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Ruthenium(i)-catalyzed regioselective direct C4-
and C5-diamidation of indoles and mechanistic
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A ruthenium(i)-catalyzed regioselective direct diamidation of 3-carbonylindoles at the C4- and C5-
positions using various dioxazolones is described. This novel protocol allows for the effective installation
of two amide groups on the benzene ring in indole. A remarkably broad substrate scope, excellent
functional group tolerance, and mild reaction conditions are notable features of this protocol. Further
explorations reveal that benzolblthiophene-3-carboxaldehyde is a viable substrate and affords its
corresponding diamidation products. The diamido indoles are further converted
functionalized products and used as sensors for metal ion detection. Density functional theory studies
are also conducted to propose a reaction mechanism and provide a detailed understanding of the
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Introduction

Indoles and their derivatives are among the most important
heteroaromatic skeletons found in a wide range of bioactive
natural products,' functional materials,> and pharmaceuticals.?
They possess a wide range of pharmacological properties, such
as antifungal, antihistaminic, antimicrobial, antioxidant, anti-
convulsant, anti-HIV, analgesic, anti-inflammatory, anti-cancer,
and antitubercular activity.* Several substituted indoles are
currently utilized as pharmaceuticals.”> Various synthetic
approaches to the preparation of substituted indoles have been
demonstrated owing to their importance and useful applica-
tions.® C3-H functionalization of indoles has been achieved
using electrophilic substitution reactions,” but functionaliza-
tion at the C2- and C4-positions remains underdeveloped owing
to the inherently poor reactivity at these positions. Recently,
significant progress has been made using transition metal-
catalyzed C-H functionalization of indoles at the C2- and C4-
positions utilizing directing groups.® Specifically, the use of
carbonyl groups at the C3-site as a directing group for C2-H and
C4-H functionalization was demonstrated.” Ru(u)- or Rh(m)-
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regioselectivity observed in the reaction.

catalyzed regioselective C2- and C4-alkenylation or alkylation of
3-carbonylindoles was reported by the Prabhu,' Punniyamur-
thy," and Jia groups.'” Regioselective Pd-catalyzed direct aryla-
tion of 3-carbonylindoles at the C4- or C5-position was reported
by the Shi group.*® For C2- and C4-amination, Ir(u) was shown
to be effective and regioselective. C4-Amination of 3-carbon-
ylindoles using sulfonyl azides was described by the Prabhu*
and You groups™ (Scheme 1A). Recently, Wang et al. developed
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Scheme 1 Reported methods (A and B) vs. present strategy (C) for
direct amination/amidation of 3-carbonylindoles.
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a Co(m)-catalyzed regioselective C2-amidation of 3-acetylindoles
using phenyl dioxazolone'® (Scheme 1B).

To date, diamidation at both the C4- and C5-positions of
indole has not been achieved. Recently, dioxazolones have been
increasingly recognized as a versatile class of reagents that serve
as an amide source, and are environmentally benign, cheap,
readily available, and easy to handle.”” Furthermore, dioxazo-
lones display a potentially useful affinity toward the metal
center of metallacyclic intermediates when compared to organic
azides, which are considered as conventional amidating
reagents.”® Herein, we report a novel Ru(mu)-catalyzed direct
diamidation of 3-carbonylindoles using dioxazolones to intro-
duce two amide groups at the C4- and C5-positions of indole
(Scheme 1C).

Results and discussion

We first examined the reaction of 1-methylindole-3-
carboxaldehyde (1a) with 3-phenyl-1,2,4-dioxazol-5-one (2a)
using various catalysts, additives, and solvents (Table 1). Initial
attempts to react 1a (0.5 mmol) with 2a (0.5 mmol) in the
presence of 5 mol% [RhCp*Cl,],, 15 mol% AgSbFs, and

Table 1 Optimization of the synthesis of 5a“
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10 mol% AcOH in 2,2,2-trifluoroethanol (TFE) at 50 °C did not
afford the desired product (entry 1, Table 1). When 1a (0.5
mmol) and 2a (0.5 mmol) were reacted in the presence of
5 mol% [Ru(p-cymene)Cl,],, 15 mol% AgSbFs, and 10 mol%
AcOH in TFE at 50 °C for 20 h, diamidation product 5a was
obtained in 40% yield (entry 2). Importantly, the putative
products of C2- and C4-H functionalization (3a and 4a) were
not observed, indicating the intriguing and useful regiose-
lectivity of the reaction. To our delight, the use of 1.1 mmol of 2a
increased the yield of 5a to 71% (entry 3). As an alternative to
AcOH, the use of 10 mol% 1-AdCO,H, PhCO,H, and PivOH
afforded 5a in 75, 70, and 87% yield, respectively (entries 4-6).
The yield of 5a was not improved by decreasing or increasing
the amount of AgSbF, or PivOH (entries 7-10). In other solvents,
such as 1,2-dichloroethane or hexafluoroisopropanol (HFIP),
compound 5a was produced in lower yield (entries 11-12).
Increasing the temperature to 70 °C and carrying out the reac-
tion under a N, atmosphere did not increase the product yield
(entries 13-14). The use of other catalysts did not improve the
yield of 5a. For example, 5a was isolated in 51% yield when
[Cp*IrCl,], was used as the catalyst, but no 5a was obtained

Q )\ >=O (Not observed)

\ 2a
—>
catalyst (mol%)
\ additives (mol%)

1a solvent, 50 °C, 20 h

O,
H

NH
}—Ph

Ph
O N NH
H
Ph * Ph N
N N\
NH o} N
\
\ 5a

N
\ 4a (Not observed)

Yield® (%)

Entry Catalyst (mol%) Additives (mol%) Solvent 5a
1° [Cp*RhCL], (5) AgSbF; (15), AcOH (10) TFE 0

2¢ [Ru(p-cymene)Cl,], (5) AgSbF (15), AcOH (10) TFE 40
3 [Ru(p-cymene)Cl,], (5) AgSbF (15), AcOH (10) TFE 71
4 [Ru(p-cymene)Cl,], (5) AgSbF (15), 1-AAdCOOH (10) TFE 75
5 [Ru(p-cymene)Cl,], (5) AgSbF, (15), PACOOH (10) TFE 70
6 [Ru(p-cymene)CL,], (5) AgSbF (15), PivOH (10) TFE 87
7 [Ru(p-cymene)CL], (5) AgSbF (10), PivOH (10) TFE 77
8 [Ru(p-cymene)Cl,], (5) AgSbF (20), PivOH (10) TFE 84
9 [Ru(p-cymene)Cl,], (5) AgSbF, (15), PivOH (5) TFE 79
10 [Ru(p-cymene)Cl,], (5) AgSbF (15), PivOH (20) TFE 84
11 [Ru(p-cymene)CL], (5) AgSbFs (15), PivOH (10) 1,2-DCE 43
12 [Ru(p-cymene)Cl,], (5) AgSbF; (15), PivOH (10) HFIP 67
134 [Ru(p-cymene)Cl,], (5) AgSbF (15), PivOH (10) TFE 65
14° [Ru(p-cymene)Cl,], (5) AgSbF, (15), PivOH (10) TFE 75
15 [Cp*IrCl,], (5) AgSbF, (15), PivOH (10) TFE 51
16 [Cp*Co(COL,] (5) AgSbF, (15), PivOH (10) TFE 0

“ Reactlon conditions: 1a (0.5 mmol), 2a (1.1 mmol), solvent (5 rnL) and air atmosphere. ? Isolated yield. ¢ 1a (0.5 mmol), 2a (0.5 mmol), and solvent

(5 mL). ¥ The reaction was performed under a N, atmosphere.
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The reaction was carried out at 70 °C.
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Table 2 Substrate scope of indole-3-carboxaldehydes
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Table 3 Substrate scope of dioxazolones bearing aryl and alkyl groups
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from [Cp*Co(CO)L,] (entries 15-16). The "H NMR of 5a showed
a singlet corresponding to the aldehyde proton at § 9.64 ppm,
the vinyl proton on the pyrrole ring at 6 8.42 ppm as a singlet,

© 2021 The Author(s). Published by the Royal Society of Chemistry

(0}
H
_0 [Ru(p-cymene)Cl,], OA\NH 0 H

N - H
\ o ) =o AgstFgrwor ps X
N RrEO TFE b N\
0,
L obon  50°C.20h 0 N

1a, 1b, 1d, 1f R4= aryl, alkyl 6a-6h R

(A) Substrate scope of dioxazolones bearing aryl groups

6b, R= Me, 81% ‘
6¢c, R=H, 78%

6a, 79% \

N
o]
N 6f, 77%
6d, X=Br, 77% )n
6e, X=F, 75% n=3

(B) Substrate scope of dioxazolones bearing alkyl groups

%J\NH Q H Oﬂ(\/o\/\
\n/N { H NH H
0 A\
0 N
\

69, 74%

Z

6h, 77%

and two amide proton peaks at 6 11.67 and 9.89 ppm as two
singlets. The *C NMR spectrum showed an aldehyde carbon
peak at 6 184.9 ppm and two amide carbon peaks at 6 165.9 and
164.2 ppm, respectively. When an excess of 2a (4.4 equivalents)
was used to introduce amide substituents at C-4, 5, 6, 7 of the
indole ring, only 5a was produced in 86% yield without
formation of other products. Further reaction of N-methyl-
indole with 2a under standard reaction conditions did not
afford the amidation product.

The scope was explored using the optimized conditions
employing various indole-3-carboxaldehyde substrates (1b-1n)
and dioxazolone 2a (Table 2). Treatment of unsubstituted
indole-3-carboxaldehyde 1b and N-alkyl substituted indole-3-
carboxaldehydes 1c-1d bearing n-propyl and n-pentyl groups
provided their corresponding products 5b-5d in 80, 85, and
80% yield, respectively (Table 2, A). Similarly, treatment of
substituted indole-3-carboxaldehydes 1e-1g bearing N-prenyl,
N-benzyl, and N-phenyl groups afforded their corresponding

Chem. Sci., 2021, 12, 11427-11437 | 11429
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Table 4 Substrate scope of dioxazolones bearing heteroaromatics,
polyaromatic rings, benzolb]thiophene-3-carboxaldehyde, and 3-

acylindole
(o) R? R4
Q
N’O [Ru(p-cymene)Cly], OH NH R3
N + )=o AgSbFg/PVOH R4 _N
— 5
X Ré Ao TFE g N
1a,10-1p  2a-2e, 50°C, 20 h o X

X=NH, NMe, S 2i-2k 7a-7j

(A) Substrate scope of dioxazolones bearing heteroaromatic and

polyaromatic ring
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products 5e-5g in 76, 89, and 72% yield, respectively. After
exploring the reactions using different N-substituted indoles,
we then investigated a series of indoles bearing various
substituents on the indole ring. C2-Chloro- or C2-phenyl
substituted indole-3-carboxaldehydes 1h and 1i gave
compounds 5h and 5i in 74 and 73% yield, respectively (Table 2,
B). The structure of 5i was unambiguously confirmed using
single-crystal X-ray diffraction (CCDC 20701027). Interestingly,
when C5- and Cé-substituted indole-3-carboxaldehydes 1j, 1k,
and 1l were used in the reaction, mono amidation products 5j-
51 were isolated in 79, 75 and 80% yield, respectively and their

1430 | Chem. Sci, 2021, 12, 11427-11437
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corresponding diamidation products were not produced, which
was attributed to the steric bulk of these substituents. In
addition, the reaction of C7-substituted indole-3-
carboxaldehydes 1m and 1n successfully provided their dia-
midation products 5m and 5n in 78 and 71% yield, respectively.

To demonstrate the scope of this protocol, various dioxazo-
lones were examined in the reaction under the optimal condi-
tions (Table 3). A combination of 1a or 1b with dioxolones 2b-2¢
having electron-donating groups of 4-Me or 4-OMe on the
aromatic ring showed good reactivity and provided products 6a-
6c in 78-81% yield. Similarly, dioxazolones 2d-2f bearing
electron-withdrawing groups on the aromatic ring such as 4-Br,
4-F, and 4-Cl were also tolerated in the reaction and provided
diamidation products 6d-6f in 75-77% yield (Table 3, A). We
found that this reaction was not limited to aryl substrates only;
aliphatic dioxazolones 2g and 2h bearing methyl and n-heptyl
groups also displayed a good functional group compatibility,
affording products 6g and 6h in 74 and 77% yield, respectively
(Table 3, B).

We further explored the scope of this reaction using dioxo-
lones 2i-2k bearing heteroaromatic and polyaromatic one (2j)
which afforded products 7a and 7b in 75% and 73% yield. When
1la was reacted with 3-(naphthalen-2-yl)-1,4,2-dioxazol-5-one
(2k), the desired product 7c was isolated in 83% yield (Table

Q,
H

[Ru(p-cymene)Cl,],
\ + N-Q  AgSbFe/PiVOH }—@
A o
1q N \\) 2a 50 °C 20 h
N\J

8, 69% \—

Scheme 2 Reaction of 1q with 2a.
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Scheme 3 Further functionalization of compounds 5a and 6g.
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4, A). To test the versatility of the C-H activation/amidation
reaction, which is not restricted to indole-3-formylaldehydes,
the possibility of using benzo[b]thiophene-3-carboxaldehyde
(10) and 3-acylindole (1p) was investigated (Table 4, B and C).
Gratifyingly, a combination of 1o with 2a, 2b, 2e, or 2k
successfully gave products 7d-7g in 65-75% yield. The reactions
of 3-acylindole 1p were also successful and provided products
7h-7j in 73-84% yield.

Next, we performed the reaction of 1q bearing C3-formyl and
N-pyrimidyl directing groups with 2a under the standard

11% D
© H/D H
[Ru(p-cymene)Cl,],
AgSbFg 0%D
CD,COOD (5 equiv) W
N 3 (5 equiv.) N
\ TFE, 50 °C, 20 h \
1a 1a'

Scheme 4 Control experiment.
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reaction conditions (Scheme 2). However, instead of C4/C5-
diamidation or C7-amidation products, only C2-amidated
product 8 was obtained in 69% yield (Scheme 2).

The compounds 5a and 6g obtained using this new protocol
are useful precursors for further synthetic transformations like
Wittig olefination, Knoevenagel condensation, and reduction
reactions, as summarized in Scheme 3. Treatment of 5a with
(triphenylphosphoranylidene)acetonitrile or (t-butoxycarbonyl-
methylene)triphenylphosphorane in THF led to 9a and 9b in 91
and 88% yield, respectively. The condensation reaction of 5a
with dimethyl malonate in the presence of piperidine afforded
compound 9c in 83% yield. The chemoselective reduction of 6g
using LiAlH, in THF gave compound 9d in 91% yield.

To gain insight into the mechanism of this reaction, we per-
formed H/D exchange experiments using 1a with 5 mol% [Ru(p-
cymene)Cl,],, 15 mol% AgSbFg, and 5 equiv. of CD;COOD as the
deuterium source in TFE at 50 °C. The "H NMR spectrum of 1a’
showed 11% H/D exchange at the C4-position, while no signifi-
cant H/D exchange was observed at the C2-position (Scheme 4).
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|
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Scheme 5 Plausible mechanism for the formation of 5a.
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Based on our H/D exchange experiments and the observed
products, a plausible mechanism for the Ru(u)-catalyzed dia-
midation of indole was proposed, as shown in Scheme 5, which
was explicitly tested using density functional theory (DFT)
and

calculations.'™” Geometry optimization, vibration,

AGsol
(kcal/mol)

. B.TS
; (20.02)

B-TS
15.30)

.
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solvation energy calculations were performed using the B3LYP-
D3/LACVP/6-31G** level of theory.” The electronic energies of
all the optimized structures were re-evaluated at the B3LYP-D3/
cc-pVTZ(-f) level of theory.® Details of the computational
method can be found in the ESL{ As shown in Fig. 1, our
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Fig. 1 DFT-calculated energy profile obtained for the Ru(i)-catalyzed C4-amidation reaction of 1a.
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theoretical investigation started with cationic Ru(u) x>-OPiv
complex A as the active catalyst. The dissociation of one neutral
ligand allows the metal center to accommodate the indole
substrate, 1-methylindole-3-carboxaldehyde (1a), to give B,
which was found to be 6.3 kcal mol™" more stable than the
initial species. C4-H ruthenation occurs to form a six-
membered ruthenacycle C traversing B-TS located at
15.3 keal mol™". The regioisomeric transition state (B'-TS) for
C2-H activation demands an additional energy of
4.7 keal mol™", indicating a significant kinetic preference for
C4-functionalization over C2.

To gain a deeper understanding of the C-H ruthenation step
that governs the regioselectivity of the first amidation reaction,
the energy difference between B-TS and B'-TS was examined
using distortion-interaction analysis.”* Fig. 2 shows that the
complex was partitioned into the indole substrate and catalyst
fragments to obtain the structural distortion energies (Egjs)
required for each fragment to adopt the structure observed in
the transition state. The interaction energy (E;,) was calculated
by letting the two distorted fragments interact electronically at
the distance observed in the transition state. Substrate 1a
exhibits a slightly larger destabilization energy of ~1 kcal mol™*
for the elongation of C4-H when compared to C2-H despite
having almost identical bond lengths of 1.228 and 1.227 A,
respectively, reflecting the lower acidity of C4-H.

Because the catalyst distortions are also nearly identical at
~31.5 keal mol™?, the total distortion energies can be consid-
ered nearly identical at 56.0 and 55.2 to give an overall elec-
tronic energy preference of 3.2 kcal mol . Interestingly, the
interaction energies show a significant difference with the Ej,,
in the transition states being 4 kcal mol™", as illustrated in
Fig. 2. As the main electronic interactions in these two transi-
tion states are related to the Ru-C and O-H bond forming steps,
the difference in Ej, likely reflects the reactivity at the carbon
sites in 1a. Thus, the electronic properties of each carbon site in
1a were evaluated using natural population analysis (NPA) and
the Fukui index, indicating that the C4-site was more electron-
rich than the C2-site (Fig. S1, see ESIt). This analysis indicates
that the relative energies of the two possible transition states
were governed by the higher partial negative charge on the C4-
site, which leads to a stronger interaction with the electrophilic
metal site. This is an unexpected result because the kinetics of
conventional concerted metalation-deprotonation (CMD) reac-
tions are thought to be mainly determined by the Breonsted
acidity of the C-H bonds. Thus C-H activation in this system is
best described as an electrophilic CMD (eCMD), which was
recently highlighted as an alternative to the classical CMD
mechanism.?” The C4-H activation step affords six-membered
ruthenacycle C, which was 2.8 kcal mol ' lower in energy
than the alternative five-membered ruthenacycle (C').

To push the catalytic cycle forward, the PivOH ligand in C
must be displaced by 3-phenyl-1,2,4-dioxazol-5-one (2a) to form
N-bound complex D located at 2.7 kecal mol ™. CO, extrusion via
D-TS at 11.5 kcal mol™* forms N-bound complex D located at
2.7 keal mol ™. CO, extrusion via D-TS at 11.5 kcal mol™* pre-
sented Ru(v) imido complex E, which can undergo a reductive
C-N bond forming reaction. Traversing reductive elimination

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Distortion—interaction analysis diagram for B-TS and B’-TS.

transition state E-TS demands 12.8 kcal mol *, which generates
cyclic amidato complex F at —51.8 kcal mol ™. To complete the
first amidation reaction proto-demetallation occurs with the
assistance of PivOH to regenerate the k>-OPiv moiety in G for
the sequential C-H activation of 4a. In principle, mono-
amidated indole product 4a may be released from G, but for
diamidation to occur, 4a may remain coordinated to the
ruthenium center, in line with the experimental observation
that 4a was not detected. As summarized in Fig. 3, our calcu-
lations show that C5-H ruthenation enhanced reactivity was
attributed to the electron-donating and resonance effects of the
C4-amide group, which increase the electron density and
nucleophilicity of the C5-site. The potential competing C2-H
activation of 4a was evaluated and discarded as it requires an
insurmountable barrier of 32.0 kcal mol ™" associated with G'-
TS. Distortion-interaction analysis revealed that the difference
in Ej, between G-TS and G'-TS was 20.1 kcal mol ™, which was
greater than that found in the first C-H activation step (Fig. S2,
see ESIT). Consumption of another equivalent of 2a and CO,
extrusion traversing I-TS located at 18.6 kcal mol™ " gave imido
ruthenacycle J. Subsequent C-N bond formation and proto-
demetallation regenerate the active catalyst (A) and furnish
the desired diamidated product 5a. In principle, C5-amidation
may facilitate C6-H activation in a similar way; the increased
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structural complexity and steric bulk destabilize the resulting
ruthenacycle intermediates and further impede the reaction
(Fig. S3, see ESIt).>

Indole-based receptor systems have attracted significant
attention because of the inherent fluorescence properties of

M434 | Chem. Sci,, 2021, 12, M1427-1437

indole chromophores.** The indole fluorophore can transfer an
electron to the vacant orbital in transition metals. In addition,
the interaction between the indole ring and metal in biological
systems has been well documented.” However, indole deriva-
tives used as potential fluorescent chemosensors for sensing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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metal cations such as ferric ions (Fe’") have been less
explored.? Iron is the most abundant element on the Earth and
in living cells. Iron is essential for cellular metabolism, enzy-
matic reactions, and gene expression, and serves as an oxygen
carrier in hemoglobin.”” Deficiency or excess Fe*" in biological
systems can cause various disorders. Therefore, the detection,
sensing, and monitoring of Fe** ions have become a matter of
significant concern in environmental and biological samples.

The fluorescence intensities of compounds 5a-50, 6a-6h,
and 7a-7j were examined. These compounds exhibit fluores-
cence due to the presence of NH groups and other active sites,
which can be used to selectively detect and bind to heavy metal
ions (Fig. S4, see ESIf). Interestingly, among the screened
compounds, 7i showed the most intense fluorescence signal
(Fig. S5, see ESIT). Fig. S6T shows the absorbance and fluores-
cence selectivity response of compound 7i (1.0 x 10> mol L")
dissolved in DMSO towards 10 mM pH 7.4 solutions of different
metal ions such as Ag*, Ba**, Ca®>*, cd*", Ce**, Cu®*, Co**, Fe*",
Hg>', Mn**, Na*, Ni**, Pb*", sn**, sr**, Ti**, and Zn>". Fig. S6a
(see the ESIT) shows that 7i exhibits maximum absorption
bands at 306, 294, and 330 nm upon the addition of Ce**, Cu*",
and Fe*" ions, respectively. The presence of Ce**, Cu*", and Fe**
ions results in a shift and enhancement of the absorption
intensity of 7i, while the response of 7i towards other metal ions
was negligible.?® Among the metal ions studied, Fe*" ions show
a maximum tendency to quench the fluorescence intensity of 7i
due to the formation of a 7i-Fe** complex (Fig. S6b, see ESIT).
Upon the addition of Fe** (0 to 10 mM), the emission intensity
of 7i gradually decreases, accompanied by a red shift of 12 nm
from 405 nm to 417 nm, up on excitation at 324 nm (Fig. 4a).
The binding of Fe*" to 7i initiates charge transfer causing 95%
fluorescence quenching.*® According to the linear Stern-Volmer
equation, the measured fluorescence intensity [Fy/F| varied as
a function of the concentration of Fe**, which showed good
linearity, confirming the formation of 7i-Fe** (Fig. 4b). Based
on our fluorescence titration experiments, the detection limit of
7i-Fe*" was found to be 2.9 uM (Fig. S7, see ESI{).*

© 2021 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In conclusion, we have developed a new method to introduce
two amide groups at the C4- and C5-positions of indole using
a ruthenium(u)-catalyzed regioselective diamidation of 3-car-
bonylindoles with various dioxazolones. This novel diamidation
protocol effectively provides access to a diverse series of func-
tionalized indoles carrying two amide groups on the benzene
ring of the indole moiety under mild conditions with excellent
functional group tolerance and a broad substrate scope. Density
functional theory calculations elucidated the full reaction
mechanism and rationalized the regioselectivity observed in the
reaction. Further extension of this protocol can also afford the
corresponding diamidation products using benzo[b]thiophene-
3-carboxaldehyde. To demonstrate the utility of this new
method, the synthesized compounds were further elaborated
and converted into functionalized molecules, which can be
used as sensors for metal ion detection.
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