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We, herein, report a Pd(0) and Brensted acid-catalyzed redox-neutral
intramolecular N-allylation of indoles and pyrroles with alkynes for the
synthesis of biologically important imidazolidinone-fused N-hetero-
cycles. The allylation is completely atom-economical and is applicable
to a wide range of substrates. The methodology eliminates the use of a
leaving group or an oxidizing agent, often employed for the allylation
of nucleophiles. To the best of our knowledge, N-allylation of indoles
and pyrroles with alkynes has not been reported to date.

Allylation of nucleophiles is one of the most widely employed
reactions in organic synthesis. The installation of an allyl group
is generally accomplished via the allyl-metal intermediate,
often generated by the use of a leaving group on an allyl moiety,
commonly known as the Tsuji-Trost reaction." However, the
approach is not atom-economical and often requires an addi-
tional step for installing the leaving group. An alternative
approach proceeds via allylic C-H oxidation, thus requiring a
stoichiometric amount of oxidant.> Nucleophilic addition to
the allyl-metal complex generated from allenes is another alter-
native, which, however, requires preformed allenes.’> Undoubt-
edly, one of the best approaches available for these allylations is
the atom-economical, redox-neutral addition of nucleophiles to
alkynes, with the allyl-metal intermediate being generated via
propargylic C-H activation and an in situ generation of allenes.*
This reaction has, since its discovery, been applied to the allyla-
tion of several carbon® and hetero-nucleophiles,®® employing
either Pd or Rh complexes. The allylation of amines with
alkynes has also been explored, mostly focused around inter-
molecular versions (Scheme 1a).** The intramolecular versions,
in comparison, have hardly gained any attention (Scheme 1b).%~
Despite some progress in the area, the N-allylation of indoles and
pyrroles using alkynes as allyl-metal precursors has not found any
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Scheme 1 Transition metal catalysed N-allylation with alkynes.
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entries in the literature. The wide prevalence of N-heterocycles and
their derivatives in biologically active compounds® intrigued us to
explore the above-mentioned allylation of indoles and pyrroles
with alkynes.

Fused polycyclic N-heterocycles form the structural core of
a large number of pharmaceutically relevant compounds.®
N-fused indoles and pyrroles, particularly imidazo-[1,5-a]indoles
and pyrrolo-[1,2-c]limidazoles, and their derivatives have been
found to exhibit a range of biological activities such as CNS
depressants,'" light-dependent TNF-oc antagonists,'> NPS anta-
gonists," and aldose reductase inhibitors,"* among others. These
motifs have also found applications in optoelectronics.*®

We envisioned that substrates of the type 1 (Scheme 1c),
with suitably N-tethered alkyne, would provide direct access
to imidazo-[1,5-aJindole and pyrrolo[1,2-climidazole skeletons
via an intramolecular allylation with the allyl metal complex

This journal is © The Royal Society of Chemistry 2024
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generated from the alkyne. Considering the regioselectivity
desired, a combination of Pd(0) and a Bregnsted acid was anti-
cipated to be a suitable catalyst system for the reaction.>™®
We herein report the results of our studies on Pd and acid-
catalyzed synthesis of fused N-heterocycles via a direct intra-
molecular N-allylation with alkynes (Scheme 1c). To the best of
our knowledge, this constitutes the first example of an
N-allylation of indoles with alkynes.

At the outset, our model substrate 1a was heated at 110 °C
with 5 mol% of Pd(PPh;), and 10 mol% of benzoic acid in
toluene under an Argon atmosphere. Gratifyingly, after 12 h,
the intended product 2a was isolated as a single E-isomer in
45% yield (Table 1, entry 1). The structure and stereochemistry
of 2a were confirmed by NMR and X-ray diffraction analysis.
An increase in yield was observed by increasing the amount of
acid catalyst to 30 mol% (Table 1, entry 2). Adding 10 mol% of
triphenylphosphine additionally to the reaction did not lead to
much improvement in the yield (Table 1, entry 3). Test reac-
tions showed that both Pd complex and acid were crucial for
the reaction to proceed (Table 1, entries 4 and 5). The use of
Pd,(dba); as the Pd source led to a slight decrease in the yield
(Table 1, entry 6). No reaction was observed when Pd(OAc), was
used as the catalyst (Table 1, entry 7). We then screened the
effect of different phosphine ligands on the reaction using
5 mol% of Pd(PPh;), and 30 mol% benzoic acid as the catalysts.
The use of 10 mol% of tri(o-tolylphosphine) improved the yield
to 70% (Table 1, entry 8). Other phosphines with electron-rich
phenyl substituents were found to be inferior ligands than tri(o-
tolylphosphine) (Table 1, entries 9-11). To our delight, tris(2-

Table 1 Optimization of reaction conditions?

o]
@W [Pd] (5 mol%) m("
H N—Ph ligand (10 mol%) N,

PhCOOH (30 mol%)

AN toluene, 110 °C, 12 h
1a Ph F 2a
Entry [Pd] Ligand Yield® (%)
1° Pd(PPhs), — 45
2 Pd(PPh;), — 56
3 Pd(PPh;), PPh, 58
4 — — —
5° Pd(PPh;), — —
6 Pd,(dba), PPh, 52
7 Pd(OAc), — —
8 Pd(PPh,), P(o-tolyl); 70
9 Pd(PPh;), P(p-tolyl), 53
10 Pd(PPh;), P(2,4,6-trimethylphenyl); 57
11 Pd(PPhs), P(o-methoxyphenyl); 62
12 Pd(PPh;), P(2-furyl), 82
13 Pd(PPh;), P(2-furyl), 46
14 Pd(PPhs), P(p-fluorophenyl); 24
15 Pd(PPhy), PCy; 34
16 Pd(PPh;), DPEPhos 18

% Unless noted otherwise, reaction conditions: 1a (0.1 mmol), Pd
catalyst (5 mol%), ligand (10 mol%), benzoic acid (30 mol%) in dry
toluene (0.7 mL) were heated at 110 °C under argon in a Schlenk tube
for 12 h.? Isolated yields. ¢ Benzoic acid (0.01 mmol, 10 mol%).
d e . a f .

In absence of Pd catalyst. © In absence of benzoic acid.’ Dry dioxane
as solvent (0.7 mL).
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furyl)phosphine was found to be a better ligand and improved
the yield to 82% (Table 1, entry 12). The use of dioxane as a
solvent with same reaction led to a major drop in the yield
(Table 1, entry 13). Tri(p-fluorophenyl)phosphine as ligand with
electron-deficient phenyl substituents led to a substantial
decrease in yield (Table 1, entry 14). We also tested an aliphatic
phosphine, which, however, was found to be an inferior ligand
to aromatic phosphines (Table 1, entry 15). A bidentate phos-
phine was also tested, but the desired product was isolated in
only 18% yield after 12 h (Table 1, entry 16).

With the optimized reaction conditions, we then set out to
explore the substrate scope of the reaction (Table 2). The scope
with respect to changing R on the alkyne part was first studied.
Phenyl rings with electron-donating as well as electron-
withdrawing substituents at the 4-position were well tolerated,
and the corresponding substrates formed the cyclized products
in good yields (Table 2, 2b-2g). 3,5-disubstituted phenyl rings
were also tested, and the substrates 1h and 1i reacted well under
the standard reaction conditions (Table 2, 2h, 2i). In most cases,
phenyl rings with electron-donating groups proved to be slightly
better substituents than phenyl rings with electron withdrawing
groups. Several other disubstituted phenyl rings, with substituents
at different positions of the ring were screened and in all the cases,
the products could be isolated in reasonably good yields (Table 2,
2j-21). A heterocyclic substituent, 3-thienyl, was also explored, and
gratifyingly, the product 2m was formed in 66% yield (Table 2,
2m). The aliphatic substituent, methyl, however, was not found to
be suitable and the desired product was not formed under the
standard reaction conditions when 1n was used as the substrate

Table 2 Substrate scope of indole-based amides: variation of Rt and R??
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2m, 66% 2n, 0% 20, 65%°

“ Isolated yields. ° Reaction was run for 24 h. © Pd catalyst (10 mol%),
no ligand.
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(Table 2, 2n).**%® We also attempted changing R? substituent on
the amide Nitrogen from phenyl to benzyl and the corresponding
product was obtained in 65% yield (Table 2, 20).

The reaction showed versatility with respect to changing
substituents on the indole ring (Table 3). Introduction of
electron-withdrawing groups at position 5 of the indole afforded
the products in high yields (Table 3, 2p-2t). Notably, a combi-
nation of these substituents with different R' groups was also
found to be suitable, and the corresponding substrates formed the
products in consistently good yields (64-86%; Table 3, 2q, 2r, 2t).
The substrates with electron-releasing substituents at position 5
were also tested and these too reacted remarkably under the
standard reaction conditions, even with several different R* sub-
stituents (Table 3, 2u-2x). We also explored the effect of substitu-
tions at positions 6 and 7 of the indole ring, and to our delight, the
reaction was well tolerant of these substitutions (Table 3, 2y, 2z).

Encouraged by the results on the indole-based N-substituted
propargyl amides, we then proceeded to explore the cyclization
of pyrrole-based amides 3a-3g (Table 4). The scope of this
system with respect to different substituents on the alkyne
was screened. The substrate 3a with R' as phenyl, under the
optimized reaction conditions, reacted smoothly, and the pro-
duct was formed in 70% yield (Table 4, 4a). Satisfyingly,
substituted phenyl rings with both electron-releasing as well
as electron-withdrawing substituents at different positions
could be employed, and the corresponding products were
isolated in moderate to good yields (52-74%; Table 4, 4b-4f).
The 3-thienyl substituent was also tolerated, and the substrate
3g formed the cyclized product in 55% yield (Tables 4, 4g).

To illustrate the synthetic utility of the product, 2a was first
subjected to hydrogenation using 10% Pd/C. The reduction of

Table 3 Substrate scope of indole-based amides: Variation of R*

o)
R
N N-Ph
H

\

1 R'

Pd(PPhs); (5 mol%)
PhCOOH (30 mol%) R H©

W\ris(z-mn!l)phosphine (10 mol%) N
toluene, 110 °C

0.1mmol

2v,81%

2x,73%

“ Isolated yields.
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Table 4 Substrate scope of pyrrole-based amides: variation of R
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4f, 52%

“ Isolated yields.
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Scheme 2 Synthetic transformations of product 2a.

allylic double bond proceeded satisfactorily, and the product 5
was formed in 94% yield (Scheme 2). The indole moiety could
also be derivatized further using NBS leading to the product 6,
which upon Suzuki coupling with phenylboronic acid led to the
product 7 (Scheme 2).

Based on the literature reports**®* and our mechanistic
studies,'” we hypothesize that Pd(0) forms a Pd-carboxylate
species I upon oxidative addition with the carboxylic acid.
An insertion of I into the alkyne of substrate 1a generates
species II. A subsequent -hydrogen elimination releases the
allene intermediate III, which, upon hydropalladation with I,
forms the active m-allyl species IV. The selective nucleophilic
insertion of N-H of indole then releases product 2a and regene-
rates Pd(0) (Scheme 3).

We have developed the first catalytic intramolecular N-allyla-
tion of indoles and pyrroles with alkynes. The reaction employs
a Pd(0) and Brensted acid combined catalytic system. The use
of alkynes as allene surrogates enables a direct, completely
atom-economic allylation without employing a leaving group,
oxidizing agent, or an additional step for the formation of
allenes. Biologically important N-fused heterocycles, imidazo-
[1,5a]indoles, and pyrrolo-[1,2c]imidazoles could be accessed in

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Most probable mechanism.

high yields under the reaction conditions. The system demon-
strates a broad substrate scope and installs a synthetically
relevant allyl substituent with the concomitant generation
of a stereogenic center. The development of an asymmetric
version of the reaction is currently ongoing.
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