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Palladium-catalyzed selective assembly
of carbamoylated indoles and
aminophenanthridinones via β-carbon
elimination switch
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Palladium-catalyzed switchable β-carbon elimination to extrude norbornene for selective synthesis of
different heterocyclic skeletons is a long-standing challenge. Herein, we describe the switchable
chemoselective synthesis of biologically active C4-carbamoylated indoles and C10-
aminophenanthridinones by controlling β-carbon elimination, using chlorocarbamates as C–H
carbamoylation reagents. Among them, C4-carbamoylated indoles are used for the synthesis of M2
receptor antagonists and p38α inhibitors. Mechanistic studies show that when β-carbon elimination is
inhibited, the catalytic cycle goes through C–N bond coupling and retro-Diels-Alder reaction to
generate C4-carbamoylated indoles. Alternatively, when β-carbon elimination to extrude norbornene
occurs, an intramolecular C–Harylation cyclization reaction generatesC10-aminophenanthridinones.

Indoles and phenanthridinones feature unique biological activities and are
key structural motifs in small molecule drugs and natural products1–7.
Among them, carbamoylated indole8,9 and amino phenanthridinone10,11 are
important drug building blocks for pharmaceuticals. For example, C4-
carbonyl piperidine indoles have been evaluated asM2 receptor antagonists
for the treatmentofAlzheimer’s disease12,while their difluoroderivatives are
considered antagonists of orexin receptors for the treatment of insomnia
(Scheme 1)13. C4-Carbocyclic amide indoles are labeled asmonoacylglycerol
lipase modulators for the treatment of pain, psychiatric disorders, and
neurological disorders14. Specifically, a C4-carbonyl piperazinyl indole has
been identified as highly active p38α inhibitors (IC50 = 1.54 μM)15. On the
other hand, amino phenanthridinone is a potent inhibitor of poly(ADP-
ribose) polymerases PARP1 and PARP2 and exhibits anti-cancer, cardio-
protective, and neuroprotective properties10,11. Therefore, the efficient and
rapid assembly of C4-carbamoylated indoles and C10-amino phenan-
thridinones is of continued strong importance for drug development.

Palladium and norbornene (Pd/NBE) cooperative catalysis16–26, ortho-
C–H functionalization of iodobenzene, has attracted widespread attention
and was first pioneered by Catellani27. Likewise, Lautens disclosed innova-
tive palladium and norbornene-catalyzed domino cyclization reactions,
which have been applied in the chemical synthesis of natural products28–34.

Among them, β-carbon elimination to extrude norbornene is a key step in
the Pd/NBE-catalyzed cycle and has attracted considerable attention. In
2018, the Dong groupmade a breakthrough discovery, exploiting the steric
effect of C1-modified norbornenes to simulate “ortho constraint” and
achieved the first example of single C–H functionalization of iodobenzene
without a ortho substituent35–37. Recently, they further utilized this strategy
to accelerate the β-carbon elimination, suppressing the formation of nitrene
cyclization products, and successfully achieved ortho C–H secondary
amination38. Interestingly, the Jiao group employed heterocyclic olefin
ligands to achieve a β-carbon elimination similar to norbornene39,40. In
particular, when iodobenzene has an amino group at the ortho position,
Lautens found that the strong coordination effect of the amino group induce
the reaction to proceed towards C–N bond coupling41. In 2019, we effec-
tively altered the direction of the reaction by modulating the groups on o-
iodoaniline, steering the reaction towards C–H bond functionalization and
subsequently enabling C–N bond coupling cyclization42–45. The rapid C–N
coupling precluded the subsequent β-carbon elimination to extrude nor-
bornene derivatives. Therefore, controllable β-carbon elimination to
extrude norbornene for the selective synthesis of two different scaffolds
remains elusive. Herein, we describe a strategy for the chemo-divergent
synthesis of bioactive C4-carbamoylated indoles or C10-amino
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phenanthridinone through the judicious choice of the reaction conditions
for selective β-carbon elimination.

Results and discussion
Reaction conditions and chemo-divergent synthesis
We initiated our studies with o-iodoanilines with different protecting
groups on the amine (1a, 1aa-1ae) as substrates, phenylcarbamic chloride as
theC–Hcarbamoylation reagent, and norbornene as the transientmediator
to optimize the reaction conditions. To our delight, when we used o-
iodoaniline 1a as the substrate and P(m-MeO-C6H4)3 as the ligand, we
obtained the C10-amino phenanthridinone product 4awith a yield of 24%.
The main side product was the intramolecular C–N bond coupling cycli-
zation product 5, which resulted from the failure of norbornene extrusion
(Table 1). Subsequently, we probed the reaction temperature and ligands.
When the temperature was raised to 120 °C and P(m-MeO-C6H4)3 was
used as the ligand, the yield increased to 35%. Then, different bases were
tested, and we found that potassium carbonate could significantly increase
the yield of the target product to 51%. Finally, we evaluated different
additives. Notably, the addition of a catalytic amount of pivalic acid further
increased the yield to 88%, while the formation of byproduct 5 was com-
pletely suppressed.

Due to the formation of byproduct 5, we attempted to replace nor-
bornene (NBE) with norbornadiene (NBD), speculating that byproduct 5
would undergo a retro-Diels-Alder reaction to generate the C4-
carbamoylated indole product 3a. After systematic optimization, we were
pleased to find that when using P-(m-F-C6H4)3 as the ligand, cesium car-
bonate as the base, and cesium fluoride as the additive, the desired product
3a could be obtained in a yield of 32% after stirring at 100 °C for 12 h,
followed by a reaction at 140 °C for another 12 h. Subsequently, we further
probedvarious palladium sources and found that palladium trifluoroacetate
(Pd(TFA)2) provided the highest yield of 53%. Additionally, we screened

norbornadiene derivatives (N1 and N2), but no improvement catalytic
efficiency was observed. Under these conditions, we further tested different
N-groups on the nitrogenof o-iodoaniline, albeitwith the original aniline1a
providing optimal results. Based on the by-products we detected, we spec-
ulate that the steric hindrance of the tert-butyl group plays two key roles:
first, it effectively suppresses direct C−N coupling prior to ortho C−H
functionalization; second, it inhibits the nucleophilic substitution between
carbamic chloride and the amino group. Finally, we obtained the optimal
reaction conditions for selectively generating the C4-carbamoylated indole
product (3a, Condition A) and the C10-amino phenanthridinone product
(4a, Condition B).

Substrate scope and product derivatization
With the optimal conditions in hand (for detailed procedures, see “Meth-
ods” section), we explored the robustness towards decorated C4-
carbamoylated indoles (Scheme 2, Nuclear magnetic spectrums are pro-
vided in the NMR spectra file). First, the scope of the C−H carbamoylation
reagent was investigated. Both electron-donating (−Me, −OMe) and
electron-withdrawing (−F, −CO2Me) substituted phenylcarbamic chlor-
ideswere found to yield the desired products inmoderate to good yields. It is
worth noting that the highly reactive N-allyl-carbamoyl chloride reagent
also smoothly provided the C4-carbamoylated indole product 3h with a
yield of 34%. Subsequently, we attempted to synthesize various C4 non-
cyclic carbamoyl-substituted indoles, such as those containing dimethyla-
mine, diethylamine, and dibenzylamine, and obtained the corresponding
products in good to excellent yields (57–81%). Additionally, various C4-
cyclic carbamoyl-substituted indoles could be synthesized with excellent
yields, regardless of whether the cyclic amides were five-membered, six-
membered, or seven-membered rings. Particularly, acid-labile acetals and
piperazines, which are very common in drug building blocks, are also
compatiblewith this reaction.The corresponding indole products3o and3q

Scheme 1 | Palladium and norbornene cooperative
catalysis. A Bioactive molecules. B Classic Pd/NBE
chemistry. C The “ortho constraint” group is an
amino group. D Overcome the Pd–N coordination
preference. E Switchable β-carbon elimination.
F Synthesis of C4-carbamoylated indoles and C10-
aminophenanthridinones via β-carbon elimination
switch.
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are precursors toM2 receptor antagonists and p38α inhibitors, respectively,
highlighting the practical value of this method in medicinal chemistry. It is
noteworthy that reactions of the same substrate with phenylcarbamoyl
chloride under two distinct conditions proceed with high chemoselectivity:
Condition A affords carbamoylated indoles (>20:1 selectivity), while Con-
dition B also exhibits high selectivity, yielding amino phenanthridinones.

Next, we explored the functional group tolerance of o-iodoanilines.
Electron-donating groups such as methyl (-Me) and methoxy (-OMe), as
well as electron-withdrawing groups, including ester (-CO₂Me), tri-
fluoromethyl (-CF₃), cyano(-CN), and especially the strongly electron-
withdrawing nitro (-NO₂) group, were all well-tolerated, providing the
desired products in good to excellent yields. Halogen groups (-F, -Cl) that

can alter the lipophilicity of drugs are also compatible with this transfor-
mation. It is worth noting that this reaction can also be applied to the
synthesis of C4-carbamoylated azaindole (3ri). Furthermore, N-adamantyl
indole (3rj) could be obtained using this method.

We carried out studies on the deprotection and derivatization of the
thus-obtained products 3 to enhance the application value of the reaction
(Scheme 3, for detailed procedures, see Section 3.1–3.3 in the Supplemen-
tary Information). Firstly, the C4-carbamoylated indoles can be easily
deprotected using hydrochloric acid to remove the tert-butyl protecting
group, and an aldehyde group can be introduced at the C3 position using
N,N-dimethylformamide (DMF). In addition, the Boc protecting group on
the piperazine nitrogen of compound 3q can be efficiently removed by the

N

ON
Me

tBu
3a, 53% 

(3a:4a > 20:1)

NHtBu

N
O Me

4a, 88%
(3a, ND)

Condition A

Condition B

NHtBu

N
O Me

F NHtBu

N
O Me

OMe NHtBu

N
O Me

CO2Me
4j, 76%
(3d, ND)

4k, 59%
(3e, ND)

4l, 67%
(3c, ND)

N

ON
Me

tBu

F

3c, 48%
(3c:4l > 20:1)

N

ON
Me

tBu

MeO

3d, 69%
(3d:4j > 20:1)

N

ON
Me

tBu

MeO2C

3e, 60%
(3e:4k > 20:1)

NHtBu

I
H 1a

NCl

O

Me

R

2

+ Pd

3r, 81% (73%)a

3rg, 69% 3rh, 45%

3ra , 67%

3rd, 88%

3rb,  42%

3ri, 65%

3rc, 72%

3re, 59% 3rf , 51%

NHtBu

I NCl

O

+

X N

ON

R1

R2
H

R1

R2
Pd(TFA)2, P(m-F-C6H4)3, NBD

Cs2CO3, CsF, toluene
100 oC (12 h), then 140 oC (12 h)

1 2 3

N

ON

tBu

O

N

ON

tBu

O

Me N

ON

tBu

O

MeO2CN

ON

tBu

O

MeO

N

ON

tBu

O

NCN

ON

tBu

O

F3C
N

ON

tBu

O

FN

ON

tBu

O

O2N
N

ON

tBu

O

Cl N N

ON

tBu

O

3i,  81% 3j, 57%

3m, 65%

N

ON
Me

Me

tBu
N

ON

tBu

Me

Me

N

ON

tBu

N

ON

tBu
N

ON

tBu

N

ON

tBu

Ph

Ph

3l,  67%

3n, 71%

3k, 65%

N

ON
Me

tBu
N

ON
Me

tBu

N

ON
Me

tBu

Me

Me

3a, 53% 3f, 57%

3g, 52%

N

ON

tBu

N

3p, 84%

N

N

tBu

R

R

N

ON

tBu

N

3q, 61%

Boc

NH

O

N
N

Bn

p38� inhibitor

N

ON
Ph

tBu

3h, 34%

N

ON
Me

tBu

Me

3b, 63%

N

ON
Me

tBu

F

3c, 48%

N

ON
Me

tBu

MeO

3d, 69%

N

ON
Me

tBu

MeO2C

3e, 60%

N
H

ON

N

O

H
N

Me

Me

M2 receptor antagonists

N

ON

tBu

O

O

3o, 62%

Condition A

Chemoselectivity of the Reaction Condition

N

ON

O

3rj, 23%

Scheme 2 | Investigation scope of the substrate. Reaction conditions: substrate 1
(0.2 mmol), 2 (0.4 mmol, 2.0 equiv), Pd(TFA)2 (10 mol%), P-(m-F-C6H4)3 (20 mol
%), norbornadiene (0.5 mmol, 2.5 equiv), Cs2CO3 (0.8 mmol, 4.0 equiv), CsF

(0.05 mmol, 0.25 equiv), toluene (2.0 mL), 100 °C 12 h, and then 140 °C, 12 h. Iso-
lated yields. a1.0 mmol scale.

https://doi.org/10.1038/s42004-025-01740-7 Article

Communications Chemistry |           (2025) 8:352 4

www.nature.com/commschem


addition of silica gel and heating, furnishing product 3q’ as precursor for the
synthesis of p38α inhibitors.

After exploring the substrate scope of the C4-carbamoylated indoles,
we immediately proceeded to investigate the functional group tolerance for
the synthesis of C10-amino phenanthridinones (Scheme 4, for detailed
procedures, see “Methods” section). Electron-donating groups (-Me) and
electron-withdrawinggroups (-CO2Me, -NO2and -CF3), aswell as halogens
(-F, -Cl and -Br) on o-iodoanilines 1, were all well-tolerated and provide the
desired products in excellent yields. Notably, the synthesis of aza-C10-
amino phenanthridinone was also achievable via our strategy with a yield of
67%. Subsequently, the functional group tolerance of various phe-
nylcarbamic chlorides was also tested, and it was found that methoxy, ester,
and fluoro groups could all be tolerated to afford the desired products 4 in
excellent yields. Interestingly, we also attempted the reaction using allyl
carbamoyl chloride, and the olefin coupling cyclization product was selec-
tively furnished under otherwise identical conditions.

Mechanistic investigation by density functional theory (DFT)
calculations
Based on the optimized conditions, we can infer that substrate 1a initially
undergoes an oxidative addition reaction onto a palladium(0) species to
form intermediate I. It then undergoes migratory insertion with norbor-
nadiene, accompanied by C–H bond activation and cyclization, leading to
the formation of the five-membered-ring palladium intermediate II. Sub-

sequently, oxidative addition with chloroformamide occurs, forming
intermediate III, which then undergoes reductive elimination to generate
intermediate IV, featuring ortho-carbamoylation of iodobenzene. At this
stage, two pathways emerge, leading respectively to the desired C4-
carbamoylated indoles and C10-amino phenanthridin-6(5H)-ones.

Therefore, we investigated the reaction mechanism using density
functional theory (DFT) calculations (see Section 5.1 in the Supplementary
Information).We first calculated intermediate IVwith different anions and
found that intermediates A and A-I, coordinated with chloride and iodide
ions respectively, have similar relative Gibbs free energies (Scheme 5B).
However, their coordination with cesium carbonate releases 3.5 kcal/mol
and 2.1 kcal/mol of energy, respectively. Subsequently, bidentate coordi-
nation of cesium carbonate to palladium displaces the chloride or iodide
ions, releasing a significant amount of energy. Consequently, the bidentate
cesium carbonate-coordinated intermediate C is the most stable and is
identified as the key intermediate for the subsequent steps. The cesium
carbonate of intermediate C can deprotonate the aniline to generate the
dearomatized intermediate D, which subsequently undergoes palladium
migration and coordinates with the amino group to form intermediate E
(with an energy barrier of 23.3 kcal/mol). At this stage, the coordination
between cesium carbonate and palladium in intermediate E is very weak,
allowing another molecule of cesium carbonate to easily remove it, leading
to the formation of intermediate F. Intermediate F undergoes a reductive
elimination process to produce compoundG, along with the formation of a
Pd(0) species that participates in the next catalytic cycle. Finally, a retro-
Diels–Alder reaction occurs at high temperature to produce the final pro-
duct 3a. IntermediateC can also undergo a β-carbon elimination transition
state TS-CD1 to form intermediate D1. The energy barrier for this step is
29.3 kcal/mol, so under the optimal reaction conditions, the reaction pro-
ceeds in the direction of forming the target product 3a. This process sub-
sequently undergoes a cesium carbonate-assisted C–H bond activation and
cyclization reaction, leading to the formation of product 4a.

Based on the mechanistic insights above and prior studies on pivalate-
assisted C–H bond activation46,47, we propose a plausible reaction
mechanism (Scheme 6). Initially, a Pd(0) complex undergoes oxidative
addition with o-iodoaniline 1a to form intermediate I. Subsequent
carbonate-assisted C–H activation generates a five-membered palladacycle
II. It then engages in oxidative addition with phenylcarbamoyl chloride,
followedby reductive elimination toyieldo-carbamoylated intermediate IV.
At this stage, the catalytic cycle diverges into two distinct pathways:

Scheme 3 | Derivatization of the indole product. A Formylation at the C3-position
of indole and protecting group removal.B Synthesis of a p38α inhibitor precursor by
Boc deprotection of indole 3q.

Scheme 4 | Investigation scope of the substrate.
Reaction conditions: substrate 1 (0.2 mmol), 2
(0.4 mmol, 2.0 equiv), Pd(OAc)2 (10 mol%), P(m-
MeO-C6H4)3 (20 mol%), NBE (0.2 mmol, 1.0
equiv), K2CO3 (0.8 mmol, 4.0 equiv), PivOH
(0.1 mmol, 0.5 equiv), toluene (2.0 mL), 120 °C, Ar.
Isolated yields.
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Pathway A: Intermediate IV undergoes C–N bond coupling followed
by a retro-Diels-Alder reaction to afford indole product 3a.

Pathway B: β-Carbon elimination of intermediate IV extrudes nor-
bornene (see Supplementary Fig. 1 in the Supplementary Information),
generating a palladium species that coordinates with pivalic acid to form
intermediate V2. Finally, a pivalate-assisted concerted metalation-
deprotonation (CMD) process delivers the amino phenanthridinone product.

Conclusions
In summary, our findings addressed the long-standing challenge of con-
structing diverse heterocyclic skeletons by a chemo-divergent assembly
strategy governed by β-carbon elimination pathways. With chlor-
ocarbamates as versatile C–H carbamoylation reagents, a dual-path syn-
thetic platform was established: (a) When β-carbon elimination is
suppressed, the catalytic cycle proceeds via C–N bond coupling and retro-
Diels-Alder reaction to furnish biologically significant C4-carbamoylated
indoles, pivotal intermediates for M2 receptor antagonists and p38α inhi-
bitors. (b) In sharp contrast, enabling β-carbon elimination to extrude
norbornene triggers an intramolecular C–H arylation, efficiently delivering

C10-amino phenanthridinone scaffolds. This work not only provides a
versatile platform for constructing diverse heterocyclic skeletons but also
offers valuable insights into the molecular control of β-carbon elimination
processes. This offers a new concept and approach for chemoselectivity
research in organic chemistry.

Methods
Synthesis of C4-carbamoylated indole 3 (general procedure)
In a 20mL tube, 1 (0.2 mmol), Pd(TFA)2 (10 mol%), P(m-F-C6H4)3
(20 mol%), Cs2CO3 (0.8mmol, 4.0 equiv.) and CsF (0.05 mmol, 0.25
equiv.) were added and charged with argon more than three times (The
tube was sealed with tipping plug). Toluene (2mL), 2 (0.4 mmol, 2.0
equiv.) and NBD (0.5 mmol, 2.5 equiv.) were injected into the tube via
plastic syringes. The resulting yellow suspension was stirred vigorously at
room temperature for 15min before being placed in a pre-heated oil bath
at 100 °C stirring at 900–1200 rpm for 12 h, then rises to 140 °C for 12 h.
After the reaction was completed, the residue was purified with chro-
matography column on silica gel or preparative TLC (PTLC) (petroleum
ether/EtOAc = 1:1–4:1).

Scheme 5 |Density functional theory (DFT) calculations. APossible reactionmechanisms for two competing products.B Intermediate IVwith different anions.CDensity
functional theory (DFT) to study the reaction pathway at the PBE0-D3BJ/Def2-TZVP, SMD (toluene)//PBE0-D3BJ/Def2-SVP, 373.15 K level of theory.
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Synthesis of C10-amino phenanthridin-6(5H)-one 4 (general
procedure)
In a 20mL tube, 1 (0.2mmol), 2 (0.4 mmol, 2.0 equiv.), Pd(OAc)2
(10mol%), P(m-MeO-C6H4)3 (20mol%), K2CO3 (0.8mmol, 4.0
equiv.) and PivOH (0.1 mmol, 0.5 equiv.) were added and charged with
argon more than three times (The tube was sealed with tipping plug). NBE
(0.2mmol, 1.0 equiv.)were dissolved in toluene (2mL), and themixturewas
injected into the tube via plastic syringes. The resulting yellow suspension
was stirred vigorously at room temperature for 15min before being placed
in a pre-heated oil bathat 120 °C stirring at 900–1200 rpm for 12 h.After the
reaction was completed, the residue was purified with chromatography
column on silica gel or preparative TLC (PTLC) (petroleum ether/EtOAc
= 5:1–3:1).

Data availability
Detailed experimental procedures, characterizations of new compounds
and computational studies details are available in Supplementary
Information. 1H and 13C NMR spectra can be found in the Supplementary
Data 1. Extra data are available from the corresponding author upon
request.
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