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Abstract: Methods that can simultaneously install multi-
ple different functional groups to heteroarenes via C� H
functionalizations are valuable for complex molecule
synthesis, which, however, remain challenging to realize.
Here we report the development of vicinal di-carbo-
functionalization of indoles in a site- and regioselective
manner, enabled by the palladium/norbornene (Pd/
NBE) cooperative catalysis. The reaction is initiated by
the Pd(II)-mediated C3-metalation and specifically
promoted by the C1-substituted NBEs. The mild,
scalable, and robust reaction conditions allow for a good
substrate scope and excellent functional group tolerance.
The resulting C2-arylated C3-alkenylated indoles can be
converted to diverse synthetically useful scaffolds. The
combined experimental and computational mechanistic
study reveals the unique role of the C1-substituted NBE
in accelerating the turnover-limiting oxidative addition
step.

Introduction

Multi-substituted indoles are frequently found in small-
molecule drugs and bioactive natural products (Figure 1).[1]

As such, methods that can efficiently functionalize indoles
are of substantial value to pharmaceutical research. Among
various established approaches, site-selective installation of

two different carbon substituents to the C2 and C3 positions
of indoles remains a formidable challenge. The current
strategies primarily rely on stepwise operations, generally
with pre-functionalized substrates.[2] The one-step double
C� H activation approaches typically use directing groups
(DGs) and introduce cyclic structures (Scheme 1a).[3] On the
other hand, the unique reactivity of C2-borylated indoles
has led to elegant development of C2,C3-difunctionalization
(Scheme 1b),[4] though stoichiometric strong bases are used
to generate C2-borylated indoles, and subsequent aromati-
zation is required to reform indole structures. Thus, a direct,
modular, and site-selective vicinal di-carbo-functionalization
of indoles is still highly sought after.

Recently, the palladium/norbornene (Pd/NBE) coopera-
tive catalysis has emerged as a useful tool for site-selective
functionalization of aromatic compounds and alkenes.[5,6]

This process enables vicinal difunctionalization through
forming an aryl-norbornyl-palladacycle (ANP) intermediate,
followed by chemoselective coupling with an electrophile
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Figure 1. Examples of polysubstituted indoles in bioactive compounds.

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, e202310697
doi.org/10.1002/anie.202310697

Angew. Chem. Int. Ed. 2023, e202310697 (1 of 9) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0003-1331-6015
https://doi.org/10.1002/anie.202310697
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202310697&domain=pdf&date_stamp=2023-09-15


and then a nucleophile (or an alkene).[6] While the classical
Pd/NBE catalysis, known as the Catellani-type reaction, is
initiated by Pd(0)-mediated oxidative addition, the Pd(II)-
triggered reactions have gained increasing attentions and
found broad applications since the seminal discovery of Jiao
and Bach.[7] The advantages of the Pd(II)-initiated reactions
include the tolerance of air and moisture, as well as the
ability to use less functionalized substrates. In this full
article, we describe the detailed development of the Pd(II)-
initiated direct vicinal di-carbo-functionalizations of indoles,
which is surprisingly promoted by a bridgehead-substituted
NBE (Scheme 1c). In this reaction, an aryl group and a vinyl
group are installed at the C2 and C3 positions of indoles,
respectively. The mechanism has been investigated by
combined efforts between experiment and computation. In
particular, the unique roles of the structurally modified
NBE (smNBE) for indole difunctionalization have been
elucidated.[6j]

Results and Discussion

In 2019, we reported our preliminary study of the direct
vicinal difunctionalization of thiophenes (Scheme 2a). The
reaction capitalized on the Pd(II)-initiated C� H palladation
at the electron-rich C5 position of thiophenes and was
promoted by the C2-amide-substituted NBE (N1).[8] In
contrast, for indoles, it is expected that the initial palladation
should take place at the more electron-rich C3 position,
which means that the second C� H activation should occur at

the C2 position next to the nitrogen (Scheme 2b). While
these two processes appear to be similar, the substituent on
the indole nitrogen could likely hamper the reaction
between ANP and the electrophile, analogous to the “meta
constraint”[9] and “β-constraint”[10] discovered earlier. In-
deed, under the standard conditions for thiophene (even
with a slightly higher reaction temperature), the reaction
with N-methylindole (1a) only gave trace C2/C3-difunction-
alized product (4a) (Scheme 2c). To our surprise, a brief
survey of the smNBEs reveals that the C1-substituted NBE
(N2), previously developed to address the “ortho
constraint”,[11] led to a significant increase in yield. Note
that, in contrast to the thiophene product, the arylation
occurred at the C2 position of the indole, which is consistent
with the hypothesis that the initial C� H palladation took
place at the indole C3 position.

Encouraged by this promising result, the reaction was
then systematically optimized by exploring different solvents
and additives. The desired product 4a was ultimately
obtained in 74% yield (71% isolated yield) along with two
side-products 4a’ and 4a“, which were formed through a
direct Heck reaction and an aryl iodide-initiated Catellani
pathway, respectively (Table 1, entry 1). In addition, a
dehydrogenative Heck reaction at the C3 position of the
indole occurred as a common side reaction in about 8%
yield based on the amount of 1a. Given the critical role of
the NBE in this reaction, the NBE effect was first
investigated (entry 2). Unlike the thiophene difunctionaliza-

Scheme 1. Vicinal di-carbo-functionalization of indoles. a) Di-C� H-
functionalization of indoles using directing groups; b) Borate-mediated
di-carbo-functionalization of indoles; c) This work: direct vicinal di-
C� H-functionalization of indoles.

Scheme 2. Reaction exploration. a) Our prior work on difunctionaliza-
tion of thiophenes; b) Mechanistic differences; c) Initial exploration of
indole substrates.
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tion reaction (or most other Catellani-type reactions), only
the C1-substituted NBEs (N2� N9) were able to provide the
desired product in meaningful yield; all other NBEs afforded
no desired product (N10–N12) or no more than 5% yield
(see Supporting Information for more details). Note that,
except N2 and N5, other C1-substituted smNBEs were much
less effective. Additionally, the C1,C4-disubstituted smNBE
(N9) was not efficient in promoting the Catellani-type
pathway in this reaction likely due to the steric hindrance, as
evidenced by forming a significant amount of Heck side-
product 4a’.

Control Experiments

A series of control experiments were next performed
(Table 1, entries 3–15). The Pd(OAc)2/AsPh3 combination,
which has been successful in the Pd(II)-initiated Catellani
reactions,[7d,g] remains highly effective for the difunctionali-
zation of indoles (entry 1). No desired product was observed
in the absence of Pd, ligand or NBE (entries 3–4, 7). The
direct C3 Heck reaction became the predominant pathway
in the absence of NBE (entry 7). Compared to arsines,
phosphine-based ligands were much less effective, probably
owing to their instability under oxidative conditions (en-
tries 5 and 6). It is worth noting that turnover can be
observed with N2, as 60% yield was obtained when
50 mol% N2 was used (entry 8). The addition of AgOAc
was beneficial, and it is likely that the silver salt can promote

Table 1: Control experiments.

Entry Change from the “standard condition” 4a [%][a] 4a’ [%][a] 4a’’ [%][a]

1 none 74 5 <5
2 NBE effect see above
3 w/o Pd(OAc)2 0 0 0
4 w/o AsPh3 0 25 <5
5 tri(2-furyl)phosphine instead of AsPh3 0 20 <5
6 PPh3 instead of AsPh3 7 27 8
7[b] w/o NBE 0 76 0
8 N2 (50 mol%) 60 18 <5
9 w/o AgOAc 26 10 <5
10 w/o BQ 13 19 8
11 w/o Cu(OAc)2·H2O 62 17 <5
12 w/o HOAc 33 21 10
13 PhCl instead of PhF/PhCl 70 7 <5
14[c] [Pd] (5 mol%) 68 5 <5
15[d] 1a as 1.0 equiv 71 17 9

[a] The reaction was run with 0.15 mmol 1a, 0.1 mmol 2a, 0.3 mmol 3a, Pd(OAc)2 (0.01 mmol, 10 mol%), N2 (0.15 mmol, 1.5 equiv), AsPh3

(0.025 mmol, 25 mol%), BQ (0.06 mmol, 60 mol%), Cu(OAc)2·H2O (0.05 mmol, 50 mol%), AgOAc (0.3 mmol, 3.0 equiv), and HOAc (0.5 mmol,
5.0 equiv) in 0.5 mL solvent (PhF/PhCl=4 : 1) for 72 h. Yields were determined by 1H NMR analysis using dibromomethane as the internal
standard. [b] 51% direct C3-Heck product was observed. [c] Pd(OAc)2 (0.005 mmol, 5 mol%) and AsPh3 (0.0125 mmol, 12.5 mol%) were used. [d]
1a (0.1 mmol, 1.0 equiv) and 2a (0.15 mmol, 1.5 equiv) were used. Ac, acetate; BQ, 1,4-benzoquinone.
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the oxidative addition of aryl iodide 2a by acting as a halide
scavenger (entry 9). Benzoquinone was also a critical
additive, which is known to promote oxidation of Pd(0) to
Pd(II) (entry 10).[7h,12] The catalytic amount of copper
acetate is not essential, though it can slightly increase the
yield possibly by acting as a co-oxidant (entry 11).[13] HOAc
has been known to promote the Pd(II)-initiated metalation;
thus, without adding HOAc, the yield dropped significantly
(entry 12). In addition, the yield was slightly improved by
using a mixed solvent, compared to the use of PhCl alone
(entry 13). Moreover, reduction of the Pd loading to 5 mol%
only slightly diminished the yield (entry 14). Finally, similar
yield was obtained when indole 1a was used as the limiting
reagent (entry 15)

Substrate Scope

With the optimized reaction condition in hand, the substrate
scope was examined (Table 2). A range of indoles with
various substituents at the C5, C6 and C7 positions,
including alkyl (4b and 4m), methoxy (4c and 4 j), halogen
atoms (4d–4 f and 4k–4 l), cyano (4g), aldehyde (4h) and
ester (4 i) groups were all suitable for this transformation.
Note that aryl iodide moieties, which are reactive in Pd(0)-
catalyzed cross-coupling reactions, were tolerated under the
current reaction condition, which can allow for further
derivatization. The X-ray structure of 4 f was obtained to
confirm the regioselectivity of this difunctionalization
method.[14] Besides methyl groups, N-benzyl, p-meth-
oxybenzyl (PMB), isopropyl, and trimethylsilylethoxymethyl
(SEM)-substituted indoles can also undergo the desired
difunctionalization smoothly with moderate yield (4n–4q).
The reduced efficiency is possibly attributed to the increased
steric hindrance. Notably, the use of N-trimethylsilyl indole
led to the direct isolation of a tetracycle product (4r), in
which the N-silyl group was first removed and the resulting
deprotected indole attacked the ester moiety during the
reaction. Other indole derivatives protected by electron-
withdrawing groups, such as Ts (4s) and Ac (4 t), failed to
yield any products, suggesting that the initial C� H pallada-
tion may be difficult with these less electron-rich substrates.

The scope of the aryl electrophiles and olefin coupling
partners were also explored. Consistent with the previous
observations, aryl iodides with an ortho electron-withdraw-
ing group (EWG) were found to be most efficient. The roles
of the EWG could be to activate the substrate for oxidative
addition and to serve as a DG when reacting with ANP.[15,6i]

Nevertheless, a series of functional groups, including ester
(4u–4ac and 4ag), halogen atoms (4v–4y), ketone (4ad)
amide (4ae and 4af) and amine (4ab) groups were all well
tolerated. Interestingly, the introduction of an electron-
donation group, such as methyl (4z) and methoxy (4aa),
slightly enhances the reaction yield. A menthol-derived aryl
iodide can also be coupled at the indole C2 position in good
yield, giving a pair of rotational isomers in 1 :1 ratio. The
use of aryl iodides without ortho EWGs or other electro-
philes remains challenging (see Supporting Information
Table S2 for details).[16] In addition to methyl acrylate, other

Michael acceptors, such as conjugated esters (4ah–4aj),
amides (4ak–4al), and ketones (4am), were also excellent
coupling partners for the C3 functionalization. Moreover,
acrylonitrile (4an) and styrene (4ao) also worked in this
reaction. Besides conjugated olefins, unactivated olefins,
such as cyclopentene (4ap), can also undergo the reaction
smoothly. Furthermore, in the absence of nucleophiles, the
C3 protonation occurred selectively to give a C2-arylated
indole (4aq). Finally, in situ addition of N-bromosuccini-
mide (NBS) upon completion of the C2 arylation resulted in
the C2-arylated-C3-brominated indole (4ar) in 53% yield.
The C3 bromo group can serve as a handle to access diverse
C3-functionalized indoles (see below).

Synthetic Utility

The synthetic utility of this method was first explored in a
scale-up experiment. On a larger scale, the desired indole
product (4 f) can be isolated in a comparable yield (57%
versus 64% on a small scale) with an open-flask setup when
1 equiv. of N2 and untreated solvent were used (Eq. 1).
Note that 54% of N2 can be recovered.

Next, the resulting di-carbo-functionalized indole prod-
uct can be easily converted to diverse interesting structures
(Scheme 3). First, the bromo group in product 4f can
undergo standard cross couplings, such as Suzuki and
Sonogashira reactions, which furnished the target products 5
and 6 in 74% and 85% yield, respectively. Then, treatment
of 4 f with excess boron tribromide at a low temperature
resulted in an unexpected annulation reaction to give a
unique 6-5-7-6 tetracycle (7) in good yield, which represents
a new scaffold that is otherwise not trivial to synthesize
efficiently. It is likely that in this reaction boron tribromide,
as a strong Lewis acid, selectively activated the benzoate
ester and promoted an unusual Friedel–Crafts acylation to
forge the seven-membered ring. On the other hand, the Pd-
catalyzed cyclopropanation with CH2N2 afforded the desired
cyclopropane (8) in moderate yield. Catalytic oxidative
cleavage of the olefin moiety yielded aldehyde 9 smoothly,
and reduction of the two ester groups by di-isobutylalumi-
nium hydride (Dibal-H) afforded diol 10 in excellent yield.
Furthermore, selective reduction of the alkene with Wilkin-
son’s catalyst furnished intermediate 11 in high yield, which
then underwent epoxidation with dimethyldioxirane
(DMDO), followed by in situ ring opening by the benzoate
ester, to ultimately provide an interesting spirolactone 12 in
excellent overall yield. On the other hand, the C3-bromo
indole product 4ar can undergo the Suzuki coupling with 2-
pyrroleboronic acid to provide product 13 in excellent yield.
Nucleophilic aromatic substitution with 4ar under the phase
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Table 2: Substrate scope.[a]

[a] The reaction was run with 0.3 mmol 1, 0.2 mmol 2, 0.6 mmol 3, Pd(OAc)2 (0.02 mmol, 10 mol%), N2 (0.3 mmol, 1.5 equiv), AsPh3

(0.05 mmol, 25 mol%), BQ (0.12 mmol, 60 mol%), Cu(OAc)2·H2O (0.1 mmol, 50 mol%), AgOAc (0.6 mmol, 3.0 equiv), and HOAc (1.0 mmol,
5.0 equiv) in 1.0 mL solvent (PhF/PhCl=4 :1) for 72 h. [b] 15 mol% Pd(OAc)2 (0.03 mmol) was used. Bn, benzyl; PMB, p-methoxybenzyl; SEM,
trimethylsilylethoxymethyl ; Ts, tosyl; NBS, N-bromosuccinimide.
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transfer catalysis conditions led to the 3-thioindole (14) in
49% yield.[17]

Mechanistic Study

Finally, the reaction mechanism was investigated through
combined efforts between computation and experiment.
Given that C1-substituted NBEs are superior to all other
NBEs, we are particularly interested in understanding the
unique roles of N2 in this reaction. First, to understand the
regioselectivity of this double C� H functionalization reac-
tion, density functional theory (DFT) calculations were
carried out on the initial palladation of indole 1a (Figure 2).
Our computation shows that the initial C� H activation
occurs through the concerted metalation-deprotonation
(CMD) mechanism. In line with the experimental observa-
tions, the activation energy of the indole C3� H palladation
(via TS-1) is 1.6 kcal/mol lower than that of the C2� H
palladation, which corroborates that the first C� H pallada-
tion preferentially occurs at the C3 position of indoles. Such
regioselectivity can be attributed to the stronger nucleophi-
licity of the C3 carbon of indoles.

To gain more insight into the C� H activation steps, the
parallel kinetic isotope effect (KIE) of the first and second
C� H palladation steps (Scheme 4) was measured by employ-
ing the 3-deuteroindole and 2-deuteroindole, respectively.
The kH/kD values were obtained by

1H NMR analysis of four
parallel reactions. The KIE values of the C3� H and C2� H
palladations were found to be 1.3 and 1.4, respectively,
indicating that both C� H cleavage steps are likely not
directly involved in the turnover-limiting step (TLS).[18]

Next, kinetic profile of this transformation was meas-
ured, and the order of each component was determined by
the initial-rate method. The initial rate shows saturation
dependence on the concentration of N2 ([N2]). When [N2]

was low, the dehydrogenative Heck side-reaction at the
indole C3 position was predominant, indicating a direct
competition between the NBE and acrylate in the migratory
insertion step, with the former being promoted proportion-
ally by a higher [N2]. Under the condition with saturated
N2, the initial reaction rate exhibits a first-order dependence
on [Pd]/[AsPh3] and [2a], a saturation dependence on [1a],
and a zero-order dependence on [3a]. These kinetic data

Scheme 3. Derivatizations of compounds 4 f and 4ar. brsm, based on recovered starting material; TIPS, triisopropylsilyl.

Scheme 4. Kinetic isotope effect (KIE) of the two C� H activation steps.
a) KIE at the C3 position; b) KIE at the C2 position.
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indicate that the Pd catalyst and the aryl iodide should be
involved in the TLS, while the C3 alkenylation with acrylate
occurs after the TLS. The saturation kinetics with [1a] and
[N2] suggest that they may be involved in reversible
processes when forming the resting state.

Finally, DFT calculations were performed to investigate
the complete catalytic cycle, with focuses on the NBE
migratory insertion step, the second C� H palladation, and
the oxidative addition of aryl iodide 2a with ANP. The
computational results show that the NBE migratory inser-
tion with N2 prefers to occur through transition state TS-3,
in which the cyclohexyl (Cy) substituent at C1 is trans to the
indole fragment (Figure 2). The competing acrylate 3a

migratory insertion was demonstrated to have an energy
barrier 1.9 kcal/mol higher than TS-3 (See Supporting
Information for details). The small difference suggests that
acrylate 3a may compete with N2 for migratory insertion
under the circumstance of low [N2]. When the Cy substitu-
ent lies cis to the indole fragment, as shown in TS-4, a
prominent intramolecular steric repulsion is evidenced by
the shorter H� H distance (2.28 Å). This steric clash accounts
for the higher energy barrier of TS-4 and thereby deter-
mines the orientation of Cy substituent. Once the stereo-
selectivity of the NBE insertion is settled, the second C� H
palladation at the C2 position of indoles can take place via
the CMD transition state TS-5 (Figure 2). The activation

Figure 2. Computational results. All energies were calculated at M06/6-311+G(d,p)-SDD/SMD(PhCl)//B3LYP-D3/6-31G(d)-LANL2DZ level of
theory. [a] Energies are with respect to reactants, Pd catalyst, and N2. [b] Energy barriers are with respect to 16. [c] Energies are with respect to
reactants, Pd catalyst, and N12. [d] Energy barriers are with respect to 16b. See Supporting Information for complete free energy profiles.
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free energy is 24.7 kcal/mol with respect to intermediate 16,
which is generated through an intramolecular ligand ex-
change of acetate with AsPh3 after the N2 insertion. It
should be noted that the steric repulsion between the Cy
substituent and AsPh3 is also observed in TS-5 (dH-H=

2.28 Å). Next, oxidative addition of aryl iodide 2a to the
anionic ANP species 17 can occur through transition state
TS-6 with an activation free energy of 26.2 kcal/mol (Fig-
ure 2).[19] We surmise that the chelation of the ortho-ester
group with Pd(II) in TS-6 (dPd� O=2.38 Å) is able to facilitate
the ANP oxidative addition process, which corroborates the
chelation effect found in the general Pd/NBE cooperative
catalysis.[19] Computational studies of the complete catalytic
cycle (see the Supporting Information) have demonstrated
that oxidative addition with ANP has a higher energy
barrier than the other steps, including the NBE migratory
insertion, the first and second C� H palladation, C� C
reductive elimination, β-C elimination, alkene insertion
(with 3a), and β-H elimination. Taking together, the
reaction between aryl iodide 2a and ANP is proposed to be
the TLS,[20] which is consistent with the kinetic study, and
the Pd(II) intermediate 16 is most likely the catalyst resting
state.

For comparison, the analogous transformations with
simple NBE (N12) have also been investigated (Figure 2).
The N12-mediated migratory insertion through transition
state TS-3b has a similar energy barrier as TS-3. However,
the N12-mediated ANP oxidative addition via TS-6b (ΔG‡=

29.1 kcal/mol) requires a higher activation free energy than
that of TS-6. This is due to the fact that, even although the
absence of Cy substituent in N12 avoids the steric clash
between NBE and 2a in TS-6b, intermediates 16b and 17b
are more stabilized by the release of ligand-substrate
repulsion. In other words, the steric repulsion caused by the
Cy substituent of N2 destabilizes the Pd(II) resting state 16
and ANP species 17 much more than the turnover-limiting
transition state (TS-6), which accordingly diminishes the
overall activation barrier. Furthermore, weak hydrogen
bonding interactions between the Cy substituent and the
ortho-ester group of aryl iodide 2a observed in TS-6 (dO-H=

2.45 Å) is absent in TS-6b. Therefore, the combined
experimental and computational studies reveal that the C1-
substituted NBE (N2) plays a key role in promoting the
ANP oxidative addition.

Conclusion

In summary, we have developed the first Pd/NBE-catalyzed
vicinal double carbo-functionalization of indoles. The reac-
tion is site- and regioselective, offering an efficient and
modular approach to access 2-arylated-3-alkenylated in-
doles. It operates under mild conditions and tolerates air,
moisture, and a wide range of functional groups. The
mechanistic insights obtained here, particularly the unex-
pected roles of the C1-substituted NBE could inspire future
developments of the Pd(II)-initiated vicinal difunctionaliza-
tion reactions. Efforts of expanding this reaction to other

heteroarenes and to the coupling with other reagents are
ongoing.
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Palladium/Norbornene-Catalyzed Direct Vi-
cinal Di-Carbo-Functionalization of Indoles:
Reaction Development and Mechanistic
Study

A site- and regioselective vicinal di-
carbo-functionalization of indoles has
been realized by the palladium/norbor-
nene (Pd/NBE) cooperative catalysis.

The C1-substituted NBE plays a key role
promoting the turnover-limiting oxida-
tive addition step.
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