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A samarium(i)-mediated reductive cyclisation reaction with the
aminoketyl radical from the trifluoroacetamide group for synthe-
sising 2-trifluoromethylindolines was developed. This reaction is
the first example of using an acyclic amide group, which is con-
sidered difficult to react with Sml,, in a reductive cyclisation.
Additionally, the conversion of the obtained product
2-trifluoromethylindole was achieved.

into

Introduction

Since the simple preparation of SmI, was reported by Kagan
et al. in 1980," SmI, has been recognised as the most versatile
single-electron reducing agent.> One reason for this is that
SmlI, is a highly chemoselective reagent, and its functional
group selectivity can be fine-tuned by using appropriate
ligands and additives.® Reactions using this useful reagent can
be classified into two major categories. One is the reduction of
functional groups and the other is the reductive carbon-
carbon bond formation reactions. Functional group reductions
have been reported for sulfones and sulfoxides, alkyl and aryl
halides, epoxides, phosphine oxides, carbonyls, and conju-
gated double bonds.* However, reductive carbon-carbon bond
formation reactions are often used as important key reactions
in the total synthesis of natural products, leveraging the excel-
lent stereochemical control owing to the high oxophilicity of
samarium and the ability to coordinate.’ Particularly, cyclisation
reactions by single-electron transfer (SET) reduction of carbonyl
compounds with SmI, are superior in that they allow the syn-
thesis of decorative cyclic structures by combining carbonyl moi-
eties with unsaturated functional groups such as alkynes,
alkenes, and allenes through radical umpolung.® Based on this
background, many intramolecular cyclisation reactions of ketyl
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radicals, which can be easily prepared from SmI, and aldehydes
or ketones, have been reported.” We have also reported the syn-
thesis of spirocyclic compounds by intramolecular cyclisation
using ketyl radicals prepared from ketones.®

Functional groups such as lactones and acyclic esters, as
well as nitrogen-containing compounds such as lactams and
cyclic imides, are considered to have difficulty reacting with
SmlI,. However, in recent years, by adjusting the reactivity of
SmlI, using a coordinating additive, cyclisation reactions with
those functional groups have been reported (Scheme 1A).°
These studies expanded the adaptive limits of reductive cycli-
sation with SmI, and provided useful organic chemical
insights. However, there are only a few reports on the
reduction reactions of acyclic amides with SmI, to amines or
alcohols (Scheme 1B),'® and to the best of our knowledge,
there are no reports on reductive cyclisation reactions.

Indoles and indolines are basic nitrogen-containing hetero-
cycles that are widely present in various natural products and
biologically active compounds.' Therefore, the development
of efficient synthetic methods for indoles and indolines has
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Scheme 1 Sml,-mediated reductive cyclisation reaction (A) and

reduction of amide (B).
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attracted significant attention from organic chemists. We have
reported a reaction for the synthesis of indole derivatives by
intramolecular cyclisation using aryl radicals generated from
aryl halides with SmlI,."* Incidentally, it is well known that the
introduction of fluorine compounds such as trifluoromethyl
groups into organic compounds has positive effects on bio-
active molecules, such as membrane permeability, lipophili-
city, and metabolic oxidation prevention.'® Therefore, the syn-
thesis of 2-trifluoromethylindolines and 2-trifluoromethyl-
indoles has recently attracted much attention, and various
approaches have been reported.™

We focused on the functionalised 2-CFjz-indole synthesis
reported by Nenajdenko et al. (Scheme 2A)."*° They synthesised
2-CFz-indoles with various substituents by adding nucleo-
philes to an indoline intermediate with a cyclic hemiaminal
moiety stabilised by a CF; group using a one-pot reaction. We
hypothesised that if aminoketyl radicals generated from
acyclic trifluoromethylacetamide groups are trapped by intra-
molecular alkynes, 2-CF;-indoline with an exo-olefin moiety at
the 3-position could be synthesised, and this product could be
used as a substrate for the synthesis of functionalised 2-CF;-
indoles (Scheme 2B). Herein, we report a new method for
synthesising 2-CF;-indoline using Sml,. This reaction is a
reductive cyclisation using a chain amide as the radical precur-
sor, which has never been reported before, and is realised by
using the captodative effect'® between an electron-withdrawing
trifluoromethyl group and an electron-donating amino group.
The product was considered useful as a building block for the
synthesis of functionalised 2-CF;-indoles by reaction with
various nucleophiles.

We selected N-(2-ethynylphenyl)-2,2,2-trifluoroacetamide 1a
as the model substrate for the synthesis of 2-CF;-indoline
derivatives with a hemiaminal structure.'® First, to optimise
the reaction conditions for the reductive cyclisation reaction
between aminoketyl radicals and alkynes, equivalent amounts
of Sml,, additives, and reaction temperatures were examined

A. One-pot assembly of functionalised 2-CFsz-indoles [Ref. 14c]
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Scheme 2 2-CFz-indole synthesis via a hemiaminal intermediate and
2-CF3-indoline synthesis via an aminoketyl radical intermediate.
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Table 1 Optimisation of reaction conditions for the cyclisation reaction
between the aminoketyl radical and alkyne

=
Sml,, additives CF3
NH THF, temp. N JoH
H
O CF3;
1a 2a
SmlI, Temp. Yield®
Entry (eq.) Additive (eq.) (°C) (%) 2a
1? 1.5 HMPA (5.4), i-PrOH (2.0) 0 65
2 2.0 HMPA (7.2), i-PrOH (2.0) 0 73
3 2.5 HMPA (9.0), i-PrOH (2.0) 0 82
4¢ 3.0 HMPA (10.8), i-PrOH (2.0) 0 61
5 2.0 HMPA (7.2), i-PrOH (20) 0 80
6¢ 2.5 HMPA (9.0), i-PrOH (20) 0 61
7 2.5 HMPA (9.0) 0 47
8 2.0 HMPA (7.2), i-PrOH (2.0) rt 68

“Isolated yield. ”Starting material was recovered in 11% yield. °3-
Methyl-2-trifluoromethylindole was obtained by elimination of the
hydroxy group, caused by the pushing of the lone pair on the nitrogen
atom, and subsequent reduction in 6% yield. ¢3-Methyl-2-trifluoro-
methylindole ~was  obtained in 12% yield. @~HMPA =
hexamethylphosphoramide.

(Table 1). In our previous studies, we found that cyclisation
reactions using Sml, are promoted when the proton source
traps the organic samarium species produced by the single-
electron reduction of the radical which was generated after
cyclisation."® Therefore, the reaction of 1a was performed at
0 °C using 1.5 equivalents of SmI,, HMPA as an additive to
increase the reduction potential of Sml,,*> and i-PrOH as a
proton source. The desired indoline derivative 2a, which has a
hemiaminal structure, was obtained in 65% yield without any
byproducts (entry 1). To the best of our knowledge, this reac-
tion is the first example of a reductive cyclisation using SmlI,
with an acyclic amide group as the radical precursor. Because
11% of the starting material was recovered, we increased the
amount of SmI, and found that the best yield of the desired
product (82%) was obtained when 2.5 equivalents of Sml,
were used (entries 2-4). To verify the effect of the proton
source, we performed the reaction using 2.0 equivalents of
SmlI, and 20 equivalents of i-PrOH and found that the product
yield was slightly improved compared to that using 2.0 equiva-
lents of i-PrOH (entry 5). However, at 2.5 equivalents of Sml,,
the yield of indoline 2a was lower, resulting in the 3-methyl-2-
trifluoromethylindole in 12% yield (entry 6). The absence of a
proton source also resulted in a significant decrease in yield
(entry 7). These results suggest that the proton source pro-
motes cyclisation by contributing to the protonation of the
organic samarium species. Additionally, the reaction tempera-
ture was also studied and increasing the reaction temperature
to room temperature led to a decrease in the yield (entry 8).
Our interest shifted to the substrate generality of this reac-
tion. First, we investigated the effects of the substituent posi-
tions on the benzene ring. The results obtained using sub-
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strates 1b-1e with methyl groups at 3-6 positions of the
benzene ring are summarised in Table 2. The desired products
2b-2e were obtained in moderate to good yields. Substrate 1b,
with a methyl group next to the alkyne group, yielded the least
cyclised product 2b, probably due to the steric repulsion of the
methyl group against the exo-olefin caused by cyclisation
(entry 1). However, the substrate 1e with a methyl group next
to the trifluoroacetamide group gave the desired product 2e in
the best yield (entry 4), probably because the steric repulsion
between the methyl and trifluoroacetamide groups allowed the
aminoketyl radical to easily approach the alkyne, acting as a
radical acceptor.

As part of our investigation of the scope and limitations of
the substrates, we performed reactions using substrates 1f-1k
with electron-donating or electron-withdrawing groups at the
para-position of the trifluoroacetamide group, which may
affect the stability of the aminoketyl radicals through a captoda-
tive effect (Table 3). When the reaction of substrate 1f with a
methoxy group as the electron-donating group was performed, 2f
was not obtained, unexpectedly (entry 1). 5-Methoxy-3-methyl-2-
(trifluoromethyl)-1H-indole 3 and the dimer 4 of 2f were obtained
in 4% and 30% yields, respectively. The reason for obtaining the
indole derivative is probably because the strong electron-donat-
ing nature of the methoxy group increased the electron density
on the nitrogen atom, making the hemiaminal structure
unstable. Similarly, the increased nucleophilicity of the nitrogen
atom is believed to have led to the formation of the dimer of 2f.
Subsequently, we examined the use of substrates 1g-1k with
halogen, cyano, ester, or nitro groups as electron-withdrawing
groups, and found that the yield of the cyclised product
decreased as the electron-withdrawing property became stronger
(entries 2-6). These results indicate that the presence of an elec-
tron-withdrawing group on the benzene ring weakens the elec-
tron-donating ability of the nitrogen atom to the aminoketyl
radical, resulting in lower yields.

Using substrates 5a-5e with an electron-donating methyl
group on the nitrogen atom, we investigated the effects of
steric hindrance adjacent to the nitrogen atom and the capto-

Table 2 Effect of the position of the methyl group on the benzene
ring?

Me_ 3 =
4 X/ Me
| Sml,, HMPA X | CF;
5 NH i-PrOH, THF X N oH
0°C H
O CF3
1 2
Entry Substrate Yield” (%)
1 1b 3-Me 2b: 57
2 1c 4-Me 2¢: 70
3 1d 5-Me 2d: 79
4 1le 6-Me 2e: 79

“All reactions were performed in THF usi ng Sml, (2.5 equiv.), i-PrOH
(2.0 equiv.), and HMPA (9.0 equiv.) at 0 °C. ” Isolated yield.
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Table 3 Effect of the electron density on the benzene ring?

R =
Sml,, HMPA R CF,
NH i-PrOH, THF N VoH
2‘\ 0°C H
0~ CF,4
1 2
Substrate
Entry R Yield” (%)
1¢ 1f OMe 2f: N.D.
2 1g Br 2g: 62
3 1h cl 2h: 56
44 1i CN 2i: 29
5¢ 1j CO,Me 2j: 18
6/ 1k NO, 2k: N.D.

“All reactions were performed in THF using Sml, (2.5 equiv.), i- PrOH
(2.0 equiv.), and HMPA (9.0 equiv.) at 0 °C. ’Isolated yield. °
Methoxy-3-methyl-2-(trifluoromethyl)-1H-indole 3 and the dimer 4 of
2f were obtained in 4% and 30% yields, respectively. ¢ Starting material
was recovered in 29% yield. ®Starting material was recovered in 28%
yield. /Starting material was recovered in 57% yield. N.D. = not
detected.

Me MeO
MeO

CFs N "OH

Tz

MeO

dative effects on the reductive cyclisation reaction (Table 4).
With substrate 5a, the desired product 6a was obtained in 69%
yield, although there was a slight decrease in the yield com-
pared to the case without a methyl group on the nitrogen atom
(entry 1 vs. Table 1, entry 3). However, the methyl group on the
nitrogen atom successfully suppressed the dimerisation of
substrate 5c¢ with the methoxy group, as expected, and the
target product 6c was obtained in 75% yield (entry 3 vs.
Table 3, entry 1). Moreover, for substrates 5d and 5e with
halogen atoms, the yields were slightly lower than those for
the substrate without a methyl group on the nitrogen atom,
with the same tendency as shown in entry 1 (entries 4 and 5
vs. Table 3 entries 2 and 3).

Having achieved the cyclisation reaction with terminal
alkyne, we further investigated the cyclisation reaction with
internal alkyne (Scheme 3). The reaction of substrates having
phenyl and trimethylsilyl groups on the alkyne moiety gave the
desired products in 87% and 58% yields, respectively.

As shown in Scheme 4, the reductive cyclisation of 1 pro-
ceeded through the aminoketyl radical intermediate A.° The 5-
exo type cyclisation of A occurred to give the exo-vinyl radical
intermediate B.*® After further single-electron reduction by
another equivalent of SmI, to an anionic species C, it would
be protonated by a proton source to give indoline derivative 2.

This journal is © The Royal Society of Chemistry 2024
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Table 4 Effect of the methyl group on the nitrogen atom?

R Z
Sml,, HMPA R CF,
N/Me .
i-PrOH, THF N oH
%\ 0°C \
(o} CF3 Me
5 6
Substrate
Entry R yield” (%)
1 5a H 6a: 69
2 5b Me 6b: 69
3 5¢ OMe 6¢: 75
4 5d Br 6d: 47
5 5e Cl 6e: 58

% All reactions were performed in THF using Sml, (2.5 equiv.), -PrOH
(2.0 equiv.), and HMPA (9.0 equiv.) at 0 °C. ”Isolated yield.

R
Z R
Smly, HMPA / CF,
NH i-PrOH, THF
)\ 0°C N OH
07 > cF, H

7a:R=Ph
7b: R=TMS

8a: R = Ph (87%)
8b: R = TMS (58%)

Scheme 3 Cyclisation reaction with internal alkyne.
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CF3  iPrOH X CF3
OH AN N ©
H |
Smi,
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Scheme 4 Plausible reaction mechanism for Sml,-mediated formation
of the hemiaminal indoline 2.

Radical intermediate B may also abstract hydrogen radicals
from the additives and solvents, such as HMPA and THF,
thereby forming indoline derivative 2."”

As aforementioned (Scheme 2A), the conversion of 2-CF;-
indolines into 2-CF;z-indoles using nucleophiles in a one-pot
reaction was reported by Nenajdenko et al.'** To confirm the
utility of 2-CF;-indolines as building blocks in the synthesis of

This journal is © The Royal Society of Chemistry 2024
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CFs O TMSCI
+
N o N THF, it N cr,
H N
H
2a 9 (69%)

Scheme 5 Conversion into 2-CFz-indole by the reaction of 2a with
piperidine.

functionalised 2-CFz-indoles, an indole derivative was syn-
thesised using isolated compound 2a and a nucleophile
(Scheme 5). When piperidine, an N-nucleophile, was used, the
desired indole derivative 9 was obtained in good yield.

Conclusions

We developed the SmI,-mediated reductive cyclisation reaction
using trifluoroacetamide groups as radical precursors and
alkynes as radical acceptors to synthesize 2-trifluoromethyl-
indoline derivatives. This reaction is the first example of using
an acyclic amide group, which is considered difficult to react
with Sml,, in a reductive cyclisation reaction. This reaction
provides a finding that significantly contributes to the develop-
ment of reductive reactions using SmlI, with amide groups.
Furthermore, we demonstrated the conversion into 2-CF;-
indoles by the reaction of 2a having a hemiaminal structure
with piperidine. Therefore, the 2-CF;-indoline product
obtained from the present reaction would be useful as a build-
ing block for synthesising a variety of indole derivatives.
Further studies including reactions using other amide groups
as radical precursors and the derivatisation of the products,
indolines with exo-olefin and hemiaminal structures, are
ongoing in our laboratory.
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