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ABSTRACT: Catalytic asymmetric hydrofunctionalization of π-
bonds has been extensively studied, but the asymmetric hydro-
functionalization of alkynes that affords atropoisometric products
remains heavily underexplored. We herein report [Rh(COD)-
OAc]2/Mg(NTf2)2-catayzed highly atroposelective hydroselena-
tion of two classes of 1-alkynylindoles using selenophenols, where
the Mg(II) salt both activates the Rh catalyst and provides a key
NTf2 anion essential for the catalytic activity and enantioselectivity,
affording C−N axially chiral trisubstituted olefins that bear a
relatively low racemization barrier (ΔG‡ ∼ 27 kcal/mol). The
catalytic system features high activity, mild reaction conditions, good functional group tolerance, and high regio-, (E)-, and
enantioselectivity. The selenoether moiety in the product framework can be readily functionalized to give synthetically useful
products.
KEYWORDS: asymmetric hydroselenation, alkyne, rhodium, selenoether, axial chirality

■ INTRODUCTION
Selenium is an essential trace element in the human body, and
it plays an important role in the metabolism.1 The replacement
of the lighter congeners of the chalcogen elements with
selenium in natural products,2 drug molecules,3 and materials
often significantly improved their biological activities or
material properties.4 Meanwhile, chiral selenium compounds
are also widely used as catalysts in the field of asymmetric
catalysis (Scheme 1A).5b Consequently, catalytic asymmetric
synthesis of chiral organoseleniums has received increasing
attention.6 The synthesis of chiral selenoethers bears a
formidable challenge in general due to the soft nature of the
selenium atom that readily binds to the metal center. Besides
this catalyst deactivation, the ligating ability of selenium in the
substrate or the product renders it a competing ligand to
interfere with the asymmetric induction, which accounts for
the rarity of enantioselective hydroselenation reactions. In
2020, the Wang group demonstrated Rh(I)-catalyzed asym-
metric formal hydroselenation of strained bicyclic olefins with
a diselenide together with a secondary phosphine oxide.6f In
2022, the group of Dong and Yang reported the first
enantioselective hydroselenation of styrene that proceeds
through a Rh(III)-H intermediate and the reaction occurred
with excellent branched-selectivity and enantioselectivity
(Scheme 1B).7 In 2024, You and co-workers reported
Rh(III)-catalyzed atroposelective C−H activation-selenization
of arenes using an electrophilic selenization reagent (Scheme
1B).8 Despite this progress, a more atom-economical process
such as direct hydroselenation would be ideal to prepare chiral

organoseleniums. Given the limited reaction patterns and the
rarity of Se-containing axially chiral products, it is desirable to
develop new synthetic methods to fulfill the increasing demand
of chiral organoselenium compounds.
On the other hand, with the significance of axially chiral

compounds in various regimes, catalytic atroposelective
synthesis has been recognized a dynamic research field.9

Among the ample examples of axially chiral scaffolds, axially
chiral olefins remain underexplored.9e Their synthetic
challenges are largely linked to the racemization barrier of
axially chiral olefins. Tetrasubstituted ones are relatively
configurationally stable, while trisubstituted ones generally
possess a lower racemization barrier.10 This intrinsic property
makes it more challenging to develop highly atroposelective
synthetic methods when compared with axially chiral biaryls11

or heterobiaryls12 that have been heavily explored. Among the
chiral trisubstituted olefins, the barrier is also correlated to the
intrinsic properties of the substituent along the chiral axis
(Scheme 1C). An aryl group, despite its small size, renders a
reasonably high barrier. With the presence of a lone pair, a
phosphino group gives a lower barrier. In this line, a chalcogen
group defined by two lone pairs leads to an even lower barrier.

Received: June 22, 2024
Revised: August 4, 2024
Accepted: August 6, 2024

Research Articlepubs.acs.org/acscatalysis

© XXXX American Chemical Society
13055

https://doi.org/10.1021/acscatal.4c03710
ACS Catal. 2024, 14, 13055−13064

D
ow

nl
oa

de
d 

vi
a 

SH
A

A
N

X
I 

N
O

R
M

A
L

 U
N

IV
 o

n 
A

ug
us

t 1
6,

 2
02

4 
at

 1
3:

14
:4

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulong+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.4c03710&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c03710?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c03710?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c03710?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c03710?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c03710?fig=tgr1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.4c03710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


Consequently, chalcogen-functionalized axially chiral olefins
have not been disclosed. Catalytic asymmetric hydrofunction-
alization of alkynes offers an important solution to address this
challenge.13 In 2018, Yan reported organocatalyzed hydro-
sulfonylation of 1-alkynyl-2-naphthols with excellent atropose-
lectivity.14 Tan and Houk elegantly realized CPA-catalyzed
hydroarylation of alkynes using 2-naphthols.15 Our group and
Wang independently disclosed the hydrophosphination of
sterically hindered alkynes using rhodium and copper catalysis,
respectively.16 Very recently, the Zhu group achieved Ni
hydride-catalyzed asymmetric reductive hydroarylation of
alkyne using aryl bromide as an aryl source.17 The Song’s
group realized synthesis of axially chiral olefins via formal
hydroarylation of tetracoordinate boron-functionalized internal
alkyne and a sterically hindered aryl bromide, which occurs via
a 1,3-nickel shift followed by deborylation.18 The Liu group
adopted an alternative approach and realized a Pd-catalyzed
redox-neutral hydroarylation of 1-alkynylindole with phenyl-
boronic acid.19 Meanwhile, the group of Gao and Yao realized
in 2023 the first Pt-catalyzed atroposelective hydrosilylation of
structurally related alkynes.20

Although considerable progress has been made in the
catalytic asymmetric hydrofunctionalization of alkynes, atro-
poselective hydroselenation remains unknown, likely ascribed
to the low racemization barrier of the selenoether product
(Scheme 1C). Inspired by the latest research in Rh-catalyzed
asymmetric olefin hydroselenation,7 we envisioned that
rhodium-catalyzed asymmetric alkyne hydroselenation may
be feasible. To overcome the deactivation of the catalyst
caused by the selenol or the selenoether product, we adopted
electron-rich chiral bidentate phosphines as ligands and used 1-
alkynylindole as an electronically activated alkyne. It is worth
noting that indole-based axially chiral platform represents a
privileged class of functional molecules.21 We now report
[Rh(cod)OAc]2/Mg(NTf2)2-catalyzed asymmetric hydrosele-

nation of 1-alkyne with excellent regio-, Z/E-, and
enantioselectivity (Scheme 1D).

■ MATERIALS AND METHODS
Materials. All chemicals were obtained from commercial

sources and were used as received unless otherwise noted.
Catalytic Reactions. A borosilicate sealable tube (8 mL)

was charged with 1-alkynyl-2-phosphorylindole (0.1 mmol),
[Rh(cod)OAc]2 (3 mol %), L (7 mol %), Mg(NTf2)2 (6 mol
%), and anhydrous DCE (2.0 mL) under N2. The resulting
mixture was stirred for 10 min at 0 °C. Then, selenol 2a (0.3
mmol) was added, and the mixture was stirred at 0 °C for 12 h.
The reaction mixture was concentrated under vacuum, and the
residue was purified by flash chromatography using silica gel.

Initial Optimization Studies. Given the relatively small
size of a SeAr group along the chiral axis in the hydroselenation
product when using a 1-indolylalkyne, a suitable bulky group
such as phosphoryl or sulfonyl needs to be attached to the 2-
position of an indole ring to ensure atropostability. Initially, we
chose 1-alkynyl-2-phosphorylindole and phenylselenol as the
model substrates. It was found that the target product started
to be obtained when catalyzed by [Rh(cod)OAc]2/Mg(NTf2)2
(see the Supporting Information for details). Subsequently, a
series of C2-symmetric bidentate phosphine ligands were
screened at 25 °C (Table 1). Among the ligands studied,
methoxy-substituted arylphosphines generally offered good
enantioselective control (L7, L9, and L10). Moreover, high
regioselectivity and Z/E selectivity were obtained with no
other regioisomers being observed. Increasing the steric
hindrance of the substituents on the phosphine was beneficial
to the enantioselectivity (L2 versus L5 and L9 versus L10).
When tetra-methoxy groups were introduced to the biaryl ring
of the phosphine ligand, the yield was greatly improved (L7,
L9, and L10). Finally, when a trimethylsilyl group was
introduced to the 3- and 5- positions of the benzene ring of

Scheme 1. Catalytic Asymmetric Synthesis of Organoseleniums and Atroposelective Hydrofunctionalization of Alkynes
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the diphosphine ligand (L10), both good yield and
enantioselectivity were realized. Therefore, this ligand was
retained for further studies.
Further optimization studies were made using L10 as a

ligand (Table 2). DCE was established as an optimal solvent,
and the reaction yield and enantioselectivity decreased when
other solvents were used (entries 1−4). Subsequently, the
reaction temperature was screened, and it was found that
maximum enantioselectivity was attained when the reaction
was conducted at 0 °C, while further lowering the temperature
to −5 °C decreased the enantioselectivity (entries 5−7). After
the optimal temperature was identified, the rhodium catalyst
was then determined. The counteranion in the Rh(I) catalyst
had drastic effects on the catalytic activity, and it was found
that [Rh(cod)OAc]2/Mg(NTf2)2 and [Rh(cod)2]NTf2 pro-
vided almost the same enantioselectivity, but the latter
exhibited lower reactivity (entries 8−10, vide infra). When

the amount of PhSeH was increased to 3 equiv, we were
surprised to find that the enantioselectivity (97% ee) and yield
(95%) had been greatly improved after 12 h (entry 11). Under
otherwise the same conditions using [Rh(cod)2]NTf2 as a
catalyst, the reaction time needs to be extended to 24 h to
reach the same outcomes (entry 12).

Reaction Scope. With the establishment of optimal
reaction conditions, we then explored the generality and
limitations of this coupling system. The scope of the 1-alkynyl-
2-phosphorylindole substrate was next examined (Scheme 2).
Thus, the reaction was effective for substrates with a F, Cl, or
Br substituent at the 5-position of the 3-methylindole ring (4−
6), and both the enantioselectivity and the reaction efficiency
were close to those of the parent substrate. Especially, the
highest enantioselectivity (99% ee) was realized for a 5-fluoro-
substituted substrate (4). Variation of the 3-substituent to a
phenyl or an ester alkyl group also verified their compatibility,
as in the isolation of products 7 and 8 in high regio-, stereo-,
and enantioselectivity. The absolute configuration of product 3
has been determined by ECD spectroscopy, and the
racemization barrier of product 3 was measured to be ΔG‡

rac
= 27.1 kcal/mol (70 °C, DCE), which is relatively low.
Additionally, a 3-unsubstituted indole also reacted effectively
(product 9, 90% yield and 96% ee). Various substituents such
as methyl, methoxy, and benzyloxy in the indole ring were also
compatible (10-13, 91−97% ee). It was worth noting that
when the methoxy or benzyloxy groups were located at the 4-
position (11 and 12), the enantioselectivity slightly decreased,
but when the benzyloxy group was located at the 5-position
(13), the enantioselectivity was close to that of the parent
substrate. In contrast, the introduction of a F, Cl, Br, or ester
group into different positions of the indole ring greatly
retarded the reaction, indicative of strong electronic effect of
the indole ring under the initial standard conditions. To our
delight, when the L7 ligand was used as a back-up ligand, the
target product was obtained in a moderate yield in >90% ee
with the opposite configuration (15−18). Extension of the
alkyne terminus to a phenyl group bearing electron-rich (19−

Table 1. Initial Screening of Chiral Ligandsa

aReaction conditions: [Rh(cod)OAc]2 (3.0 mol %), ligand (7.0 mol
%), Mg(NTf2)2 (6.0 mol %), 1 (0.1 mmol), 2 (0.12 mmol) in DCE
(0.05 M) at 25 °C for 12 h under N2; isolated yield. The ee was
determined by HPLC using a chiral stationary phase.

Table 2. Further Optimization Studiesa,b,c

entry catalyst additive solvent/T yield (%)/Ee (%)

1 [Rh(cod)OAc]2 Mg(NTf2)2 DCE/25 °C 87/73
2 [Rh(cod)OAc]2 Mg(NTf2)2 DCM/25 °C 85/69
3 [Rh(cod)OAc]2 Mg(NTf2)2 PhCl/25 °C 76/58
4 [Rh(cod)OAc]2 Mg(NTf2)2 MTBE/25 °C 81/51
5 [Rh(cod)OAc]2 Mg(NTf2)2 DCE/10 °C 81/82
6 [Rh(cod)OAc]2 Mg(NTf2)2 DCE/0 °C 79/91
7 [Rh(cod)OAc]2 Mg(NTf2)2 DCE/-5 °C 62/87
8 [Rh(cod)2]BF4 DCE/0 °C N.R.
9 [Rh(cod)2]OTf DCE/0 °C 69/87
10 [Rh(cod)2]NTf2 DCE/0 °C 71/91
11b [Rh(cod)OAc]2 Mg(NTf2)2 DCE/0 °C 95/97
12c [Rh(cod)2]NTf2 DCE/0 °C 95/97

aReaction conditions: 1 (0.1 mmol), 2 (0.12 mmol), catalyst (3 mol % for dimeric catalyst or 6 mol % for monomeric catalyst), L10 (7 mol %),
and Mg(NTf2)2 (6 mol %) in a solvent (0.05 M), 12 h under N2; isolated yield. The ee was determined by HPLC using a chiral stationary phase.

b2
(0.3 mmol), 12 h. c2 (0.3 mmol).
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21 and 25) or electron-poor (22−24 and 26−27) substituents
at different positions only had marginal influence on the
efficiency (81−91% yield) and enantioselectivity (90−97% ee)
under the originally optimal conditions. The phenyl group was
also successfully extended to 2-naphthyl (28). In addition,
extension to a cyclohexenyl group was met with no difficulty,
and the product was isolated in excellent enantioselectivity
(29, 91% ee). We also briefly explored several ArSeH
substrates. Similarly, electron-donating and -withdrawing
substituents such 3-F and 4-tBu in the selenol had a negligible
impact on enantioselectivity and regioselectivity (30 and 31).
Similarly, the phenylselenol reagent was also extended to a
more hindered 1-naphthylselenol with an excellent yield and
enantioselectivity (32). However, when the selenol substrate
was extended to cyclohexylselenol, the reaction proceeded only
with a 76% ee (33).
To further verify the universality of the coupling system, the

alkyne substrate was further expanded to 2-sulfonylindole-
based alkynes with 1-naphthalnylselenol being a coupling
reagent (Scheme 3). In general, the enantioselectivity of the
reaction of sulfonyl-substituted alkyne is slightly lower than
that of the 2-phosphoryl-substituted one, but the reactivity was
much higher since the reaction took place at −50 °C. A 3-
unsubstituted indole also reacted effectively in 81% yield with
90% ee (36). When a methyl group was introduced to the 3-,
4-, or 5-positions of the indole ring, both the enantioselectivity

and the yield were maintained (37, 38, and 42). The
racemization barrier of product 37 was measured to be
ΔG‡

rac = 28.4 kcal/mol (80 °C, Toluene). However, when a
methoxy group was introduced to the 4-, 5-, or 6-positions of
the indole ring, the differences in enantioselectivity were
relatively large (40, 43, and 44). The presence of a 5-chloro
group in the indole ring caused a slight decrease of the
enantioselectivity (39), and replacing the 5-Cl group with an
ester then increased the enantioselectivity (41, 91% ee). The
absolute configuration of product 44 has been confirmed by X-
ray crystallographic analysis (CCDC 2359821). The electronic
properties of the aryl terminus of the alkyne were also found to
have a slight effect on the enantioselectivity. The introduction
of fluorine, chlorine, methyl, methoxy, phenyl, and tert-butyl
group into the para position of the benzene ring afforded the
desired products in good yield and high enantioselectivity
(45−49, 86−89% ee). The steric effect of the aryl group had
an adverse influence on the enantioselectivity (50−52). When
the aryl terminus was extended to 1-naphthyl (53), the
enantioselectivity was greatly improved to 97% ee. Similarly,
we met with no difficulty when a cyclohexenyl terminus was
used (54, 94% ee). In addition, the reaction also showed good
compatibility with cyclohexyl and cyclopropyl groups, as in the
isolation of products 55 and 56 in good yields with 89−91%
ee. We also attempted the reaction of 1-alkynylnaphthalene as

Scheme 2. Scope of the 1-Alkynyl-2-phosphorylindolesa,b

aReaction conditions: [Rh(cod)OAc]2 (3.0 mol %), L10 (7.0 mol %), Mg(NTf2)2 (6.0 mol %), 1 (0.1 mmol), 2 (0.3 mmol) in DCE (0.05 M), 0
°C for 12 h under N2; isolated yield; The ee was determined by HPLC using a chiral stationary phase. bL* = L7, T = 10 °C.
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another class of alkyne (product 57), but the reaction
proceeded with only 55% ee.

Synthetic Applications. Synthetic transformations of a
representative product were performed to demonstrate the
value of our protocol (Scheme 4). The reaction of 1-alkynyl-2-
phosphorylindole and phenylselenol or 1-naphthylselenol was
smoothly scaled up to a 1 mmol scale with no loss of
enantioselectivity (Scheme 4A). The selenium in the product
was easily oxidized to a selenium oxide by m-CPBA with
excellent (>20:1) diastereoselectivity, and the enantioselectiv-
ity was also maintained (58). The phosphoryl group in product
32 was reduced to diphenylphosphine (59) under mild
conditions. Subsequently, the reduced product 59 can be
smoothly converted to a phosphine sulfide upon treatment
with S8 (60). The double bond in product 32 is electronically
activated. Initially, we envisioned the use of Br2 or NBS to
realize electrophilic olefinic CH bromination. However, a
substitution reaction occurred at the aryl selenium site with the
silver salt as a scavenger of the SeAr group. Fortunately, the
optical purity of 61 was maintained during this deselenylated
bromination. The retention of the configuration is ascribed to
the mild reaction conditions, and a bromonium ion is formed
during the reaction, followed by the departure of the ArSe
group. The introduction of a bromo group to the alkenyl
position allows for diversified conversions. Thus, 61 underwent

Kumada coupling with phenyl magnesium bromide under
nickel catalysis to obtain 62 with a slight decrease of the
enantiopurity (90% ee). Subsequently, a potential mono-
dentate phosphine ligand was obtained by a simple reduction
(63, 90% ee). In addition, Ni-catalyzed Stille coupling of 61
with an organic zinc reagent afforded 64 with a similar
enantiopurity (91% ee). Treatment of PdCl2(MeCN)2 with 59
afforded a P−Se bidentate Pd(II) complex (65) in a high yield,
which indicates that 59 has sufficient ligating ability as a Se−P
bidentate ligand. Phosphine 63 was then designated as a chiral
ligand in palladium-catalyzed asymmetric allylic alkylation,
affording product 68 in 61% ee.

Mechanistic Studies. A series of experimental studies have
been conducted to probe the mechanism of the coupling of
alkyne 1 and PhSeH 2 (Scheme 5). First, deuterium labeling
experiments were studied (Scheme 5A). The reaction of 1-
alkynylindole 1 and PhSeD was carried out to give the product
in 93% yield, with deuterium (85% D) incorporation at the
olefinic carbon as indicated by 1H NMR analyses. It was
observed that the product had a higher deuteration level at the
initial stage of the reaction (91% D, after 2h). This suggests
that as the reaction proceeded, the adventitious water may
participate to contribute to the C−H bond formation.
Subsequently, we used PhSeH in the presence of D2O (5
equiv) to perform the reaction. After the reaction was

Scheme 3. Scope of the 2-Sulfonylindole Alkynea

aReaction conditions: [Rh(cod)Cl]2 (3.0 mol %), L10 (7.0 mol %), Mg(NTf2)2 (6.0 mol %), 1 (0.1 mmol), ArSeH (0.15 mmol) in DCE/DCM
(2:1 v/v, 0.05 M) at −50 °C for 12 h under N2; isolated yield. The ee was determined by HPLC using a chiral stationary phase.
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completed, the product was found to be 40% deuterated at the
same position, which may be caused by the initial hydrogen−
deuterium exchange between PhSeH and D2O (Scheme 5B).
Based on literature precedence,7 we speculated that the PhSeH
may undergo an oxidative addition to Rh(I) to produce a
Rh(III)−H intermediate. To obtain experimental evidence, we
carried out a series of studies (Scheme 5C). After mixing
PhSeH, [Rh(cod)OAc]2 (3 mol %), Mg(NTf2)2 (6 mol %),
and L10 (7 mol %), a broad resonance signal (δ −12.19),
although weak, was observed in 1H NMR spectroscopy within
less than 10 min. Upon the addition of alkyne 1, the hydride
signal disappeared, which is in line with the proposed
mechanism of Rh−H migratory insertion into olefins in Yang
and Dong’s studies.7 We also determined the KIE of the
reaction through two parallel initial rate studies under
rigorously dry conditions, and the small value of kH/kD = 1.4
suggested that Se−H cleavage was not involved in the
enantiodetermining step (Scheme 5D).
Next, we studied the nonlinear effect of chiral ligand L10

(Scheme 5E). The enantiomeric purity of the chiral ligand L10
showed a linear relationship with the enantioselectivity,
indicating a 1:1 ratio between Rh(I) and the L10 ligand in
the enantiomeric determination step. The role of the Mg salt
was also investigated. Under the standard reaction conditions,
different amounts of Mg(NTf2)2 (3, 6, and 9 mol %) were
added. The highest enantioselectivity was observed when Rh

and Mg were in a 1:1 ratio. In addition, the reaction did not
occur without the Mg(NTf2)2 additive (Scheme 5F). In our
reaction optimization studies, Rh(cod)2NTf2 could be used
alone to give the product in the same yield and
enantioselectivity, although the reaction rate was lower. Then
we measured the KIE (kH/kD = 1.6) under the reaction
conditions of Rh(cod)2NTf2 and L10, and this value is
consistent with our previous measurements. At the same time,
there was an induction period for the reaction catalyzed by
Rh(cod)2NTf2 alone, during which time almost no product
was observed. After 30 min, the reaction rate was significantly
improved (see Supporting Information for details). This
indicates that the coordination of the ligand to the catalyst
to give the active species is relatively slow when the
Rh(cod)2NTf2 was used alone. In contrast, in the case of the
[Rh(cod)OAc]2-Mg(II) catalyst system, the active catalyst was
rapidly generated, possibly due to a more facile substitution of
the COD ligand because of the 1:1 ratio of Rh:COD. We also
investigated the effects of some magnesium salts and other
metal salts of NTf2 on the reaction (See Supporting
Information for details). When magnesium salts of other
anions are used, such as OAc−, SO42−, OTf−, and NO3−, the
reaction does not occur. This indicates that the NTf2 anion is
indispensable in the reaction. When using different NTf2 salts,
the reaction can proceed smoothly with only Zn(NTf2)2 or
LiNTf2 as additives. However, the former has no enantiose-

Scheme 4. Synthetic Applications
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lectivity, and the latter has only 51% ee. It indicates that
cations have a great influence on the reaction. Based on the
above reasons, it can be concluded that both magnesium ions
and NTf2 ions have a great influence on the reaction. In order
to explore the details of the mechanism, alkynes with different
para substituents were used for a Hammett plot (Scheme 5G).
A linear correlation was observed with a positive ρ = 0.54. This
outcome suggests accumulation of negative charge in the
transition state, and this seems consistent with alkyne insertion
occurring prior to or during the rate-limiting step because a
more electronically biased alkyne should give higher reactivity.
In addition, the initial rate method was used to study the
reaction kinetics (Scheme 5H), which showed that the alkyne,
PhSeH, Rh(COD)OAc]2, and Mg(NTf2)2 all showed first-
order dependence in this coupling reaction, suggesting that all
of these species contributed during the rate-limiting step.
Based on mechanistic research experiments and previous

reports, a possible mechanism was proposed (Scheme 6). An

active Rh catalyst is initially formed from the precatalyst
Rh(cod)OAc]2 and L10 with the assistance of the Mg(NTf2)2
salt. Then, Rh(III) hydride INT I is obtained upon oxidative
addition of the H−Se bond. The alkyne unit of substrate 1
then coordinates to INT I to produce INT II. Subsequently,
the Rh−Se bond undergoes migratory insertion into the alkyne
to give INT III with a single regioselectivity. In this insertion,
the Rh ends up germinal to the small phenyl group for both
electronic and steric reasons, and the other regioselectivity is
unlikely due to both electronic and steric reasons.16a,19,22

Subsequent C−H reductive elimination of INT III then
generates the hydroselenation product, together with the active
rhodium catalyst (Route A). Based on our kinetic studies, it is
possible that the alkyne insertion is the rate-limiting step
because this process involves the selenol, the alkyne, and the
Rh catalyst. It is less likely that Rh−H reductive elimination is
rate-limiting because an EWG group in the phenyl ring should
disfavor the reductive elimination. We also considered the

Scheme 5. Mechanistic Studies
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possibility of a Rh(I) cycle in which the INT I is deprotonated
to give a Rh(I) selenide (INT IV) that participates in alkyne
insertion (Route B). On the basis of the strong anion effect
observed in our optimization studies (Table 2), the Rh(III)
mechanism seems more likely due to the high oxidation state
and, consequently, stronger ion-paring effects. In addition, in
the case of Rh(cod)2NTf2 that worked nearly equally well, the
deprotonation of Rh(III)-hydrides is less likely in the absence
of any obvious base.

■ CONCLUSIONS
In summary, we have developed a rhodium-catalyzed
asymmetric hydroselenation of two closely related classes of
sterically hindered alkynes using readily available selenophe-
nols, providing C−N axially chiral trisubstituted selenoethers
that bear a relatively low barrier of racemization. The coupling
reaction proceeded with excellent regioselectivity, E-selectivity,
and enantioselectivity under mild conditions. The catalytic
system utilizes a combination of [Rh(cod)OAc]2 and Mg-
(NTf2)2, where the Mg(II) salt both activates the Rh catalyst
and provides a key NTf2 anion necessary for the reaction
system, which greatly improves the catalytic reactivity. In
addition, selected chiral products have been shown to be useful
ligands in metal-catalyzed asymmetric reactions. Owing to the
wide applications of indoles and organoselenium compounds
in diverse fields, we hope that the reaction may find important
implications toward further asymmetric construction of related
functional molecules.
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