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ABSTRACT: Axially chiral atropisomeric compounds are widely applied in asymmetric catalysis and medicinal chemistry, and
efficient methods for their synthesis are in high demand. This applies in particular to atropisomers derived from five-membered
aromatic rings because their lower barrier for rotation among the biaryl axis limits their asymmetric synthesis. We report here an
enantioselective C−H functionalization method using our chiral RhJasCp complex for the synthesis of the biaryl atropisomer types
that can be accessed from three different five-membered-ring heterocycles.

Axially chiral atropisomers have found widespread applica-
tion in diverse areas of investigation, in particular

asymmetric synthesis and medicinal chemistry, and conse-
quently, methods for their efficient synthesis are in high
demand.1 Attention has been mostly focused on six-
membered-ring biaryl axis atropisomers,2 but atropisomers
formed from five-membered rings have been infrequently
explored (Scheme 1a). In these cases, the lower barrier for
rotation among the biaryl axis limits both their asymmetric
synthesis and their applicability.3 Carbazole-, indole-, and
pyrrole-derived atropisomers with mostly a C−N axis, but also
C−C axis, have been isolated from natural sources (Scheme
1b).4 A few synthesized chiral five-membered-ring atropisomer
ligands have also been employed in asymmetric catalysis
(Scheme 1b). Five-membered-ring atropisomers have been
synthesized by means of transition metal-catalyzed cross
coupling reactions5 (Scheme 1c, left), organo-catalyzed
asymmetric arylations6 (Scheme 1c, right), and the establish-
ment of the biaryl axis via construction of one of the rings.7 In
addition, enantioselective C−H functionalization using chiral
Cpx ligands has been employed as an alternative strategy to
access atropisomers.8 Thus, Heller et al. reported a Co-catalyzed
enantioselective synthesis of axially chiral biaryls by means of
[2+2+2] cycloaddition reactions,9 You et al. described an
enantioselective dehydrogenative Heck coupling of biaryls with
alkenes,10 and Cramer et al. achieved an Ir-catalyzed synthesis of
axially chiral biaryl phosphines using diazonaphthoquinones.11

We have described an intramolecular C−H functionalization of

aromatic compounds with alkynes forming axially chiral 4-
arylisoquinolones catalyzed by chiral RhJasCp complexes,12 and
Li et al. recently reported the use of chiral RhCpx complexes in
the synthesis of axially chiral biindolyls.13 To the best of our
knowledge, there is no general enantioselective method that
enables the construction of atropisomers containing a five-
membered aromatic ring (furans, thiophenes, and pyrroles).
Herein, we report the RhJasCp-catalyzed enantioselective
synthesis of these five-membered-ring atropisomers via direct
C−H functionalization with 1-diazonaphthoquinones (Scheme
1c, bottom).
To establish the methodology, we investigated coupling of 2-

amido-benzothiophene 1a14 and 1-diazonaphthoquinone 2a as
model substrates using various RhJasCp catalysts. As shown in
Table 1, Rh1 led to the formation of desired product 3a in low
yield and poor enantiomeric ratio (entry 1), whereas Rh2 gave
the corresponding product in higher yield and better
enantiomeric ratio (entry 2). Screening of a variety of solvents
demonstrated that 1,4-dioxane was the best (entries 2−7), and
variation of the catalysts with strict temperature control (entries
8−12) showed that Rh3 gave the desired product in excellent
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yield and with very good enantiomeric ratio (entry 11). It should
be noted that the temperature moderately influences the
enantioselectivity (entries 8, 11, and 12).
After having identified suitable reaction conditions, we

investigated the scope for the transformation of thiophenes
and benzothiophenes (Scheme 2). A substituent at position C-4
of the benzothiophenes led to an increase in enantioselectivity.
Thus, 4-fluoro and chloro substituents (3c−3g) afforded the
corresponding biaryl derivatives in high yields and excellent
enantiomeric ratios. In addition, the presence of electron-
donating (3f) and electron-withdrawing (3b) groups was
tolerated and the desired products were formed in good yields
and very appreciable enantioselectivities. Thiophene (3i) was
obtained in high yield; however, the compound racemized very
quickly. We attributed this to the lack of steric hindrance
allowing the rotation barrier to remain low. To overcome this
problem, sterically demanding substituents were incorporated at
position C-4 of the thiophene coupling partner, and the
corresponding thiophene atropisomers were formed in very
good yields and high enantiomeric excesses (3k−3p). We note
that bromo derivative (3n) may open up further opportunities
to elaborate structure, e.g., via Pd(0) chemistry. Slow
evaporation of product 3p afforded crystals suitable for X-ray
diffraction analysis, which allowed us to unambiguously confirm
the structure. Measuring several crystals provided the same

absolute configuration (aR) (CCDC 1994612; see the
Supporting Information for more details).

Scheme 1. (A) Comparison between Five-Membered-Ring
and Six-Membered-Ring Atropisomers, (B) Selected
Examples of Natural Products and Synthetic Chiral Ligands,
and (C) General Approaches for Biaryl Synthesis and a
Proposed Strategy Using Chiral RhJasCp Complexes

Table 1. Optimization of Conditions for the Enantioselective
Synthesis of Five-Membered-Ring Atropoisomeric
Benzothiophene 3aa

entry catalyst solvent
temp
(°C)

yield
(%)

enantiomeric ratio
(er)

1 Rh1 1,4-dioxane 23 64 76:24
2 Rh2 1,4-dioxane 23 85 90.5:9.5
3 Rh2 MeOH 23 39 72:28
4 Rh2 DCM 23 75 87:13
5 Rh2 toluene 23 69 85.5:14.5
6 Rh2 MeCN 23 41 79.5:21.5
7 Rh2 THF 23 85 71:29
8 Rh3 1,4-dioxane 23 92 91:9
9 Rh4 1,4-dioxane 23 79 87.5:12.5
10 Rh5 1,4-dioxane 23 85 90.5:9.5
11 Rh3 1,4-dioxane 17 90 92.5:7.5
12 Rh3 1,4-dioxane 0 35 91:9

aReactions were run for 36 h. Yields were determined for isolated
products. Values of ee were determined using chiral HPLC.

Scheme 2. Scope of the Enantioselective Synthesis of Five-
Membered-Ring Atropoisomeric Thiophenes and
Benzothiophenes
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To further explore the applicability of the method, the scope
for analogous transformations employing benzofurans and
furans was investigated (Scheme 3). Benzofuran afforded

desired product 3q in good yield albeit with lower
enantioselectivity. Increasing the steric bulk at position C-4
led to formation of the desired benzofuran biaryl atropisomers in
good yields and high enantioselectivities (3t−3w). We note that
high reactivity with good enantioselectivity was also observed
with a bromo-substituted furan derivative (3x).
The orienting exploration of indoles and pyrroles in this

transformation revealed that indoles with an unprotected NH-
group and a directing group at position C-2 are not reactive
under the employed conditions. Introduction of a variety of
substituents at the nitrogen atom did not substantially improve
this situation (see the Supporting Information for more details).
Fortunately, installation of the directing group on the nitrogen15

afforded the desired products in very good yield andmoderate to
high ee values under the optimized reaction conditions.
Exploration of the reaction scope revealed that indoles bearing
both electron-donating and electron-withdrawing groups were
tolerated and yielded the desired 2-indolo-naphthaline
atropisomers (4b−4h) in good yields and good enantioselectiv-
ities (Scheme 4).
On the basis of previous studies, the mechanism shown in

Scheme 5 for rationalizing the observed transformation appears
to be plausible.16 The reaction begins with an oxidative addition
of active Rh(III) complex I to give five-membered-ring
rhodacyle II. Insertion of the diazonaphthoquinone affords
intermediate III, which upon loss of nitrogen (N2) yields Rh−
carbene intermediate IV. This intermediate undergoes 1,2-
migration, followed by subsequent reductive elimination
yielding chiral compound VI. Finally, aromatization (point to
axis chirality transfer) furnishes final biaryl atropisomer 3.
In conclusion, we have developed an enantioselective C−H

functionalization method giving access to the biaryl atropisomer
types that can be accessed from three different five-membered-
ring heterocycle classes. The method enabled a straightforward
synthesis of (benzo)furano, (benzo)thiopheno, and indolo
atropoisomers in high yields and high enantioselectivity. In light
of the challenging synthesis of these five-membered-ring
atropoisomeric products in general, we anticipate that this
practical, enantioselective direct C−H functionalization meth-

odology may find widespread interest and application in various
areas of science.
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Scheme 3. Scope of the Enantioselective Synthesis of Five-
Membered-Ring Atropoisomeric Furans and Benzofurans

Scheme 4. Scope of the Enantioselective Synthesis of Five-
Membered-Ring Atropoisomeric Indoles

Scheme 5. Proposed Reaction Mechanism
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