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ABSTRACT: Autotandem catalysis is an efficient and step-economical reaction involving two or more mechanistically distinct
reaction processes under the action of only a single catalyst. Herein, an unprecedented asymmetric autotandem catalysis reaction
merging hydrogenolysis and hydrogenation of hydroxylactam-fused indoles through a dynamic kinetic resolution process with
palladium hydride as the same active species was developed, affording hexahydro-β-carbolines containing three contiguous
stereocenters with excellent enantio- and diastereoselectivity. Versatile synthetic transformations of the chiral heterocyclic products
were carried out without loss of enantiomeric purity, even affording octahydroindole derivatives containing up to five contiguous
stereocenters. Mechanistic studies including deuterium-labeling experiments and control experiments supported that the dynamic
kinetic resolution process is crucial for excellent diastereoselectivity performance.

Autotandem catalysis (ATC) is a fascinating process
involving two or more mechanistically distinct elementary

processes that are facilitated by a single catalyst,1 in which the
process enables the catalyst to perform multiple roles and
avoids isolation of intermediates, thereby cutting waste and
enhancing efficiency with an eco-friendly manner. Therefore,
ATC has received considerable attention in recent decades.
Despite progress in this field,2 the reports of asymmetric
autotandem catalysis reactions are limited, because it is
challenging to establish highly efficient catalytic systems
compatible with multiple mechanistically different catalytic
cycles.3 Therefore, developing new asymmetric autotandem
catalysis processes is desirable. Transition-metal-catalyzed
hydrogenolysis is indispensable in organic synthesis, which
has been successfully applied in synthetic methods and
industrial processes.4,5 In addition, transition-metal-catalyzed
asymmetric hydrogenation has emerged as a fundamental
transformation in modern organic synthesis, due to its high
atom economy, environmental friendliness and simple workup
procedure, which is regarded as one of the most successful
methods in the field of industrial applications (Scheme 1,
upper part).6 Therein, the key metal-hydride7 is the same
active species involved in both hydrogenolysis and asymmetric
hydrogenation, which provides a chance for the realization of
an asymmetric autotandem catalysis reaction merging hydro-
genolysis and asymmetric hydrogenation.
Chiral indoline motifs containing multiple contiguous

stereocenters are widely found in many structurally complex
and diverse natural products as well as biologically active
molecules (Figure 1).8 Notably, these chiral molecules not
only exhibit extremely rich biological and medicinal activities
but also have long been a source of inspiration in drug design.
However, traditional methods for constructing these

complex skeletons typically require tedious step-by-step

processes.9 This gradual approach often leads to low synthetic
efficiency, limiting their widespread application in organic
synthesis and drug development. Therefore, developing more
efficient and concise synthetic pathways to these important
chiral indoline structural units is of great significance for
promoting the discovery and development of innovative drugs.
Among the most common methods, the direct asymmetric
reduction of corresponding indole compounds is one of the
most straightforward and efficient approaches to obtain chiral
indolines. Over the past decades, asymmetric reduction of
corresponding indoles was successful for synthesis of 2/3-
monosubstituted10 and 2,3-disubstituted11 indolines with
excellent enantioselectivities. However, the asymmetric reduc-
tion of indoles for the synthesis of chiral indolines with
multiple contiguous stereocenters remains a challenge that has
been rarely explored to date. Considering that dynamic kinetic
resolution (DKR) is an efficient strategy for achieving a single
enantiomer from multiple enantiomers with 100% theoretical
yield, this method has been widely used for the synthesis of
compounds with one or two, or even multiple contiguous
stereogenic centers.11a,b,12,13 Moreover, indole derivatives with
hydroxyl groups are readily available,14 and the hydroxyl
groups can easily undergo hydrogenolysis reaction in the
presence of metal hydride.4 In addition, metal hydride active
species have successfully achieved asymmetric hydrogenation
of indoles.10a−k,11 In our continuous efforts in homogeneous
palladium-catalyzed hydrogenolysis and asymmetric hydro-
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genation4b,15,16 with the same palladium hydride (Pd−H)
active species, we envisioned whether it is a possibility to
achieve the synthesis of indoline alkaloid analogues containing
multiple contiguous stereocenters through a palladium-
catalyzed autotandem process involving hydrogenolysis of
C−O bonds and asymmetric hydrogenation of indoles via
DKR. However, this ATC reaction still faces several challenges,
such as 1) the sequence of hydrogenolysis, asymmetric
hydrogenation and DKR processes, 2) the compatibility
between metal hydrides and ATC, 3) the control of
chemoselectivity, enantioselectivity, and diastereoselectivity.
Herein, we reported a palladium-catalyzed autotandem hydro-
genolysis/asymmetric hydrogenation involving a DKR process
to synthesize the hexahydro-β-carbolines containing three
contiguous stereocenters with excellent enantio- and diaster-
eoselectivity (Scheme 1, bottom part). In addition, the
versatile synthetic transformations of the chiral heterocyclic
products were conducted, and octahydroindole derivatives
containing five contiguous stereocenters could even be
conveniently prepared.
Motivated by the aforementioned vision, we began the initial

attempt of a palladium-catalyzed autotandem hydrogenolysis/
asymmetric hydrogenation (Scheme 2). First of all, hydrox-
ylactam-fused indole 1a was chosen as the model substrate,
and a Pd(OCOCF3)2/(S)-SynPhos complex was used as the

catalyst in the presence of hydrogen as the hydride source and
TsOH·H2O as the Brønsted acid in 2,2,2-trifluoroethanol
(TFE) at 30 °C for 12 h. The hydrogenolysis product 3a was
observed with 86% yield and 0% ee, while the desired product
2a was also detected in 8% yield with 94% ee (Scheme 2i).
Next, hydrogenolysis product 3a was subjected to hydro-
genation under the same conditions with the reaction time
extended to 24 h. The desired product 2a was obtained with
20% yield and 96% ee (Scheme 2ii). The anticipated and
gratifying results demonstrated that the proposed concept,
autotandem hydrogenolysis/asymmetric hydrogenation relying
on a single Pd−H active species, is feasible.

Scheme 1. Palladium-Catalyzed Autotandem Hydrogenolysis/Asymmetric Hydrogenation

Figure 1. Indoline alkaloids containing vicinal stereocenters.

Scheme 2. Initial Attempt of Pd-Catalyzed Autotandem
Hydrogenolysis/Asymmetric Hydrogenation of
Hydroxylactam-Fused Indoles
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According to the above experimental findings, we system-
atically investigated the reaction parameters of the autotandem
reaction to establish the optimal conditions (Table 1, see SI,

Supporting Information). To achieve a high yield and
enantioselectivity, the autotandem reaction was conducted at
80 °C and 750 psi H2. First, the effect of solvents on the
reactivity and enantioselectivity was examined; TFE gave a
better yield and enantioselectivity (entry 3). Next, various
Brønsted acids were examined (entries 3−6) and exhibited
distinct behavior. Among them, the methanesulfonic acid
(MeSO3H) afforded the best result (entry 4). When a weak
Brønsted acid, such as benzoic acid, was added, the reaction
yielded hydrogenolysis product 3a in 98% yield (entry 6).
Further screening of various chiral bisphosphine ligands
showed that L4, (S)-MeOBiPhep, was the optimal choice
(entry 9). Finally, the reaction parameters were fine-tuned to
promote this autotandem catalysis process. Lowering either
temperature (entry 10) or hydrogen pressure (entry 11) had
slightly adverse effects on the yield and ee value of the desired
product 2a. When the catalyst loading was decreased to 2.0
mol %, or the amounts of TFE was reduced to 2.0 mL, the
reaction proceeded smoothly without deterioration of the yield
and ee value (entries 12, 13). Therefore, the optimal

conditions were established: Pd(OCOCF3)2/L4, MeSO3H,
TFE, and H2 (750 psi) were measured at 80 °C.
Under the optimal conditions, we examined the substrate

scope (Scheme 3). The desired product hexahydro-β-carboline
2a was obtained from model substrate 1a in 95% yield with
97% ee. Subsequently, the substrates bearing various
substituents on the benzene ring of the indole moiety were
investigated. The substrates containing electron-donating and
electron-withdrawing substituents at different positions of the
indole moiety performed well, affording the desired products
(2b−2l) with excellent enantioselectivities and moderate to
excellent yields. To further broaden the range of substrates, the
substrates bearing various substituted phenyls on the indole
moiety were subjected to the reaction, achieving autotandem
reaction successfully and yielding corresponding chiral
products (2m−2v) with satisfactory results. Besides, both
disubstituted and trisubstituted substrates at the indole moiety
afforded the chiral products 2w and 2x in excellent
enantioselectivities and yields, respectively. Furthermore,
various substituents on the hydroxylactam moiety were also
investigated. Naphthyl (1y), o-difluorophenyl (1z), and o-
dimethylphenyl (1aa) hydroxylactams reacted effectively to
give the corresponding chiral products with excellent
enantiocontrol. Consequently, based on substrate 1aa, we
further investigated substrates bearing a 7-methyl group and 5-
methoxy group at the indole moiety, and the chiral products
(2ab−2ac) were obtained with good yields and excellent
enantioselectivities. Additionally, the substrate 1ad derived
from alkyl-substituted anhydride smoothly converted to the
desired product 2ad containing five contiguous stereocenters
through a DKR process, as well as hydrogenolysis products
3ad-1 and 3ad-2 containing three contiguous stereocenters via
a kinetic resolution (KR) process. Due to the aforementioned
process, the yield and enantioselectivity of the corresponding
products depend on the reaction time. When the reaction
proceeded for 22 h, the hydrogenolysis products 3ad-1 and
3ad-2 were obtained with high ee, affording the product 2ad in
low ee. Reducing to 4 h, the enantioselectivities of the
corresponding hydrogenolysis products 3ad-1 and 3ad-2
became worse, the desired product 2ad was obtained with
86% ee.
In order to demonstrate the synthetic value of this

methodology, the palladium-catalyzed autotandem reaction of
substrate 1a was processed at gram scale, and the desired
product (−)-2a was isolated in 94% yield with 97% ee without
loss of reactivity and enantioselectivity (Scheme 4a). The fused
pentacyclic products containing three contiguous stereocenters
could serve as versatile synthons to access more elaborate
scaffolds, thereby highlighting their significant potential in both
organic synthesis and medicinal chemistry. The ee of (−)-2a
was upgraded to 99% through recrystallization, and sub-
sequently, versatile transformations were performed using the
purified (−)-2a (99% ee) (Scheme 4b). The indoline moiety
of (−)-2a could be readily transformed to the N-Ts product
(−)-4. Meanwhile, the absolute configuration was determined
to be 8aS,13aR,13bR by X-ray crystal diffraction analysis (see
SI). Tetrahydro-β-carboline (+)-5 was obtained through
oxidation aromatization of the indoline moiety of (−)-2a.
Furthermore, (−)-2a was treated with varying equivalents of
pyridinium tribromide, providing monobrominated product
(−)-6 and dibrominated product (−)-7, respectively. The
highly diastereoselective reduction of the indoline moiety of
(−)-2a proceeded smoothly, giving the fused pentacyclic

Table 1. Condition Optimizationa

2a

Entry Solvent Acid L
Yield (%)b/
ee (%)c

3a Yield
(%)b

1 DCM TsOH·H2O L1 28/86.1 72
2 HFIP TsOH·H2O L1 86/95.0 13
3 TFE TsOH·H2O L1 94/95.1 5
4 TFE MeSO3H L1 97/96.9 <5
5 TFE CF3CO2H L1 19/72.4 80
6 TFE PhCO2H L1 −/− 98
7 TFE MeSO3H L2 98/92.3 <5
8 TFE MeSO3H L3 90/95.5 10
9 TFE MeSO3H L4 99/97.5 <5
10d TFE MeSO3H L4 98/95.2 <5
11e TFE MeSO3H L4 95/95.5 <5
12f TFE MeSO3H L4 98/97.1 <5
13g TFE MeSO3H L4 99/97.1 <5

aReaction conditions: 1a (58 mg, 0.2 mmol), Pd(OCOCF3)2 (2.0
mg, 3.0 mol %), L (3.3 mol %), Solvent (3.0 mL), H2 (750 psi.), 80
°C, 24 h. bConversions and yields were determined by 1H NMR using
1,3,5-trimethoxybenzene as an internal standard, and all conversion
was >95%. cDetermined by chiral HPLC. d70 °C. eH2 (500 psi.).
fPd(OCOCF3)2 (1.3 mg, 2.0 mol %), L4 (2.6 mg, 2.2 mol %).
gPd(OCOCF3)2 (1.3 mg, 2.0 mol %), L4 (2.6 mg, 2.2 mol %), TFE
(2.0 mL).
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product (−)-8 containing five contiguous stereogenic centers.
The amide group of (−)-2a was reduced to afford the
corresponding chiral amine (−)-9. Besides, (−)-2ad was
subjected to dibromination and oxidative dehydrogenative
aromatization of the indoline moiety, affording the correspond-
ing dibrominated product (−)-10 and the tetrahydro-β-
carboline (+)-11, respectively. The absolute configuration of
(−)-10 was determined to be 3aS,7aS,12aR, 12bR, and 12cR
by X-ray crystal diffraction analysis (see SI). Notably, for the

above all derivatization procedures, no erosion of enantiomeric
purity was observed.
To gain insight into the reaction mechanism, we conducted

the deuterium-labeling experiments (Scheme 4c) and the
control experiments (Scheme 4d). When the palladium-
catalyzed autotandem reaction was performed in TFE-D3 and
TsOD, the deuterium atoms of the deuterated product D-2a′
were incorporated at the 8a- and 13b-positions with 91%,
respectively (eq 1), which clearly indicated that a fast and
reversible process of protonation and deprotonation existed,

Scheme 3. Substrate Scopef

a[Pd(OCOCF3)2] (2.0 mg, 2.0 mol %), L4 (3.9 mg, 2.2 mol %). b[Pd(OCOCF3)2] (4.0 mg, 4.0 mol %), L4 (7.7 mg, 4.4 mol %).
c[Pd(OCOCF3)2] (8.0 mg, 8.0 mol %), L4 (15.4 mg, 8.8 mol %), MeSO3H (2.4 equiv). dCu(OAc)2 (5.5 mg, 10 mol %). eL3 instead of L4.
fReaction conditions: 1 (0.30 mmol), MeSO3H (1.2 equiv), TFE (0.1 M), 12 to 72 h.
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Scheme 4. Experiment at Gram Scale, Derivatizations and Mechanistic Study Experiments
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and the equilibrium was faster than the hydrogenation. When
1a was subjected to autotandem reaction with D2, the
deuterated product D-2a′′ was obtained with 91% incorpo-
ration at the 13a-position and with 12% incorporation at the
13b-position (eq 2). The results suggested that the hydro-
genation of the lactam-fused indoles can be activated by
Brønsted acid to form iminium in situ; the favorable
enantiomeric intermediate is directly hydrogenated, leading
to 12% incorporation at the 13b-position, whereas the
unfavorable enantiomeric intermediate goes through proto-
nation and deprotonation under acidic conditions via DKR to
form the favorable iminium salt intermediate and then was
hydrogenated by the chiral palladium catalyst. To explore the
origin of enantioselectivity, racemic hydrogenolysis product 3a
was subjected to hydrogenation under standard conditions,
and the desired product 2a was obtained with 86% yield and
97% ee (eq 3). Furthermore, the chiral hydrogenolysis product
3a (96% ee) was treated with Brønsted acid, leading to the 0%
ee of 3a (eq 4). We subjected chiral hydrogenolysis product 3a
(96% ee) to hydrogenation reactions employing (S)-
MeOBiPhep and (R)-MeOBiPhep, respectively. The (S)-
MeOBiPhep afforded the product 2a with 89% yield and
98% ee (eq 5); for the (R)-MeOBiPhep, the product ent-2a
was given in 97% ee with 86% yield (eq 6). These experimental
results confirmed that hydrogenolysis product 3a undergoes
rapid protonation and deprotonation in the presence of a
Brønsted acid, resulting in fast racemization, and the
enantioselectivity of the product is entirely determined by
the chiral palladium catalyst. Based on the mechanistic
experiments and the literature precedence,10,11 a plausible
mechanism of palladium-catalyzed autotandem hydrogenoly-
sis/asymmetric hydrogenation involving a DKR process is
proposed (Scheme 5), and the corresponding details are
described in the SI.
In conclusion, we have developed the palladium-catalyzed

autotandem hydrogenolysis/asymmetric hydrogenation involv-

ing a DKR process to synthesize hexahydro-β-carbolines
containing three contiguous stereocenters with excellent
enantio- and diastereoselectivity. The versatile transformations
of the chiral heterocyclic products were conducted, and
octahydroindole derivatives containing up to five contiguous
stereocenters could even be obtained. Furthermore, the
mechanism studies supported that the DKR process is crucial
for control of the excellent enantio- and diastereoselectivity of
products, which was determined by the chiral palladium
catalyst. The utility of this autotandem asymmetric catalysis
reaction and the development of new asymmetric autotandem
reactions via metal hydride are ongoing in our laboratory.
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