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We report a ruthenium(i)-catalyzed C—H alkenylation of 2-(1H-
indol-3-yl)quinazolin-4(3H)-one with various alkenes. The reaction
proceeds selectively at the C2 position of the indole moiety,
facilitated by a cyclic amide as the directing group. Furthermore,
the synthesized compounds were evaluated for their photophysical
properties, revealing intriguing fluorescence characteristics that
highlight their potential as promising fluorescent probes.

As one of the most privileged heterocycles, indole scaffolds have
extensive applications in medicinal and materials chemistry."
Indole derivatives are found in numerous natural products and
pharmaceuticals, and show a wide range of biological activities
including anticancer, antimicrobial, anti-inflammatory, and antifun-
gal properties.*” Indole-based ligands can interact with metal
centers, which are capable of binding with various receptors.”’
Direct C-H functionalization of indoles has emerged as a powerful
and straightforward route to synthesize substituted indoles.® Transi-
tion metal-catalyzed C-H functionalization at different positions of
indoles has been achieved by utilizing various directing groups.>*
The synthesis of C2-functionalized indoles has gained the interest of
chemists because of their applications in medicinal chemistry.'" Li
and coworkers reported cobalt(m)-catalyzed C2-fluoroalkenylation of
indoles using N-pyrimidine as a directing group (Scheme 1a)."> Most
of the carbonyl-based directing groups favor C4 C-H func-
tionalization.” In 2017, Jia and coworkers reported Rh(m)-catalyzed
C4-alkenylation of indole-3-carboxaldehyde using an aldehyde as a
directing group (Scheme 1b).*

Different alkenylated agents such as activated alkenes or
alkynes have been used so far to obtain alkenylated indoles
using transition metal catalyzed C-H functionalization.> Wu and
coworkers reported Rh(m)-catalyzed C2-alkenylation of indole
using CF;-imidoyl sulfoxonium ylides as alkenylating agents
(Scheme 1c).*® Despite significant progress in the C2-alkenylation
of indoles, developing other structurally diverse directing groups is
still highly important and desirable. To the best of our knowledge,
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there are no reports on the selective C2-alkenylation of indoles
using a cyclic amide as a directing group. With our continuous
efforts to develop late-stage C-H functionalization strategies for
biologically active molecules,'” we herein report the Ru(n)-catalyzed
C-H functionalization of indolyl quinazolinone with various
alkenes (Scheme 1d). Here, this approach achieves selective
C2-alkenylation of the indole moiety by employing a cyclic amide
(quinazolin-4(3H)-one) as a directing group at the C3 position.
Furthermore, the synthesized compounds are evaluated for their
photophysical properties, leveraging their n-extended conjugation,
and selective detection of F~ and CN™ ions.

We commenced our study by employing 2-(1H-indol-3-
yl)quinazolin-4(3H)-one (1a) and methyl acrylate (2a) as sub-
strates, [Ru(p-cymene)Cl,], as a catalyst, AgOAc as an oxidant,
and AgSbFg as an additive in DMF under a nitrogen atmosphere
at 120 °C. The product 3aa was obtained in 40% yield (Table 1,
entry 1). Next, we performed an extensive screening of the
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Scheme 1 Transition-metal catalyzed C—H alkenylation of indoles.
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Table 1 Screening of the reaction conditions

N, [Ru(p-cymene)Cly]; (2.5 mol%) N\ N o
Additive (5 mol%)
/\COZMe Oxidant (1.2 equiv), solvent (5 ml) > N\
N 120 °C, 24h, N, N OMe
1a 2a 3aa
Entry Oxidant Additive  Solvent  Base Yield® (%)
1 AgOAc AgSbFs  DMF — 40
2 AgOAc AgSbF;  DCE — 60
3 AgOAc AgSbF, THF — 4
4 AgOAc AgSbF, Dioxane — 15
5 AgOAc AgSbF, Toluene — Traces
6 AgOAc AgSbFs  NMP — 20
7 Cu(OAc),-H,0 AgSbFs  DCE — 82
8 u(OAc), H,0  AgSbF,  DCE KOAc 30
9 u(OAc),-H,O  AgSbFs DCE NaOAc 20
10 u(OAc),H,0  AgSbF; DCE K,CO; 5
11 u(OAc),-H,O  P(Cy); DCE — Traces
12 Cu(OAc), H,0 AcOH DCE — 10
13 u(OAc),-H,0 AdCO,H DCE — 12
14° u(OAc), H,0 AgSbF;  DCE — 35
15° u(OAc), H,0 AgSbF;  DCE — 10
167 u(OAc),-H,0 AgSbFg  DCE — 20

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), [Ru(p-cymene)Cl,],
(2.5 mol%), oxidant (1.2 equ1v) additive (5 mol%), solvent (1 mL), N,,
120 °C, 24 h. “ Isolated yields. * Pd(OAc),. ¢ Pd(PPh;);. ¢ PACl,.

solvents. The yield of 3aa was further improved to 60% when
DCE was used as a solvent (Table 1, entry 2). Using the other
screened solvents, such as THF, 1,4-dioxane, toluene, and NMP,
gave inferior results (Table 1, entries 3-6). Furthermore, to
increase the product yield, we screened various oxidants, such
as CuO, Cu(OTf),, CuCl,, Ag,0, etc. (Table S2, SI), and all
lowered the reaction yield. The yield of 3aa was increased up
to 82% in the presence of Cu(OAc),-H,O (Table 1, entry 7).
Adding bases, including KOAc, NaOAc, and K,COj;, decreased
the reaction yield significantly (Table 1, entries 8-10).

The use of additives other than AgSbF resulted in a low yield
(Table 1, entries 11-13). However, the reaction without an oxidant
gave only a sluggish product, indicating the importance of Cu(OAc),:
H,O. The reaction was also performed with palladium catalysts such
as Pd(OAc),, Pd(PPh;), and PdCl,, resulting in low conversion
(Table 1, entries 14-16). With the optimized conditions in hands,
we examined the scope of substituted indolylquinazolinones for this
reaction (Scheme 2). The reaction was found to be compatible with
substrates having indole moiety-bearing electron donating
and electron withdrawing substituents to give the final products
(3ba-3ja) in moderate to good yields (68-86%). Electron donating
substituents such as Me (3ba) and OMe (3ca) at the C5 position of
the indole moiety provided good yields of 86% and 83%, respec-
tively. Substrates bearing halogens showed good tolerance and gave
the products 3da-3ea and 3ga-3ja in good yields (68-76%). The
position of the substituents on indole had no significant effect on
the reaction yield, and substitutions at the C4, C5, and C6 positions
were equally tolerated for the reaction. Delightfully, the reac-
tion involving the substrate with N-methylindole, N-ethylindole,
N-benzylindole, and N-allylindole proceeded efficiently resulting in
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Scheme 2 Scope of the phenanthroimidazole substrate.? Reaction con-
ditions: 1 (0.38 mmol), 2a (0.57 mmol), [Ru(p-cymene)Clyl, (2.5 mol%),
Cu(OAC),-H,0 (1.2 equiv.), AgSbFe (5 mol%), DCE (2 mL), Np, 120 °C, 24 h.
?Yields of isolated products.

the desired products with satisfactory yields of 3ka (69%), 3la (70%),
3ma (66%) and 3na (68%), respectively.

Next, the scope of different alkenes towards this reaction
was investigated. A variety of acrylates was compatible, giving
the desired products in good yields (3ab-3af). The tert-butyl and
isobornyl acrylate substituted compounds (3ad and 3af) were
produced in lower yields compared to others (Scheme 3),
suggesting that steric hindrance significantly impacted these
reactions. Other active alkenes like methyl vinyl ketone, styrene
acrylonitrile, cyclohexenone, etc. were also examined.

Among these, acrylonitrile and styrene gave the desired
products 3ag and 3ah in 65% and 62% yields, respectively.
Other alkenes like methyl vinyl ketone and cyclohexenone were
found to be unsuccessful.

Next, a gram-scale experiment was performed under the
optimized reaction conditions at 3.8 mmol scale to demon-
strate the synthetic utility of this reaction. The product 3aa was
obtained in 78% yield (Scheme 4).
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Scheme 3 Scope of alkenes.? Reaction conditions: 1la (0.38 mmol), 2
(0.57 mmol), [Ru(p-cymene)Clyl, (2.5 mol%), Cu(OAc),-H,O (1.2 equiv.),
AgSbFe (5 mol%), DCE (2 mL), N, 120 °C, 24 h. @ Yields of isolated products.
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Scheme 4 Gram scale synthesis.

To get an insight into the reaction mechanism, preliminary
control experiments were carried out. The reaction between 3-
methyl indole and methyl acrylate did not give any alkenylated
product, confirming the role of quinazolinone as a directing group
(Scheme 5a). Furthermore, a series of deuterium labeling experi-
ments were performed. The H/D exchange experiment of 1a with
D,0 without the addition of alkene gave 1a{D] with 50% deutera-
tion at the C2 position of the indole ring (Scheme 5b).

On the other hand, reaction of 1a with methyl acrylate in the
presence of D,O gave the product 3aa{D] with 40% deuteration at
C2 of the indole moiety, indicating that the C-H activation step is
reversible (Scheme 5¢)."® In addition, the kinetic isotope effect was
determined by the parallel reaction with 1a/1a{D] to give Py/Pp =
1.05, which indicates that C-H activation might not be the rate
determining step (Scheme 5d)." Based on these experiments and
previous literature reports,”® we proposed the following reaction
mechanism (Scheme 6). Initially, active catalyst [Ru(p-cymene)
(OAC)]SbFs was generated from [Ru(p-cymene)ClL,], in the presence
of Cu(OAc), and AgSbFs. Coordination of the quinazolinone nitrogen
atom of substrate 1a with the active catalyst followed by agostic
interaction (Int A-B) and ortho-metalation provided an intermediate
B. Alkene 2a coordinated to the ruthenium center by substitution of
the acetic acid ligand to give intermediate C that underwent

(a) Reaction of 3-methyl indole with methyl acrylate
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(d) Kinetic isotope effect
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Scheme 5 Mechanistic experiments.
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Scheme 6 Proposed mechanism.

migratory insertion to give intermediate D. B-Hydride elimination
of D followed by reductive elimination afforded the alkenylated
product 3aa.

Photophysical properties. The extended conjugated systems in
these molecules endowed them with potential to exhibit promising
fluorescence properties.”' Hence, we studied the photophysical
behaviour of these alkenylated compounds. The absorption and
emission spectra of compound 3 were recorded in CH;CN at a
concentration of 5 x 107°® M (Table S8, SI). The absorption
maximum of unsubstituted compound 3aa appeared at 343 nm.
Both electron-donating and electron-withdrawing substituents
caused a bathochromic shift in absorption maxima, which ranged
from 344 to 355 nm. Similarly, the emission maximum of com-
pound 3aa appeared at 525 nm with a Stokes shift of 9940 cm™™.
Substitution with an electron-donating methyl group (3ba) shifted
the emission band to 535 nm with a Stokes shift of 9500 cm ™. The
bromo-substituted compound 3da exhibited an emission maxi-
mum at 518 nm with a Stokes shift of 9765 cm™*. Meanwhile, the
phenyl substituted compound (3fa) showed an emission maximum
at 545 nm with a Stokes shift of 10640 cm™*. Thus, the electron-
donating substituents induce a bathochromic shift in the emission
band, while in the case of electron-withdrawing substituents, the
emission maxima showed a hypsochromic shift (Fig. 1a). Sub-
strates with an electron-donating group showed an increase in
fluorescence quantum yield (@g) of 0.80 compared to those with an
electron-withdrawing substituent (@ = 0.66). Interestingly, the
introduction of an aromatic ring increased the quantum yield to
a maximum of 0.88. Additionally, under UV light, compounds 3ba
and 3fa also exhibited notable emission colour changes to mild
blue and green fluorescence, respectively (Fig. 1b).

Next, we performed solvatochromic studies on the com-
pound 3fa due to its red shifted emission. The absorption
maxima in various solvents showed minimal variation, ranging
from 344 to 350 nm. On the other hand, the emission maxima
were significantly affected by solvent polarity, shifting from

473 nm in methanol (polar solvent, Stokes shift = 7760 cm ™,
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Fig. 1 (a) Absorption maxima (solid lines) and emission maxima (dashed lines),
and (b) under UV radiations (312 nm) of 3aa, 3ba, 3da and 3fa in acetonitrile.

& = 0.90) to 535 nm in diethyl ether (nonpolar solvent, Stokes
shift = 10000 cm™ ", &5 = 0.58) (Table S9, SI). The blue shift of
the emission spectra in polar solvents is attributed to the
existence of the enol form in the excited state. Lippert’s plot
of compound 3fa showed a linear correlation, confirming
negative solvatochromism (Fig. S1, SI). The increase in fluores-
cence quantum yield with an increase in solvent polarity could
be due to Intramolecular Charge Transfer (ICT).”> Furthermore,
to assess the selectivity towards different anions, fluorescence
screening was carried out with compound 3aa (Fig. 2).

In CH;CN at 5 x 10~ ° M, compound 3aa interacted with
50 equivalents of various anions including Br~, CI", CN, F,
I,HSO, ,NO; , SCN ", DCP, H,PO, and HS™. Strong fluores-
cence quenching and red shifts were observed with 3aa for both
F~ and CN, while negligible changes occurred with other
anions. The emission maxima of compound 3aa were shifted
to 570 nm for F~ (25 nm shift) and 587 nm for CN~ (62 nm
shift) with fluorescence quenching. The fluorescence spectral
titration of 3aa with varying concentrations of F~ and CN™
anions in CH3;CN gave the limits of detection of 88 nM and
50 nM, respectively (Fig. S2 and S3, SI). The NMR titrations and
Job’s plots of 3aa with F~ and CN ions indicated the inter-
action of the compound with ions through hydrogen bonds in a
1:2 ratio (Fig. S4-S8, SI).

In conclusion, we successfully developed a ruthenium-catalyzed
C2 alkenylation of indoles using a cyclic amide of quinazolinone as
a directing group. The reaction is compatible with a variety of
substituents on the indole moiety and accommodates diverse
alkenes. The alkenylated compounds demonstrated intriguing
photophysical properties, including extended m-conjugation and
negative solvatochromism. Additionally, compound 3aa exhibited
selective fluorescence-based detection of F~ and CN™ anions,
establishing its potential as a fluorescent probe.
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Fig. 2 Change in emission spectra of compound 3aa (5 pM) with ions (250 pM).
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