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ABSTRACT: Reported herein is the efficient and atroposelective construction of two categories of C−N atropisomers via
rhodium(III)-catalyzed C−H activation of sulfoxonium ylides en route to [4+2] annulation with sterically hindered, electron-rich
alkynes. This reaction proceeds with high regio- and enantioselectivity under redox-neutral conditions via a double-substrate
activation strategy, providing a novel entry to C−N axially chiral 4-functionalized 1-naphthols.

Atropisomerism results from restricted rotation around a
single bond that defines a chiral axis.1 Axially chiral

skeletons are ubiquitous in bioactive molecules as well as in
natural products.2 Among them, atropoisomeric biaryls are
known to be prominent linkages in abundant natural products
and pharmaceutical molecules.1c,2,3 They also play an
important role in a large number of asymmetric catalytic
reactions as chiral ligands.4 Thus, the asymmetric synthesis of
atropoisomeric biaryls has been extensively investigated over
the past several decades.3f,5 In sharp contrast to that of the
well-developed C−C atropisomers, the construction of C−N
atropisomers is comparatively less explored, which is probably
due to the synthetic challenges (Scheme 1a).3d,6

Axially chiral anilides make up an under-represented class of
C−N atropisomers, and the catalytic asymmetric synthesis of
axially chiral anilides has attracted only scant attention and it
remains a daunting challenge.6 In 2002, Taguchi and Curran
independently reported Pd(II)-catalyzed N-allylation of o-tert-
butyl anilides, which marks the first example of asymmetric
catalytic synthesis of axially chiral acyclic anilides (Scheme 1b,
I).7 Subsequently, several representative strategies have been
adopted for the construction of axially chiral anilides.
Enantioselective NH functionalization serves as a predominant
method by locking the conformation of a preformed C−N axis,
such as N-allylation,8 N-alkylation,9 or N-arylation.10 Over the
past few years, C−H activation has become an important
protocol for the construction of axially chiral compounds.11 In
this context, C−H bond olefination or alkynylation has led to
axially chiral anilides (Scheme 1b, II).12 Alternatively, the
enantioselective construction of the Ar−N axis can be realized

via organocatalytic Friedel−Crafts amination of 2-naphthols
(Scheme 1b, III).13 Meanwhile, metal-catalyzed asymmetric
intermolecular [2+2+2] cycloaddition of 1,6-diynes with
ynamides also allowed efficient construction of axially chiral
anilides (Scheme 1b, IV).14

In analogy to anilides, chiral sulfonamides are also common
motifs in drug molecules. To the best of our knowledge, only
one report has documented the atroposelective synthesis of
sulfonamides by organocatalysis.8c Sulfoxonium ylides have
been extensively explored for the construction of fused rings
via C−H bond activation and annulation reactions.15 However,
no asymmetric system of this coupling has been developed. We
now report a novel strategy for the construction of two classes
of 1-naphthols bearing a C−N chiral axis by resorting to Rh-
catalyzed C−H activation and [4+2] annulation with internal
alkynes enabled by substrate activation (Scheme 1c).
We initiated our research by exploring the reaction

conditions of the coupling of a sulfoxonium ylide (1) and N-
sulfonylynamides (2) in the presence of Cramer’s second-
generation chiral Rh(III) cyclopentadienyl catalyst16 (Table
1). As shown in Table 1, a commonly used dimethylsulfoxo-
nium ylide coupled with ynamide 2a to give naphthylamines
(S)-3 in moderate yield and enantioselectivity. Employment of
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a diethylsulfoxonium ylide resulted in an appreciable increase
in enantioselectivity, while inferior selectivity was observed
when a dipropyl or cyclic sulfoxonium ylide was employed.
Therefore, we chose the diethylsulfoxonium ylide for further
optimization.
The coupling of diethylsulfoxonium ylide 1a and N-sulfonyl

ynamide 2a was further screened (Table 2). Solvent screening
revealed that DCM was superior to others (entries 1−5).
Moreover, the transformation was found to be sensitive to the
carboxylic acid additive (entries 6−8). A brief evaluation
indictaed that the tert-butyl-substituted chiral carboxylic acid
(S)-A117 performed best, affording 3 in 73% yield and 93:7 er.
After extensive screening, a catalytic amount of Zn(OTf)2 was
identified as a superior additive (entries 14 and 15). The
annulated product was obtained in an improved yield (78%)
and enantioselectivity (95:5 er) when TlPF6 was used as a
halide scavenger (entry 15).
The scope of this coupling system was next explored. A

broad range of sulfoxonium ylides have been established using

enamide 2 as the coupling partner (Scheme 2). Sulfoxonium
ylides bearing both electron-donating and -withdrawing groups
at the para position of the benzene ring were generally
tolerated, and the corresponding products (4−7) were isolated
in moderate to good yields and enantioselectivities (92.5:7.5 to
96.5:3.5 er). The reaction enantioselectivity seems sensitive to
meta substitution. A generally lower enantioselectivity was
observed when various meta groups were introduced (8−11),
although the regioselectivity was consistently high. The scope
of the yanamides was next examined. A range of N-sulfonyl
ynamides bearing electron-withdrawing and electron-donating
substituents, such as alkyl, alkoxyl, phenyl, halide, and ester, at
the para position of the benzene ring turned out to be
applicable with excellent enantioselectivity (12−19, 65−80%
yield, 92.5:7.5−99:1 er). The absolute configuration of product
(S)-17 was confirmed by X-ray crystallographic analysis
(CCDC 2124766). Furthermore, N-sulfonyl ynamide with a
3,5-dimethoxy on the arene ring was also compatible (22).
Replacing the N-Me group in the N-sulfonylynamide with the
N-Ph group afforded product 23 in 84% yield and attenuated
enantioselectivity (91:9 er). Extension to several sulfonyl-
substituted ynamides was also successful (24 and 25). In
addition, racemization studies of product 17 gave a barrier
ΔG⧧

rac of 30.0 kcal/mol in iPrOH at 80 °C.
We further investigated the applicability of 1-indoyl-

substituted acetylenes as sterically hindered alkynes (Scheme
3). Sulfoxonium ylides bearing phenyl, halogen, and ester
groups all underwent smooth reactions under similar reaction

Scheme 1. Enantioselective Synthesis of Atropisomeric
Anilines

Table 1. Initial Optimization of the Directing Groupa

aReaction conditions: sulfoxonium ylide (0.05 mmol), ynamide 2a
(1.5 equiv), (R)-Rh (4 mol %), AgSbF6 (16 mol %), PivOH (1.0
equiv), Zn(OAc)2 (10 mol %), and TFE (0.5 mL) at 40 °C under N2
for 24 h.

Table 2. Optimization Studiesa

entry solvent
Ag or Tl

salt acid
yield
(%)e er

1 TFE AgSbF6 PivOH 35 89:11
2 PhCl AgSbF6 PivOH 52 87.5:12.5
3 1,4-dioxane AgSbF6 PivOH 38 84:16
4 DCE AgSbF6 PivOH 60 88.5:11.5
5 DCM AgSbF6 PivOH 63 89:11
6 DCM AgSbF6 AcOH 47 90:10
7 DCM AgSbF6 AdCO2H 70 90.5:9.5
8 DCM AgSbF6 (S)-A1 75 92:8
9b DCM AgSbF6 (S)-A1 73 93:7
10b DCM AgOTf (S)-A1 71 91.5:8.5
11b DCM AgBF4 (S)-A1 68 93:7
12b DCM AgPF6 (S)-A1 70 93.5:6.5f

13b,c DCM AgPF6 (S)-A1 75 89:11
14b,d DCM AgPF6 (S)-A1 72 94:6f

15b,d DCM TlPF6 (S)-A1 78f 95:5f

aReaction conditions: 1a (0.05 mmol), 2a (1.5 equiv), (R)-Rh (4 mol
%), Ag or Tl salt (16 mol %), acid (1.0 equiv), Zn(OAc)2 (10 mol %),
and solvent (0.5 mL) at 40 °C under N2 for 24 h.

bAt 30 °C. cNo Zn
salt. dZn(OTf)2 instead of Zn(OAc)2.

eIsolated yield. fAverage of two
runs.
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conditions, leading to the C−N axially chiral biaryls in
excellent efficiency and high enantioselectivity (27−30). The
R configuration of product 27 was confirmed by X-ray
crystallography (CCDC 2124767). The alkyne terminus with
electron-donating (Me, tBu, and Ph) or -withdrawing (CO2Me
and CF3) groups at position 4 of the phenyl ring coupled to
give the desired products in 92.5:7.5−99.5:0.5 er (31−35).
The presence of a meta substituent (Me) in the benzene ring
was also tolerated (36). The 2-substituent in the indole ring of
the alkyne was successfully expanded to another sulfonyl group
with excellent yield and enantioselectivity (37).
To demonstrate the synthetic utility of the chiral products,

synthetic applications have been conducted (Scheme 4). O-
Protection of 27 with methyl iodide afforded product 38,
which was found to have an estimated ΔG⧧

rac of >34.1 kcal/
mol in PhMe at 100 °C. Under mild conditions, chiral 1-
naphthylamines 17 can be converted to the corresponding
triflate 39 in 95% yield, the OTf group of which is considered
to be a useful handle in Pd-catalyzed cross-coupling reactions.
Therefore, phenylacetylene and phenylpotassium fluoroborate
were coupled with triflate 39 in excellent yield. In all cases,
only slight erosion of the enantiopurity was detected.
The mechanism of this [4+2] annulation reaction was briefly

explored. This C−H activation process was further studied by

KIE measurements of the coupling of sulfoxonium ylide 1a and
ynamide 2a (Scheme 5), and a kH/kD value of 7.3 at a low
conversion indicated that C−H cleavage is involved in the

Scheme 2. Scope of [4+2] Annulation of Sulfoxonium Ylides
and Ynamidesa,b

aReactions conditions: sulfoxonium ylide (0.05 mmol), ynamide (1.5
equiv), (R)-Rh (4 mol %), TlPF6 (16 mol %), chiral acid (S)-A1 (1.0
equiv), and Zn(OTf)2 (10 mol %) at 30 °C in DCM (0.5 mL) under
N2 for 24 h. bIsolated yields. cOn a 0.1 mmol reaction scale. dOn a 1
mmol reaction scale.

Scheme 3. Scope of [4+2] Annulation of Sulfoxonium Ylides
and Alkynyl Indolesa,b

aReactions conditions: sulfoxonium ylide (0.1 mmol), N-alkynylin-
dole (1.2 equiv), (R)-Rh (4 mol %), AgSbF6 (16 mol %), and
Zn(OAc)2 (10 mol %) at 30 °C in DCE (1.0 mL) under N2 for 12 h.
bIsolated yields.

Scheme 4. Derivatization of Selected Products

Scheme 5. Mechanistic Studies
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turnover-limiting process. To further explore this C−H
activation event, a H/D exchange experiment has been
conducted using CD3COOD as the deuterium source under
the standard conditions. NMR analysis revealed that the
coupled product was appreciably deuterated (63% D) at the
ortho position, suggesting the reversibility of the C−H
activation event before or after product formation.
The enantioselective control of the chiral axial group for this

coupling system is rationalized in Scheme 6. During the C−H

activation process, the ylide directing group tends to be
pointed outward to reduce the steric repulsion with the chiral
ligand. Subsequently, the ynamide substrate approaches with
the N-sulfonyl group pointed downward. This orientation
seems to lead to minimized steric repulsion between the N-
substituent and the Cp ring, which eventually leads to the S-
configured major product. Analogously, in the case of the
coupling of the sulfoxonium ylide and N-indoyl-substituted
acetylenes, the indoyl-substituted acetylene substrate ap-
proaches with the indole pointed downward with possible
π−π interactions, providing the R-configured product. In both
systems, the regioselectivity of the alkyne insertion18 is likely
ensured by the electronic and steric effect of the alkyne, as has
been observed in our previous report.19

In summary, we have developed two classes of asymmetric
[4+2] annulative coupling reactions between sulfoxonium
ylides and different bulky arylalkynes via Rh(III)-catalyzed C−
H activation. The reaction features mild reaction conditions,
excellent regioselectivity, and high enantioselectivity. This
report serves as a rare example using sulfoxonium ylides as a
versatile platform toward asymmetric C−H bond activation.
The chiral products may find useful applications as ligands or
synthetic building blocks with pharmaceutical interest.
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