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PIDA-promoted metal-free [3 + 2] heteroannulation
of p-ketothioamides with 4-hydroxy coumarins:
chemo-/regioselective access to furo[3,2-c]

chromen-4-ones at room temperaturef
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Herein, we report a viable protocol to access furo[3,2-clchromen-4-ones by engaging easily accessible

4-hydroxy coumarins as a three-atom CCO unit and thioamides as a C2 coupling partner, mediated by

phenyliodine(in) diacetate (PIDA) at room temperature in a highly efficient and pot-/step-economical

manner. This strategy not only avoids potential toxicity and tiresome workup conditions, but also features
operational simplicity, a broad substrate scope, good functional group tolerance, high yields, easy scal-
ability and exclusive selectivity. A mechanistic study has shown that this metal-free reaction is triggered by
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Introduction

Synthesis of fused heterocyclic motifs has always been an
important task in organic synthesis, owing to their diverse
range of properties, such as aromaticity, rigidity and electron
delocalization, which make them ideal candidates for the
development of therapeutic agents. Coumarins and their fused
analogues represent a class of important heterocycles that
have made outstanding contributions in the prevention and
treatment of disease." Three-substituted coumarins and their
derivatives have attracted a certain amount of attention due to
their wide scope of pharmacological properties.”> Owing to
their remarkable biological significance, the search for new
bioactive coumarins is still of immense interest to scientists to
reveal their medical applications. Hence, several approaches
for functionalization of coumarins to achieve novel analogues
with new biological properties have been described.’*
Coumarin motifs are frequently found in many natural pro-
ducts and biologically active intermediates.” In the scientific
community, there is a growing interest in coumarin motifs due
to their anti-HIV, antioxidant, antifungal, antihelminthic and
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PIDA via activation of the f-carbon of 4-hydroxy coumarin, followed by a nucleophilic addition/intra-
molecular cyclization/dethiohydration cascade. High-resolution mass spectra (HRMS) study confirms the
key intermediates involved during the course of the reaction, elucidating the reaction pathways, and
demonstrates the excellent regio- and chemoselectivity of this approach.

antibacterial properties.® Moreover, they are commonly used
in the food and cosmetic industries as additives and are also
found to act as insecticides, optical brighteners and as fluo-
rescent and laser dyes.”

A remarkable growth in hypervalent iodine-mediated trans-
formation, as stoichiometric reagents as well as catalysts, has
been well documented due to their excellent properties, such
as mildness, ease of handling, good selectivity, environmental
friendliness and high stability in the presence of atmospheric
oxygen and moisture.® The peculiar reactivity of hypervalent
iodine reagents arises from the 3-center-4-electron bond (3c-
4e), or hypervalent bond, which is longer, more polarized and
weaker than a standard covalent bond, leading to higher elec-
trophilic reactivity.’ In recent years, efforts have focused on
cyclic hypervalent iodine reagents due to their higher stabi-
lity."® Moreover, confinement of the oxygen lone pairs out of
the 3c-4e plane disfavours reductive elimination between the
axial ligands."* Over the past few years, hypervalent iodine
reagents have emerged as efficient organocatalysts for oxidative
transformation of a wide range of organic substrates."”

The development of new synthetic approaches to furo-fused
chromen-4-ones is an important research area of organic syn-
thesis. Various methods have been developed for the synthesis
of furo[3,2-clcoumarin motifs, employing coupling and cycliza-
tion reactions involving suitable precursors.'*> Mosslemin
et al'*® reported a one-pot three-component reaction of
4-hydroxy coumarin with aldehydes and isocyanides

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Previous reports and this work.

(Scheme 1a). Phan and co-workers'*” coupled 4-hydroxy cou-
marin with ketones in the presence of iodine to synthesize
furo-fused coumarins (Scheme 1b). Vagh et al.**¢ reported an
acyl transfer reaction of suitable starting material in the pres-
ence of acyl halides and base to construct furo-fused coumarin
motifs (Scheme 1c). Although these reported methods are
useful tools to access furo[3,2-clcoumarins, most of them
suffer from significant limitations, such as the use of specific
substrates and harsh conditions. Hence, it is highly desirable
to explore a sustainable and efficient general strategy to con-
struct furo[3,2-c]coumarins, especially those containing amino
and aroyl groups, which can be further functionalized. Our
careful literature survey revealed that 4-hydroxycoumarin and
B-ketothioamide have not been explored as coupling partners
for the synthesis of furo[3,2-c]coumarins. Recently, we devised
a cascade metal-/catalyst-free strategy to construct furo-fused
quinoxalines from p-ketothioamide and quinoxalin-2-ones at
room temperature."® To this end, our continuing efforts to syn-
thesize diverse heterocycles'® prompted us to develop more
innovative and sustainable methods for newer analogues.
Herein, we report a convenient metal-free one-pot strategy to
synthesize furo[3,2-cJcoumarins employing 4-hydroxy cou-
marin and B-ketothioamide at room temperature (Scheme 1d).

Results and discussion

The efficient and selective synthesis of fused heterocyclic
systems via cascade reactions remains an important pursuit in
synthetic organic chemistry. Synthons containing both electro-
philic and nucleophilic sites (ambiphilic synthons) have great
potential in developing new reaction pathways. One such
synthon are f-ketothioamides (KTAs), which have proven to be
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a versatile class of strategic precursors due to their intrinsic
synthetic tunability with fitting partners in a chemo- and regio-
selective manner, for the construction of various hetero-
cycles.'” Due to our constant efforts to develop new protocols
towards heterocyclic frameworks utilizing KTA as a synthon,'®
we envisioned further expanding their synthetic repertoire by
reacting them with 4-hydroxy coumarin as a coupling partner.
Herein, we report the synthesis of furo[3,2-cJcoumarins from
4-hydroxy coumarins and f-ketothioamides via an inter-
molecular cross-coupling and intramolecular cyclization strat-
egy mediated by the eco-friendly hypervalent iodine reagent
phenyliodine(m) diacetate (PIDA), at room temperature under
open air, in a highly efficient, rapid and pot-/step-economical
manner (Scheme 1d). The reactions were completed within
10 minutes and the pure products were isolated in good yield.
4-Hydroxycoumarin (1a) and p-ketothioamide (2a) were
selected as test substrates to optimize the reaction conditions.
Initially, the reaction of 1a (0.30 mmol) and 2a (0.25 mmol) in
2 mL of toluene at room temperature in an open atmosphere
was carried out without any reagent. The reaction did not
proceed at all, and the starting materials remained completely
unreacted, even after 24 h (Table 1, entry 1). In an effort to
trigger the reaction, this test reaction was performed in the
presence of iodine, which enabled the formation of product in
a trace amount after 1 h (Table 1, entry 2). The above result
encouraged us to continue our investigations to obtain
efficient condition for the formation of product in good yield.
Next, we used phenyliodine(m) diacetate (0.2 equiv.) instead
of iodine, and the product was obtained in 10% isolated yield

Table 1 Optimization of reaction conditions?

o] S
A M reagent
* Ph NHPh
o e} solvent, rt
2a
1a PhHN COPh

3a

Entry Reagent (equiv.) Solvent (mL) Time ield® (%)
1 None Toluene 24h NR

2 I, (1.5) Toluene 60 min Trace
3 PIDA (0.2) Toluene 30 min 10

4 PIDA (1.0) Toluene 30 min 43

5 PIDA (1.5) Toluene 10 min 64

6 PIDA (2.0) Toluene 10 min 64

7 PIDA (1.5) Benzene 10 min 58

8 PIDA (1.5) ccl, 10 min 50

9 PIDA (1.5) CHCI, 10 min 45
10 PIDA (1.5) DCM 10 min 30

11 PIDA (1.5) DMF 10 min 40
12 PIDA (1.5) DCE 10 min 52

13 PIFA (1.5) Toluene 10 min 60
14 NIS (1.5) Toluene 10 min NR
15 ZnCl, (1.5) Toluene 10 min NR
16 Yb(OTf); (0.5) Toluene 10 min NR

“Reaction conditions: 1a (03 mmol), 2a (0.25 mmol), and solvent
(2.0 mL), room temperature in an open atmosphere. ?Isolated yield.
PIDA = phenyliodine(ur) diacetate; PIFA = phenyliodine(m) bis(trifluor-
oacetate); NIS = N-iodosuccinimide.
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after 30 min (Table 1, entry 3). With PIDA as a good promoter
in hand, next we planned to optimize its loading, and it was
found that the use of 1.5 equiv. of PIDA provided the best
results (Table 1, entries 4-6). In order to achieve better
efficiency, the model reaction was also assessed by varying
reaction medium. Thus, the test reaction was performed in
several non-polar and polar aprotic solvents, such as benzene,
tetrachloromethane chloroform, dichloromethane, dimethyl-
formamide and dichloroethane, but none of them provided
better results than toluene (Table 1, entries 7-12). After opti-
mizing toluene as the choice of solvent, we screened other pro-
moters, such as PIFA (bis(trifluoroacetoxy)iodobenzene), NIS
(N-iodosuccinimide), ZnCl, and Yb(OTf); (Table 1, entries
13-16). Of these only PIFA triggered the reaction, providing the
product in good yield (Table 1, entry 13). Thus, the best yield,
cleanest reaction and most facile workup were achieved
employing 1a (0.30 mmol), 2a (0.25 mmol) and PIDA (1.5
equiv.) in 2.0 mL of toluene at room temperature in an open
atmosphere (Table 1, entry 5).

With the optimized conditions to hand, to delineate this
approach, the scope and generality of this protocol was next
examined by employing a broad range of p-ketothioamides
and substituted 4-hydroxy coumarins. Notably, a wide range of
p-ketothioamides bearing an R' moiety as phenyl and aryl
groups substituted with both electron-donating (Me, Et, OMe,
methylenedioxy) as well as electron-withdrawing (F, Cl, Br,
CF;) substituents, irrespective of their ortho-, meta- and para-
positions and substitution pattern, were well tolerated,
affording the products in moderate to good yield (Table 2,
3a-3l). It was noteworthy that the strong electron-withdrawing
groups, such as trifluoromethyl and 3,4,5-trifluorobenzene,
were also tolerated well and gave the desired products in good
yield (Table 2, 3m-3o0). After successful coupling of thioamides
bearing the R' moiety as diverse aryl groups, the R' moiety as
heteroaromatics, such as pyridyl and thienyl, were also toler-
ated well, furnishing the product in 50% and 65% yield,
respectively (Table 2, 3p, 3q).

Notably, thioamides bearing not only aromatic and hetero-
aromatic groups at the R* moiety, but also extended aromatics,
such as naphthyl and biphenyl, were also found to be compati-
ble, affording the products in good yields (Table 2, 3r, 3s). In
order to gain further insight into this transformation and to
show the versatility of this protocol, thioamides containing an
R' moiety as aliphatic substituents, such as cyclopropyl and
iso-butyl, were also used and found to be tolerated well, giving
the desired products in good yield (Table 2, 3t, 3u).

To expand the range of substrates for this reaction, the
applicability of thioamides bearing different substituents at
the R” moiety was also investigated under standard conditions.
The reaction proceeded well, with thioamides bearing the R*
moiety as 4-methylphenyl and 3-bromophenyl furnishing the
desired products in good yield (Table 2, 3v, 3w). This protocol
has also been found to be compatible with random variation
in the moieties R' and R?, resulting in the corresponding pro-
ducts in high yields (Table 2, 3x-3z). Next, we turned our atten-
tion to evaluating the scope of substituted coumarins.
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Table 2 Scope of furo[3,2-clcoumarins 3
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Reaction conditions: 1a (0.3 mmol), 2a (0.25 mmol), PIDA (1.5 equiv.)
and solvent (2.0 mL), room temperature in an open atmosphere.

7-Methyl and 6-choloro-coumarins also displayed good reactiv-
ity for this transformation, furnishing the corresponding pro-
ducts (Table 2, 3za-3zd) in 62-74% yields.

Furthermore, to check the practical efficacy of this protocol,
we performed a large-scale reaction employing 4-hydroxy cou-
marin 1a (9.6 mmol, 1.55 g) and p-ketothioamide 2a (8 mmol,
2.04 g) in the presence of PIDA (12 mmol, 3.86 g) under opti-

This journal is © The Royal Society of Chemistry 2024
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mized reaction conditions (Scheme 2). The desired product 3a
was obtained in 61% yield (1.86 g), which was found to be
comparable to the small-scale reaction. This observation indi-
cated that this method could be easily implemented for large-
scale preparation of furo[3,2-c] coumarins.

The structures of all the newly synthesized furo[3,2-c]cou-
marins 3 were fully characterized by their satisfactory spectral
(*H, ®Cc{'H} NMR and HRMS) studies. The mass spectra of
these compounds displayed molecular ion peaks at the appro-
priate m/z values. Further structures of two representative com-
pounds 3a and 3d were unambiguously established by single-
crystal X-ray diffraction analysis (Table 2; see ESI for more
details, Fig. S1 and S27).

To devise a probable mechanism, we also carried out some
control experiments using a simple coumarin moiety (1') with
B-ketothioamide (2a) under the standard reaction conditions
(Scheme 3, eqn (1)). The reaction did not proceed at all and
the starting materials remained unconsumed, indicating that
the hydroxy group is necessary for the transformation to occur.
Next, we performed the reaction of 1a with 2a in the presence
of the radical scavenger BHT (butylated hydroxytoluene)
(3.0 equiv.) to understand the reaction pathway. Workup of the
reaction provided the desired product 3a exclusively,
suggesting that the reaction does not involve the radical
pathway (Scheme 3, eqn (2)).

Taking into consideration all these reaction outcomes, a
plausible pathway for this PIDA-initiated cascade sequence
enabling the formation of compounds 3 is depicted in
Scheme 4. Initially, PIDA reacts with the 3-position of
4-hydroxy coumarin, increasing its electrophilicity to form
intermediate A, which subsequently undergoes nucleophilic

OH
PIDA
X o s (12 mmol, 3.86 g)
+ - >
o o) Ph NHPh  toluene, r.t
1a 2a PhHN COPh
3a

(9.6 mmol, 1.55 g) (8 mmol, 2.04 g)

(61%, 1.86 g)

Scheme 2 Gram-scale synthesis of 3a. Reaction conditions: 1a
(0.3 mmol), 2a (0.25 mmol), PIDA (12 mmol) and solvent (2.0 mL), room
temperature in an open atmosphere.

o s standard
X M _
©fl * ph NHPh  condition
(0] o 2a
"
OH
o S
N M 1. PIDA
* Ph NHPh  2.BHT
(o} [e} 2a toluene, r.t.
1a

0.3 mmol

No Reaction eq. 1

PhHN COPh

0.25 mmol (3a, 64%)

Scheme 3 Control experiment. Reaction conditions: 1a (0.3 mmol), 2a

(0.25 mmol), PIDA (1.5 equiv.), BHT (3 equiv.) and solvent (2.0 mL), room
temperature in an open atmosphere.
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Scheme 4 Plausible reaction mechanism.

attack by the a-carbon of thioamide to generate intermediate
B, eliminating PhI and AcOH. Intermediates A and B have
both been detected by HRMS analysis (see ESI for details,
Fig. S3 and S4f). Intermediate B probably undergoes intra-
molecular O- or S-cyclization via path I or path II, to give inter-
mediates C and D, respectively. Next, intermediate C suffers
dethiohydration to furnish the desired furo[3,2-cJcoumarin 3.
Generation of H,S as the only by-product makes this process
highly attractive'® (detected by the lead acetate test). The
alternative path II, for intermediate B, could also be possible,
enabling the formation of thiophene-fused coumarin 4 via
intermediate D, which was not observed, even in a trace,
during our observations, with only coumarin 3 being obtained
exclusively, suggesting O-cyclization through path I, and
making the protocol highly chemo- and regioselective.

Conclusions

In conclusion, we have successfully synthesized diverse furo
[3,2-c]coumarins in moderate to good yields featuring excellent
chemo- and regioselectivity under mild conditions. The
unique structure of the furo-fused coumarin ring not only
imparts unique chemical reactivity, but also the ability to
interact with various biological targets, which makes them
attractive candidates for the development of novel therapeutic
agents. Moreover, to the best of our knowledge, direct inter-
molecular cross-coupling employing f-ketothioamide to access
furo[3,2-c]coumarin has not been described so far. The simple
operating module at room temperature, metal-free conditions,
protecting group-free, easy workup and gram scalability not
only make this cascade strategy very promising for academic
research and medicinal applications but also broadens the
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application of p-ketothioamides. Furo[3,2-c] coumarins are
highly significant motifs in natural products and pharma-
ceutical applications. We anticipate that this approach will be
useful for providing a valuable source of new physiologically
active coumarin agents.

Experimental
General information

The commercially available solvents and reagents were used as
received without any further purification. The p-ketothioamides
(2) were synthesized by the reported procedure.”® Toluene was
purchased from Merck. PIDA and coumarins were purchased
from Sigma Aldrich. All the reactions were monitored by analyti-
cal thin layer chromatography (TLC) using Merck pre-coated alu-
minium sheets, and visualized by a UV lamp. Flash column
chromatography was performed on silica gel (230-400 mesh).
The 'H and "C{'"H} NMR spectra were recorded on a JEOL 500
FT-NMR spectrometer operating at 500 and 125 MHz, respect-
ively. Chemical shifts (5) for "H and "*C{'"H} NMR are given in
parts per million (ppm) using the residual solvent peaks as a
reference relative to tetramethylsilane (TMS). Coupling constant
(/) values are reported in hertz (Hz). High-resolution mass
spectra (HRMS, m/z) were recorded in EI or ESI mode, on a
Sciex X500R QTOF instrument. All the reactions were carried
out using a single-neck round-bottom (25 mL) borosilicate flask.
Melting points were determined with a Biichi B-540 melting
point apparatus and are uncorrected. IUPAC names were
obtained using the ChemDraw (version 19.1) software.

General procedure for the synthesis of compounds 3

4-Hydroxy coumarins 1 (0.3 mmol), p-ketothioamides 2
(0.25 mmol) and PIDA (1.5 equiv.) were added into a 25 mL
oven-dried, single-neck, round-bottom flask, followed by
addition of 2.0 mL of toluene. The reaction mixture was stirred
at room temperature for 10 min in an open atmosphere. After
completion of the reaction (monitored by TLC), the reaction
was quenched with water (10 mL), followed by extraction with
ethyl acetate (15 mL) and water (2 x 10 mL). The combined
organic layer was dried over anhydrous Na,SO, and the solvent
was evaporated under reduced pressure. The crude residue
thus obtained was purified by silica gel flash column chrom-
atography to give the pure products 3 (20:1 hexane/ethyl
acetate). The isolated product was dried under vacuum and
then the analytical studies were performed.
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