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An efficient synthetic method has been developed for C-3 site-selective alkenylation of indole derivatives
under ruthenium(i) catalysis with an ester as a directing group. Besides the presence of two potential
Clsp?)—H sites available for functionalization in the substrates, exclusive C3 selectivity was achieved in

a selective manner as only mono-functionalized products were formed. The high site selectivity is
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Accepted 13th Novernber 2024 attributed to the formation of an uncommon six-membered metallacycle intermediate between the

ruthenium catalyst and ester directing group, enabled by the selective alkenylation at the C3 position of
indole derivatives. This protocol features high site selectivity, operational simplicity, broad substrate
scope, and moderate to high yields.
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Introduction

The indole ring system is one of the most prevalent heterocycles
found in nature, playing a crucial role in medicinal chemistry.
Numerous studies have demonstrated that its importance ari-
ses from the wide range of biological properties exhibited by
compounds with various substituent patterns around the indole
nucleus.” Over the last decade, several studies have highlighted
the diverse biological activities of molecules containing the
indole moiety. These activities encompass a broad spectrum,
including but not limited to anti-HIV,** anticancer,* anti-
inflammatory,* antiviral,® and antipsychotic* effects, among
others (Fig. 1).

Among various approaches, C-H activation has emerged as
a pivotal strategy for the functionalization of a diverse array of
organic molecules, serving as a common route for the formation
of C-C bonds.* Although a vast number of activation methods
utilizing different metal catalysts, ligands, reaction conditions,
and reagents have been discovered, achieving selective func-
tionalization remains to be a challenging task.®* Moreover, even
when directing groups are employed, achieving selective acti-
vation can be difficult, particularly when multiple C-H bonds
are nearby, each with a similar likelihood of undergoing acti-
vation.® The Ru(u) complexes have attracted a lot of interest in
this context because of their great selectivity and affordability.
They are extensively employed for the selective ortho C-H bond
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activation and oxidative Heck-type alkenylation of (hetero)
aromatics with a wide range of alkenes.”®

In 2005, the Gaunt group reported a palladium-catalyzed C2/
C3 alkenylation of indoles, where they controlled the regiose-
lectivity by employing different solvents® (Scheme 1a). Addi-
tionally, independent studies conducted by Xu et al.,**
Carretero et al,*® Choudhury et al.,'* Tanaka et al,**? Zhu
et al.** and Walsh et al.'® have revealed that altering the reac-
tion conditions can influence the reaction pathways. Further-
more, the generation of side products like over-olefination,
annulation, and polymerization byproducts is a problem with
metal-catalyzed C3-olefination of indoles, especially when
palladium catalysts are used.'* Over the last two decades, Ru(u)
catalysis has gained increasing attention for C-H functionali-
zation due to its cost-effectiveness compared to metals such as
Pd, Rh, and Ir.** It has been reported that Ru catalysts have
emerged as highly efficient and promising agents for the
formation of C-C bonds using a directing group strategy.'®
Although various strategies have been described for the regio-
selective insertion of functional groups at indole C-2, C-4, and
C-7 positions.** However, there have been no reports of selective
alkenylation of indole derivatives at the C-3 position using a Ru
catalyst and a directing group at the C-4 position, such as an
ester. Therefore, our focus lies in achieving alkenylation at the
C3 position using a Ru catalyst, a task that presents a significant
challenge.

Previous studies have shown that Ru(u)-catalyzed C-H acti-
vation using an amide directing group proceeds through a rare
6-membered metallacycle, rather than the typical 5-membered
metallacycle.” Additionally, it has been reported that a stable 5-
membered metallacycle, rather than a 6-membered one, can
also promote Ru(u)-catalyzed C-H activation.” In our research,
we revealed that Ru(u)-catalyzed C-H activation can proceed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pharmaceutically active compounds of 3-substituted indole derivatives.

through both 5- and 6-membered metallacycle intermediates,
depending on the reaction conditions and the nature of the
directing group used. As illustrated in Scheme 1b, the reaction
of Ru-catalyzed C-H activation using an ester as a directing
group with acrylates generally leads to the product through
a five-membered metallacycle instead of six-membered metal-
lacycle.’ Herein, we describe our recent finding (Scheme 1c) of
a highly regioselective alkenylation of indole derivatives at the
C-3 position, utilizing the ester functional group as a directing
group at the C4 position and Ru(u) as a catalyst. Notably, unlike
other known methods (Scheme 1c), our study reveals that the
reaction proceeds via an uncommon six-membered metalla-
cycle intermediate instead of a 5-membered metallacycle,
resulting in the formation of selective C-3 alkenylated indole
derivatives.

Selective functionalization of C-3 with a directing group at C-
4 presents a challenging due to the presence of a substantially
more reactive C-5 position. This is because activation at C-3
must proceed via a rare 6-membered metallacycle, whereas
the activation at C-5 can proceed via a well-known stable 5-
membered metallacycle, as shown in Scheme 1d.”*® Hence, an
appropriate C4-tethered directing group (DG) is in great
demand to compete with C5-metalation and achieve C3-
selectivity. In catalytic alkenylations, the presence of AgSbFs
and Cu(OAc), is crucial for ensuring the success of the
reaction."’

Results and discussion

In this study, we initiated the optimization of the C-3 alkeny-
lation of indole derivative 1a and methyl acrylate 2a as model

© 2024 The Author(s). Published by the Royal Society of Chemistry

substrates. Using methyl ester as a directing group, AgSbF as
an additive, and Cu(OAc),-H,O (1.2 equiv) as an oxidant in DMF
solvent, the desired product, 3aa, was obtained with only a 17%
yield (Table 1, entry 1). Our initial investigations revealed that
substituting the ester group at the C-4 position of indole 1a with
either an aldehyde or alcohol as the directing group resulted in
no product formation.

We proceeded to screen various reaction conditions to verify
the effect of solvent polarity by using solvents such as DCE, 1,4-
dioxane, and THF (refer to Table 1, entries 2-4). We observed
a 52% yield using THF as the solvent (Table 1, entry 4).
Furthermore, we observed that when the reaction temperature
was lowered to 50 °C, the product yield was enhanced. To
explore this, we attempted the same reaction by decreasing the
temperature to 50 °C with a variety of solvents, resulting in the
product yield being raised to 81% with THF as a solvent (Table
1, entries 5-8). It was also found that the yield of the product
was disfavoured (16%, entry 9) when the reaction was per-
formed at room temperature. By keeping other parameters
fixed, when the equivalents of AgSbFs were increased to
40 mol%, the yield of the product increased, reaching around
88% (Table 1, entry 10). We then examined different additives,
such as AgOTf, KPF¢, and AgBF,, and found that they all yielded
less than AgSbF (Table 1, entries 11-13). Finally, to the effect of
oxidants on product yield was explored by using a variety of
oxidants: Ag,CO3, Ag,0, Na,S,0g, and PhI(OAc),. These reac-
tions displayed inferior results in all cases (Table 1, entries 14-
17). The desired product did not form in the absence of the
catalyst (Table 1, entries 18). The additive, oxidant, and catalyst
were found to be essential in this process, as revealed by these
control experiments. Thus, the optimal reaction condition for

RSC Adv, 2024, 14, 37788-37796 | 37789
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Scheme 1 Comparative overview of reported catalytic alkenylation approaches for indoles, (1a). Palladium-catalyzed C2/C3 alkenylation of
indoles, (1b). Ru-catalyzed C—H activation using an ester as a directing group, (1c). Ru(i)-catalyzed highly regioselective alkenylation of indole
derivatives at the C-3 position, utilizing the ester functional group, (1d). Activation at C-3 must continue via a rare 6-membered metallacycle.

the C3 alkenylation of 1a involves the use of 5.0 mol% [RuCl,(p-
cymene)],, 40 mol% AgSbFg, and Cu(OAc),-H,O (1.2 equiv.) in
0.5 M THF at 50 °C (Table 1, entry 10).

After obtaining the optimum reaction conditions, we
explored the substrate scope and generality of the reaction for
the C3 alkenylation of various indole derivatives, 1, with
different acrylates, 2, resulting in good yields (Table 2). The
reaction of methyl indole-4-carboxylate, 1a, with sterically
distinct acrylates furnished products, 3aa, 3ab, 3ac, and 3ad,
with yields ranging from 69 to 88%. However, no product was
observed with acrylic acid. Similarly, methyl-1-methyl-1H-
indole-4-carboxylate (3b) underwent alkenylation reactions with
acrylates to afford products, 3ba-3bd, in 78-83% yield.
Furthermore, the alkenylation reaction of methyl-1-ethyl-1H-
indole-4-carboxylate with acrylates resulted in the correspond-
ing products, 3ca-3cd, in 72-82% yields.

To investigate the effect of benzyl substituents on N-H
indoles on alkenylation, we performed alkenylation on methyl-1-

37790 | RSC Adv, 2024, 14, 37788-37796

benzyl-1H-indole-4-carboxylate and methyl-1-(4-methoxybenzyl)-
1H-indole-4-carboxylate, resulting in products, 3da-3dd, in
moderate to good yields (69-76%). Additionally, we examined the
reactivity of methyl-1-(4-methoxybenzyl)-1H-indole-4-carboxylate
with different acrylates, which resulted in products, 3ea-3ec, in
68-81%. The effect of electron-withdrawing substituents present
on indole toward alkenylation was studied by the alkenylation of
methyl-1-phenyl-1H-indole-4-carboxylate, yielding products,
3fa-3fd, in moderate yields (59-68%). To investigate the influ-
ence of various esters at the C-4 position on the indole frame-
work, we performed an alkenylation reaction with ethyl 1H-
indole-4-carboxylate as the starting material. This process
produced the intended product 3gd with an 82% yield. "H NMR
study indicated that only the trans-alkenylated product was
formed. Additionally, as shown in Scheme 4c, a scale-up reaction
was carried out on a 3 mmol scale to illustrate the feasibility of
this approach, yielding 3aa in a 78% yield. Furthermore, we
explored the reactivity of a useful olefin partner, such as methyl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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° OMe
MeO.__O [RuCly(p-cymene)], (5 mol %) MeO___O
H N Ag additive (x mol %)

A\ H/§)L OMe N\

N oxidant (1.2 equiv) N

H Solvent (0. 5 M) H

1a 2a temp (x °C), air, 24 h 3aa

Entry Solvent Conditions Yield 3aa”
1 DMF AgSbF,/Cu(OAc),- H,0/100 °C 17%
2 DCE AgSbFg/Cu(OAc),-H,0/100 °C 28%
3 Dioxane AgSbF,/Cu(OAc),-H,0/100 °C 33%
4 THF AgSbF¢/Cu(OAc),-H,0/100 °C 52%
5¢ DMF AgSbF4/Cu(OAc),-H,0/50 °C 24%
6 DCE AgSbFe/Cu(OAc), - H,0/50 °C 34%
7° Dioxane AgSbF4/Cu(OAc),-H,0/50 °C 73%
8 THF AgSbFe/Cu(OAc), - H,0/50 °C 81%
o? THF AgSbF,/Cu(OAc), H,O/RT 16%
10° THF AgSbFe/Cu(OAc), - H,0/50 °C 88%
11¢ THF AgOTf/Cu(OAc),-H,0/50 °C 21%
12¢ THF KPF/Cu(OAc),-H,0/50 °C 63%
13¢ THF AgBF,/Cu(OAc),-H,0/50 °C 56%
14° THF AgSbF/Ag,C0,/50 °C 51%
15¢ THF AgSbF4/Ag,0/50 °C 22%
16° THF AgSbF/Na,S,04/50 °C 26%
17% THF AgSbF,/Cu(OAc), H,0/50 °C n.d.
18¢ THF AgSbF¢/PhI(0Ac),/50 °C n.d.

¢ Reaction conditions: 1a (1 equiv, 0.2 mmol), 2b (3 equiv, 0.6 mmol), [RuCl,(p-cymene)], (5.0 mol%), additive (20 mol%), oxidant (1.2 equiv, 0.24
mmol), Solvent (0.5 M), temperature as mentioned, under air for 24 h. ® Isolated yield. ¢ Reaction was carried out at 50 °C. ¢ Reaction was carried out
at room temperature. ° additive (40 mol%)./ Reaction without catalyst. RT = room temperature. n.d. = not detected.

vinyl ketone (2e), with methyl 1H-indole-4-carboxylate (3a) under
standard conditions (Scheme 2). Surprisingly, this resulted in the
corresponding C-3 alkylated product, 3ae, with a yield of 76%.
Similarly, indole derivatives, 3d and 3e, yielded the C3-alkylated
products, 3de and 3ee, respectively with good yields of 66%
and 69%.

3-alkenylated and alkylated indole derivatives represent
attractive synthetic targets due to their pharmacological activity
and their role precursors for many drugs, such as Roxindole,
Oxypertine and Oxigon. To demonstrate the utility of C3-
functionalized indoles, we attempted the conversion of the C3
alkenyl indoles into further modifications (Scheme 3).

The C-3 alkenylated indole derivatives were further modified
into analogues of drug molecules to evaluate the feasibility of
their synthesis (Scheme 3b). The C-3 alkenyl indole derivative,
3ac, was selectively reduced to the C-3 alkylated indole deriva-
tive 4 with an 88% yield, using hydrogen gas under 1 atm
pressure in the presence of 10% Pd/C as a catalyst in dioxane.
Further hydrolysis of 4 resulted in the generation of compound
5, a derivative of Oxigon (drug for Alzheimer's) and Tryptophan
(natural amino acid). Consequent amide formation of 5 yielded
6a, a derivative of Oxypertine (antipsychotic agent), and 6b,

© 2024 The Author(s). Published by the Royal Society of Chemistry

a derivative of Roxindole (antipsychotic agent), with yields of
80% and 83% respectively.

To explain the origin of the site-selectivity of the ruthenium-
catalysed C-H functionalization, deuterium incorporation
experiments were conducted under standard reaction condi-
tions (Scheme 4a). The analysis of the product revealed that
methyl-1H-indole-4-carboxylate 1a in the absence of alkene
resulted in indole, 1a-(D), with 50% deuterium incorporation at
the C3 position, strongly supported by the observed regiose-
lectivity (Scheme 4a). To ascertain whether the reaction
proceeds through a radical pathway, the reaction was per-
formed in the presence of 1 equiv. of TEMPO ((2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl) and BHT (2,6-di-tert-butyl-4-
methylphenol). In both the cases, we obtained a good yield of
the product 3ab (68% and 63%, Scheme 4b). These findings
suggest that the reaction proceeds through a non-radical
pathway.

Scheme 5 illustrates a workable multistep catalytic cycle that
has been proposed based on previous literature studies.™ In the
presence of Cu(OAc),-H,O and AgSbF,, an active catalyst,
labelled as I, is formed. The first step involves the coordination
of methyl-1H-indole-4-carboxylate, 1a, with an active ruthenium
catalyst, followed by C-H metalation and releave of AcOH,

RSC Adv, 2024, 14, 37788-37796 | 37791
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Table 2 Scope of indoles and acrylates®”

0 1
2 R?0.__0O i
RO 0 s [RUCI,(p-cymene)], (5 mol %)
AgSbFg (40 mol %
A %)Low gobFal °) A
N Cu(OAc),.H,0 (1.2 equiv) N
b TOHF (0.5M) R
1 (1.0 equiv) 2 (3 equiv) 50 °C, air, 24 h 3
o) o) o) o! Q
OMe OEt O'Bu OBn OMe
MeO._O __ MeO_O __ MeO._O __ MeO _O __ MeO. O __
\ \ A\ A\ \
N N N N N
H H H H Me
3aa, 81% 3ab, 79% 3ac, 69% 3ad, 88% 3ba, 78%
o) 0 . o) o) o]
OEt O'Bu OBn OMe OEt
MeO O __ MeO O __ MeO _O __ MeO _O __ MeO _O __
A\ A\ A\ A\ A\
N N N N N
\ \ \ \ \
Me Me Me Et Et
3bb, 68% 3bc, 72% 3bd, 83% 3ca, 80% 3cb, 76%
o) o] o) o] o)
OBu OBn OMe OEt OBu
MeO.__O MeO.__O MeO.__O MeO.__O MeO.__O
-— — — —
A\ A\ A\ A\ A\
N N N N N
\ \ \ \ \
Et Et Bn Bn Bn
3ce, 72% 3cd, 82% 3da, 74% 3db, 71% 3dc, 69%
0 0 0 0 o)
OBn OMe OEt OBn OMe
MeO.__O MeO.__O MeO.__O MeO.__O MeO.__O
—_— -_— — -— -—
A\ A\ A\ A\ A\
N N N N N
Bn PMB PMB PMB Ph
3dd, 76% 3ea, 68% 3eb, 76% 3ed, 81% 3fa, 59%
(0} (o} o
OEt OBn OBn
MeO _O __ MeO _O __ EfO. 0
A\ A\ A\
! N N
Ph Ph H
3fb, 61% 3fd, 68% 3gd, 82%

“ Reaction conditions: 1 (1 equiv, 0.2 mmol), 2 (3 equiv, 0.6 mmol), [RuCl,(p-cymene)], (5.0 mol%), AgSbF, (20 mol%), Cu(OAc),-H,O (1.2 equiv, 0.24
mmol), THF (0.5 M), 50 °C, 24 h. ” Isolated yield; (Me = methyl, Et = ethyl, Bn = benzyl, Ph = Phenyl, PMB = p-methoxybenzyl).
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Scheme 2 C3 alkylation with vinyl methyl ketone.®® @Reaction conditions: 1 (1 equiv, 0.2 mmol), 2 (3 equiv, 0.6 mmol), [RuCl(p-cymene)l,
(5.0 mol%), AgSbFg (20 mol%), Cu(OAc)2-H,O (1.2 equiv, 0.24 mmol), THF (0.5 M), 50 °C, 24 h. ®Isolated yield.

(a) 3 mmol scale reaction

(o}
OMe
MeO -0 o [RuCly(p-cymene)], (5 mol %) MeO. __O
+ AgSbFg (40 mol %)
A\ OMe - A\
N | Cu(OAC),.H,0 (1.2 equiv)
H THF (0.5 M) N
1a 2a 50 °C, air, 24 h 3aa, 78%
(b) Synthetic transformations
o
O'Bu " OH
O'Bu MeO 0}
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A\ - A — A\
N
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(Roxindole derivative)

Scheme 3 Synthetic Transformations of C3 Alkenyl Indoles.

leading to the formation of a six-membered ruthenium complex
II. Subsequent coordination followed by insertion of acrylate 2
with intermediate II gave rise to the intermediate III. Finally, -

© 2024 The Author(s). Published by the Royal Society of Chemistry

hydride elimination followed by release of AczH, led to the
formation of the desired product 3, and the active catalyst was
regenerated by reoxidation using Cu(OAc),-H,O and air.

RSC Adv, 2024, 14, 37788-37796 | 37793
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(a) Deuterium labeling experiment
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H THF (0.5 M) H
1a 2a 50°C,24h 3aa
[With TEMPO (1.0 equiv) : 68%]
With BHT (1.0 equiv) : 63%
Scheme 4 Mechanistic studies of site-selectivity of the ruthenium-catalysed C—H functionalization.
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Scheme 5 Mechanism of ruthenium-catalyzed site-selective C-3 alkenylation of indole derivatives.

Cu(OAc), act as a source of AcOH and air act as a terminal not only ensures high site selectivity but also offers mild reac-
oxidant.' tion conditions, and broad substrate scope, making it a valuable
approach for the functionalization of indole derivatives.

Conclusions
Data availability

In summary, we have developed a ruthenium-catalyzed site-

selective C-3 alkenylation of indole derivatives by utilizing Experimental procedures and the characterization data for
a directing group strategy via the formation of a 6-membered reaction products, copies of NMR and additional information
metallacycle. This method holds significance as it facilitates the underlying this study are available in the published article and
formation of valuable 3-substituted indoles, a crucial class of its ESL.f The authors confirm that the data supporting the
molecules in medicinal chemistry, chemical biology, drug findings of this study are available within the article [and/or] its
discovery, and related heterocyclic compounds. This method ESI materials.t
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