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Indium-promoted butenolide synthesis through
consecutive C—-C and C-0O bond formations in
aqueous tetrahydrofuran enabled by radicals¥
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An indium-promoted lactonization of (indol-3-yl)-2-oxoacetaldehydes, which allows the synthesis of
substituted y-methylenebutenolides in an aqueous environment, has been accomplished. This process is
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in clear contrast with the established metal-mediated reactivity of unsaturated organic halides and carbo-
nyls. The use of an aqueous medium and the facile purification profile make our protocol a convenient
and sustainable synthetic strategy. A plausible reaction pathway has been proposed with the help of
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Introduction

Multi-step protocols and large volumes of organic solvents are
normally required in organic synthesis. Achieving sustainable
chemical strategies is highly desirable for meeting green chem-
istry principles.” In this context, the utilization of abundant
and environmentally friendly water is a cheaper and greener
alternative to the use of petroleum-derived solvents.> Indium
is an air- and moisture-stable non-toxic metal which has
gained recent importance for the formation of carbon-carbon
bonds.>* The indium-mediated reaction between carbonyls
and allyl or propargyl bromides resulted in the formation of
allylic (Scheme 1a)° or allenic/propargylic alcohols (Scheme 1b),°
respectively. On the other hand, butenolide-based structures
have received considerable interest. y-Methylenebutenolides
are a relevant subclass because of their interesting biological
activity” and versatility as synthetic intermediates.® However,
despite remarkable examples such as a palladium-catalyzed
cyclocarbonylation of aryl halides with acetylenes
(Scheme 1¢)°? and a gold-catalyzed synthesis starting from pro-
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density functional theory calculations.

pargyl diazoacetates (Scheme 1d),” the preparation of buteno-
lides bearing the exo-methylene moiety is less explored.’
Despite the merits of previous protocols, all of them used tran-
sition metals and pollutant organic solvents, and required
heating. Herein, we reveal how by just using arylglyoxals'® we
can deflect the conventional indium-mediated reactivity of
organic halides and carbonyls, enabling a simple and green
access to y-methylenebutenolides (Scheme 1e).

Results and discussion
v-Methylenebutenolide forming reaction

In the course of a project directed to study the chemistry of
unsaturated systems, an unexpected result attracted our atten-
tion. An indium-mediated reaction between 2-(1H-indol-3-yl)-2-
oxoacetaldehyde 1a and 1-bromobut-2-yne 2a in H,O/THF
(1:1) afforded y-methylenebutenolide 3aa bearing the cyclic
butenolide nucleus in 53% yield instead of the expected allene
product (Scheme 2)."* This molecular transformation should
include a rearrangement of the carbon chain. The reaction did
not take place in pure organic solvents such as acetonitrile or
DMF and proceeded poorly in aqueous ethanol. The reaction
in pure water did not proceed due to the insolubility in the
reaction medium of the starting glyoxal, which was recovered
unaltered. Here we found that the best-suited solvent, namely,
NH,CI (aq satd)/THF (5 :1), brought about an improved yield
of 3aa (62%). In agreement with previous reports, the ionic
strength enhancement in the reaction solvent provided by the
presence of ammonium chloride may improve the yield and
speed up the conversion rate.'® Control experiments confirmed
that the indium metal was critical for this reaction, because
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Previous work: Established metal-mediated reactivity of unsaturated
organic halides and carbonyls
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Previous work: Synthesis of y-methylenebutenolides (transition metals,
organic solvents, heating)
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Scheme 1 State-of-the-art and current work.

0 Br Oy-o
%H |ﬁ | solvent, rt ] =
+ + n E—— Me
NT© N
H Me H
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2a (1.5 equiv) (3.0 equiv) MeCN 3aa (0%)
2a (1.5 equiv) (3.0 equiv) DMF 3aa (0%)
2a(1.5equiv) (3.0equiv) HO/EtOH (1) 3aa (9%)
2a (1.5equiv) (3.0equiv) NH4Cl(aq satd)THF (5:1)  3aa (62%),
2a (1.0 equiv) (2.0 equiv) NH4CI (aq satd)/THF (5:1) 3aa (49%)
2a (3.0 equiv) (6.0 equiv) NH4CI (aq satd)/THF (5:1) 3aa (64%)
Scheme 2 Impact of the reaction solvent on the formation of

y-methylenebutenolide 3aa.

the use of Sn, Fe, or Zn instead of In resulted in no formation
of 3aa (vide infra). The yield decreased to 49% on using a 1a/
2a/In ratio of 1:1.0:2.0 and it was slightly improved to 64%
on using an excess of indium. Thus, we resolved to use a three-
fold excess of the indium metal for the next study on the sub-
strate scope.

With the optimized conditions in hand, the scope of
this rearrangement/heterocyclization reaction sequence was
initially investigated through the incorporation of substituents
in the indole nucleus. Several functional groups including
both electron-withdrawing (Br and F) and electron-donating
(Me and MeO) substituents were well-accommodated to deliver
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Scheme 3 Controlled synthesis of y-methylenebutenolides 3ba—ea.

the required oxacycle 3. As shown in Scheme 3, the reactions
of 2-oxoacetaldehydes 1b-e with 1-bromobut-2-yne 2a
resulted in the clean formation of methyl-substituted
y-methylenebutenolides 3ba-ea in reasonable yields. When
N-methyl indole 1e-Me was used to further expand the
migration of the indole nucleus under these indium-mediated
conditions, the formation of the corresponding butenolide
3ea-Me was observed. However, the heterocyclic product 3ea-
Me was less crystalline than its NH-counterpart 3ea, making
the purification by crystallization difficult and giving rise to
poor-quality NMR spectra after recrystallization. The prepa-
ration of the N-methoxycarbonyl analogue was not feasible
because a messy reaction was observed. The structure of com-
pound 3da was confirmed from single-crystal X-ray diffraction
study, proving that the y-methylenebutenolide structure was
newly generated during the reaction.”® The indium-mediated
reaction of 2-furylglyoxal with 1-bromobut-2-yne 2a resulted in
a complicated mixture, which pointed to the use of the NH-
indole nucleus as the heteroarene of choice.

Next, variations of propargyl bromides as the coupling
partner were also investigated. (3-Bromoprop-1-yn-1-yl)benzene
2b and its derivatives 2c-e bearing electron-rich or electron-
poor aryl rings such as methoxyphenyl and bromophenyl
groups were totally compatible with the above protocol.
As illustrated in Scheme 4, the oxacycle formation demon-
strated to be general and y-methylenebutenolides 3ab-ed were
smoothly delivered. Gratifyingly, the 2-bromophenyl group per-
formed well and the corresponding butenolides 3ae and 3be,
which have a sterically more congested 1,2-diaryl structure,
were formed in slightly better yields.

It is noteworthy that 2-(2-methyl-1H-indol-3-yl)-2-oxoacetal-
dehydes 1f-h, where the C2 position of the indole moiety is
substituted, still served as effective reaction substrates to yield
butenolides 3fa-ha conveniently (Scheme 5).

From the above results (Schemes 3-5), it may be inferred
that this butenolide formation reaction which may run over-
night is general for alkyl- and aryl-substituted alkynes.
Moreover, the successful formation of the products bearing a
bromine atom on the indole or benzene nuclei may provide
opportunities for further functionalization. The mild reaction
conditions allowed the nitrogen atom of the indole moiety to

This journal is © the Partner Organisations 2023
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Scheme 4 Controlled synthesis of y-methylenebutenolides 3ab—be.
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Scheme 5 Controlled synthesis of y-methylenebutenolides 3fa—ha.

be not protected. Besides, water dilution followed by filtration
allowed the isolation of the y-methylenebutenolide products,
which could be conveniently purified by crystallization,
making our protocol a more appealing and sustainable syn-
thetic strategy.*

To gain some insight into the mechanism of this transform-
ation, some control studies were conducted. The reaction of
glyoxal 1a with 1-bromobut-2-yne 2a was carried out under
otherwise optimal conditions, but under an argon atmosphere.
In the reaction, the resulting y-methylenebutenolide 3aa was
obtained in a poor yield of 21%, suggesting the involvement
of molecular oxygen from air in this transformation.
Either omitting the indium(0) or replacing it by a different
metal source (Sn, Zn, and Fe) caused total suppression of
y-methylenebutenolide formation, highlighting the key role of
indium in this cascade sequence. The reaction of labelled 2-
(1H-indol-3-yl)-2-oxoacetaldehyde-d [D]-1a, which was prepared
using tributyltin deuteride (D source) instead of tributyltin
hydride, with 1-bromobut-2-yne 2a furnished non-deuterated
butenolide 3aa which may support the release of the deuter-
ium atom as HDO without reintegration in the target product.
Importantly, by adding 3 equiv. of TEMPO (2,2,6,6-tetramethyl-
piperidine 1-oxyl) to the reaction mixture, complete inhibition
of butenolide generation was observed (Scheme S1, please see

This journal is © the Partner Organisations 2023
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the ESIT). This fact supports that the reaction pathway should
include radical-mediated processes. In order to detect any
trapped TEMPO radical derivatives, the indium-mediated reac-
tion of 2-oxoacetaldehyde 1a with 1-bromobut-2-yne 2a in the
presence of TEMPO was analysed by HRMS, but the obtained
information was inconclusive.

Theoretical studies for the reaction pathway

The present molecular transformation should include the
rearrangement of the carbon chain in the allenic intermediate
I (Scheme 6), which is generated by the reaction of the glyoxal
substrate with propargylic indium(ur) dibromide.'>*> However,
the following reaction paths for this reaction are not easily
explained. To obtain a reliable understanding of the reaction
path, we conducted DFT calculations for the reaction of 1d
with 2a at the PCM(H,0)-UMO06-2X/6-31+G(d,p) level of theory.
Here, we started the theoretical analysis from radical intermedi-
ate II (INT-1 in Scheme 6), which may be generated by a dispro-
portionation reaction between I and indium(0) remaining in the
reaction system through a single electron transfer (SET).
Isomerization of the oxygen-centred radical to the carbon-
centred radical through a formal 1,2-H shift is well documen-
ted and a recent theoretical study has revealed that water accel-
erates this process through a cyclic transition state involving
two water molecules.'® As shown in Fig. 1, in our case from
radical INT-1 with two water molecules (INT-1-2H,0), the
cyclic transition state TS-1-2H,O with an activation barrier

o InBry Ar R | 0O R
n
Ar)HfH ) O\M\ — A’M\ +2InBr

L0 (@]

(0] _In S

R Br |
Br 1 1}
Scheme 6 Rationalization for the formation of

y-methylenebutenolides 3.

MeQ
> Me
N Q( H TS-1
H V)
INT-1-2H,0 INT-22H,0

(AG = 0 kcal mol") (AG =-25.7 kecal mol'™")

128 3

TS-12H,0
(AAG = +7.3 kecal mol™)

TS-1
(AAG = +23.9 kcal mol™")

Fig.1 DFT computation of the radical H shift step. In the chemical
formula, water molecules have been omitted for clarity. Interatomic dis-
tances are shown in pm.

Org. Chem. Front, 2023,10,1773-1779 | 1775


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qo00133d

Open Access Article. Published on 27 February 2023. Downloaded on 11/15/2025 5:06:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

(@)

View Article Online

Organic Chemistry Frontiers

(c)

INT-8

MeO MeO |
i - -3-H
o HO OH HO OH D+ 75-3-H,0
3 -e ! = +8.0
| - Ve e Me | / +l 0‘\ INT-5-H,0
o Ox. o) ' ; ¥8.0%
N H N “H ! / L —+25
H E’atc =-0.10V H [ E— TS-4-H,0
INT-3-H;0* INT-4-H,0 ; INT-4-H,0 / e
(b) i ,,"+11.5“n‘ S5 oo

P NT72H0 ]
; 13,1 el — 134 |

INT-4H,O —> i INT-6'H;0 i+14 7"

7s-3 ' AT
L 20 [ -2H0 =7} i
5 236 —'
i INT-7
=30 [~
3da : 4

T i
E —44.0 '

INT-8 INT-7

Fig. 2
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AAG of only +7.3 kcal mol™ was found. In contrast, a much
higher activation energy (+23.9 kcal mol™) is required for the
1,2-H shift of the isolated radical species (TS-1). This result
well agrees with our experimental observation that the use
of an aqueous medium is essential for obtaining the
y-methylenebutenolide products.

As the following 1,2-Ar migration step, we considered three
possibilities: two radical paths from INT-2 bearing a ketone
moiety and INT-3 bearing a hydrate moiety, which may be gen-
erated through acid-catalysed hydration of the thermo-
dynamically stabilised capto-dative radical INT-2 (AAG =
2.1 keal mol™), and one cation-mediated path from cationic
hydrate INT-4 (Fig. 2a). Among these, both radical mecha-
nisms have been ruled out due to the requirement of too high
activation energies (please see the ESI{). On the other hand,
we successfully found an energetically acceptable path via the
cationic intermediate INT-4-H,O (Fig. 2b and c). That is, the
1,2-Ar migration with a low activation barrier (AAG = +8.0 kcal
mol™") followed by proton-mediated dehydrative lactonization
provides the desired y-methylenebutenolide product 3da.
Here, considering the calculated standard redox potential E_ .
between INT-3-H,O and INT-4-H,O (—0.10 V, also see the ESIT),
it is most likely that molecular oxygen in the air atmosphere
serves as an oxidant for the radical intermediate INT-3.
Protonated carboxylic acid INT-5-H,O easily isomerizes to
more stable oxonium species INT-6-H,0, which can undergo
an exergonic dehydrative lactonisation reaction.'”

Conclusions

To sum up, the indium-mediated reaction between (indol-3-yl)-
2-oxoacetaldehydes and 1-bromoprop-2-ynes in an aqueous

1776 | Org. Chem. Front, 2023,10,1773-1779

(a) Considered precursors for the 1,2-Ar migration step. (b) Reaction path from INT-4. (c) Free energy profile for the steps from INT-4 to

environment resulted in an unexpected formation of
y-methylenebutenolides, which diverts from the conventional
metal-mediated reactivity of organic halides and carbonyls.
The products are isolated as solids by filtration and purified by
simple recrystallization. The current protocol tolerates struc-
tural diversity in indole and alkyne moieties and greatly
improves the synthetic efficiency of previous methods. DFT cal-
culations provide further support to the involvement of rad-
icals in this chemo- and regio-selective addition/rearrange-

ment process.
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