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he oxidative Heck reaction of
indole by ligand-enabled switch of the
regioselectivity-determining step†

Yu-Jie Wang, Chen-Hui Yuan, De-Zhao Chu and Lei Jiao *

Efficient control of regioselectivity is a key concern in transition-metal-catalyzed direct C–H

functionalization reactions. Various strategies for regiocontrol have been established by tuning the

selectivity of the C–H activation step as a common mode. Herein, we present our study on an

alternative mode of regiocontrol, in which the selectivity of the C–H activation step is no longer a key

concern. We found that, in a reaction where the C–H activation step exhibits a different regio-

preference from the subsequent functionalization step, a ligand-enabled switch of the regioselectivity-

determining step could provide efficient regiocontrol. This mode has been exemplified by the Pd(II)-

catalyzed aerobic oxidative Heck reaction of indoles, in which a ligand-controlled C3-/C2-selectivity was

achieved for the first time by the development of sulfoxide-2-hydroxypyridine (SOHP) ligands.
1. Introduction

Control of regioselectivity is a key concern in organic synthesis
when the substrate bears more than one potential reactive site.
The transition-metal-catalyzed C–H functionalization reactions
represent an appealing approach to molecular modication,1 in
which the substrates always contain more than one reactive
C–H bonds, and efficient regiocontrol is of great signicance. A
variety of classical strategies have been developed to achieve
this goal, generally focusing on the C–H activation step (Scheme
1a). For instance, in the C–H functionalization reactions of
(hetero)arenes, a directing group (DG) strategy (for ortho-func-
tionalization)2 and a template strategy (for remote functionali-
zation)3 have been widely used for regiocontrol. For arenes
without a suitable DG, many C–H functionalization reactions
were reported to occur at the site prone to C–H activation
(referred to as intrinsic regiocontrol).4

Catalyst control is another useful strategy for tuning the
regioselectivity. In particular, ligand development in the
transition-metal-catalyzed C–H functionalization reactions has
attracted signicant attention in recent years,5–7 and ligand-
enabled regiocontrol has emerged as a promising strategy.
Representative advances in this direction arose from the eld of
Pd(II) catalysis,6 in which a few examples have been reported to
achieve ligand-dictated regioselectivity in the C–H functionali-
zation of arenes: Itami and co-workers reported ligand-
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054
controlled a-/b-arylation of thiophenes;8 the Yu group ach-
ieved regioselectivity control in the C–H alkenylation of arenes
by using mono-protected amino acid (MPAA) ligands;6d the
Stahl group utilized 4,5-diazauorene (DAF) ligands to switch
the C3-/C2-selectivity in the arylation of indole;6a the Sanford
group demonstrated the role of pyridine as a ligand to dictate
the regioselectivity of chloroarene acetoxylation;6k Carrow and
co-workers developed a thioether-based ligand to tune the
regioselectivity of the thiophene alkenylation.6y These studies
highlighted the concept of ligand control in the C–H activation
step; however, to date the principle of ligand design toward
a desired regioselectivity on a given substrate remains
ambiguous.

Herein, we present our study on an alternative mode of
ligand-dictated regiocontrol, in which the selectivity of the C–H
activation step is no longer a key concern (Scheme 1b). We
envisioned that, when the functionalization step exhibits
a different regio-preference from the C–H activation step,
regiocontrol could be achieved by simply switching the
regioselectivity-determining step of the reaction (i.e., the switch
from scenario a to b described in Scheme 1), and suitably
designed ancillary ligands could do this job by accelerating C–H
metalation at multiple sites to make the C–H activation step
reversible and no longer regioselectivity-determining. Although
the principle is simple, such an example was rare in the litera-
ture and the development of such ligands remained
challenging.9

In the present work, we take the Pd(II)-catalyzed oxidative
C–H alkenylation reaction of indole derivatives as a working
example to demonstrate this mode of regiocontrol (Scheme 1c).
Owing to the development of a novel sulfoxide-2-
hydroxypyridine (SOHP) ligand, the ligand-controlled C3-/C2-
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Regiocontrol in transition-metal-catalyzed C–H
functionalization.
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selectivity in this reaction was achieved for the rst time by the
switch of the regioselectivity-determining step. The in-depth
mechanistic study has disclosed a clear picture of this control
mode, which may provide inspirational insights into the ligand
design and regiocontrol in related catalytic systems.

2. Results and discussion

The indole motif is the key substructure of many natural
products, pharmacophores, and synthetic building blocks, and
the methods for regioselective direct C–H functionalization of
indole are highly demanded. Indole has long been employed as
a typical substrate in various Pd(II)-catalyzed C–H functionali-
zation reactions,10,11 and among them the oxidative C–H alke-
nylation (the oxidative Mizoroki–Heck reaction)12 of indole was
selected as a suitable model reaction for the present study,
because it has a well-established mechanistic picture, while the
ligand-enabled regioselectivity control is unprecedented to
date.

It was established that the Pd(II)-catalyzed C–H alkenylation
of indole took place at the C3-position with a high
This journal is © The Royal Society of Chemistry 2020
regioselectivity, which was attributed to a regioselectivity-
determining C–H palladation step that preferentially occurs at
the C3-position.13 The intrinsic C3-selectivity makes the selec-
tive C2-alkenylation of indole a difficult yet highly demanding
task. While a number of protocols have been developed to
achieve N1-, C2-, or C3-selective C–H arylation reaction of
indole,10c,14 there are only a few methods to switch the site-
selectivity of indole alkenylation from C3 to C2, such as the
DG strategy15 or a solvent- or oxidant-controlled regioselectivi-
ty.13e,16 A ligand-enabled regiocontrol has not been worked out
for this reaction. Aiming at developing a suitable catalytic
system that allows for a ligand-controlled C3-/C2-alkenylation
reaction of indole, we set out to investigate the origin of the
intrinsic C3-alkenylation selectivity in the model reaction.
2.1 Understanding the intrinsic regioselectivity of the
oxidative Heck reaction of indole

DFT computational study. First, the reaction between N-
methylindole and methyl acrylate catalyzed by Pd(OAc)2 under
the established “ligandless” conditions13e was modeled by DFT
calculation (Scheme 2a).17 While the DFT study on the same
reaction has been reported,18 only the C3-alkenylation pathway
was calculated and no attention was paid to the origin of
regioselectivity. In this study, we performed the calculation with
a particular focus on the regiomeric pathways leading to both
C3- and C2-products (Scheme 2b).

In this mechanistic scheme, each regiomeric pathway is
composed of three crucial steps including palladation, inser-
tion, and b-hydride elimination (for full potential energy
surfaces, see Fig. S12†). Palladation is an irreversible rate-
determining step (RDS) in both pathways, which determines
the overall regioselectivity of the reaction. The C3-palladation
has a lower activation energy barrier (19.5 kcal mol�1) than
that of the C2-palladation (24.4 kcal mol�1), which well
accounts for the observed C3-selectivity. A simplied potential
energy surface (Scheme 2c, le side) clearly illustrates the mode
of regioselectivity control in this reaction. The key nding of the
DFT study is that the C]C insertion step aer palladation
exhibits a reversed regio-preference, with the C2-insertion (DG‡

¼ 15.2 kcal mol�1) being kinetically more favorable than the C3-
insertion (DG‡ ¼ 16.0 kcal mol�1). This is an important piece of
mechanistic information that has not been disclosed in
previous studies.

Potential solution for tuning the regioselectivity. Based on
the above mechanistic understanding, we planned to achieve
the regiocontrol of this reaction by taking advantage of the
reversed regio-preference of the alkene insertion step. Encour-
aged by the pioneering studies on the ligand effect on
transition-metal-catalyzed C–H activation reactions, we envi-
sioned that, by introducing a suitably designed ancillary ligand
that could remarkably accelerate C–H metalation, the pallada-
tion step might become reversible and the following insertion
step could be made regioselectivity-determining (Scheme 2c,
right side). In this scenario, the selectivity of the palladation
step is no longer decisive, and the selectivity-determining
insertion step might render an overall C2-selectivity. This
Chem. Sci., 2020, 11, 11042–11054 | 11043
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Scheme 2 Understanding the origin of regioselectivity in the model
reaction.

Fig. 1 Ligand design.
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strategy is referred to as a ligand-enabled switch of the
regioselectivity-determining step.
2.2 Ligand design and preliminary studies

Design concept. Based on the aforementioned idea, we set
out to consider a blueprint for ligand design (Fig. 1). Given that
the ligand should facilitate C–H metalation to make both C3-
and C2-palladation of indole kinetically accessible, it was clear
that the key element of the ligand should be a basic group (B),
11044 | Chem. Sci., 2020, 11, 11042–11054
which acts as an internal base to promote C–H palladation via
a concerted metalation–deprotonation (CMD) mechanism. In
addition, we thought that a suitable coordination group (L)
might be benecial, as an additional coordination site could
stabilize the Pd(II)–ligand complex and facilitate the re-
oxidation of Pd(0).

Then we further considered the detailed structure of the
possible ligands. Both the acylamide (RCONH) group6c–g and the
2-hydroxypyridine (2-pyridone) group19 were known as efficient
proton shuttle in the previous ligand design, thus we chose
them as the potential basic group of the ligand. For the coor-
dination group, a nitrogen- or oxygen-centered coordination
site, such as pyridine, oxazoline, and carboxylic acid, was
a typical choice. For the tether connecting two subunits of the
ligand, either an alkyl chain or an aryl ring might be suitable.

We rst searched in the established library of ligands that
have been demonstrated to be efficient in Pd(II)-catalyzed C–H
functionalization reactions. Among them, MPAAs match the
above design, thus Boc-Ile-OH (L1) and Boc-Leu-OH (L2) were
picked out as the representative members. DAF ligand L3,
which was proved effective in promoting the C2-selective ary-
lation of indole,6a was also selected. 6-Phenyl-2-pyridinol (L4)
and 3-triuoromethyl-2-pyridinol (L5)20 were chosen to evaluate
the effect of the 2-hydroxypyridine motif alone. Finally, we
added [2,20-bipyridin]-6(1H)-one (bipy-6-OH, L6), a ligand that
was reported to remarkably accelerate the CMD process in
palladium catalysis.21 We intended to test the performance of
these candidate ligands in the model oxidative Heck reaction of
indole, with the hope that some of them could exhibit the
desired C2-selectivity.

Preliminary ligand test. The effect of ligands was evaluated
by comparing the results from a model reaction performed with
and without a ligand (Scheme 3). Based on the previous reports
on the oxidative Heck reaction of indole, we developed a set of
reaction conditions that allow for efficient aerobic oxidative
coupling between N-methylindole (1a) and tert-butyl acrylate
(2a) as the platform for ligand evaluation. We employed 5 mol%
PdCl2(CH3CN)2 as the Pd(II) source, 10 mol% Cu(OAc)2 as the
redox catalyst to promote Pd(0) reoxidation, and N,N-dime-
thylformamide (DMF) as the solvent. The reaction was per-
formed under 1 atm of O2 at 70 �C. This set of conditions
avoided the use of a stoichiometric amount of Cu(II) salt, which
made the reaction solution homogeneous and minimized
undesired ligand complexation to copper.

It was found that without a ligand the model reaction
reached a moderate conversion to afford a low yield of C3-
This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Ligand effects on the model reaction. Conversions were
determined by GC analysis, and yields were determined by 1H NMR
analysis.
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alkenylation product 3a, and palladium black formation was
observed. With the addition of 10 vol% dimethylsulfoxide
(DMSO) as a supporting ligand to prevent the aggregation of
Pd(0), both the conversion of 1a and the yield of 3a increased
dramatically, and the reaction remained completely C3-
selective. To our disappointment, MPAA ligands L1 and L2
did not show an obvious promotive effect compared with the
ligand-free conditions, nor did they alter the regioselectivity. In
these reactions a minor amount of byproduct 3c resulting from
Michael addition of indole to the C3-product 3a was obtained.
DAF ligand L3 produced a similar result. For 2-hydroxypyridine-
based ligands, ligand L4 had an inhibitory effect on the reac-
tion, and both ligands L5 and L6 exhibited a low C3-reactivity.
Interestingly, in the reactions with ligands L5 and L6, a trace
amount of the C2-product was observed in the crude 1H NMR
(<3%), which was never observed with other ligands. This
observation indicated that the 2-hydroxypyridone motif might
indeed be a key element in the ligand. Despite this, in general
the established ligand library is not competent for regioselective
C2-alkenylation of indole, which demonstrated the challenge
for ligand design.
This journal is © The Royal Society of Chemistry 2020
Development of the SOHP ligands. Next we conceived a new
ligand design employing the 2-hydroxypyridine motif as the basic
group. We noticed that, DMSO was recognized as an efficient
supporting ligand in many Pd(II)-catalyzed C–H functionalization
reactions, and sulfoxide is an emerging substructure in the
ligands for Pd(II).22 Therefore, we decided to employ a phenyl
sulfoxide moiety as the coordination group. A benzene ring was
chosen as the backbone, and the resulting ligand was named
sulfoxide-2-hydroxypyridine (SOHP). To our delight, this newly
designed ligand L7 increased the C2-selectivity dramatically,
favouring the C2-product over the C3-product (Scheme 3). In
addition, the 2,3-bisalkenylation byproduct 3d was produced in
aminor amount, which was also attributed to the C2-alkenylation.

In order to probe the role of the two subunits in the SOHP
ligand, partially modied ligands L8–L10 were tested (Scheme
3). When the sulfoxide moiety was moved from the ortho- to the
para-position (L8), the catalytic activity lost completely, which
supports the role of the sulfoxide as a coordination group rather
than merely an electronic substituent. Blocking of the hydroxyl
group by a methyl group (L9) or removal of the hydroxyl group
(L10) in the ligand led to loss of C2-selectivity while maintaining
a diminished reactivity. These results emphasized the impor-
tant role of both 2-hydroxypyridine and sulfoxide subunits in
dictating the C2-selectivity, as well as the cooperative effect of
these two subunits.

Optimization of the ligand structure. We further studied the
structure–activity relationship of the SOHP ligand (Table 1). The
reactions were carried out employing Cu(OTf)2 as the copper
source instead of Cu(OAc)2, since it improved the activity of the
catalytic system (entry 1). For the substitution on the sulfoxide
motif, the electron-decient aryl group was inferior to electron-
rich ones (entries 1–3). An alkyl group in place of an aryl group
in the sulfoxide moiety generally improved the C2-selectivity,
and bulkier alkyl groups exhibited improved activity (entries
4–9). A sulfoxide-2-hydroxyquinoline (SOHQ) ligand L19 could
also promote C2-alkenylation with good regioselectivity, albeit
the activity was not satisfactory (entry 10). A methylene-tethered
SOHP ligand L20 showed similar activity and regioselectivity to
its benzene-tethered counterpart L7 (entry 11). Interestingly, it
was found that the presence of DMSO (10 vol%) interfered with
the SOHP ligand-promoted reaction, leading to both low yield
and low C2-selectivity of the alkenylation product (entry 12).
Finally, with the optimal ligand L17, we found that the use of
Cu2(OH)2CO3 as the redox catalyst and a 2 : 1 ratio of indole to
acrylate were suitable reaction conditions for the desired C2-
alkenylation (entries 13–16).

At this stage, we had identied a new ligand design that
enables the unusual C2-selectivity in the oxidative Heck reac-
tion of indole based on the concept of ligand-controlled switch
of the rate-determining step. Our next goal was to draw a clear
mechanistic picture of this control mode by a detailed mecha-
nistic study.
2.3 Mechanistic studies

Structure of the Pd(II)–SOHP complex. We studied the
structure of the Pd(II)–SOHP complex by independent
Chem. Sci., 2020, 11, 11042–11054 | 11045
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Table 1 Ligand optimizationa

Entry Ligand Conv.

Yields

3a 3b 3d Overall

1 L7 86% 12% 41% 10% 63%
2 L11 42% — 9% — 9%
3 L12 81% 10% 42% 10% 62%
4 L13 23% 1% 13% — 14%
5 L14 34% 4% 24% — 28%
6 L15 43% 6% 26% 2% 34%
7 L16 59% 4% 34% 2% 40%
8 L17 83% 6% 46% 6% 58%
9 L18 65% 6% 40% 5% 51%
10 L19 36% — 17% — 17%
11 L20 82% 10% 37% 4% 51%
12b L17 53% 12% 14% — 26%
13c L17 58% 10% 43% 4% 54%
14c,d L17 96% 6% 50% 15% 71%
15c,d,e L17 — 7% 46% 12% 65%
16c,d,e,f L17 — 5% 63% 8% 76%

a Conversions were determined by GC analysis, and yields were
determined by 1H NMR analysis. b 10 vol% of DMSO was added.
c 50 mol% of Cu2(OH)2CO3 was used instead of Cu(OTf)2.

d 10 mol%
PdCl2(CH3CN)2 was employed. e 2 equiv. of 1a and 1 equiv. of 2a were
used, and the yields were calculated based on the amount of acrylate.
f Reaction was performed at 50 �C for 12 h.

Scheme 4 Preparation of the Pd(II)–SOHP Complex. In the ORTEP
plot of PdCl2$L17 (CCDC 1978349), thermal ellipsoids are drawn at
50% probability level. The co-crystallized CHCl3 and all H atoms are
omitted for clarity. Selected distances (�A) and a dihedral angle (deg):
Pd–N 2.079(3), Pd–S 2.226(1), Pd–Cl(1) 2.324(1), Pd–Cl(2) 2.277 (1),
and N–C(1)-C(2)-C(3) 44.9(5).

Scheme 5 Probing the C2-palladation by deuteration.
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preparation of the complex from PdCl2(CH3CN)2 and L17 in
CHCl3 (Scheme 4). A crystalline complex was obtained in a good
yield, and the single crystal X-ray diffraction (XRD) analysis
revealed that it was the expected Pd(II)–SOHP complex PdCl2-
$L17, in which the ligand adopts a k2-N,S coordination mode. It
is notable that the two aromatic rings are not co-planar, which
have a torsion angle of ca. 45�. 1H NMR analysis conrmed the
homogeneity of the crystalline PdCl2$L17 and the complex
prepared in situ in DMF, and the complex PdCl2$L17 exhibited
similar activity and selectivity to that of the PdCl2(CH3CN)2/L17
system, implying that this complex might be a precatalyst in the
catalytic cycle.

Deuterium labeling experiments. To investigate the regio-
selectivity and reversibility of the C–H palladation step under
ligand control, we performed deuterium labeling experiments.
First, the model reaction between 1a and 2a was done under the
standard conditions (Table 1, entry 8) with the addition of 1
equiv. of D2O, and the reaction was interrupted at about half
11046 | Chem. Sci., 2020, 11, 11042–11054
conversion. It was found that, there was signicant deuterium
incorporation at both C2- and C3-positions of the recovered N-
methylindole and the C3-position of product 3b (Scheme 5a). A
control experiment has shown that in the absence of the SOHP
ligand, the H/D exchange merely occurred at the C3-position,
and the C2-position remained intact. Given that the H/D
exchange at the C3-position of indole occurs facilely even in
the absence of Pd(II),23 this observation suggested that the C2-
palladation is reversible in the catalytic cycle, which is only
made possible by using the Pd(II)/L17 system.
This journal is © The Royal Society of Chemistry 2020
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Then we performed an independent study on the deutera-
tion ofN-methylindole by running the reaction in the absence of
2a. The progress of both C3- and C2-deuteration was monitored
as an indicator of C–H palladation at the corresponding site. In
the Pd(II)/L17 system, the C3-deuteration occurred more rapidly
than the C2-deuteration, but nally deuterium incorporation at
both sites reached the same level (Scheme 5b, the le plot). In
contrast, in the Pd(II)/DMSO system (the established C3-
alkenylation conditions), only C3-deuteration was observed,
which occurred slower than that in the Pd(II)/L17 system
(Scheme 5b, the right plot). The contrast made clear that,
compared with the Pd(II)/DMSO system, the Pd(II)/L17 system
accelerates the C–H palladation process to make both C3- and
C2-palladation kinetically accessible, while the regio-preference
of the C–H activation step remains unchanged.

We noticed that the C2-deuteration of indole 1a proceeded
more rapidly in the ligand-promoted oxidative Heck reaction
than in the independent deuterium labeling experiment with
Pd(II)/L17. Although a rigorous rationalization of this phenom-
enon has not been worked out at present, we tentatively
attributed this difference to the different basicity of the two
reaction systems.24 Nevertheless, the results from the deuterium
labeling experiments revealed a reversible palladation at both
C3- and C2-positions of indole enabled by the SOHP ligand,
which conrmed our design concept that the ligand effect
might render the C–H activation step reversible and no longer
regioselectivity-determining.

Isotope effect. Subsequently, we studied the isotope effect on
the C2-alkenylation process of the model reaction. For
a synthetic scale reaction employing C2-deuterated 1a, the yield
of the C2-alkenylation product 3b was found to be remarkably
lower than that in the standard reaction employing non-
deuterated 1a, leading to a diminished C2-selectivity (Scheme
6).

Parallel initial rate measurements were performed by
employing 2-H and 2-D indole substrate 1a to determine the
apparent kinetic isotope effect (KIE) of the reaction. The
determined KIE of ca. 3.5 was consistent with the observation in
the synthetic scale reaction (Scheme 6), and these results indi-
cated a signicant primary KIE for the C–H cleavage step.
Normally, such a remarkable isotope effect indicates a rate-
limiting irreversible C–H activation. However, it seemed
contradictory to the reversible nature of the C–H palladation
step revealed by the deuterium labeling experiment (Scheme
5a). We reasoned that, in the Pd(II)/SOHP reaction system, the
Scheme 6 Study of isotope effect on C2-alkenylation.

This journal is © The Royal Society of Chemistry 2020
activation energy barriers of the C–H palladation step and its
following step were comparable to each other, thus the reaction
could exhibit both a reversible C–H activation step and
a signicant apparent primary KIE, and this could be referred to
as a quasi-reversible C–H activation. Interestingly, a similar
circumstance has also been observed in the Pd(II)-catalyzed
alkenylation reaction of thiophene derivatives, where a signi-
cant primary KIE was observed while the C–H activation step
remained reversible.25 To gure out the rate-limiting step of the
overall reaction, further experimental study was required.

Probing the rate-limiting step. We set out to gure out
whether or not the C]C insertion step following C–H pallada-
tion is rate-limiting. The initial rate of the model reaction
promoted by the Pd(II)/L17 system was measured with different
acrylate concentrations (Scheme 7, the le plot). It was found
that the C2-alkenylation reaction exhibited a clear positive
dependence on [acrylate] within the range of 0.2–1.2 M, which
seemed to follow a saturation kinetics. This implied that the
migratory C]C insertion step aer C–H palladation played an
important role in determining the rate of the reaction. Given the
quasi-reversible C–H activation step revealed previously, we
reasoned that this saturation-like kinetics did not imply a satu-
rated pre-coordination equilibrium as usual, but instead re-
ected the result of the similar activation energy barriers of the
C–H palladation step and the following insertion step. Taking
these results together, it could be concluded that none of the
two steps was a clear-cut rate-limiting step in the catalytic cycle,
and both steps were important in determining the rate of the
overall reaction.

For comparison, the dependence of the initial rate on
[acrylate] in the C3-alkenylation reaction catalyzed by the Pd(II)/
DMSO system was also studied (Scheme 7, the right plot).
Interestingly, a distinct dependence prole over the same range
of [acrylate] was obtained, in which the initial rate was zero-
order at low [acrylate] and gradually exhibited a negative-order
at high [acrylate]. This result was consistent with a rate-
limiting C–H activation step in the normal C3-alkenylation
reaction of indole revealed by the DFT calculation (Scheme
Scheme 7 Effect of acrylate loading on the reaction.
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2b). The negative order observed at high [acrylate] might be
attributed to the competitive coordination of the acrylate
substrate to the catalytic center that led to off-cycle species.

The results shown above manifested a change of the reaction
prole from an irreversible rate-limiting C–H palladation (in the
Pd(II)/DMSO system) to a complex rate-determining scenario
with a quasi-reversible C–H palladation (in the Pd(II)/SOHP
system). This supported our proposal that the ligand effect
was able to switch the mode of rate- and selectivity-control in
the catalytic cycle. The reversibility of the C–H palladation step
implied that the C]C migratory insertion step might play an
important role in determining the regioselectivity, which was to
be claried by further studies.

Regioselectivity of the insertion step. Next, we attempted to
use norbornene to trap the palladated indole species aer the
C–H activation step. Because the insertion product of norbor-
nene could not undergo further b-hydride elimination due to
the lack of a co-planar b-hydrogen, such an insertion interme-
diate might be isolated to gain some insight into the regio-
preference of the insertion step.

To this end, two stoichiometric reactions between N-meth-
ylindole and norbornene were performed with both Pd(II)/
DMSO (the C3-alkenylation conditions) and Pd(II)/L17 systems
(the C2-alkenylation conditions). To our delight, the reaction
could indeed stop aer the insertion step, and upon treatment
with NaBH4, the insertion intermediates afforded the corre-
sponding norborylindole products (Scheme 8). It was found
that, without the SOHP ligand, this reaction sequence only
produced 3-norborylindole 5a, supporting an exclusive C3-
Scheme 8 Study on the regioselectivity of the alkene insertion step. In
the ORTEP plot of 4, thermal ellipsoids are drawn at the 50% proba-
bility level. The co-crystallized CH2Cl2 and all H atoms are omitted for
clarity.

11048 | Chem. Sci., 2020, 11, 11042–11054
palladation/insertion. In contrast, with the SOHP ligand, 2-
norborylindole 5b was obtained as the major product together
with a minor amount of 5a (C2 : C3 ¼ 3 : 1). Furthermore, if the
crude C2-insertion intermediate formed in the Pd(II)/L17 system
was treated with pyridinium hydrochloride (for anion exchange)
and then triphenylphosphine (for coordination), the PPh3-
coordinated C2-insertion complex 4 could be isolated in pure
form by column chromatography, whose structure was
conrmed by single crystal XRD analysis (Scheme 8).

The formation of the C2-insertion intermediate demon-
strated the crucial role of the SOHP ligand in enabling the C2-
palladation/C2-insertion pathway. However, because the inser-
tion of norbornene into a C–Pd bond was found to be reversible
in some cases, the formation of the C2-insertion intermediate
could be rationalized either as a result of selective C2-insertion
(kinetic control) or as an outcome of the equilibrium between
insertion products (thermodynamic control). We found that,
upon addition of stoichiometric ligand L17 to the generated C3-
insertion intermediate and treatment at 70 �C, the C3-insertion
intermediate remained intact and could not be transformed to
its C2-counterpart, suggesting that the equilibrium between the
regiomeric insertion products in the presence of the SOHP
ligand was not viable. Therefore, the above results with nor-
bornene served as a direct evidence for the C2-insertion process
promoted by the SOHP ligand, and corroborated a regiose-
lectivity-determining insertion step in the catalytic cycle.

DFT computational study. At this stage, we approached
a brief mechanistic picture of the C2-alkenylation of indole
enabled by the SOHP ligand: (1) the Pd(II)–SOHP complex makes
both C3- and C2-palladation of indole kinetically accessible and
quasi-reversible, with the C3-palladation more favorable; (2) the
mode of rate- and regioselectivity-control has been signicantly
changed by the involvement of the SOHP ligand, in which the
C]C migratory insertion step played an important role; (3) the
alkene insertion step exhibits a C2-selectivity and determines
the overall regioselectivity.

In order to gain further details of the reaction mechanism,
we performed a DFT computational study on themodel reaction
between 1a and 2b promoted by using the Pd(II)/SOHP ligand/
Cu(OTf)2 system (Fig. 2).17 Methyl SOHP L13 was selected as
a representative ligand for computational modeling to save
computation time, because L13 exhibited similar C2-selectivity
in the model reaction compared with the optimal ligand L17,
though with an inferior reactivity.

The reaction starts from the Pd(II)–ligand complex PdCl2-
$L13. In order to accommodate the indole substrate, a chloride
anion should leave the Pd(II) center to make a vacant coordi-
nation site. This could be achieved by elimination of HCl from
the complex to form Int-3, which is highly endergonic (DG >
20 kcal mol�1) according to the computational result (see the
ESI† for details). We found that, when the HCl elimination
process is coupled with the trapping of protons by the free
SOHP ligand and the coordination of Cl� to Cu(II), its thermo-
dynamic barrier becomes reasonable (DG ¼ 7.6 kcal mol�1).
Although there might still be some error in the calculated free
energy of the deprotonation step due to the complexity of the
reaction system, it was clear that the acid–base interaction
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The potential energy surface of the C–H alkenylation reaction of indole 1a. Both C2- (red) and C3-alkenylation (blue) pathways are
included, but only the intermediates and transition states in the C2-alkenylation pathway are shown for clarity.
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facilitated the formation of Int-3 from the initial PdCl2–SOHP
complex. In Int-3, the SOHP ligand adopts a k3-S,N,O coordi-
nation mode, which brings about additional ring strain. The
following substrate coordination releases this ring strain,
affording complex Int-4.

Int-4 is the bifurcating point of the potential energy surface,
from which two C–H activation transition states (TSs) evolve
and lead to the C3- and C2-alkenylation pathways, respectively.
In both C3- and C2-palladation transition states TS-1a and TS-
1b, the 2-hydroxypyridine moiety in the SOHP ligand acts as an
internal base to abstract a proton from the indole C–H bond.
This CMD mechanism greatly facilitated the C–H palladation
on both C3- and C2-sites of indole, as compared with the cor-
responding palladation pathways in the ligand-free system
(Scheme 2b). As revealed by DFT calculation, the C3-palladation
(DG‡ ¼ 15.3 kcal mol�1) is still favored over C2-palladation (DG‡

¼ 18.5 kcal mol�1), which indicates that the palladation step
remains C3-selective, as the experimental studies have indi-
cated (Scheme 5b).

The C–H palladation steps lead to the formation of C3- and
C2-Pd indole species Int-5a and Int-5b. Aerwards, another HCl
elimination process has to occur to generate Int-6a and Int-6b,
which allow for acrylate coordination and alkene insertion.
These acid–base reactions were also found to be endergonic (DG
> 10 kcal mol�1 for both pathways), even if the assistance of the
base and the Cu(II) salt was considered. The alkene coordina-
tion occurs between these indolylpalladium species and the
acrylate substrate to form Int-7a and Int-7b, and then migratory
This journal is © The Royal Society of Chemistry 2020
insertion of the C–Pd bond to the C]C bond takes place via TS-
2a and TS-2b. Notably, similar to the “ligand-free” alkenylation
reaction (Scheme 2), the insertion step in the ligand-promoted
reaction also exhibits a C2-selectivity. In the C2-alkenylation
pathway, the insertion step has the highest activation barrier,
but the activation energy barrier of the C–H palladation step is
close (TS1b vs. TS2b), which is in agreement with the conclu-
sions drawn from the experimental study. The b-hydride elim-
ination steps are facile in both pathways (via TS-3a and TS-3b)
and do not affect the rate or the regioselectivity.

The DFT calculation supported that the observed C2-
alkenylation selectivity in the ligand-promoted reaction was
a combined result of the quasi-reversible C–H activation and the
regioselectivity-determining alkene insertion, which signi-
cantly differs from the original reaction without the SOHP
ligand (Fig. 2 vs. Fig. S12†). This ligand-enabled switch of the
regioselectivity-control mode conrmed our design concept.
Computations also revealed that the Cu(II) salt employed in the
Pd(II)/SOHP reaction system is not only a redox catalyst, but also
plays an important role in promoting the reaction by assisting
the elimination of HCl from the key Pd(II) species.
2.4 Scope of the ligand-enabled regioselective oxidative
Heck reactions

The optimal SOHP ligand enabled the regioselective synthesis
of C2-alkenylated indole derivatives, while the established
method utilizing DMSO as the ligand led to C3-alkenylation of
indoles. The present method enriched the toolbox for
Chem. Sci., 2020, 11, 11042–11054 | 11049
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regioselective functionalization of indoles under aerobic
conditions. We performed the indole alkenylation reactions
employing a variety of indole derivatives and electron de-
cient olens under both conditions to explore the substrate
scope.
Table 2 Substrate scope of the oxidative alkenylation reactions of indol

a For C2-alkenylation reactions, 2 equiv. of 1 and 1 equiv. of 2 were used;
Yields of isolated products were reported (for C2-alkenylation reactions, o
c 5 mol% PdCl2(CH3CN)2 and 10 mol% Cu(OTf)2 was used instead of 10
1.3 equiv. of 2 were used. e 10 mol% PdCl2(CH3CN)2 was used.

11050 | Chem. Sci., 2020, 11, 11042–11054
2,3-Unsubstituted indoles as substrates. The indole deriva-
tives with both C2- and C3-positions unsubstituted are ideal
substrates to showcase the ligand-enabled regioselectivity
control (Table 2). It was found that, indoles with different
electronic substituents were suitable substrates for both
methods. Under C2-alkenylation conditions, C2-products were
ea

for C3-alkenylation reactions, 1 equiv. of 1 and 2 equiv. of 2 were used.
nly the C2-products were isolated). b Reaction was performed at 50 �C.
mol% PdCl2(CH3CN)2 and 50 mol% Cu2(OH)2CO3.

d 1 equiv. of 1 and

This journal is © The Royal Society of Chemistry 2020
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produced predominately and C3-products were generated in
minor amounts (except in entry 3); under C3-alkenylation
conditions, C3-products were produced exclusively. Both N-
methyl and free NH-indoles were compatible with both condi-
tions, albeit the reactions of NH-indoles were generally inferior
due to undesired oxidation of the substrate (entries 2, 9, and
10). Indoles bearing an electron-withdrawing N-substituent
underwent alkenylation smoothly under the C2-alkenylation
conditions, but were unreactive under the traditional C3-
alkenylation conditions (entries 3 and 11), highlighting the
remarkable promotive effect of the ligand on C–H activation. It
is notable that, under the ligand-promoted alkenylation
conditions, N-methoxycarbonylindole exhibited C2-selectivity
(entry 11), while N-tosylindole still preferred C3-product
formation (entry 3). Other electronic substituents on the C4-7
positions of indole, including halogen (entries 4–6 and 9),
carboxylic ester (entry 7), cyano (entries 8 and 10), and methoxy
groups (entry 11), were well tolerated under both conditions.

Other electron-decient olens, such as methyl, ethyl,
cyclopropyl, and benzyl acrylates, acrylonitrile, and diethyl
vinylphosphonate, could be employed as the alkenylation
reagent in the reactions to afford the C2- or C3-alkenylation
products under regioselective alkenylation conditions (entries
13–18). Notably, for the substrates tested, no trace of the C2-
product was observed under the traditional C3-alkenylation
conditions, and C2-alkenylation could only be enabled by
using the Pd(II)/SOHP system, which emphasized the key role of
the designed ligand for C–H activation at the C2-position.

The limitation of the present C2-alkenylation reaction was
that the olen substrate should be electron-decient andmono-
substituted. Disubstituted olens, such as crotonates and a-
methyl acrylates, exhibited rather low reactivity and could not
afford the alkenylation products in a reasonable yield. This
might be caused by the high activation barrier of the alkene
insertion step.

3-Substituted indole derivatives as substrates. From
a synthetic point of view, the C2-alkenylation of C3-substituted
indole substrates, such as tryptophan or tryptophol derivatives,
is also highly useful. We found that, for substrates 1l and 1m,
although the C3-position of indole is blocked, C2-alkenylation
does not occur facilely under the standard C3-alkenylation
conditions due to the difficulty in C2-palladation.
Scheme 9 C2-alkenylation of tryptamine and tryptophol derivatives.

This journal is © The Royal Society of Chemistry 2020
Alternatively, utilizing the present Pd(II)/SOHP catalytic system,
C2-alkenylation products 23 and 24 (obtained as a mixture of
24a and 24b due to partial desilylation of the silyl ether) were
produced in good yields (Scheme 9). This feature might be
useful in the functionalization of complex indole derivatives
through C2-alkenylation.

3. Conclusion

In this work, we studied a new mode of regiocontrol in a transi-
tion-metal-catalyzed C–H functionalization reaction, which
features a ligand-enabled switch of the regioselectivity-
determining step. This mode has been demonstrated by the
Pd(II)-catalyzed ligand-controlled C3/C2-selective aerobic oxida-
tive Heck reaction of indole. A new type of ancillary ligand,
sulfoxide-2-hydroxypyridine (SOHP), was developed based on
a mechanistic understanding, which functioned as a key control
factor in rendering the C2-selectivity of the reaction. This reaction
represents a nice yet rare example of ligand-controlled regiose-
lectivity in the direct C–H functionalization of heteroarenes.

The mode of ligand-directed regioselectivity control in this
reaction has been clearly elucidated through a detailed mech-
anistic study. It was found that the C–H activation and the C]C
insertion are two key steps in this oxidative Heck reaction, and
under the traditional reaction conditions the C–H activation
step with a C3-preference is rate- and regioselectivity-
determining. The SOHP ligand facilitates C–H palladation by
promoting proton abstraction via a CMD mechanism. As
a result, the activation barriers of the C–H palladation step at
both C3- and C2-sites are signicantly decreased, rendering
a quasi-reversible C–H activation step and a regioselectivity-
determining C]C insertion step. The reaction exhibits the
regioselectivity determined by the insertion step, which is C2-
selective. The present reaction system perfectly exemplied
the ligand-enabled switch of regioselectivity-determining step
as an efficient mode of regiocontrol.

The mechanistic information acquired in this work shed
some light on the regioselectivity control in related reaction
systems. It reminds chemists that for many C–H activation
reactions, the regio-preferences of both the C–Hmetalation and
the following functionalization steps should be considered with
equal attention. In case there is a discrepancy, a rational ligand
design that allows for a switch of regioselectivity-determining
step between these two processes may open an avenue to
a new ligand-controlled regioselective reaction. We hope that
this mode of regiocontrol is extendable to more substrate types,
and it could inspire the design of more regiocontrolled C–H
functionalization reactions.
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