare case of enantiodivergent synthesis. In addition, reduc-
ing the amount of the acid and its silver salts led to a very sluggish 
reaction. In the catalytic system, the AgSbF6 additive reacts with the 
Rh(III) catalyst to pull off the chloride and activates the catalyst, and 
the RCO2Ag silver salt works as a suitable weak base to assist in the 
activation of hydrazine and to promote the reaction conversion. In 
addition, we also attempted to use (S)-2-(1,3-dioxoisoindolin-2-yl)-
3,3-dimethylbutanoic acid and its silver salt as the sole chiral source 

Fig. 1. Rh(III) catalysts in asymmetric catalysis and in enantiodivergent hydroamination. (A) Chiral CpXRh(III) catalyst in asymmetric functionalization of unsaturated 
substrates. (B) Modes of enantiodivergent catalysis: Variation of the coordination mode/sphere of the transition state (TS). (C) Acid-dependent enantiodivergent alkyne 
hydroamination: Two-step enantiodetermining mode (this work). Black and blue curves represent different mechanistic details (TSs) of the same elementary step(s), each 
defining a major enantiomeric product with opposite chirality (only the major enantiomer-forming TS is included for simplicity). EDS, enantiodetermining step; EWG, 
electron withdrawing group.
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with [RhCp*Cl2]2 or [Ru(p-cymene)Cl2]2 being the catalyst, but no 
enantioselectivity was detected in either case.

The reaction scope
We next explored the generality of the coupling system under the 
complementary sets of standard conditions (Fig. 2). The AdCOOH/
AdCOOAg (TFE solvent) conditions (condition A) proved generally 
applicable. The coupling of isobutyryl-functionalized hydrazide pro-
ceeded smoothly with indolyl-alkynes bearing different substituents 
at the three, four, and five positions (4 to 12) in excellent enantiose-
lectivity (89 to 95% ee). Variations of the alkyne terminus verified the 
tolerance of alkyl, aryl, halo, ester, OCF3, and CF3 groups at different 
positions of the benzene ring (13 to 27, 87 to 96% ee). The absolute 
configuration of product 14 has been established as (R) by electronic 
circular dichroism (ECD) spectroscopy and x-ray crystallography 
(CCDC 2343135; see the Supplementary Materials). The alkyne ter-
minus was also extended to a thienyl group (28). Besides the aryl al-
kyne substrates, several alkyl alkynes were also viable (29 and 30), 

albeit with lower enantioselectivity for 30. The scope of the hydroam-
inating reagent was next examined, and primary (28), secondary 
(33), and tertiary (34 to 36) groups in the hydrazide were compatible, 
affording the products in generally excellent enantio- or diastereose-
lectivity (82 to 94% ee). Besides, the sulfonyl group in the hydrazide 
was extendable to several arenesulfonyls (37 to 42, 88 to 94% ee). The 
synthesis of the (S) product was then examined under the comple-
mentary MesCOOH/MesCOOAg conditions [(R)-Rh1 catalyst, con-
dition B] for all the substrates. Most of them proceeded in good to 
excellent enantioselectivities although they tend to be slightly lower 
than those of the (R) configured products obtained under condition 
A. To our delight, positive exceptions were found for products 27 and 
30 to 32, which were isolated in 92 to 94% ee and in acceptable yields. 
For the purpose of direct comparisons with the (S) configured prod-
ucts under the same catalyst and solvent conditions, the synthesis of 
the (R) configured products was also conducted under condition A′ 
[(R)-Rh1 catalyst, 1,2-Dichloroethane (DCE)] for selected substrates 
(products 3, 6, 13, 17 to 21, 24, and 39). In general, good to excellent 

Table 1. Optimization studies of enantiodivergent hydroamination of an alkyne. Reaction conditions: Reactions were carried out using alkyne 1a (0.05 mmol), 
2a (1.2 equiv), chiral Rh(III) catalyst (4 mol %), silver carboxylate (2 equiv), and carboxylic acid (2 equiv) at 0°C in a solvent (1 ml) for 12 hours under N2. Bold font 
is used to emphasize the reaction standard condition, corresponding to the conditions in Fig. 2. DCM, dichloromethane; HFIP, hexafluoroisopropanol.

Entry Rh cat. R (acid) Solvent Yield (%)* ee (%)†

 1 Rh1 Me DCE 47 8

 2 Rh2 Me DCE 50 5

 3 Rh3 Me DCE 23 7

 4 Rh4 Me DCE <5 –

 5 Rh1 tBu DCE 58 70

 6 Rh1 Ad DCE 58 84

 7 Rh1 Ad DCM 46 76

 8 Rh1 Ad CHCl3 40 75

 9 Rh1 Ad PhCl 28 70

 10 Rh1 Ad TFE 66 81

 11 Rh1 Ad HFIP 48 66

 12 Rh2 Ad TFE 74 89

 13‡﻿ Rh2 Ad TFE 48 90

 14 Rh1 Ph DCE 54 30

 15 Rh1 Mes DCE 62 −91

 16‡﻿ Rh1 Mes DCE 47 −91

 17 Rh1 Mes DCM 60 −90

 18 Rh1 Mes CHCl3 55 −86

*Isolated yields.    †The ee was determined by high-performance liquid chromatography analysis.    ‡At −20°C.
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Fig. 2. Scope of the enantiodivergent alkyne hydroamination. Reactions were carried out using alkyne 1 (0.1 mmol), hydrazide 2 (1.2 equiv), (R)-Rh2 (4 mol %), AgSbF6 
(16 mol %), and AdCO2Ag/AdCO2H (2.0 equiv) at 0°C in CF3CH2OH (1 ml) for 12 hours under N2, isolated yields. Reaction condition A′: Reactions were carried out using 
alkyne 1 (0.1 mmol), hydrazide 2 (1.2 equiv), (R)-Rh1 (4 mol %), AgSbF6 (16 mol %), AdCO2Ag (2.0 equiv), and AdCO2H (2.0 equiv) at 0°C in DCE (1 ml) for 12 hours under 
N2, isolated yields. Reaction condition B: Reactions were carried out using alkyne 1 (0.1 mmol), hydrazide 2 (1.2 equiv), (R)-Rh1 (4 mol %), AgSbF6 (16 mol %), MesCO2Ag 
(2.0 equiv), and MesCO2H (2.0 equiv) at 0°C in DCE (1 ml) for 12 hours under N2, isolated yields. Only selected substrates were examined under condition A′, and those not 
given refer to reactions not performed.
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enantioselectivity (75 to 90% ee, average 82.7% ee) was still obtained, 
and the trend of enantiodivergence is quite pronounced. The config-
urational stability has been measured for products 5 (racemization 
ΔG≠ = 28.7 kcal/mol) and 29 (racemization ΔG≠ = 27.8 kcal/mol). 
Thus, these products are relatively labile, which accordingly requires 
rather mild reaction conditions. Notably, while each racemic product 
was well resolvable into two signals using high-performance liquid 
chromatography analyses, each product appears as two rotamers in 
1H and 13C nuclear magnetic resonance (NMR) spectroscopy, and 
the fluxionality in the NMR timescale is ascribed to the hindered ro-
tation along both the amide bond (calculated ΔG≠ = 21.7 kcal/mol), 
as has been confirmed by variable temperature NMR analyses.

Synthetic applications
We next briefly demonstrated the synthetic applications of a product 
(Fig. 3). Treatment of product 5 with a diazo reagent in the presence 
of an achiral Rh(II) catalyst afforded the N-alkylated product 43 in 
good yield as a single diastereomer with essentially no erosion of 
the enantiopurity (Fig. 3A). This transformation introduced a new 
N─N chiral axis upon dynamic kinetic transformation of the N─H 
bond through chiral induction. As expected, signals with normal 
linewidths were detected in the NMR spectra of 43. The reaction of 
(rac)-4 and CH3I, KOH in MeOH led to the conversion of the N-Ts 
group to N-OMe (44) (Fig. 3B). As a special amide, product 5 was 
applied as a chiral additive in Ru-catalyzed annulative coupling of a 
sulfoximine with a sulfoxonium ylide reagent, affording product 45 
in moderate enantioselectivity (Fig. 3C).

Experimental mechanistic studies
Experimental studies have been conducted to explore the mechanism 
(Fig. 4). The stoichiometric reaction of hydrazide 2b and (R)-Rh1 or 

(R)-Rh2 in the presence of a base afforded cyclometalated complex 
46 or 47, respectively, as a single diastereomer (Fig. 4A), and complex 
47 has been characterized by x-ray crystallography (CCDC2343134). 
Application of the complex 46 as a catalyst under otherwise the same 
conditions afforded the chiral product with comparable enantiose-
lectivity under each set of conditions (Fig. 4B). In contrast, omission 
of the AgSbF6 additive completely inhibited the reaction, suggesting 
the intermediacy of a cationic Rh(III) species. To explore the role 
of carboxylic acid/silver carboxylate, parallel kinetic isotope effect 
(KIE) experiments have been conducted using protio and deterio 
carboxylic acids under the two sets of reaction conditions (Fig. 4C). 
A small KIE (= 1.4) was obtained under the (R)-enriched condition 
A′ using AdCO2H/AdCO2D. However, a larger KIE = 2.8 was de-
tected under condition B. The latter KIE value suggests that the pro-
tonolysis that forms the C─H/D bond is probably involved in the 
turnover-limiting step, while the former small value may indicate 
that the barrier of protonolysis only contributes insignificantly to the 
overall kinetic barrier (vide infra). In addition, equimolar mixtures 
of AdCOOH/AdCOOAg/MesCOOH/MesCOOAg were applied as ad-
ditives to the coupling of 1 and 2b, and product 6 was (S)-enriched 
with −40% ee (Fig. 4D), suggesting that the MesCOOH/Ag over-
rode the AdCOOH/Ag in terms of the activity (vide infra).

Computational mechanistic studies
The origin of the enantiodivergence of the coupling of alkyne 1 and 
hydrazide 2b was next elucidated (giving 6) by computational stud-
ies at the M06/def2-TZVP-SMD(DCE)//B3LYP-D3(BJ)/def2-SVP 
level of theory (Fig. 5). Starting for a cationic species as suggested 
by our experimental studies, the subsequent alkyne insertion and 
protonolysis have been interrogated in the same solvent (DCE) using 
different acids. The AdCOOH conditions were explored first (Fig. 

Fig. 3. Synthetic applications of representative products. (A) N─H alkylation of product 5. (B) The conversion of N-Ts group to N-OMe. (C) Product 5 as a chiral additive 
in Ru-catalyzed annulative coupling.
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5A). The alkyne may approach from the left or the right side of the 
rhodium toward insertion, and this insertion is likely independent of 
the carboxylic acid. Meanwhile, the Ts group in the indole may be 
pointed frontward or backward. These combinations resulted in four 
possible mechanistic scenarios defined by four diastereomeric inter-
mediates based on the rhodium central chirality and the axial chiral-
ity. Of these four intermediates, two eventually lead to the (R)-6 
product (Fig. 5A, left), and the other two lead to the (S)-6 product 
(Fig. 5A, right). The lowest barrier (11.6 kcal/mol) of alkyne inser-
tion was found to proceed through the TS2 as a result of intraligand 
π-π interactions (see the Supplementary Materials). However, the 
subsequent protonolysis by AdCO2H proceeds with a relatively high 
energy barrier of 21.9 kcal/mol (TS10). In contrast, the insertion of 
alkyne 1a with an opposite trajectory via the TS5 bears a barrier of 
15.7 kcal/mol, and the subsequent protonolysis occurs with a lower 
TS (TS13, 13.2 kcal/mol, yellow line and labels), which constitutes 
the lowest energy pathway, with the alkyne insertion being rate and 
enantiodetermining. The competing pathway was found to occur via 
the TS3 (17.2 kcal/mol) and TS11 (red labels), which corresponds to 
a ΔΔG≠  =  1.5 kcal/mol, favoring the (R) product. The calculated 
data are in line with our experimentally observed 87% ee of product 
(R)-6 under the condition A′. In addition, the small KIE of 1.4 is also 
consistent with the computational results because the protonolysis 
occurs after the rate-limiting step.

In the case of the MesCO2H (Fig. 5B), the lowest insertion path-
way coincides with the lowest overall energy pathway (13.6 kcal/
mol) with the protonolysis being enantio- and rate determining via 
TS14 (green lines), favoring the formation of the (S)-6 product with 

a significantly lower energy of the TS14 compared with that using 
AdCOOH as an acid. The second lowest energy competing pathway 
was found to occur via the TS5 and TS17 with an overall barrier of 
15.7 kcal/mol (red labels), which corresponds to a ΔΔG≠ = 2.1 kcal/
mol, favoring the (S) product. This result is well consistent with 
the observed 91% ee of (S)-6 under the condition B. Our observed 
KIE = 2.8 is in line with the calculated lowest energy pathway where 
protonolysis is rate limiting. The overriding activity of MesCOOH/
Ag over the AdCOOH/Ag in competition reactions (Fig. 4D) is also 
qualitatively consistent with the lower calculated overall barrier for 
the former acid (13.6 versus 15.7 kcal/mol).

DISCUSSION
Our DFT data verified that, in the protonolysis of a given rhodium-
alkenyl species, a stronger carboxylic acid (MesCOOH) tends to give 
a lower barrier (Fig. 5). Experimentally, our screening studies using 
different acids/silver salts revealed that aliphatic carboxylic acids and 
relatively weak aromatic carboxylic acids tend to produce the (R) 
product (see the Supplementary Materials). Only when the acidity of 
the aromatic acid is sufficiently high [calculated pKa < 2.4 (where Ka 
is the acid dissociation constant)] was the (S) product started to be 
observed as the major enantiomer. These experimental and DFT data 
collectively revealed that the acid plays a role in affecting the barrier 
of the protonolysis since it is not relevant during the alkyne insertion. 
This barrier and the barrier of alkyne insertion collectively determine 
the enantioselectivity of this system. Thus, the enantiodivergence 
originates from a switch of the EDS as dictated by the acid additive. 

Fig. 4. Experimental mechanistic studies. (A) Intermediate separation. (B) Intermediate studies. (C) KIE studies. (D) Competition experiment.
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In the case of a relatively strong acid (MesCOOH), the protonation 
barrier generally decreases compared to that by using AdCOOH 
(Fig. 5, A, right, versus B, right). The reaction can then proceed with 
the lowest barrier via the protonolysis of Int6 that is defined by the 
lowest generation barrier via the TS2, with the protonolysis being 
rate limiting. In contrast, in the case of AdCOOH, changes in the 

axial chirality of the diastereomeric Int9 (and TS13) lead to the 
change of the orientation of the Ts group, which corresponds to a 
decrease in repulsions (between the Ph and the chiral ligand) and 
a lower energy barrier in protonolysis to give the (R) isomer with 
alkyne insertion being enantiodetermining. We also attempted but 
failed to isolate the intermediate Int6 under various stoichiometric 

Fig. 5. Potential energy surface of the alkyne insertion and protonolysis using different acids in DCE solvent. (A) Free energy profile of the alkyne insertion-
protonolysis using AdCOOH (DCE solvent). (B) Free energy profile of the alkyne insertion-protonolysis using MesCOOH (DCE solvent).
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conditions, and only unidentifiable metal species was detected to-
gether with a small amount of the final organic product, likely due to 
the low overall barrier of this catalytic system. Nevertheless, our 
computational and experimental studies consistently supported the 
proposed mechanism in this system. Thus, our system constitutes a 
rare example of enantiodivergence via leveraging two potential EDSs 
with two slightly different overall kinetic barriers.

In summary, we have repurposed the well-studied chiral CpXRh(III) 
catalyst as a catalyst toward the first intermolecular atroposelective hy-
droamination of alkynes. The coupling system proceeded with excel-
lent regio-, stereo-, and enantioselectivity. Enantiodivergence has been 
realized under acid control. When catalyzed by the same or closely 
analogous chiral Rh(III) catalyst, the use of AdCOOH delivered the 
(R) product, while the presence of MesCOOH afforded the (S) isomer 
as the major product. Mechanistic studies revealed that the enantiodi-
vergence originates from the switch of the EDS (alkyne insertion ver-
sus protonolysis) under acid control, which constitutes a working 
mode of enantiodivergence by leveraging two elementary steps. This 
working model is expected to offer insight into the development of 
other enantiodivergent systems.

MATERIALS AND METHODS
Synthesis of 3 to 42
Reaction condition A
A screw-cap vial (8 ml) was charged with indolyl-alkyne (0.12 mmol, 
1.2 equiv), sulfonyl hydrazine 2 (0.1 mmol, 1.0 equiv), (R)-Rh2 
(5.4 mg, 4 mol %), AgSbF6 (5.5 mg, 16 mol %), AdCOOAg (57.4 mg, 
0.2 mmol, 2.0 equiv), AdCOOH (36.0 mg, 0.2 mmol, 2.0 equiv), and 
TFE (1 ml). The reaction mixture was vigorously stirred at 0°C for 
12 hours under N2. The reaction mixture was evaporated under vac-
uum, and the residue was purified by preparative thin-layer chroma-
tography (TLC) to give the corresponding (R)-enriched product.
Reaction condition A′
A screw-cap vial (8 ml) was charged with indolyl-alkyne (0.12 mmol, 
1.2 equiv), sulfonyl hydrazine 2 (0.1 mmol, 1.0 equiv), (R)-Rh1 
(4.6 mg, 4 mol %), AgSbF6 (5.5 mg, 16 mol %), AdCOOAg (57.4 mg, 
0.2 mmol, 2.0 equiv), AdCOOH (36.0 mg, 0.2 mmol, 2.0 equiv), and 
DCE (1 ml). The reaction mixture was vigorously stirred at 0°C for 
12  hours under N2. The reaction mixture was evaporated under 
vacuum, and the residue was purified by preparative TLC to give the 
corresponding (R)-enriched product.
Reaction condition B
A screw-cap vial (8 ml) was charged with indolyl-alkyne (0.12 mmol, 
1.2 equiv), sulfonyl hydrazine 2 (0.1 mmol, 1.0 equiv), (R)-Rh1 (4.6 mg, 
4 mol %), AgSbF6 (5.5 mg, 16 mol %), MesCOOAg (54.4 mg, 0.2 mmol, 
2.0 equiv), MesCOOH (32.8 mg, 0.2 mmol, 2.0 equiv), and DCE 
(1 ml). The reaction mixture was vigorously stirred at 0°C for 
12 hours under N2. The reaction mixture was evaporated under 
vacuum, and the residue was purified by preparative TLC to give the 
corresponding (S)-enriched product.
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