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Asymmetric direct hydrogenation (ADH) is a straightforward and atom-economic methodology to achieve optically active
compounds. The synthesis of chiral compounds bearing stereogenic centers has been well established. In contrast, the con-
struction of atropisomers, especially atropisomers bearing multiple chiral elements, has sporadically been explored. Herein, we
report an innovative atroposelective iridium-catalyzed hydrogenation of N-arylindole ketones and heterobiaryl ketones via
dynamic kinetic resolution (DKR) based on a Lewis acid-base interaction between the nitrogen atom and the carbonyl group of
ketones, providing C‒N and C‒C atropisomers bearing multiple chiral elements with excellent enantioselectivities, diaster-
eoselectivities and yields. The lynchpin of the DKR-ADH process stands in the newly developed planar-chiral tridentate PNO
ligand, which ensures the excellent control of enantioselectivity and diastereoselectivity simultaneously. The synthetic utilization
of this protocol is proved through stereospecific transformation to a tridentate PNN ligand bearing axial and central chirality,
which shows promising potential in iridium-catalyzed asymmetric hydrogenation of simple ketones.

asymmetric hydrogenation, dynamic kinetic resolution, atroposelective synthesis, atropisomers, planar-chiral tridentate
PNO ligand
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1 Introduction

Asymmetric hydrogenation has emerged as one of the most
powerful tools for the construction of optically active phar-
maceuticals, agrochemicals, flavors and fine chemicals in
synthetic chemistry [1–9], as well as in industrial processes
[10–12]. Taking advantage of its high efficiency and atom
economy, systematic and significant achievements have been
made, and tremendous chiral molecules have been synthe-
sized through asymmetric transfer hydrogenation (ATH) and
asymmetric direct hydrogenation (ADH). Among them, the

synthesis of enantiomers bearing stereogenic centers has
been widely reported. On the contrary, the construction of
atropisomers via asymmetric hydrogenation has been rela-
tively less developed [13–24]. These reports mainly focused
on the ATH of biaryl aldehydes and biaryl imines. In the
presence of chiral phosphoric acids/Hantzsch esters or ru-
thenium catalysts/azeotrope of formic acid and triethyla-
mine, axially chiral alcohols and axially chiral amines were
afforded [13–22]. However, atroposelective ADH using hy-
drogen gas as the reducing reagent has sporadically been
reported (Scheme 1a). In 2018, Zhang’s group [23] disclosed
an iridium-catalyzed asymmetric direct hydrogenation of
Bringmann’s lactones, providing atropisomeric biaryl alco-
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hols bearing only axial chirality with excellent yields and
enantioselectivities (Scheme 1b). They presumed that the
lactone was first reduced to hemiacetal, then it quickly iso-
merized to a configurationally unstable aldehyde, thus the
enantiomers are in rapid equilibrium with each other and
further ADH produced the final chiral product. In 2022,
Zhou’s group [24] reported the first rhodium-catalyzed
asymmetric hydrogenation of all-carbon aromatic rings, af-
fording a series of axially chiral cyclic compounds with high
enantioselectivity through desymmetrization or kinetic re-
solution (Scheme 1b). Despite these elegant works for the
construction of atropisomers bearing only axial chirality via
ADH, there still remains a startling lacuna when it comes to
the synthesis of atropisomers bearing multiple chiral ele-
ments through ADH, which played a crucial role in asym-
metric catalysis and medicinal chemistry [25–27].
Dynamic kinetic resolution (DKR), which allows full

conversion of racemic substrates into single enantiopure
products, is a premier strategy for asymmetric synthesis [28–
32]. In the past few decades, DKR has become an efficient

approach for the construction of axially chiral molecules.
Noteworthily, DKR enabled by noncovalent interactions
opened up a brand-new avenue for the synthesis of axially
chiral molecules [33–42], wherein racemization is realized
without the need to form and cleave covalent bonds. Instead,
the racemization of substrates relies on relatively weak Le-
wis acid-base interactions. With our long-standing interest in
transition metal-catalyzed asymmetric hydrogenation [43–
46], we envisioned that the development of asymmetric di-
rect hydrogenation via DKR based on Lewis acid-base in-
teraction would streamline the construction of atropisomers
bearing multiple chiral elements. However, without pre-
cedent in this field, potential challenges stand in this hy-
pothesis. Evidently, the control of both enantioselectivity and
diastereoselectivity represents the most daunting obstacle.
Therefore, a catalyst with high catalytic activity and ex-
cellent stereoselectivity was deemed indispensable. Herein,
we would like to disclose an atroposelective iridium-cata-
lyzed hydrogenation of N-arylindole ketones and hetero-
biaryl ketones via DKR enabled by a newly developed

Scheme 1 (Color online) The construction of atropisomers via asymmetric hydrogenation.
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planar-chiral PNO tridentate ligand (Scheme 1c), delivering
C‒N and C‒C atropisomers bearing multiple chiral elements
with excellent enantioselectivities and diastereoselectivities
simultaneously.

2 Experimental

2.1 General procedure for iridium-catalyzed asym-
metric hydrogenation of N-arylindole ketones 1

A mixture of [Ir(COD)Cl]2 (0.7 mg, 0.5 mol%) and ligand
(SFC,Rp)-L9 (1.4 mg, 1.1 mol%) in 2-methyl-2-butanol
(1.0 mL) was stirred in a vial at room temperature for 1 h in a
glove box to give the catalyst solution. To another vial
was added lithium tert-butoxide (0.8 mg, 0.01 mmol),
1 (0.2 mmol), 2-methyl-2-butanol (1.0 mL) and the catalyst
solution (1.0 mL). Then the mixture was transferred to an
autoclave, which was then charged with hydrogen gas
(600 psi), and stirred at 40 °C for 48 h. After careful release
of the hydrogen, the autoclave was opened, and the volatiles
were removed under reduced pressure. The residue was
purified by silica gel column chromatography to give the
reductive products 2. The optical purity of the chiral alcohols
was determined by chiral high performance liquid chroma-
tography, and the diastereomeric ratios were determined by
proton nuclear magnetic resonance (1H NMR).

2.2 General procedure for iridium-catalyzed asym-
metric hydrogenation of heterobiaryl ketones 3

A mixture of [Ir(COD)Cl]2 (0.7 mg, 0.5 mol%) and ligand
(SFC,Rp)-L9 (1.4 mg, 1.1 mol%) in 2-methyl-2-butanol
(1.0 mL) was stirred in a vial at room temperature for 1 h
in a glove box to give the catalyst solution. To another vial
was added lithium tert-butoxide (0.8 mg, 0.01 mmol),
3 (0.2 mmol), 2-methyl-2-butanol (1.0 mL) and the catalyst
solution (1.0 mL). Then the mixture was transferred to an
autoclave, which was then charged with hydrogen gas
(600 psi), and stirred at 60 °C for 36 h. After careful release
of the hydrogen, the autoclave was opened, and the volatiles
were removed under reduced pressure. The residue was
purified by silica gel column chromatography to give the
chiral reductive products 4, and the diastereoisomers could
be isolated during the column chromatography. The en-
antiomeric excesses of the chiral alcohols were determined
by chiral HPLC, and the diastereomeric ratios were de-
termined by 1H NMR.

3 Results and discussion

3.1 Reaction optimization

To examine the feasibility of the proposed protocol,

N-arylindole ketone 1a, which could form a transient Lewis
acid-base interaction to accomplish the racemization, was
chosen as the model substrate. Initially, this reaction was
conducted with the [2,2]-paracyclophane-based planar-chiral
tridentate ligands L1‒L6 developed in our previous work
(Scheme 2) [47]. When L1 was used as a ligand in the ir-
idium-catalyzed DKR-ADH, 1a could convert to the axially
chiral C‒N atropisomer 2a, which widely exists in natural
alkaloids, chiral ligands and chiral organocatalysts [48–50].
However, only moderate ee and dr could be obtained. Further
evaluation of L2–L4 showed higher enantioselectivities with
increasing steric hindrance of the aryl group in ligands, but
erosions of diastereoselectivities were observed disappoint-
ingly. With L5 and L6 as ligands, similar results were ac-
quired in comparison with L1. When applying the BINOL-
derived tridentate ligand L7 to the reaction, no product was
observed. On the other hand, the well-known BINAP/1,4-
diamine-ruthenium complex developed by Noyori was also
tested, although a better dr could be afforded, the enantios-
electivity was still not satisfying. As of now, the highest ee
was obtained when using L3 as a ligand (97% ee) in iridium-
catalyzed DKR-ADH, and the highest dr was achieved when
BINAP/1,4-diamine-ruthenium complex (1:7.3 dr) was ap-
plied. Based on these results, we reckoned that a ligand with
a suited chiral concave pocket and a better chiral skeleton
was fundamental to the improvement of stereoselectivity.
Inspired by the prevalent existence of ferrocene skeleton in

chiral ligands and catalysts, we wondered whether ligands
combined with the [2,2]-paracyclophane and ferrocene ske-

Scheme 2 (Color online) The evaluation of chiral ligands.
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letons would make them adequate candidates in the iridium-
catalyzed DKR-ADH of N-arylindole ketones. Therefore,
(SFC,Sp)-L8 and (SFC,Rp)-L9 which contain two kinds of
planar-chiral skeletons were developed and applied in the
reaction. We were pleased to find that when (SFC,Rp)-L9 was
utilized as a ligand, 2a could be furnished with 7.3:1 dr and
95% ee, which was the best result among the ligands and
catalysts we screened. Additionally, (SFC)-L10 with only
ferrocene moiety was synthesized to illustrate the impact of
[2,2]-paracyclophane on the control of stereoselectivity.
Unsurprisingly, only poor dr and ee could be afforded when
ligand (SFC)-L10 was employed. These outcomes elucidated
that the newly-developed planar-chiral tridentate PNO ligand
(SFC,Rp)-L9 is superior in the control of diastereoselectivity
and enantioselectivity at the same time, and these qualities
may be attributed to a suited chiral concave pocket and a
better chiral skeleton we presumed above.
Subsequently, we evaluated the influence of solvents on

the DKR-ADH of 1a (Table 1). In the presence of lithium
tert-butoxide under 60 °C, the hydrogenation proceeded

smoothly in THF, and moderate dr and ee were given. In
DCE and toluene, 2a was furnished with low dr and ee. We
then turn our attention to various alcohols as solvents to gain
a higher level of stereoselectivity. To our delight, excellent
reactivities, diastereoselectivities, and enantioselectivities
could be obtained in EtOH, iPrOH, tBuOH, and tAmOH
(entries 4–7). Through comparison, tAmOH could provide a
preferable result (entry 7, 92% yield, 11.5:1 dr, 95% ee), and
was chosen as the most suitable solvent. During the
screening of base, poor diastereoselectivities were afforded
with tBuONa, tBuOK, and NaOH (entries 8–10). The car-
bonates K2CO3 and Cs2CO3 were found to be inadequate in
this reaction (entries 11 and 12). After further optimization of
the catalyst loading and reaction temperature, 1a could be
fully hydrogenated to 2a with tBuOLi as base, tAmOH as
solvent under 40 °C with 1.0 mol% iridium catalyst, giving
the 2a with excellent yield and stereoselectivity (entry 13,
97% yield, 32.3:1 dr, 95% ee).

3.2 Substrate scope

After the establishment of the optimal reaction conditions,
we set out to investigate the substrate scope of the DKR-
ADH of N-arylindole ketones 1. As shown in Scheme 3,
when different electron-donating groups were introduced to
N,N-dimethylaniline moiety, such as methoxy, ethoxy and
phenoxy, the N-arylindole ketones were all compatible with
the mild reaction conditions, affording the corresponding
chiral alcohols with high yields, excellent dr, and ee (92%–
99% yields, 12.5:1–33.3:1 dr, 91%–97% ee). For substrate
1b, the results were not quite satisfactory. This could be
interpreted as a harder atropisomerization, which leads to a
slight decrease in the stereoselectivity. Substrate 1c bearing a
methyl group instead of an alkoxy group could be hydro-
genated smoothly under 60 °C, and affording 2c with 14.3:1
dr and 94% ee. For the N-arylindole ketones bearing a methyl
group on different positions of the indole moiety, corre-
sponding chiral alcohols 2h–2j could be acquired with great
yields, dr, and ee (87%–97% yields, 19.0:1–25.0:1 dr, 92%–
96% ee). What’s more, various alkyls of the ketone moiety
were well tolerated, affording 2l and 2m with 50.0:1 dr and
>99% ee, and 2n with 33.3:1 dr and 99% ee. For ketone 1p,
which contains trifluoromethyl, 2p could be furnished with
excellent dr, but only 81% ee. Besides, we attempted to
expand the DKR-ADH to diaryl ketone, and substrate 1owas
synthesized. Dishearteningly, low reactivity and stereo-
selectivity were obtained, which might be owing to the minor
differentiation of the two aryl groups and a harder atropi-
somerization. The configuration stability of alcohol 2 was
confirmed by heating 2a in tAmOH (at 80 °C) for 24 h, no
erosion of dr and ee was observed in HPLC analysis.
To further demonstrate the validity of this DKR-ADH

strategy, the hydrogenation of heterobiaryl ketones was

Table 1 Conditions optimizationa)

Entry Solvent Base Yield (%)b) dr (%)b)
ee (%)c)

Major Minor

1 THF tBuOLi >95 4.8:1 88 2

2 DCE tBuOLi 61 1.9:1 79 −25

3 toluene tBuOLi >95 1.6:1 79 −20

4 EtOH tBuOLi >95 7.9:1 97 20

5 iPrOH tBuOLi >95 7.3:1 95 16

6 tBuOH tBuOLi >95 8.8:1 95 53

7 tAmOH tBuOLi >95 11.5:1 95 55

8 tAmOH tBuONa >95 3.9:1 90 -5

9 tAmOH tBuOK >95 2.8:1 93 −27

10 tAmOH NaOH >95 2.2:1 90 −6

11 tAmOH K2CO3 n.r. ‒ ‒ ‒

12 tAmOH Cs2CO3 50 1:1.9 33 −46

13d) tAmOH tBuOLi >95 32.3:1 95 34

a) Reaction conditions: 1a (0.1 mmol), [Ir(COD)Cl]2 (1.0 mol%),
(SFC,Rp)-L9 (2.2 mol%), base (10 mol%) and solvent (2.0 mL) under H2
(600 psi) and 60 °C for 24 h. b) Yield (total yield of two diastereoisomers)
and dr was measured by analysis of 1H NMR spectra, using 1,3,5-
trimethoxybenzene as the internal standard. c) Determined by chiral HPLC.
d) Reaction conducted under 0.20 mmol scale, and with [Ir(COD)Cl]2
(0.5 mol%), L9 (1.1 mol%) tBuOLi (5 mol%) and tAmOH (2.0 mL) under
H2 (600 psi) and 40 °C for 48 h.
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considered as well. On the basis of the established optimal
reaction conditions, the substrate scope was evaluated with a
fine-tuning of temperature (Scheme 4). The model substrate
ketone 3a could be smoothly converted to the corresponding
alcohol 4a with 93% yield, 15.7:1 dr, and 97% ee for the
major diastereoisomer. Similarly, DKR-ADH of heterobiaryl
ketone 3b could afford 4bwith pleasing results. Remarkably,
for ketones 3c–3n, further altering of the ketone moiety or
the pyridine moiety led to minor influence on the reactivity
and stereoselectivity, furnishing the chiral alcohols 4c–4n
with high yields, diastereoselectivities and excellent en-
antioselectivities (80%–93% yields, 7.0:1–23.3:1 dr, 93%–
99% ee). No significant effect was observed, regardless of
electronic properties, steric hindrance, or positions of sub-
stituents. The configuration stability of alcohol 4 was de-
monstrated by Lassaletta and coworkers in their previous
work [34].

3.3 Scale-up experiments and synthetic transformations

Moreover, scale-up experiments of ketones 1a and 3e at
2.0 mmol scale were conducted, respectively. Consistent

results were observed compared to those conducted at
0.2 mmol scale, which demonstrated the potential utility of
this DKR-ADH of N-arylindole ketones 1 and heterobiaryl
ketones 3 (Scheme 5).
To explore the preparative utility of the strategy, we turn

our attention to the transformation of the obtained chiral
alcohols 2 and 4, which bear both axial chirality and central
chirality (Scheme 6). At first, 2a could be readily converted
to ester 5 with 67% yield and the retentive dr and ee. Fur-
thermore, the absolute configuration of 5 was assigned as
(Sa,S) by X-ray diffraction analysis (see the Supporting In-
formation online) [51]. Subsequently, the absolute config-
uration of 2a was assigned as (Sa,S) as well. Unexpectedly,
the protection of alcohol 4e with methanesulfonic anhydride
delivered an olefin, instead of a sulfonate product. We pre-
sumed that 4e might undergo a substitution followed by
elimination to afford the olefin product 6. Luckily, olefin
6 could be furnished with 59% yield and 98% ee. Besides, 4e
underwent the displacement of the primary alcohol using
diphenylphosphoryl azide (DPPA) and DBU, followed by
Staudinger reduction to furnish the chiral amine 7. Amine 7
bearing axial chirality and central chirality could be facilely

Scheme 3 Substrate scope of N-arylindole ketones.
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converted to a chiral tridentate PNN ligand 8 with multiple
chiral elements through condensation with 2-(diphenyl-
phosphaneyl)benzaldehyde. The preliminary application of
this newly-developed chiral tridentate PNN ligand was de-
monstrated in iridium-catalyzed asymmetric hydrogenation
of acetophenone, which afforded the 1-phenylethanol with
excellent yield and moderate enantioselectivity. Therefore,
this kind of heterobiaryl skeleton bearing both axial and
central chirality would have promising applications in
asymmetric catalysis.

3.4 Proposed reaction model

With the confined absolute configuration of 2a and precedent
reports [47,52,53], the reaction model of the DKR-ADH
process was proposed in Scheme 7. The deep concave of the
chiral ligand and an O−Li···O interaction between the cat-
alyst and substrate were deemed to be responsible for the
excellent control of ee and dr at the same time.

4 Conclusions

Taken together, we have developed an atroposelective ir-
idium-catalyzed hydrogenation of N-arylindole ketones and
heterobiaryl ketones via DKR based on a Lewis acid-base
interaction to give the C‒N and C‒C atropisomers bearing

Scheme 4 (Color online) Substrate scope of heterobiaryl ketones.

Scheme 5 Scale-up experiments. Scheme 6 Synthetic transformations.

Scheme 7 (Color online) Proposed reaction model.
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multiple chiral elements with high yields and stereoselectivi-
ties. This strategy presents an unprecedented synthesis of
atropisomers bearing multiple chiral elements via ADH [54].
The newly-developed PNO chiral tridentate ligand, which
combines the [2,2]-paracyclophane and ferrocene skeleton,
is the key feature for this atroposelective hydrogenation,
enabling both excellent diastereoselectivities and enantios-
electivities. The scale-up experiments and synthetic trans-
formations verified the preparative utility of the DKR-ADH
strategy. Further studies are currently underway toward ex-
panding the application of this strategy in the synthesis of
prevalent chiral skeletons and bioactive molecules.
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