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Cu(n)-catalyzed aerobic oxidative coupling of
furans with indoles enables expeditious synthesis of
indolyl—furans with blue fluorescencef}

*ab

Shon Gangai,{? Rushil Fernandes,1§® Krishna Mhaske® and Rishikesh Narayan

With the purpose of incorporating sustainability in chemical processes, there has been a renewed focus on
utilizing earth-abundant metal catalysts to expand the repertoire of organic reactions and processes. In this
work, we have explored the atom-economic oxidative coupling between two important electron-rich
heterocycles — indoles and furans — using commonly available, inexpensive metal catalyst CuCl,-2H,O
(<0.25$ per g) to develop an expeditious synthesis of indolyl-furans. Moreover, the reaction proceeded
well in the presence of the so-called ‘ultimate oxidant’ — air, without the need for any external ligand or
additive. The reaction was found to be scalable and to work even under partially aqueous conditions.
This makes the methodology highly economical, practical, operationally simple and sustainable. In
addition, the methodology provides direct access to novel indole—furan—thiophene (IFT)-based
electron-rich mt-conjugated systems, which show green-yellow fluorescence with large Stokes shift and
high quantum yields. Mechanistic reveal that the

investigations reaction proceeds through

rsc.li/rsc-advances

Introduction

Furan represents a versatile class of electron-rich heterocycles
with natural origin." Furan derivatives are abundant in nature
as well as in active pharmaceutical ingredients such as raniti-
dine (antiulcer), lapatinib (anticancer), furosemide (diuretic) etc.
(>12 FDA approved drugs)." In addition, furan derivatives
display a versatile reactivity profile ranging from electrophilic
aromatic substitution to oxidative manipulation of the ring to
obtain a range of advanced intermediates such as a, p-unsatu-
rated esters, hydroxypyranones, and mono- and oligosaccha-
rides, even leading to the synthesis of polyoxygenated natural
products.” Over the past decades, the importance of furan has
attained a new dimension with its ever-increasing use in
materials science for a variety of vital applications such as
conducting polymers,* photovoltaics,” electroluminescent
materials, self-healing materials* etc.> Short oligomers con-
taining furan are being increasingly researched as possible
alternatives to more prevalent thiophene-based m-conjugated
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chemoselective oxidation of indole by the metal catalyst followed by the nucleophilic attack by furan.

compounds due to their favourable materials properties such as
solubility in organic solvents, ease of processibility, crystal
packing, chromism etc.* Hence, expanding the repertoire of
furan reactivity leading to the synthesis of novel furan deriva-
tives with potential applications in materials science is highly
desirable.

Indolyl-furanoid, a heterobiaryl scaffold consisting of furan
and indole is an important class of compound which shows
promising properties for electroluminescent and photovoltaic
materials®* besides an impressive bioactivity profile, e.g. as
inhibitors against the most-frequently mutated RAS-derived
cancers,” acute myeloid leukemia (AML), matrix metal-
loproteinase (MMP)*? etc. (Scheme 1a).® Despite the impor-
tance, their syntheses have mostly relied on traditional
approaches such as dehydration of furylcarbinols,** nucleo-
philic substitution,* cyclization,* Stille coupling® etc. which
suffer from multiple obvious disadvantages, most notably the
poor atom economy due to the prefunctionalization of the
substrates and the presence of redundant substituents in the
product.®

We sought to develop an oxidative coupling-based meth-
odology for the expeditious synthesis of indole-furan hetero-
biaryl motif involving direct oxidation of C-H bonds in both
furan and indole to form heterobiaryl C-C bond.” To our
surprise, there are only a limited number of oxidative coupling
of furans reported in literature, especially for the synthesis of
heterobiaryls.® Moreover, most of these methodologies require
Pd(u) or Rh(m) as catalysts with stoichiometric amount of
external oxidants including Cu(u) salts. You,** Glorius,* and
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(b) Representative examples of oxidative coupling of furans
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Scheme 1 (a) Representative examples of important indolyl—furan derivatives; (b) representative examples of oxidative coupling of furans with
other heterocycles for the synthesis of heterobiaryls; (c) our reaction design including the potential synthetic challenges; (d) comparison of
previous work and current work.
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Seayad®*® have reported limited examples of direct coupling of
furans with N-heterocycles (xanthine, benzimidazole), O/S
heterocycles (thiophene, benzofuran) and aryls respectively
under relatively harsh conditions involving ligands, additives,
high temp etc. (Scheme 1b). Wang has reported the Pd(u)-
catalyzed homocoupling of furans.” Mechanistically, most of
these reactions proceed through either base-assisted depro-
tonation from the a-carbon or electrophilic metalation at the
a-carbon of furan as the key steps. In our reaction design of the
oxidative coupling of furan with indole, we sought to chemo-
selectively oxidize indole to its radical cation through single
electron transfer (SET) and use the nucleophilicity of furan to
trap the electrophilic indole radical cation to generate the key
heterocoupling intermediate (Scheme 1c).” Notably, the two
most challenging aspects of the proposed design is: (a) to
ensure chemoselective oxidation of indole in the presence of
furan to prevent the formation of furan-furan and indole-
indole homocoupling products and (b) to prevent the over-
oxidation of indolyl-furan products which could also be
potential substrates for oxidation through SET. Based on the
reactivity demonstrated by Cu-based enzymes' such as lac-
case, multicopper oxidase etc., which undertake selective single
electron oxidation of electron-rich aromatic substrates in
biotransformations while reducing O, to H,O, we hypothe-
sized that similar catalytic combinations involving earth-
abundant metals'* such as Cu, Fe etc. as catalysts along with
mild oxidants such as air, oxygen etc. could provide the
favorable conditions required for the proposed chemoselective
oxidation of indole. As a proof-of-concept, we recently reported
our initial findings where Cu(r)/air combination was able to
catalyze the direct coupling of a limited set of ‘oxime-ether
activated’ furans with indoles (Scheme 1d).**> However, all
the cross-coupled products had oxime ether as a redundant
substituent which severely limited the scope of the reaction.

Herein, we report a CuCl,-2H,0O-catalyzed general oxidative
coupling of a variety of ‘unactivated’ furans with indoles in the
presence of air as terminal oxidant. Besides the use of earth-
abundant metal as catalyst and air as the green oxidant, the
reaction also displays aqueous compatibility, which are the key
tenets of sustainable catalysis. Interestingly, we also demon-
strate that indole displays divergent reactivity under these
conditions depending on their substitution patterns and
resultant electronic nature. Finally, a selection of indolyl-fur-
anoid derivatives were found to display blue to green-yellow
fluorescence with large Stokes shift generally.

Results and discussion
Optimization of the reaction

We started our investigation with 2,4-diphenylfuran 1a and 1,2-
dimethylindole 2a as the probe substrates under aerial condi-
tions using catalytic CuBr in MeOH which showed only minimal
reactivity and did not give any significant amount of the cross-
coupled product 3a (Table 1, entry 1). This observation
prompted us to use more active Cu(CH;CN),PF; as the catalyst
to induce reactivity. Indeed, the reactivity improved to give 3a in
a modest 24% yield with partial conversion (entry 2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Attempts to improve conversion using Cu(CH;3;CN),PF; in
other solvents such as CH;CN, DCE, CHClj;, toluene etc. either
under aerial condition or with external oxidants such as
oxone, H,0,, DTBP, TBHP efc. either didn't show any
improvement in reactivity or proved to be too harsh leading to
the oxidative decomposition of indole primarily (Table S1,
ESIt). Further exploration of catalysts indicated that CuCl,-
-2H,0 in MeOH upon mild heating at 60 °C was also able to
catalyze the reaction partially to give 22% yield (entry 3).
Changing the solvent to EtOH improved the conversion and
3a was obtained in encouraging 36% yield (entry 4). Inter-
estingly, reducing the temperature to ambient temperature
improved the yield to 47% (entry 5). Attempts to further
optimize the reaction using CuCl,-2H,0 in different solvents
like EtOAc, DMF, DMSO, benzonitrile proved futile and the
reaction didn't even initiate in these solvents (Table S1, ESIT).
However, nitromethane did show appreciable reactivity with
39% yield (entry 6). During these attempts it was observed that
the reaction showed good conversion during the initial phases
but slowed down significantly later. Hence, we attempted to
add the catalyst batch-wise (3 x 0.1 eq., every 14 h) which led
to significantly better 63% yield but still with incomplete
conversion (entry 7). We also attempted to use mild external
oxidants such as H,0,, oxone etc. to maintain the catalytic
nature of the reaction (entries 8 and 9). However, they gave
reduced yields of the product on account of multiple side
reactions which reinforced the reactive nature of the
substrates and hence, the unavoidable need for mild chemo-
selective oxidative conditions. At this point we presumed that
increasing the air pressure over the reaction might increase
the concentration of available oxygen which, in turn, might
result into improved conversion. Hence, when the reaction
was performed using 30 mol% catalyst in EtOH under
compressed air conditions, it showed complete conversion in
36 h with 71% yield (entry 10). It was observed that the non-
polar furan 1a was not completely soluble in EtOH and
hence, when a mixture of EEOH/CH,;CN (10 : 1 ratio) was used,
the reaction worked even better to give 3a in an excellent 81%
yield (entry 11). Increasing the amount of CH;CN led to slower
reaction and decreased yield (entry 12). Reducing the catalyst
loading to 20 mol% decreased the yield to 60% (entry 13).
Similarly, when 1.2 equiv. of indole was used instead of 2
equiv., 3a was obtained in only 61% yield (entry 14). CuCl was
also found to be an effective catalyst with 78% yield but
exhibited extremely slow reactivity (entry 15). In comparison
to CuCl,-2H,0, anhyd. CuCl, showed significantly dimin-
ished activity to give 3a in a suboptimal yield of 54% (entry
16). FeCl;-6H,0 also proved to be a suboptimal catalyst with
only 55% yield (entry 17). We also checked the aqueous
compatibility of the reaction by performing the reaction in the
presence of H,O (20% v/v) (entry 18). To our delight, the
reaction showed remarkable aqueous compatibility and 3a
could be isolated in 72% yield. Hence, considering the rate as
well as efficiency of the reaction we decided to use CucCl,-
-2H,0 (30 mol%) in EtOH/CH;CN mixture under compressed
air conditions as the optimal reaction condition for the
oxidative coupling of the furans with indoles. Notably, under
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Table 1 Optimization of CDC of 2,4-diphenylfuran 1a with 1,2-dimethylindole 2a“

Possible Homocoupling products
8atdx r:(nol%) e PR o \ P
xidan
Ph m solvent, temp. Y- ‘ 7 Q Ph N\ s |
BN Y
o~ ~Ph N : y N
N ‘ Ph 00—
1a 2a 3a f 1a' eh N\ 2a'
: Not observed
Entry Catalyst (x mol%) Solvent Oxidant Yield” (%)
1 CuBr 20 MeOH Air <5
2 Cu(CH;CN),PFg 20 MeOH Air 24
3¢ CuCl,-2H,0 30 MeOH Air 22
4° CuCl,-2H,0 30 EtOH Air 36
5 CuCl,-2H,0 30 EtOH Air 47
6 CucCl,-2H,0 30 MeNO, Air 39
7 CuCl,-2H,0 10 x 3 EtOH Air 63
8¢ CuCl,-2H,0 20 EtOH H,0, 38
9° CuCl,-2H,0 20 EtOH Oxone 30
10 CuCl,-2H,0 30 EtOH CA 71
11 CuCl,-2H,0 30 EtOH/MeCN (10: 1) CA 81
12 CuCl,-2H,0 30 EtOH/MeCN (5:1) CA 61
13 CuCl,-2H,0 20 EtOH/MeCN (10: 1) CA 60
14" CuCl,-2H,0 30 EtOH/MeCN (10: 1) CA 61
15 CucCl 20 EtOH CA 78
16 Anhyd. CuCl, 30 EtOH/MeCN (10: 1) CA 54
17 FeCl;-6H,0 20 Toluene 0, 558
18 CuCl,-2H,0 30 EtOH/MeCN/H,0 (10:1:2) CA 72

¢ Conditions: furan (1 equiv.), indole (2 equiv.), catalyst, rt or temperature as mentioned, solvent (as mentioned).
a4 equiv. of H,O, was used

column chromatography. ¢ Reaction was carried out at 60 °C.

Yields were determined after
2 equiv. of oxone was used. / 1.2 equiv. of indole

was used. ¢ The reaction required 5 equiv. of indole for completion (CA: compressed air balloon; O,: oxygen balloon).

these conditions, neither of the homocoupling products (1a’
or 2a’) was formed in any significant amount which indicates
towards the chemoselective nature of the reaction (Table 1).

Scope of the reaction

With the optimized reaction conditions, the scope of the reac-
tion was undertaken with variations on the furans at first
(Schemes 2). A variety of aryl, heteroaryl as well as polyaromatic
substitutions on 5-(R") and 3"-positions (R*) of the furan were
well tolerated. Mildly activating groups on the 5™-phenyl ring
(RY) such as Me-, F-, Cl-, Br- either aided or maintained the
reactivity as compared to phenyl. Compound 3b was obtained in
91% yield whereas halide substituted products 3d-3f were ob-
tained in good yields (74-78%) similar to that of 3a. However,
relatively stronger electron-donating substituents 2,4-dimethyl
gave a significantly decreased yield of 53% in 3¢ due to the side
reactions of furan. On the other hand, strongly electron-
withdrawing 2,4-dichloro substituents on phenyl led to inhibi-
ted reaction and required heating to furnish the product 3g in
a modest 34% yield (54% brsm). Interestingly, the mildness of
the reaction conditions allowed the use of 2,2"-thiophene furan
as the substrate, wherein the reaction took place through the 5'-
position of the furan to selectively give 3h in impressive 70%
yield. We also scaled up this reaction at 2.21 mmol (0.5 g) scale

1242 | RSC Adv, 2024, 14, 1239-1249

to obtain 3h in a good 62% yield which indicates towards the
scalability of the reaction. Similarly, the 2,2-bisfuran substrate
also showed appreciable reactivity to give the corresponding
product 3i in a modest 28% yield along with the formation of
multiple other by-products. Both 3h and 3i contain a conjugated
system of three electron-rich heterocycles with the terminal
heterocycle containing two unsubstituted positions which
could be potentially valuable structural motifs for material
science applications.

After exploring the reactivity at 5™-position, we turned our
attention to 3’-position (R?). Furan substrates with Me-, F- and
Cl- substituents on the para position of the 3"-phenyl ring gave
the corresponding products 3j-1 in 90%, 71% and 78% respec-
tively. However, strongly electron-donating methoxy reacted
faster but gave reduced yield of the product 3m (64%),
presumably due to partial oxidative degradation of the product
in situ. m-Br substituted phenyl gave the product 3n in 59%
isolated yield. Since, this oxidative coupling allows synthesis of
highly conjugated electron-rich heteropolyaryl motifs, we
decided to check if even more conjugated furans with substi-
tutions like a- and B-naphthyl are also viable substrates for this
reaction. Towards that, we attempted the suitably substituted
furans and found that they reacted with good efficiency to give
the corresponding B- and a-naphthyl substituted indolyl-fur-
anoids 30 and 3p in good yields of 55% and 61% respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of the reaction under CuCly-2H,O conditions;
abrsm yield; °FeCls-6H,0 (1 eq.) as catalyst; “1-2 eq. of CuCl,-2H,0 at
60 °C; ‘% eq. of CuCl,-2H,O under ambient conditions (CA:
compressed air).

3ac, 38%

Z

3ad, 45%

Then, we challenged the reaction with very bulky furan
substrate carrying two a-naphthyl groups which also reacted
with an acceptable yield of 26% to form 3q despite severe steric
crowding on the furan ring. Naturally relevant annulated furan
also reacted well to give the corresponding product 3r in a good
74% yield. 3™-acyl substituted furan due to its deactivated nature
showed diminished reactivity under optimal conditions but
reacted under stoichiometric FeCl; conditions to give the
product 3s in 24% yield. Simple substrates such as furan, 2-
methylfuran etc. showed decomposition under these oxidative
conditions and failed to give any identifiable product.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Oxidative coupling through B-position of furan: access to
tetrasubstituted furan scaffold

After exploring coupling through a-position of furans, we
explored coupling through its B-position, primarily with two
objectives (Scheme 2). First, the B-position is less reactive due to
its less nucleophilic as well as less acidic nature as compared to
a-position, which makes it more difficult to participate in
oxidative coupling reactions, either under radical conditions or
through metal-directed deprotonative mechanism for oxidative
coupling under metal-catalyzed conditions." Secondly, densely
functionalized furans represent a biologically relevant class of
natural products and metabolites owing to their nutritional as
well as cardiovascular benefits and anti-inflammatory
properties.**

The reaction proved to be difficult under catalytic conditions
but after some investigation, we found that it was possible to
achieve coupling of 1,2-dimethyl indole using stoichiometric
amount of CuCl,-2H,0 in EtOH under ambient conditions. We
explored a limited scope by employing a range of furans to
obtain the corresponding f-indolyl furanoids 3t-3w in
moderate to good yields (40-56%) (Scheme 2). However, less
reactive indoles such as 2-aryl indole and 1-alkyl-2-aryl indole
failed to react under this condition.

Interestingly, in contrast to furans, indoles displayed
differential reactivity in this oxidative coupling depending on
their substitution pattern (Scheme 2). Electron-rich 1,2-dialkyl
indoles reacted well in general. 1-Ethyl-2-methyl indole and 1-
hexyl-2-methyl indole both reacted well to give corresponding
products 3x and 3y in a good 72% and 67% yield respectively.
Even the indole carrying synthetically versatile functional group
-CH,CO,Et worked well to give 3aa in 64% yield. We then
turned our attention to exploring variations on the benzene ring
of indole. 5-Me, 5-F and 7-Br substituted indoles reacted to give
corresponding products 3ab-3ad in moderate yields (38-50%).
Surprisingly, 2-phenyl-1H-indole and 2-(4-fluorophenyl)-indole
showed complex reactivity with modest yields (30% and 23%)
of the corresponding products 4a and 4b along with the
formation of multiple other products which seemed to arise
through further reactions of the corresponding products (4a/4b)
itself. At least some of the by-products might emanate from the
well-known Ullmann-type coupling of unprotected NH-indole
under Cu-catalysis in the cross-coupled products. Similarly, the
reaction with 1H-indole was found to be complex.

In contrast to these indoles, 1-Me-2-phenyl indole displayed
subdued reactivity and gave only limited conversion (~30%)
under catalytic conditions which prompted us to further
investigate its reactivity under similar conditions (Table 2, entry
1 and Table S2, ESIf). Attempts to force the conversion with
external oxidants such as oxone proved deleterious with even
lesser yield of 19% (entry 2) primarily due to the indiscriminate
reactivity of furan and indole under this condition. Increasing
the CuCl,-2H,0 loading to 50 mol% under aerial conditions
increased the conversion as well as yield to 34% (entry 3). FeCl,
was able to catalyze the reaction in the presence of O, as the
terminal oxidant under heating but gave modest yield of 38%
(entry 4). After investigating various parameters such as

RSC Adv, 2024, 14,1239-1249 | 1243
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Table 2 Selected optimization of reaction conditions for oxidative
coupling of 2c with 1a“

Ph
Cat (x mol%) ==
Oxidant PN\ -0
solvent, temp.
—_—

A\
o” Ph l O N O
\

1a 2c 3ae

Entry Catalyst Loading  Solvent Oxidant  Yield” (%)

1 CuCl,-2H,O 30 mol% EtOH:ACN Air 20
CuCl,-2H,0 30 mol% MeOH Oxone 19

3 CuCl,-2H,0 50 mol% MeOH 0, 34

4¢ FeCl; 10 mol% Toluene 0, 384

5 CuCl,-2H,0 1 equiv. MeOH Air 54

6 CuCl,-2H,0 4 equiv.  EtOH Air 82

¢ Conditions: 1a (0.09 mmol, 1 equiv.), 2¢ (0.36 mmol, 4 equiv.), catalyst,
rt or temperature (as mentioned), solvent (2 mL, as mentioned). ? Yields
were determined after column chromatography. ¢ Reaction mixture was
heated at 90 °C. ¢ Significant amount of byproducts were observed in
the reaction.

oxidants, solvents, temp. etc., it emerged that CuCl,-2H,0
provided the mildest and the most chemoselective oxidative
conditions for this coupling devoid of any substrate or product
decomposition through side reactions. Hence, we attempted
the reaction under stoichiometric amount of CuCl,-2H,0
wherein 1 equiv. gave 54% yield of the product with 75%
conversion which gradually increased to 82% yield with
complete conversion in the presence of 4 equiv. of the catalyst
(entry 5 and 6). Given the highly inexpensive nature of the
catalyst (<0.25$ per g), we decided to use this condition to
explore a limited scope of various furans in coupling with 1-Me-
2-phenyl indole. Variably substituted phenyl and naphthyl

Br
SN SN\
== S~
e
Ph NBS (1.05 equiv) ]
\ 0 THF, 0 °C -RT PN\ 0
Chemoselective
) bromination N
N N
\ \' 5 61%

3h

Ph

Ph
[- o  KBr (5-10 mol%) Ph—
Ph o Oxone (1.5 equiv) O
MeCN/H,0O (0.1 M), rt A\
N Furan ring opening N
N\ \

6, 89% 3a
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group on furan displayed excellent reactivity to give the prod-
ucts 3ae-3aj in very high yields (59-93%) generally (Scheme 2,
bottom).

Post-synthetic functionalization of the cross-coupled products 3

Thiophene and furan containing short oligomers are versatile
building blocks used in material science for various applica-
tions. Since, this oxidative coupling provides direct access to
novel indole-furan-thiophene (IFT) and indole-furan-furan
(IFF) based m-conjugated systems such as 3h and 3i, we focused
on devising a modular route which could further extend the
length of the conjugated system to tune their photophysical
properties if needed (Scheme 3, top). This was achieved through
an efficient two-step protocol starting with chemoselective
mono-bromination of compound 3h under controlled condi-
tions to obtain a-bromo-thiophene advanced intermediate 5
which could be easily coupled with appropriate boronic acids
under aqueous Suzuki coupling conditions to obtain hitherto
unknown phenyl- and naphthyl-capped IFT systems 3ak and 3al
in excellent yields of 80% and 71% respectively.” This route
represents a general synthetic route to extend the conjugation
in IFT systems through Suzuki and other cross-coupling meth-
odologies which could be potentially very versatile.

Both indole and furan are oxidatively active heterocycles
with the possibility to be transformed into a variety of
oxygenated products.'® We focused on the chemoselective
oxygenative ring opening of both furan and indole in the
indolyl-furanoid 3a to obtain highly functionalized indole and
furan derivatives (Scheme 3, bottom). This is, of course,
challenging given the propensity of both these heterocycles to
undergo oxidation simultaneously under similar conditions.
Hence, we were delighted to find that it was possible to
oxidatively cleave the indole ring selectively in the presence of
furan using mCPBA in DCM." The indole-furanoid compound

Advanced intermediate

(0
S
Pd(PPhs), (2.5 mol%) \\ %
Na,CO; (0.45 M) = 3ak, 80%
THF/EtOH/H,0 P —\_0
Ar—B(OH),
3 3
Suzuki Coupling N -
3al, 71%
Ph
Ph— O
mCPBA (1.6 equiv)
DCM, 0 °C o
Witkop Oxidation N~
02\
7,.77%

Scheme 3 Post-synthetic functionalization of the cross-coupled products.
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3a containing 1,2-dimethyl groups on indole gave the corre- conditions (cat. KBr, oxone, acetonitrile/water) the furan ring

sponding acetanilide derivative 7 in 77% yield. On the other in substrates 3a could be oxidatively cleaved while keeping the
hand, we found out that under so called ‘green oxidation’ indole ring intact to give corresponding indole-substituted

a) Radical trap experiments:
CuCl, 2H,0 (30 mol%) \
Radical trap (2 equiv) 0
m EtOH:ACN, rt, air O {

Radical trap Yield (3I)

g
o)
(]
£
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o
=
>
e
™
8
[}
2
g 11 2a BHT trace Confirmed by HRMS
(.C) TEMPO trace [M+H]* : 364.2655
2 Nong 78% Indole-BHT Adduct
5 (b) Control experiments: Ph
é Ph No CuCl,.2H,0 Ph \\ i
£ A EtOH:ACN, rt, CA S A
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I\ ¥ /\
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g 0 Ph \ O \
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Scheme 4 Mechanistic experiments to probe the mechanism of oxidative coupling. (a) Radical trap experiments; (b) control experiments; (c)
proposed mechanism.
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1,4-diketone derivatives 6 in an excellent 89% yield.”” This
type of chemoselective oxidation could be highly useful for
obtaining highly functionalized indole and furan derivatives
as demonstrated here.

Mechanistic experiments and the proposed mechanism

After successfully exploring the scope of the reaction and
demonstrating the post-synthetic derivatization potential of the
products, we investigated the possible mechanism of the
oxidative coupling. Based on the seminal mechanistic work
from Stahl and others, we surmised the possibility of the
involvement of radical intermediates in the cross-coupling
under Cu(u)/O, conditions.”® In order to probe this, we, at
first, checked the feasibility of product formation in the pres-
ence of radical traps under the standard conditions (Scheme
4a). Both TEMPO and BHT were found to completely suppress
the formation of the product 3a. In fact, 1,2-dimethylindole-
BHT adduct 8 could be identified clearly by HRMS ([M + H]":
364.2655). This is a good indication of the involvement of indole
radical species under these conditions. We, then, performed
a series of control experiments to ascertain the role of the
catalyst, oxidant as well as the fate of the substrates individually
under the reaction conditions (Scheme 4b). Product 3a was not
formed at all in the absence of the catalyst while both furan and
indole were recovered in significant amounts from the reaction,
thereby, indicating towards the role of Cu(u) in initiating the
reaction. Similarly, when the reaction was performed under
inert (N,) atmosphere instead of air, the yield of the reaction
decreased significantly to 21% which is reasonable based on the
amount of the catalyst (30 mol%) used in the reaction. This
indicates towards the role of oxygen in the re-oxidation of Cu(r)
to Cu(u), thereby, ensuring the catalytic turnover in the proc-
ess.'® Further, when both indole and furan were reacted sepa-
rately under the oxidative conditions, indole 2a showed
decomposition as evidenced by multiple spots on the TLC and
only 43% could be recovered back. On the other hand, furan 1a
remains largely unreacted and >90% was isolated back. These
control experiments reveal that most likely indole undergoes
preferential oxidation under these conditions which confers
chemoselectivity to the reaction.

Considering the evidences obtained through mechanistic
experiments as well as literature reports, oxidative coupling
seemingly proceeds through radical mechanism involving che-
moselective oxidation of indole to its radical cation which acts
as the electrophilic species whereas furan owing to its stability
under these conditions primarily acts as nucleophile (Scheme
4c). Hence, the reaction is likely initiated by oxidation of indole
2 through single electron transfer to Cu(u) to generate radical
cation A. This is followed by the radical cation-nucleophilic
coupling as the key bond-forming step in which furan,
through its more nucleophilic a-carbon, attacks the radical
cation A at its more electrophilic C-2 carbon to form adduct B.
Lei, in his recent report' describing the reactivity of indole
radical cations, has concluded that C-2 is the most electrophilic
site in the indole radical cation and is the primary site of attack
by the nucleophile. Furan in adduct B losses a proton from its a-
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carbon to regain aromaticity and generate radical C, which
undergoes the second single electron transfer to Cu(u) to
generate indolinium cation D. At this stage, furan undergoes
1,2-migration®*® from C-2 to C-3 of indole to generate cation E
which promptly losses a proton from C-3 to regain aromaticity
for indole and give the cross-coupled product 3. The migration
could be thermodynamically driven due to the possibility for
indole aromatization.

Photophysical study

m-Conjugated electron-rich systems represent valuable building
blocks for the organic materials.>* Various furan and thiophene
containing conjugated molecules have been extensively studied
for their materials properties. Hence, we decided to study the
photophysical properties of these novel indole-furan-thio-
phene (IFT) analogs (3h, 3i, 3ak, 3al) along with other repre-
sentative indolyl-furans (3a, 3ae, 3s, 3t) from our collection
(Scheme 5).

Absorption and emission spectra for the compounds were
recorded in polar aprotic acetonitrile (ACN) and polar protic
methanol (MeOH) as the solvents (Fig. 1, Table 3 and Fig. S1,
S21). All the indole-furan heterobiaryl derivatives were found to
absorb in the ultraviolet (UV) region with absorption maxima
(Aabs) generally in the range of 285-320 nm (Table 3). However,
the long-conjugated phenyl and naphthyl IFT derivatives 3ak
and 3al show absorption maxima at significantly longer wave-
lengths around 360 nm and 375 nm respectively. As for the
emission, the compounds were found to emit in the near blue
region (410-440 nm). On the other hand, compounds 3ak and
3al emit in the blue-green region around 496 nm and 520 nm
respectively. Interestingly, all the compounds show large Stokes
shift of >120 nm with compounds 3ae and 3s showing signifi-
cantly bigger shifts of 165 nm and 187 nm respectively. It is
important to note that large Stokes shift (>80 nm) is a desirable
property of biological fluorophores.”” Long conjugated
compounds 3ak and 3al also displayed high quantum yields in
both the solvents, which coupled with their excellent absorp-
tion-emission profile makes them valuable building blocks for

Ph Ph S\\ 0™\
=~ =~ -
PN\ o PN\ o Ph \\o Ph \\
o
N N—ph A {
N N
\ \ N N
\
3ae 3h 3i

3a OO

Scheme 5 Examples of cross-coupled products screened for pho-
tophysical studies.
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Fig.1 Normalized (a) absorption and (b) emission spectra of compounds in MeOH. Emission spectra were collected by exciting the samples at

individual A3

Table 3 Steady-state spectral parameters of the compounds

Aemi Stokes shift
Entry Sample Solvent abs (nm) (nm) (nm) o¢
1 3a ACN 300 420 120 0.16
MeOH 0.12
2 3ae ACN 295 460 165 0.18
MeOH 0.16
3 3t ACN 287 423 136 0.04
MeOH 287 408 121 0.04
4 3s ACN 290 423 133 0.08
MeOH 288 475 187 0.01
5 3i ACN 303 416 113 0.15
MeOH 304 411 107 0.12
6 3h ACN 320 435 115 0.42
MeOH 318 428 110 0.10
7 3ak ACN 363 496 133 0.47
MeOH 360 482 122 0.57
8 3al ACN 375 520 145 0.35
MeOH 375 503 128 0.22

further exploration and applications. Expedient access to these
potentially useful compounds further validates the utility of our
oxidative methodology.

Conclusion

In conclusion, we have demonstrated a sustainable method-
ology for the oxidative coupling of indoles with furans under
aerobic base-metal catalyzed conditions, which mimic the SET
reactivity of copper-based enzymes in nature. The developed
methodology incorporates multiple aspects of sustainable and
green catalysis such as the use of earth abundant metals,
oxidative nature of the coupling, use of air as the terminal
oxidant, less hazardous solvents, and aqueous compatibility.
Besides the efficiency and sustainability of the catalytic condi-
tions, we have also demonstrated a wide scope of this reaction
with respect to both the substrates. Among the various post-
synthetic transformations of the cross-coupled products pre-
sented, the most remarkable is the hitherto unknown oxygen-
ative ring-opening of indole as well as furan core in
a chemoselective manner in indole-furanoids. To demonstrate
the applicative importance of the methodology, we show that

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

some selected indolyl-furans and their derivatives possess
interesting photophysical properties with large Stokes shift
values with potential for development as biological fluo-
rophores. In essence, this methodology seeks to react ubiqui-
tous, biologically relevant heterocycles such as indole and furan
as building blocks using sustainable catalysis to create a useful
scaffold.

Abbreviations

CA Compressed air

TBHP Tetrabutyl hydrogen peroxide
DTBP Di-tertbutyl peroxide

DMF Dimethyl formamide

DMSO Dimethyl sulfoxide

DCE Dichloroethane

HFIP 1,1,1,3,3,3-Hexafluoroisopropanol
CAN Acetonitrile

brsm Based on recovered starting material
HRMS High resolution mass spectrometry
NMR Nuclear magnetic resonance

SET Single electron transfer

IFT Indole-furan-thiophene
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