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A B S T R A C T   

Novel functionalized indolines were synthesized from 2-(((N-aryl)amino)methyl)acrylates and formamides under 
ultrasonic irradiation for the first time. Aiming to develop a straightforward and easy-to-implement methodology 
for the synthesis of indolines, an instrumentation setup was designed, including ultrasound (US) equipment 
(Ultrasonic Horn; tip diameter of 12.7 mm, 20 kHz, maximum power of 400 W), an open reaction flask, and an 
inexpensive and green catalyst (1 mol%; FeSO4⋅7H2O; CAS: 7782–63–0) without the need for anhydrous con
ditions. The use of the sono-Fenton process in the presence of formamides and 2-(((N-aryl)amino)methyl)acry
lates afforded a broad range of functionalized indolines within 60 s in high yields. Several experimental 
parameters of the ultrasound-assisted reaction were evaluated, such as amplitude (40–80%), sonication time 
(15–60 s), and pulsed ultrasonic irradiation. A 60 s silent reaction did not produce the desired indoline. The 
optimized conditions for US-mediated reactions allowed the production of functionalized indolines in high 
isolated yields (up to 99%, 60 s reaction, pulse ration 1 s:1 s, US amplitude 60 %).   

1. Introduction 

The chemical effects of the irradiation of liquids with ultrasonic 
waves has been known for nearly a century [1]. However, in recent years 
the applications of ultrasonic waves have increased in the synthesis of 
organic [2,3] and inorganic [4] materials, especially for a green syn
thetic approach. Among the advantages of the ultrasound in synthesis is 
the possibility of achieving reaction selectivity that is not possible with 
conventional heating, enhancing selectivity [5,6] and improving reac
tion rates and yields [7–9]. Due to these advantages, there has been 
development in ultrasound-mediated organic synthesis that enables new 
applications in industry [10]. 

The chemical and mechanical effects that are enabled by cavitation 
extend the application of this methodology to a broad scope of organic 
reactions. Synthetic applications involve homogeneous and heteroge
neous reactions [11] (i.e., solid–liquid phase reactions [12] and liq
uid–liquid heterogeneous reactions [13]), reactions performed in 
alternative solvents (i.e., ionic liquids [14] and water [15]) and also, 
reaction pathways with ionic or radical intermediates [16] (i.e., 
Grignard reaction, [17] Suzuki-Miyaura reaction, [18] Sabatier reac
tion, [19] radical reaction [20], and oxidation reactions [21]). 

The ability of ultrasound to generate radicals is a known process that 
depends on certain ultrasonic parameters, such as frequency and 
acoustic power [22]. Ultrasound-generated radicals are mainly used as 
radical chain initiators in polymer chemistry [23,24]. The application of 
ultrasound to promote radical reactions and capture the radicals for 
synthetically producing heterocycles is a scarce research topic. The 
synthesis of bioactive compounds has also been improved by the ad
vantages of ultrasound, and ultrasound has become an attractive tool for 
the improvement and discovery of protocols to produce heterocycles 
[25,26], including molecules of pharmaceutical interest [27]. 

In this context, we note the relevance of the development of synthetic 
methodologies for functionalized indolines. The indoline nucleus is a 
nitrogen-containing ring found in indole terpenoid alkaloids that have 
been isolated from plants and exhibit interesting biological activities 
[28]. For example, bis-indoline alkaloids such as compound B, isolated 
from Tabernaemontana contorta, show chemopreventive activity [29]. 
Jerantinine A (A) showed in vitro cytotoxicity against oral carcinoma 
cells [30]. The indoline scaffold is also found in drug candidates (C) that 
exhibit anti-inflammatory and antioxidant activities [31] (Fig. 1). 

There are few examples of synthetic strategies for indolines based on 
radical cyclization reactions (Fig. 2A). For example, Brucelle et al. 
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employed 2-Allyl-1-azidobenzenes, iodine-based reagent and trie
thylborane. After 3–7 h, indolines were obtained in good yields [32]. 
Other strategy was based on the intramolecular radical cyclization of 
3,3-difluoroallyl compounds, which were prepared from pre- 
functionalized 2-bromo-anilines. The cyclization step was carried out 
in the presence of AIBN as radical initiator and stoichiometric amount of 
Bu3SnH (4–6 h reaction) [33]. 

We envisioned a synthetic strategy for functionalized indolines based 
on the use of 2-(((N-aryl)amino)methyl)acrylates and formamides as 
building blocks (Fig. 2B). sono-Fenton process was chosen to generate 
hydroxyl radicals [34–38] and consequently, carbamoyl radicals, which 
in the presence of the proper radical acceptor can yield the functional
ized indolines. Notably, the main application of the sono-Fenton re
actions is in the wastewater cleaning process via the removal of organic 
compounds [34–38]. The Fenton reaction involves the generation of 
hydroxyl radicals from Fe2+ and H2O2 in acid media (Fig. 2B). It is 
common to blend the Fenton reaction and ultrasonic irradiation, which 
is currently named sono-Fenton, to enhance hydroxyl radical genera
tion, thus improving the degradation of organic pollutants. 

Herein, we present the application of the sono-Fenton process in 
formamides to promote a radical cascade reaction for the synthesis of 
novel functionalized indolines (a 60 s process, Fig. 2B). The reaction was 
carried out with an inexpensive and green catalyst (1 mol%; FeS
O4⋅7H2O; CAS: 7782–63-0). Formamides were used as reagents and 
solvents, which overcome the utilization of unattractive solvents, such 
as benzene and hexane. 

2. Experimental 

2.1. General information 

The reagents were purchased from Sigma-Aldrich. Reactions were 
monitored using a GCM-QP2010SE instrument (Shimadzu) with low- 
resolution electron impact (EI; 70 eV) equipped with an RTX-5MS 
capillary column. GC/MS conditions: injector 260 ◦C; detector: 
110 ◦C; pressure: 100 kPa; column temperature: method 1 (19 min) = 3 
min at 80 ◦C, increase by 15 ◦C/min to 280 ◦C, maintain for 3 min at 

280 ◦C; method 2 (24 min) = 3 min at 80 ◦C, increase by 15 ◦C/min to 
280 ◦C, maintain for 8 min at 280 ◦C. Thin-layer chromatography (TLC) 
was conducted with Merck silica gel 60 F254 precoated plates and 
visualized with UV light. Flash column chromatography was performed 
on silica gel (200–300 mesh). 1H NMR and spectra were recorded on a 
Varian Inova-300 (300 MHz) or a Bruker AIII 500 MHz (500 MHz) 
spectrometer. The chemical shifts (δ) are reported in ppm using TMS as 
an internal standard (CDCl3 at δ 7.26 ppm). Proton-decoupled 13C NMR 
spectra were recorded on a Varian-300 (75 MHz) or a Bruker AIII 500 
MHz (125 MHz) spectrometers. The chemical shifts (δ) are reported in 
ppm relative to the residual solvent peak (CDCl3 at δ 77.0). High- 
resolution mass spectra were recorded using a MicroToF Bruker Dal
tonics instrument and ESI-TOF techniques. Melting points were deter
mined in a Büchi B-545 melting point instrument. 

Ultrasound-assisted reactions were carried out in a Branson Digital 
Sonifier-450 instrument (EDP N◦ 100–132-890R; 20 kHz, 400 W, horn 
diameter of 12.7 mm). For comparison purpose, “silent reactions” were 
carried out in a magnetic stirrer instrument (IKA ® C- MAG- HS 4; 1500 
rpm). 

2.2. Experimental setup for the US-assisted reactions 

The experimental setup for the US-assisted reactions considered re
action volume and starting material concentration (Table 1), which are 
frequently described in synthetic methodologies. Also, Table 1 presents 
the acoustic power of the sono-Fenton reactions in formamide and N- 
Methylformamide (For more details, see Supporting Information). 

2.3. General procedure for preparation of methyl-2-((phenylamino) 
methyl)acrylates S3a-k 

Na2CO3 (1.17 g, 11 mmol) was added to a solution of the appropriate 
aniline (10 mmol) in DMF (20 mL). The mixture was cooled to 0 ◦C and 
methyl 2-(bromomethyl)acrylate (1.97 g, 11 mmol) was added drop
wise. The mixture was stirred for 3 h at room temperature. Then, 
distilled water (100 mL) was added, and the aqueous layer was extracted 
with ethyl acetate (4 × 50 mL). The organic layers were combined, 

Fig. 1. Indoline alkaloids and reported biological activities.  
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washed with brine (100 mL), dried over MgSO4, and filtered, and the 
solvent was removed under reduced pressure. The crude material was 
purified by flash column chromatography on silica gel using hexane/ 
ethyl acetate as the eluent. 

2.4. General procedure for preparation of methyl-2-((N- 
phenylpivalamido)methyl)acrylates 1a-1 k 

Triethylamine (0.68 mL, 5.5 mmol) was added to a solution of 
methyl-2-((phenylamino)methyl)acrylate (0.96 g, 5 mmol) in DCM (20 
mL). Then, the mixture was cooled to 0 ◦C and trimethylacetyl chloride 

(0.68 mL, 5.5 mmol) was added dropwise. The reaction mixture was 
stirred for 16 h at room temperature. Then, DCM (30 mL) was added. 
The organic layer was washed with distilled water (30 mL) and brine 
(30 mL), dried over MgSO4, and filtered, and the solvent was removed 
under reduced pressure. The crude material was purified by flash col
umn chromatography on silica gel using hexane/ethyl acetate as the 
eluent. 

methyl 2-((N-phenylpivalamido)methyl)acrylate (1a): White 
solid, M.p.: 54–56 ◦C, yield 1.276 g, (54 %); TLC (85:15; Hexane/ 
AcOEt); Rf = 0.25; 1H NMR (CDCl3, 500 MHz) δ 1.04 (s, 9H), 3.68 (s, 
3H), 4.50 (s, 2H), 5.75 (s, 1H), 6.32 (s, 1H), 7.15 – 7.23 (m, 2H), 7.28 – 
7.41 (m, 3H) ppm; 13C NMR (CDCl3, 125 MHz) δ 29.5, 41.1, 51.8, 53.3, 
126.3, 128.1, 129.0, 129.5, 135.8, 143.9, 166.6, 177.8 ppm; MS (EI+) 
m/z (relative intensity) 275 (M+, 2), 57 (100); HRMS (ESI-TOF) calcd 
for C16H21NO3 [M + Na]+: 298.1419 Found (M + 23): 298.1424. 

methyl 2-((N-(p-tolyl)pivalamido)methyl)acrylate (1b): White 
solid, M.p.: 94–96 ◦C, yield 0.360 g, (48 %); TLC (85:15; Hexane/ 
AcOEt); Rf = 0.17; 1H NMR (CDCl3, 500 MHz) δ 1.04 (s, 9H), 2.36 (s, 
3H), 3.68 (s, 3H), 4.47 – 4.48 (m, 2H), 5.72 – 5.73 (m, 1H), 6.30 – 6.11 
(m, 1H), 6.98 – 7.10 (m, 2H), 7.11 – 7.19 (m, 2H) ppm; 13C NMR (CDCl3, 
125 MHz) δ 21.1, 29.5, 41.0, 51.8, 53.3, 126.1, 129.2, 129.6, 135.8, 
138.0, 141.2, 166.7, 177.9 ppm; MS (EI+) m/z (relative intensity) 289 
(M+, 5), 57 (100); HRMS (ESI-TOF) calcd for C17H23NO3 [M + H]+: 
290.1756 Found (M + 1): 290.1754. 

methyl 2-((N-(m-tolyl)pivalamido)methyl)acrylate (1c): White 
solid, M.p.: 54–56 ◦C, yield 0.734 g (36 %); TLC (85:15; Hexane/AcOEt); 
Rf = 0.31; 1H NMR (CDCl3, 500 MHz) δ 1.05 (s, 9H), 2.35 (s, 3H), 3.68 
(s, 3H), 4.47 – 4.49 (m, 2H), 5.74 – 5.75 (m, 1H), 6.31 – 6.32 (m, 1H), 
6.96 – 7.01 (m, 2H), 7.10 – 7.14 (m, 1H), 7.20 – 7.25 (m, 1H) ppm; 13C 
NMR (CDCl3, 125 MHz) δ 21.3, 29.5, 41.1, 51.8, 53.3, 125.9, 126.4, 
128.8 (2C), 129.9, 135.7, 139.0, 143.8, 166.7, 177.8 ppm; MS (EI+) m/z 
(relative intensity) 289 (M+, 4), 57 (100); HRMS (ESI-TOF) calcd for 
C17H23NO3 [M + H]+: 290.1756 Found (M + 1): 290.1746. 

methyl 2-((N-(4-methoxyphenyl)pivalamido)methyl)acrylate 
(1d): White solid, M.p.: 79–81 ◦C, yield 0,763 g (50 %); TLC (9:1; 
Hexane/AcOEt); Rf = 0.14; 1H NMR (CDCl3, 500 MHz) δ 1.05 (s, 9H), 
3.69 (s, 3H), 3.82 (s, 3H), 4.47 – 4.48 (m, 2H), 5.71 – 5.72 (m, 1H), 6.30 
– 6.31 (m, 1H), 6.84 – 6.87 (m, 2H), 7.08 – 7.11 (m, 2H) ppm; 13C NMR 
(CDCl3, 125 MHz) δ 29.5, 40.9, 51.8, 53.4, 55.4, 114.0, 126.2, 130.6, 
135.8, 136.5, 159.0, 166.7, 178.0. ppm; MS (EI+) m/z (relative in
tensity) 305 (M+, 6), 57 (100); HRMS (ESI-TOF) calcd for C17H23NO4 
[M + H]+: 306.1705 Found (M + 1): 306.1695. 

methyl 2-((N-(4-fluorophenyl)pivalamido)methyl)acrylate (1e): 
White solid, M.p.: 89–91 ◦C, yield 1.503 g (27 %); TLC (85:15; Hexane/ 
AcOEt); Rf = 0.23; 1H NMR (CDCl3, 500 MHz) δ 1.05 (s, 9H), 3.69 (s, 
3H), 4.47 – 4.48 (m, 2H), 5.72 – 5.74 (m, 1H), 6.31 – 6.33 (m, 1H), 7.02 
– 7.08 (m, 2H), 7.15 – 7.19 (m, 2H). ppm; 13C NMR (CDCl3, 125 MHz) δ 
29.5, 41.0, 51.9, 53.2, 115.9 (d, JC,F = 22.6 Hz), 126.7, 131.2 (d, JC,F =

8.5 Hz), 135.7, 139.8 (d, JC,F = 3.2 Hz), 161.9 (d, JC,F = 248.6 Hz), 
166.6, 177.9 ppm; MS (EI+) m/z (relative intensity) 293 (M+, 1), 57 
(100); HRMS (ESI-TOF) calcd for C16H20FNO3 [M + H]+: 294.1506 
Found (M + 1): 294.1507. 

methyl 2-((N-(3-fluorophenyl)pivalamido)methyl)acrylate (1f): 
White solid, M.p.: 61–63 ◦C, yield 0.760 g (38%); TLC (85:15; Hexane/ 
AcOEt); Rf = 0.54; 1H NMR (CDCl3, 500 MHz) δ 1.06 (s, 9H), 3.69 (s, 
3H), 4.48 – 4.49 (m, 2H), 5.73 – 5.74 (m, 1H), 6.32 – 6.33 (m, 1H), 6.93 
– 6.97 (m, 1H), 6.99 – 7.07 (m, 2H), 7.31 – 7.36 (m, 1H) ppm; 13C NMR 
(CDCl3, 125 MHz) δ 29.5, 41.2, 51.9, 53.1, 115.3 (d, JC,F = 21.0 Hz), 
116.8 (d, JC,F = 21.4 Hz), 125.3 (d, JC,F = 3.7 Hz), 126.6, 130.1 (d, JC,F =

9.1 Hz), 135.6, 145.4 (d, JC,F = 9.1 Hz), 162.6 (d, JC,F = 248.9 Hz), 
166.5, 177.8 ppm; MS (EI+) m/z (relative intensity) 293 (M+, 1), 57 
(100); HRMS (ESI-TOF) calcd for C16H20FNO3 [M + H]+: 294.1506 
Found (M + 1): 294.1501. 

methyl 2-((N-(4-chlorophenyl)pivalamido)methyl)acrylate (1 
g): White solid, M.p.: 121–124 ◦C, yield 0.937 g (60 %); TLC (9:1; 
Hexane/AcOEt); Rf = 0.14; 1H NMR (CDCl3, 500 MHz) δ 1.05 (s, 9H), 

Fig. 2. (a) Previous works involving radical cascade reactions for synthesis of 
indolines (b) Our work: a fast approach enabled by ultrasonic irradiation to 
construct novel functionalized indolines. 

Table 1 
Experimental conditions of the US-assisted reaction.  

Reagent Concentration 

2-(((N aryl)amino)methyl)acrylate 1a 50 mM 
Volume of solution 3 mL 
US frequency 20 kHz 
Nominal electric power 400 W 
Acoustic power Formamide: 14.0 W 

N-Methylformamide: 10.7 W  
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3.69 (s, 3H), 4.47 – 4.48 (m, 2H), 5.72 – 5.73 (m, 1H), 6.31 – 6.328 (m, 
1H), 7.12 – 7.15 (m, 2H), 7.32 – 7.35 (m, 2H) ppm; 13C NMR (CDCl3, 
125 MHz) δ 29.5, 41.1, 51.9, 53.2, 126.8, 129.3, 130.8, 133.9, 135.6, 
142.3, 166.5, 177.8 ppm; MS (EI+) m/z (relative intensit) 309 (M+, 2), 
57 (100); HRMS (ESI-TOF) calcd for C16H20ClNO3 [M + H]+: 310.1210 
Found (M + 1): 310.1205. 

methyl 2-((N-(4-bromophenyl)pivalamido)methyl)acrylate (1 
h): White solid, M.p.: 128–130 ◦C, yield 0.812 g (43 %); TLC (Hexanes- 
AcOEt: 90–10); Rf = 0.17; 1H NMR (CDCl3, 500 MHz) δ 1.05 (s, 9H), 
3.69 (s, 3H), 4.47 – 4.48 (m, 2H), 5.72 – 5.73 (m, 1H), 6.31 – 6.32 (m, 
1H), 7.06 – 7.09 (m, 2H), 7.47 – 7.51 (m, 2H) ppm; 13C NMR (CDCl3, 
125 MHz) δ 29.5, 41.1, 51.9, 53.1, 121.9, 126.8, 131.2, 132.3, 135.6, 
142.9, 166.5, 177.7 ppm; MS (EI+) m/z (relative intensity) 353 (M+, 3), 
355 (3), 57 (100); HRMS (ESI-TOF) calcd for C16H20BrNO3 [M + H]+: 
354.0705 Found (M + 1): 354.0687. 

methyl 2-((N-(4-(trifluoromethyl)phenyl)pivalamido)methyl) 
acrylate (1i): White solid, M.p.: 90–92 ◦C, yield 0.532 g (31 %); TLC 
(9:1; Hexane/AcOEt); Rf = 0.17; 1H NMR (CDCl3, 500 MHz) δ 1.06 (s, 
9H), 3.69 (s, 3H), 4.50 – 4.51 (m, 2H), 5.76 – 5.77 (m, 1H), 6.33 – 6.35 
(m, 1H), 7.33 – 7.35 (m, 2H), 7.63 – 7.65 (m, 2H) ppm; 13C NMR (CDCl3, 
125 MHz) δ 29.5, 41.3, 51.9, 53.1, 123.7 (q, JC,F = 247.4 Hz), 126.3 (q, 
JC,F = 3.6 Hz), 127.0, 129.8, 130.2 (q, JC,F = 32.9 Hz) , 135.5, 147.1, 
166.5, 177.8 ppm; MS (EI+) m/z (relative intensity) 343 (M+, 2), 57 
(100); HRMS (ESI-TOF) calcd for C17H20F3NO3 [M + H]+: 344.1474 
Found (M + 1): 344.1476. 

methyl 4-(N-(2-(methoxycarbonyl)allyl)pivalamido)benzoate 
(1j): White solid, M.p.: 95–97 ◦C, yield 0.885 g (53 %); TLC (9:1; Hex
ane/AcOEt); Rf = 0.21; 1H NMR (CDCl3, 500 MHz) δ 1.05 (s, 9H), 3.67 
(s, 3H), 3.93 (s, 3H), 4.51 – 4.52 (m, 2H), 5.75 – 5.76 (m, 1H), 6.33 – 
6.34 (m, 1H), 7.26 – 7.29 (m, 2H), 8.03 – 8.06 (m, 2H) ppm; 13C NMR 
(CDCl3, 125 MHz) δ 29.5, 41.3, 51.9, 52.4, 53.0, 126.9, 129.3, 129.7, 
130.5, 135.6, 148.1, 166.2, 166.5, 177.8 ppm; MS (EI+) m/z (relative 
intensity) 333 (M+, 3), 57 (100); HRMS (ESI-TOF) calcd for C18H23NO5 
[M + H]+: 334.1655 Found (M + 1): 334.1633. 

methyl 2-((N-([1,1′-biphenyl]-2-yl)pivalamido)methyl)acry
late (1 k): White solid, M.p.: 93–95 ◦C, yield 0.475 g (31%); TLC (85:15; 
Hexane/AcOEt); Rf = 0.26; 1H NMR (CDCl3, 500 MHz) δ 1.08 (s, 9H), 
3.53 (d, J = 16.0 Hz, 1H), 3.63 (s, 3H), 4.79 (d, J = 16.0 Hz, 1H), 5.63 (s, 
1H), 6.21 (s, 1H), 7.17 (d, J = 7.9 Hz, 1H), 7.30 (td, J = 7.5, 1.9 Hz, 1H), 
7.35 – 7.45 (m, 7H) ppm; 13C NMR (CDCl3, 125 MHz) δ 29.50, 41.25, 
51.93, 53.09, 122.57, 124.74, 126.25, 126.27, 126.30, 126.33, 126.99, 
129.81, 130.06, 130.32, 135.51, 147.14, 166.44, 177.82 ppm; MS (EI+) 
m/z (relative intensity) 351 (M+, 1), 57 (100); HRMS (ESI-TOF) calcd 
for C22H25NO3 [M + H]+: 352.1913 Found (M + 1): 352.1901. 

2.5. General procedure for the ultrasound-assisted reactions with 
formamides 

A glass flask (∅ = 2.5 cm; 15 mL) was charged with formamide (3 
mL), 2-(((N-aryl)amino)methyl)acrylates (1a-k) (0.15 mmol) and sul
furic acid 98% (7.9 μL, 0.15 mmol). To this mixture were added a freshly 
prepared aqueous solution of FeSO4⋅7H2O (15 μL, 100 mM) and aqueous 
hydrogen peroxide 30 % (30.6 μL, 0.3 mmol). The reaction mixture was 
irradiated for 60 s by an ultrasonic horn (Branson, 20 kHz, amplitude 
60%, ∅ = 12.7 mm) with the probe inserted in the center of the solution 
0.2 mm from the bottom of the glass flask. The mixture was sonicated 
continuously or in pulsed mode (probe ON/OFF 1 s). 

For GCMS analysis, a sample of the crude reaction mixture (500 μL) 
was removed and quenched with 500 μL of saturated aqueous solution of 
NaHCO3 and extracted with CHCl3 (2 × 0.5 mL). The organic layer was 
removed and dried over MgSO4, filtered in a glass Pasteur pipet con
taining cotton at the bottom and analyzed by TLC and GC/MS. 

To the remaining reaction mixture (2.5 mL), 1 eq of NaHCO3 (10.5 
mg, 0.125 mmol) was added. A 2.0 mL sample was transferred to a 
round flask, and the formamide was removed by distillation under 
vacuum. The crude reaction material was purified by flash column 

chromatography on silica gel using chloroform/methanol as the eluent. 
Note: For ultrasound-assisted reactions with compounds 1i, jk, and 1 

m, 30% of t-BuOH was added as a cosolvent. 
methyl 3-(2-amino-2-oxoethyl)-1-pivaloylindoline-3-carbox

ylate (2a): pale yellow solid, M.p.: 174–177 ◦C, yield 30.8 mg (97 %); 
TLC (95:5; CHCl3/MeOH); Rf = 0.28; 1H NMR (CDCl3, 500 MHz) δ 1.40 
(s, 9H), 2.57 (d, J = 16.1 Hz, 1H), 3.34 (d, J = 16.1 Hz, 1H), 3.72 (s, 3H), 
4.26 (d, J = 11.3 Hz, 1H), 5.09 (d, J = 11.3 Hz, 1H), 5.51 (br s, 1H), 5.63 
(br s, 1H), 7.04 (dt, J = 7.4 Hz, 1.3 Hz, 1H), 7.22 – 7.29 (m, 2H), 8.23 (d, 
J = 8.3 Hz, 1H) ppm; 13C NMR (CDCl3, 125 MHz) δ 27.5, 40.3, 43.0, 
52.9, 52.9, 57.6, 119.0, 123.0, 124,0, 129,5, 131.1, 144.2, 171.9, 172.6, 
176.8 ppm; MS (EI+) m/z (relative intensity) 318 (M+, 5), 57 (100); 
HRMS (ESI-TOF) calcd for C17H22N2O4 [M + Na]+: 341.1477 Found (M 
+ 23): 341.1477. 

methyl 3-(2-amino-2-oxoethyl)-5-methyl-1-pivaloylindoline-3- 
carboxylate (2b): white solid, M.p.: 199–202 ◦C, yield 33.1 mg (99 %); 
TLC (95:5; CHCl3/MeOH); Rf = 0.30; 1H NMR (CDCl3, 500 MHz) δ 1.39 
(s, 9H), 2.30 (s, 3H), 2.55 (d, J = 16.1 Hz, 1H), 3.34 (d, J = 16.1 Hz, 1H), 
3.72 (s, 3H), 4.24 (d, J = 11.3 Hz, 1H), 5.06 (d, J = 11.3 Hz, 1H), 5.46 
(br s, 1H), 5.59 (br s, 1H), 7.02 (s, 1H), 7.07 (d, J = 8.3 Hz, 1H), 8.11 (d, 
J = 8.3 Hz, 1H) ppm; 13C NMR (CDCl3, 125 MHz) δ 21.0, 27.5, 40.2, 
43.0, 52.9, 52.9, 57.7, 118.7, 123.3, 130.0, 131.1, 133.7, 141.9, 171.9, 
172.7, 176.5 ppm; MS (EI+) m/z (relative intensity) 332 (M+, 3), 57 
(100); HRMS (ESI-TOF) calcd for C18H24N2O4 [M + Na]+: 355.1634 
Found (M + 23): 355.1628. 

methyl 3-(2-amino-2-oxoethyl)-6-methyl-1-pivaloylindoline-3- 
carboxylate (2c): white solid, M.p.: 159–161 ◦C, yield 28.5 mg (86%); 
TLC (95:5; CHCl3/MeOH); Rf = 0.48; Major isomer: 1H NMR (CDCl3, 
500 MHz) δ 1.39 (s, 9H), 2.33 (s, 3H), 2.44 (d, J = 15.8 Hz, 1H), 2.54 (d, 
J = 16.0 Hz, 1H), 3.70 (s, 3H), 4.23 (d, J = 11.3 Hz, 1H), 5.08 (d, J =
11.3 Hz, 1H), 5.65 (br s, 1H), 5.72 (br s, 1H), 6.86 (d, J = 7.7 Hz, 1H), 
7.10 (d, J = 7.7 Hz, 1H), 8.11 (s, 1H) ppm; 13C NMR (CDCl3, 125 MHz) δ 
18.4, 27.5, 40.3, 43.1, 52.6, 52.9, 57.9, 119.6, 122.5, 126.8, 128.3, 
139.7, 144.2, 172.0, 172.7, 176.6; MS (EI+) m/z (relative intensity) 332 
(M+, 3), 57 (100); HRMS (ESI-TOF) calcd for C18H24N2O4 [M + H]+: 
333.1814 Found (M + 1): 333.1798. 

Minor isomer: 1H NMR (CDCl3, 500 MHz) δ 1.38 (s, 9H), 2.27(s, 3H), 
3.28 – 3.31 (m, 2H), 3.73 (s, 3H), 4.71 – 4.76 (m, 2H), 5.49 – 5.52 (m, 
2H), 6.81 (d, J = 7.6 Hz, 1H), 7.16 (t, J = 7.9, Hz, 1H), 8.12 (s, 1H); 13C 
NMR (CDCl3, 125 MHz) δ 21.7, 27.6, 39.3, 40.3, 52.8, 53.7, 57.8, 116.8, 
124.7, 129.1, 129.7, 133.8, 144.7, 172.3, 173.4, 176.8; MS (EI+) m/z 
(relative intensity) 332 (M+, 3), 57 (100). 

methyl 3-(2-amino-2-oxoethyl)-5-methoxy-1-pivaloylindoline- 
3-carboxyla (2d): white solid, M.p.: 205–208 ◦C, yield 34.0 mg (97 %); 
TLC (95:5; CHCl3/MeOH); Rf = 0.36; 1H NMR (CDCl3, 500 MHz) δ 1.39 
(s, 9H), 2.56 (d, J = 16.1 Hz, 1H), 3.31 (d, J = 16.1 Hz, 1H), 3.73 (s, 3H), 
3.78 (s, 3H), 4.26 (d, J = 11.3 Hz, 1H), 5.06 (d, J = 11.3 Hz, 1H), 5.42 
(br s, 1H), 5.58 (br s, 1H), 6.707 – 6.87 (m, 2H), 8.17 (dd, J = 8.5, 0.8 
Hz, 1H); 13C NMR (CDCl3, 125 MHz) δ 27.6, 40.0, 42.9, 52.9, 53.0, 55.7, 
57.7, 109.2, 113.8, 119.7, 132.5, 137.8, 156.4, 171.7, 172.4, 176.2; MS 
(EI+) m/z (relative intensity) 348 (M+, 5), 57 (100); HRMS (ESI-TOF) 
calcd for C18H24N2O5 [M + Na]+: 371.1583 Found (M + 23): 371.1586. 

methyl 3-(2-amino-2-oxoethyl)-5-fluoro-1-pivaloylindoline-3- 
carboxylate (2e): white solid, M.p.:180–183 ◦C, yield 33.4 mg (99%); 
TLC (95:5; CHCl3/MeOH); Rf = 0.29; 1H NMR (CDCl3, 500 MHz) δ 1.39 
(s, 9H), 2.59 (d, J = 16.2 Hz, 1H), 3.30 (d, J = 16.1 Hz, 1H), 3.74 (s, 3H), 
4.27 (d, J = 11.3 Hz, 1H), 5.09 (d, J = 11.3 Hz, 1H), 5.52 (br s, 1H), 5.64 
(br s, 1H), 6.86 – 7.05 (m, 2H), 8.17 – 8.24 (m, 1H).; 13C NMR (CDCl3, 
125 MHz) δ 27.5, 40.1, 42.8, 52.8, 53.1, 57.8, 110.3 (d, JC,F = 24.6 Hz), 
115.9 (d, JC,F = 22.5 Hz), 120.0 (d, JC,F = 7.8 Hz), 132.8 (d, JC,F = 7.8 
Hz), 140.3 (d, JC,F = 2.3 Hz), 159.3 (d, JC,F = 243.7 Hz), 171.5, 172.1, 
176.6; MS (EI+) m/z (relative intensity) 336 (M+, 3), 57 (100); HRMS 
(ESI-TOF) calcd for C17H21FN2O4 [M + Na]+: 359.1383 Found (M + 23): 
359.1380. 

methyl 3-(2-amino-2-oxoethyl)-6-fluoro-1-pivaloylindoline-3- 
carboxylate (2f): white solid, M.p.: 152–154 ◦C, yield 39.1 mg (93%); 
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TLC (95:5; CHCl3/MeOH); Rf = 0.51; Major isomer: 1H NMR (CDCl3, 
500 MHz) δ 1.39 (s, 9H)*, 2.57 (d, J = 16.2 Hz, 1H), 3.34 (d, J = 16.2 Hz, 
1H), 3.72 (s, 3H), 4.26 (d, J = 11.3 Hz, 1H), 5.13 (d, J = 11.3 Hz, 1H), 
5.65 (br s, 1H), 5.73 (br s, 1H), 6.70 – 6.75 (m, 1H)*, 7.13 – 7.17 (m, 
1H), 7.99 – 8.03 (m, 1H); 13C NMR (CDCl3, 125 MHz) δ 27.4, 40.1, 40.3, 
52.3, 53.0*, 58.3, 107.1 (d, JC,F = 29.4 Hz), 111.1 (d, JC,F = 20.0 Hz), 
114.9 (d, JC,F = 3.1 Hz), 126.5 (d, JC,F = 2.5 Hz), 145.6 (d, JC,F = 12.7 
Hz), 159.0 (d, JC,F = 245.5 Hz), 171.8, 172.5, 177.0; MS (EI+) m/z 
(relative intensity) 336 (M+, 1), 57 (100); HRMS (ESI-TOF) calcd for 
C17H21FN2O4 [M + Na]+: 359.1383 Found (M + 23): 359.1383. 

Minor isomer: 1H NMR (CDCl3, 500 MHz) δ 1.39 (s, 9H)*, 2.62 (d, J 
= 16.0 Hz, 1H), 3.61 (d, J = 16.1 Hz, 1H), 3.72 (s, 3H), 4.40 (d, J = 11.2 
Hz, 1H), 5.07 (d, J = 11.2 Hz, 1H), 5.55 – 5,57 (m, 2H), 6.71 – 6.75 (m, 
1H)*, 7.21 – 7.53 (m, 1H), 8.04 – 8.06 (m, 1H); 13C NMR (CDCl3, 125 
MHz) δ 27.5, 40.4, 43.1, 52.2 (d, J = 2.6 Hz), 53.0*, 58.6, 110.6 (d, JC,F 
= 23.3 Hz), 117.4 (d, JC,F = 17.6 Hz), 123.5 (d, JC,F = 10.4 Hz), 131.2 (d, 
JC,F = 8.5 Hz), 146.7 (d, JC,F = 6.6 Hz), 163.5 (d, JC,F = 242.7 Hz), 172.1, 
176.4, 176.8; MS (EI+) m/z (relative intensity) 336 (M+, 1), 57 (100). 

* Superimposed in the respective spectrum 
methyl 3-(2-amino-2-oxoethyl)-5-chloro-1-pivaloylindoline-3- 

carboxylate (2 g): white solid, M.p.: 186–189 ◦C yield 35.2 mg (99%); 
TLC (95:5; CHCl3/MeOH); Rf = 0.30; 1H NMR (CDCl3, 500 MHz) δ 1.39 
(s, 9H), 2.58 (d, J = 16.2 Hz, 1H), 3.32 (d, J = 16.2 Hz, 1H), 3.75 (s, 3H), 
4.26 (d, J = 11.3 Hz, 1H), 5.10 (d, J = 11.4 Hz, 1H), 5.47 (br s, 1H), 5.58 
(br s, 1H), 7.17 – 7.26 (m, 2H), 8.18 (d, J = 8.7 Hz, 1H); 13C NMR 
(CDCl3, 125 MHz) δ 27.5, 40.3, 42.9, 52.7, 53.2, 57.8, 119.9, 123.2, 
128.8, 129.5, 132.8, 142.9, 171.4, 172.0, 176.8; MS (EI+) m/z (relative 
intensity) 352 (M+, 1), 57 (100); HRMS (ESI-TOF) calcd for 
C17H21ClN2O4 [M + Na]+: 375.1088 Found (M + 23): 375.1088. 

methyl 3-(2-amino-2-oxoethyl)-5-bromo-1-pivaloylindoline-3- 
carboxylate (2 h): white solid, M.p.: 203–206 ◦C, yield 41.6 mg (69%); 
TLC (98:2; CHCl3/MeOH); Rf = 0.34; 1H NMR (CDCl3, 500 MHz) δ 1.39 
(s, 9H), 2.58 (d, J = 16.1 Hz, 1H), 3.32 (d, J = 16.2 Hz, 1H), 3.75 (s, 3H), 
4.25 (d, J = 11.3 Hz, 1H), 5.10 (d, J = 11.3 Hz, 1H), 5.47 (br s, 1H), 5.58 
(br s, 1H), 7.30 – 7.43 (m, 2H), 8.13 (d, J = 8.7 Hz, 1H); 13C NMR 
(CDCl3, 125 MHz) δ 27.5, 40.3, 43.0, 52.7, 53.2, 57.8, 116.1, 120.3, 
126.1, 132.4, 133.1, 143.4, 171.4, 172.0, 176.8; MS (EI+) m/z (relative 
intensity) 396 (M+, 1), 398 (1), 57 (100); HRMS (ESI-TOF) calcd for 
C17H21BrN2O4 [M + Na]+: 419.0582 Found (M + 23): 419.0584. 

methyl 3-(2-amino-2-oxoethyl)-1-pivaloyl-5-(trifluoromethyl) 
indoline-3-carboxylate (2i): pale yellow solid, M.p.: 156–159 ◦C, yield 
41.6 mg (72 %); TLC (95:5; CHCl3/MeOH); Rf = 0.56; 1H NMR (CDCl3, 
500 MHz) δ 1.41 (s, 9H), 2.62 (d, J = 16.2 Hz, 1H), 3.39 (d, J = 16.2 Hz, 
1H), 3.75 (s, 3H), 4.30 (d, J = 11.4 Hz, 1H), 5.18 (d, J = 11.3 Hz, 1H), 
5.45 (br s, 1H), 5.55 (br s, 1H), 7.47 (s, 1H), 7.51 – 7.60 (m, 1H), 8.34 (d, 
J = 8.6 Hz, 1H). 13C NMR (CDCl3, 125 MHz) 27.4, 40.4, 43.1, 52.6, 53.2, 
58.0, 118,8, 120.1 (q, JC,F = 3.9 Hz), 124.0 (q, JC,F = 270 Hz), 125.8 (q, 
JC,F = 32.6 Hz), 127.1 (q, JC,F = 3.5 Hz), 131.6, 147.1, 171.3, 172.0, 
177.2 ppm; MS (EI+) m/z (relative intensity) 386 (M+, 2), 57 (100); 
HRMS (ESI-TOF) calcd for C17H21F3N2O4 [M + Na]+: 409.1351 Found 
(M + 23): 409.1351. 

dimethyl 3-(2-amino-2-oxoethyl)-1-pivaloylindoline-3,5-dicar
boxylate (2j): white solid, M.p.: 104–106 ◦C, yield 21.8 mg (75 %); TLC 
(95:5; CHCl3/MeOH); Rf = 0.46; 1H NMR (CDCl3, 500 MHz) δ 1.41 (s, 
9H), 2.60 (d, J = 16.2 Hz, 1H), 3.44 (d, J = 16.3 Hz, 1H), 3.73 (s, 3H), 
3.89 (s, 3H), 4.28 (d, J = 11.3 Hz, 1H), 5.19 (d, J = 11.3 Hz, 1H), 5.54 
(br s, 1H), 5.67 (br s, 1H), 7.91 (d, J = 1.8 Hz, 1H), 7.97 – 8.00 (m, 1H), 
8.28 (d, J = 8.6 Hz, 1H); 13C NMR (CDCl3, 125 MHz) 27.4, 40.5, 43.0, 
52.1, 52.5, 53.2, 58.3, 118.2, 124.5, 125.5, 131.3, 131.8, 148.2, 166.5, 
171.6, 172.2, 177.3; MS (EI+) m/z (relative intensity) 376 (M+, 2), 57 
(100); HRMS (ESI-TOF) calcd for C19H24N2O6 [M + Na]+: 399.1532 
Found (M + 23): 399.1530. 

methyl 3-(2-amino-2-oxoethyl)-7-phenyl-1-pivaloylindoline-3- 
carboxylate (2 k): white solid, M.p.: 227–230 ◦C, yield 21.3 mg 36 %); 
TLC (95:5; CHCl3/MeOH); Rf = 0.43; 1H NMR (CDCl3, 500 MHz) δ 1.13 
(s, 9H), 2.39 (d, J = 16.4 Hz, 1H), 3.16 (d, J = 16.4 Hz, 1H), 3.73 (s, 3H), 

4.25 (d, J = 11.3 Hz, 1H), 4.91 (d, J = 11.3 Hz, 1H), 5.34 (br s, 1H), 5.88 
(br s, 1H), 7.15 – 7.25 (m, 3H), 7.28 – 7.31 (m, 1H), 7.32 – 7.38 (m, 2H), 
7.37 – 7.43 (m, 2H); 13C NMR (CDCl3, 125 MHz) δ 27.9, 39.9, 41.6, 52.8, 
54.1, 58.1, 121.8, 125.6, 126.6, 127.0, 128.4, 130.3, 133.7, 135.5, 
140.5, 141.7, 172.0, 172.6, 178.4; MS (EI+) m/z (relative intensity) 394 
(M+, 1), 57 (100); HRMS (ESI-TOF) calcd for C23H26N2O4 [M + Na]+: 
417.1790 Found (M + 23): 417.1791. 

methyl 3-(2-(methylamino)-2-oxoethyl)-1-pivaloylindoline-3- 
carboxylate (3a): pale yellow solid, M.p.: 138–140 ◦C, yield 22.5 mg 
(68 %); TLC (99:1; CHCl3/MeOH); Rf = 0.16; 1H NMR (CDCl3, 500 
MHz) δ 1.40 (s, 9H), 2.51 (d, J = 15.6 Hz, 1H), 2.82 (d, J = 4.8 Hz, 3H), 
3.27 (d, J = 15.7 Hz, 1H), 3.71 (s, 3H), 4.28 (d, J = 11.3 Hz, 1H), 5.10 (d, 
J = 11.3 Hz, 1H), 5.54 – 5.55(br m, 1H), 7.02 – 7.05 (m, 1H), 7.22 – 7.29 
(m, 2H), 8.23 – 8.25 (m, 1H). 13C NMR δ 26.4, 27.5, 40.3, 43.6, 52.9, 
53.1, 57.7, 119.0, 122.9, 123.9, 129.4, 131.3, 144.2, 170.3, 172.7, 
176.8; MS (EI+) m/z (relative intensity) 332 (M+, 1), 57 (100); HRMS 
(ESI-TOF) calcd for C18H24N2O4 [M + Na]+: 355.1634 Found (M + 23): 
355.1631. 

methyl 5-methoxy-3-(2-(methylamino)-2-oxoethyl)-1-pivaloy
lindoline-3-carboxylate (3b): pale yellow solid, M.p.: 92–95 ◦C, 
yield 20.5 mg (57 %); TLC (99:1; CHCl3/MeOH); Rf = 0.10; 1H NMR 
(CDCl3, 500 MHz) δ 1.39 (s, 9H), 2.50 (d, J = 15.7 Hz, 1H), 2.82 (d, J =
4.8 Hz, 3H), 3.24 (d, J = 15.7 Hz, 1H), 3.71 (s, 3H), 3.77 (s, 3H), 4.27 (d, 
J = 11.3 Hz, 1H), 5.07 (d, J = 11.3 Hz, 1H), 5.59 – 5.60 (br m, 1H), 6.78 
– 6.80 (m, 2H), 8.11 – 8.17 (m, 1H); 13C NMR (CDCl3, 125 MHz) δ 26.4, 
27.6, 40.0, 43.5, 52.9, 53.1, 55.7, 57.7, 109.2, 113.7, 119.6, 132.7, 
137.8, 156.4, 170.2, 172.5, 176.2; MS (EI+) m/z (relative intensity) 362 
(M+, 4), 57 (100); HRMS (ESI-TOF) calcd for C19H26N2O5 [M + Na]+: 
385.1739 Found (M + 23): 385.1743. 

methyl 5-methyl-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin
doline-3-carboxylate (3c): white solid, M.p.: 119–122 ◦C, yield 22.5 
mg (65 %); TLC (99:1; CHCl3/MeOH); Rf = 0.16; 1H NMR (CDCl3, 500 
MHz) δ 1.39 (s, 9H), 2.29 (s, 3H), 2.48 (d, J = 15.6 Hz, 1H), 2.82 (d, J =
4.8 Hz, 3H), 3.27 (d, J = 15.6 Hz, 1H), 3.71 (s, 3H), 4.25 (d, J = 11.3 Hz, 
1H), 5.08 (d, J = 11.3 Hz, 1H), 5.64 – 5.65 (br m, 1H), 7.02 (s, 1H), 7.06 
(d, J = 8.3 Hz, 1H), 8.10 (d, J = 8.3 Hz, 1H); 13C NMR (CDCl3, 125 MHz) 
δ 21.0, 27.5, 40.2, 43.0, 52.9, 52.9, 57.7, 77.3, 118.7, 123.3, 130.0, 
131.1, 133.7, 141.9, 171.9, 172.7, 176.5 MS (EI+) m/z (relative in
tensity) 346(M+, 2), 57 (100); HRMS (ESI-TOF) calcd for C19H26N2O4 
[M + Na]+: 369.1790 Found (M + 23): 369.1783. 

methyl 6-methyl-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin
doline-3-carboxylate (3d): white solid, M.p.: 69–71 ◦C, yield 23.9 
mg (69 %); TLC (99:1; CHCl3/MeOH); Rf = 0.28; 1H NMR (CDCl3, 500 
MHz) δ 1.40 (s, 9H), 2.33 (s, 3H), 2.48 (d, J = 15.6 Hz, 1H), 2.81 – 2.83, 
(m, 3H), 3.26 (d, J = 15.7 Hz, 1H), 3.72 (s, 3H), 4.25 (d, J = 11.3 Hz, 
1H), 5.10 (d, J = 11.4 Hz, 1H), 5.60 – 5.61 (br m, 1H), 6.81 (d, J = 7.5 
Hz, 1H), 7.10 (d, J = 7.7 Hz, 1H), 8.11 – 8.14 (m, 1H)* ppm; 13C NMR 
(CDCl3, 125 MHz) δ 18.4, 26.4, 27.5, 40.3, 43.7, 52.8, 54.0, 58.0, 116.8, 
124.7, 126.7, 129.9, 133.8, 144.3, 170.6, 173.5, 176.8 ppm; MS (EI+) 
m/z (relative intensity) 346(M+, 1), 57 (100); HRMS (ESI-TOF) calcd 
for C19H26N2O4 [M + Na]+: 369.1790 Found (M + 23): 369.1784. 

methyl 4-methyl-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin
doline-3-carboxylate: 1H NMR (CDCl3, 500 MHz) δ 1.39 (s, 9H), 
2.26 (s, 3H), 2.40 (d, J = 15.3 Hz, 1H), 2.81 – 2.81, (m, 3H), 3.22 (d, J =
15.3 Hz, 1H), 3.69 (s, 3H), 4.73 – 4.78 (m, 2H), 5.66 – 5.67 (br m, 1H), 
6.85 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.9 Hz, 1H) 8.12 – 8.13 (m, 1H)* 
ppm; 13C NMR (CDCl3, 125 MHz) δ 21.7, 26.4, 27.6, 40.0, 40.3, 52.8, 
57.8, 58.1, 119.6, 122.5, 128.5, 129.0, 139.7, 144.7, 170.3, 172.8, 
176.7 ppm; MS (EI+) m/z (relative intensity) 346(M+, 1), 57 (100). 

*superimposed in the corresponding spectrum 
methyl 5-fluoro-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin

doline-3-carboxylate (3e): white solid, M.p.: 145–147 ◦C, yield 24.6 
mg (70 %); TLC (99:1; CHCl3/MeOH); Rf = 0.11; 1H NMR (CDCl3, 500 
MHz) δ 1.39 (s, 9H), 2.52 (d, J = 15.7 Hz, 1H), 2.82 (d, J = 4.8 Hz, 3H), 
3.22 (d, J = 15.7 Hz, 1H), 3.73 (s, 3H), 4.28 (d, J = 11.3 Hz, 1H), 5.10 (d, 
J = 11.4 Hz, 1H), 5.74 – 5.75 (br m, 1H), 6.90 – 6.99 (m, 2H), 8.15 – 8.25 
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(m, 1H) ppm; 13C NMR (CDCl3, 125 MHz) δ 26.4, 27.5, 40.1, 43.4, 53.0, 
53.0, 57.9, 110.3 (d, JC,F = 24.7 Hz), 115.8 (d, JC,F = 22.5 Hz), 119.9 (d, 
JC,F = 7.9 Hz), 133.0 (d, JC,F = 8.0 Hz), 140.2 (d, JC,F = 2.1 Hz), 159.2 (d, 
JC,F = 243.4 Hz), 169.9, 172.2, 176.6 ppm; MS (EI+) m/z (relative in
tensity) 350 (M+, 1), 57 (100); HRMS (ESI-TOF) calcd for C18H23FN2O4 
[M + Na]+: 373.1540 Found (M + 23): 373.1539. 

methyl 6-fluoro-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin
doline-3-carboxylate (3f): white solid, M.p.: 62–64 ◦C, yield 24.8 mg 
(71 %); TLC (99:1; CHCl3/MeOH); Rf = 0.43; 1H NMR (CDCl3, 500 
MHz) δ 1.39 (s, 9H), 2.51 (d, J = 15.7 Hz, 1H), 2.81* (d, J = 4.8 Hz, 3H), 
3.26 (d, J = 15.7 Hz, 1H), 3.71 (s, 3H), 4.27 (d, J = 11.3 Hz, 1H), 5.15 (d, 
J = 11.3 Hz, 1H), 5.77 (br s, 1H), 6.69 – 6.73 (m, 1H)*, 7.13 – 7.15 (m, 
1H), 7.99 – 8.01 (m, 1H); 13C NMR (CDCl3, 125 MHz) δ 26.3*, 27.4, 
40.3, 40.7 (d, J = 2.5 Hz), 52.4, 52.9*, 58.4, 107.0 (d, JC,F = 29.5 Hz), 
111.0 (d, JC,F = 20.0 Hz), 114.9 (d, JC,F = 3.1 Hz), 126.7 (d, JC,F = 2.4 
Hz), 145.5 (d, JC,F = 12.8 Hz), 163.4 (d, JC,F = 242.8 Hz), 170.1, 172.5, 
175.0; MS (EI+) m/z (relative intensity) 350 (M+, 2), 57 (100); HRMS 
(ESI-TOF) calcd for C18H23FN2O4 [M + H]+: 351.1720 Found (M + 1): 
351.1701. 

Minor isomer: 1H NMR (CDCl3, 500 MHz) δ 1.40 (s, 9H), 2.57 (d, J =
15.6 Hz, 1H), 2.81* (d, J = 4.8 Hz, 3H), 3.54 (d, J = 15.6 Hz, 1H), 3.70 
(s, 3H), 4.44 (d, J = 11.2 Hz, 1H), 5.09 (d, J = 11.2 Hz, 1H), 5.82 (br s, 
1H), 6.69 – 6.73 (m, 1H)*, 7.20 – 7.24 (m, 1H), 8.03 – 8.05 (m, 1H);.13C 
NMR (CDCl3, 125 MHz) δ 26.3*, 27.4, 40.4, 43.7, 52.4 (d, JC,F = 2.2 Hz), 
52.9*, 58.7, 110.5 (d, JC,F = 23.3 Hz), 117.6 (d, JC,F = 17.4 Hz), 123.6 
(d, JC,F = 10.3 Hz), 131.0 (d, JC,F = 8.4 Hz), 146.8 (d, JC,F = 6.6 Hz), 
159.1 (d, JC,F = 245.6 Hz), 170.4, 172.1, 176.8; MS (EI+) m/z (relative 
intensity) 350 (M+, 2), 57 (100). 

*superimposed in the corresponding spectrum 
methyl 5-chloro-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin

doline-3-carboxylate (3 g): white solid, M.p.: 138–140 ◦C, yield 
23.9 mg (65 %); TLC (99:1; CHCl3/MeOH); Rf = 0.13; 1H NMR (CDCl3, 
500 MHz) 1.39 (s, 9H), 2.52 (d, J = 15.6 Hz, 1H), 2.82 (d, J = 4.8 Hz, 
3H), 3.24 (d, J = 15.6 Hz, 1H), 3.73 (s, 3H), 4.28 (d, J = 11.4 Hz, 1H), 
5.12 (d, J = 11.4 Hz, 1H), 5.58 – 5.59 (br m, 1H), 7.18 – 7.25 (m, 2H), 
8.18 (d, J = 8.7 Hz, 1H) ppm; 13C NMR (CDCl3, 125 MHz) δ 26.4, 27.4, 
40.3, 43.5, 52.9, 53.1, 57.9, 119.9, 123.2, 128.7, 129.4, 133.0, 142.9, 
169.9, 172.1, 176.8 ppm; MS (EI+) m/z (relative intensity) 366 (M+, 2), 
57 (100); HRMS (ESI-TOF) calcd for C18H23ClN2O4 [M + H]+: 
367.1425 Found (M + 1): 367.1420. 

methyl 5-bromo-3-(2-(methylamino)-2-oxoethyl)-1-pivaloylin
doline-3-carboxylate (3 h): white solid, M.p.:133–135 ◦C, yield 22.0 
mg (53 %); TLC (99:1; CHCl3/MeOH); Rf = 0.12; 1H NMR (CDCl3, 500 
MHz) δ 1.39 (s, 9H), 2.51 (d, J = 15.7 Hz, 1H), 2.82 (d, J = 4.9 Hz, 3H), 
3.24 (d, J = 15.6 Hz, 1H), 3.73 (s, 3H), 4.27 (d, J = 11.4 Hz, 1H), 5.11 (d, 
J = 11.4 Hz, 1H), 5.60 – 5.61 (br m, 1H), 7.34 – 7.38 (m, 2H), 8.13 (d, J 
= 8.7 Hz, 1H) ppm; 13C NMR (CDCl3, 125 MHz) δ 26.4, 27.4, 40.3, 43.5, 

52.9, 53.1, 57.8, 116.1, 120.3, 126.1, 132.3, 133.3, 143.4, 169.9, 172.1, 
176.8 ppm; MS (EI+) m/z (relative intensity) 378 (M+, 1), 380 (1), 57 
(100). HRMS (ESI-TOF) calcd for C18H23BrN2O4 [M + Na]+: 433.0739 
Found (M + 23): 433.0740. 

methyl 3-(2-(methylamino)-2-oxoethyl)-1-pivaloyl-5-(tri
fluoromethyl)indoline-3-carboxylate (3i): white solid, M.p.: 
173–176 ◦C, yield 24.1 mg (60 %); TLC (99:1; CHCl3/MeOH); Rf = 0.11; 
1H NMR (CDCl3, 500 MHz) δ 1.41(s, 9H), 2.55 (d, J = 15.7 Hz, 1H), 2.83 
– 2.84 (m, 3H), 3.31 (d, J = 15.7 Hz, 1H), 3.74 (s, 3H), 4.32 (d, J = 11.3 
Hz, 1H), 5.19 (d, J = 11.3 Hz, 1H), 5.64 – 5.65(br m, 1H), 7.46 (s, 1H), 
7.53 (d, J = 8.6 Hz, 1H), 8.33 (d, J = 8.6 Hz, 1H) ppm; 13C NMR (CDCl3, 
125 MHz) 26.4, 27.4, 40.5, 43.6, 52.8, 53.2, 58.1, 118.7, 120.2 (q, JC,F 
= 3.73 Hz), 124.0 (q, JC,F = 270 Hz), 125.8 (q, JC,F = 32.5 Hz), 127.1 (q, 
JC,F = 3.87 Hz), 131.8, 147.1, 169.8, 172.1, 177.1 ppm; MS (EI+) m/z 
(relative intensity) 400 (M+, 1), 57 (100); HRMS (ESI-TOF) calcd for 
C19H23F3N2O4 [M + H]+: 401.1688 Found (M + 1): 401.1688. 

dimethyl 3-(2-(methylamino)-2-oxoethyl)-1-pivaloylindoline- 
3,5-dicarboxylate (3j): white solid, M.p.: 72–75 ◦C, yield 24.0 mg (61 
%); TLC (99:1; CHCl3/MeOH); Rf = 0.22; 1H NMR (CDCl3, 500 MHz) δ 
1.41 (s, 9H), 2.54 (d, J = 15.7 Hz, 1H), 2.83 (d, J = 4.8 Hz, 3H), 3.35 (d, 
J = 15.7 Hz, 1H), 3.72 (s, 3H), 3.89 (s, 3H), 4.31 (d, J = 11.3 Hz, 1H), 
5.20 (d, J = 11.3 Hz, 1H), 5.60 – 5.61 (br m, 1H), 7.90 (d, J = 1.8 Hz, 
1H), 7.98 (dd, J = 8.6, 1.8 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H); 13C NMR 
(CDCl3, 125 MHz) 26.4, 27.4, 40.5, 43.6, 52.1, 52.7, 53.1, 58.3, 118.2, 
124.6, 125.5, 131.5, 131.8, 148.3, 166.5, 170.0, 172.3, 177.3; MS (EI+) 
m/z (relative intensity) 390 (M+, 1), 57 (100); HRMS (ESI-TOF) calcd 
for C20H26F3N2O6 [M + Na]+: 413.1689 Found (M + 23): 401.1687. 

2.6. General procedure for the reactions with formamide under magnetic 
stirring 

A glass flask (7 mL) was charged with formamide (3 mL), 2-(((N-aryl) 
amino)methyl)acrylate (1a) (0.15 mmol, 41.3 mg) and sulfuric acid 
98% (7.9 μL, 0.15 mmol). To this mixture were added a freshly prepared 
aqueous solution of FeSO4⋅7H2O (15 μL, 100 mM) and aqueous 
hydrogen peroxide 30% (30.6 μL, 0.3 mmol). The reaction mixture was 
stirred (1500 rpm) for 1 min at room temperature (IKA ® C- MAG- HS 4). 
The procedure for extraction and analysis was the same as described in 
section 2.5. 

3. Results and discussion 

3.1. Exploitation of ultrasonic irradiation on the generation of hydroxyl 
and carbamoyl radicals for the synthesis of indolines 

The design of the experimental setup for the application of ultrasonic 
irradiation in organic synthesis is an essential step. Usually, the US- 

Fig. 3. Combining ultrasound and the Fenton reaction in formamide for fast indoline construction. (a) Experimental setup; (b) Sequence of radical reactions: hy
droxyl radical generation, carbamoyl radical generation and indoline formation. 
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assisted reactions are performed in an open flask with a large solvent 
volume, while several organic reactions employ volatile solvents (i.e. 
ethyl ether, acetone, CH2Cl2) and anhydrous conditions (i.e. reactions 
with Grignard reagents, organolithium reagents). In addition, the 
development of synthetic methodologies is usually performed on a small 
scale. Therefore, choosing the type of equipment, frequency and specific 
horn can be relevant for a specific chemical reaction or application. 

For our purpose, we decided to the use equipment that can be easily 
found in most of the chemistry or biochemistry labs (Branson Digital 
Sonifier, 20 kHz, 400 W; Fig. 3a). Additionally, some reaction parame
ters aimed at high productivity and the development of a robust and fast 
methodology were considered (i.e., 60 s reaction, open flask, avoidance 
of an aqueous work-up). Our synthetic approach for indoline formation 

relies on a sequence of radical reactions, including hydroxyl radical and 
carbamoyl radical generation, and their tandem addition/cyclization to 
2-(((N aryl)amino)methyl)acrylate (1) (Fig. 3b). In addition, aiming to 
develop an inexpensive and efficient methodology to generate carba
moyl radicals from formamide, we decided to employ the sono-Fenton 
process, which makes use of hydrogen peroxide and iron (II). 

Considering that our goal is to develop a robust and fast synthetic 
methodology for indolines (Target: a 60 s reaction in an open flask), a 
comparison between a reaction under silent condition (magnetic stir
ring: 1500 rpm, 60 s reaction) and under ultrasonic irradiation (60 s 
reaction) were performed (Scheme 1). A solution of 2-(((N-aryl)amino) 
methyl)acrylate (1a) in formamide was sonicated in the presence of 
Fenton reagents (FeSO4⋅7H2O, H2O2, and H2SO4) for 60 s. The product 

Scheme 1. Evaluation of the Fenton and sono-Fenton reaction in formamide for synthesis of indoline 2a.  

Scheme 2. Exploitation of ultrasonic irradiation and the Fenton reaction in formamide for indoline construction. aConversions were determined by GC–MS analysis.  
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was obtained in excellent yield (90% and 98% conversion). On the other 
hand, when the reaction was performed without ultrasonic irradiation, 
under magnetic stirring (1500 rpm, 60 s reaction), the desired product 
was not detected. 

Additional experiments to elucidate the role of ultrasonic irradiation 
on the preparation of indolines were performed. In addition, a set of 
experiments was designed to demonstrate the relevance of each reaction 
component (Scheme 2). 

First, 2-(((N-aryl)amino)methyl)acrylate (1a) was sonicated in the 
presence of formamide, Scheme 2 (a), and indoline (2a) was not 
detected; instead, only the starting material was observed. Under soni
cation at 20 kHz with an ultrasonic horn (∅ = 12.7 mm), as we can see in 
Scheme 2 (b), the sole use of water as a source of hydroxyl radicals did 
not provide the desired product. Low-frequency sonication is less effi
cient to produce hydroxyl radicals due to the generation of large 

transient cavitation bubbles formed during irradiation [39]. This system 
can be responsible for entrapping hydroxyl radicals, avoiding their 
migration into the bulky media, and consequently avoiding their contact 
with other organic compounds, such as reagents or radical acceptors 
[39]. 

The complete removal of the catalyst, oxidant, or acid provided a 
poor conversion to the indoline (2a), as shown in Scheme 2 (c), (d) and 
(e), respectively. However, after adding all the reaction components and 
exposing the reaction mixture to the ultrasonic irradiation, it was 
possible to synthesize the desired indoline (2a) in excellent conversion, 
Scheme 2 (f). The combination of ultrasonic irradiation with the Fenton 
reaction can promote effective Fe(II) regeneration in the Fe(II)/Fe(III) 
redox cycle, increasing hydroxyl radical production [34–38], and 
consequently the generation of carbamoyl radicals (for more details, see 
reaction mechanism). In addition, we can expect improved mixing and 

Table 2 
Exploitation of pulsed ultrasonic irradiation on the production of 2a.a 

Entry Time(s) Pulse ON:OFF (s)d Conversionb 

1 15 – 4 
2 30 – 84 
3 60 – 98 (90)c 

4 15 1.0:1.0 38 
5 30 1.0:1.0 87 
6 60 1.0:1.0 99 (97)c 

7 60 0.5:0.5 94 
8 60 2.0:2.0 98 
9 60 1.0:2.0 26 
10 60 2.0:1.0 70  

a 1a (0.15 mmol), FeSO4⋅7H2O (1 mol%), H2SO4 (0.15 mmol), H2O2 (0.30 mmol) and formamide (3 mL). 
b Determined by GC–MS analysis. 
c Isolated yields of 2a in parentheses. 
d US amplitude = 60%. 

Table 3 
Exploitation of Fenton reagent concentrations for the production of 2a under pulsed ultrasonic irradiation.a 

Entry FeSO4⋅7H2O(mol%) H2SO4 (eq). H2O2 (eq). Conversionb 

1  1.0  0.5 2 98(79)c 

2  1.0  1.0 1 96(34)c 

3  1.0  1.0 2 96(97)c  

a 1a (0.15 mmol) and formamide (3 mL). 
b Determined by GC–MS analysis. 
c Isolated yields of 2a in parentheses. 

M.M. Hornink et al.                                                                                                                                                                                                                            



Ultrasonics Sonochemistry 79 (2021) 105778

9

contact between the hydroxyl radicals and 2-(((N-aryl)amino)methyl) 
acrylates, yielding desired indolines 2 in only 1 min. 

Our next step was to exploit pulsed ultrasonic irradiation on the 
reaction system to produce indoline (2a) Table 2. 

Continuous sonication mode provided excellent yield for indoline 
(2a) after 60 s of reaction, as depicted in Table 2, entry 3. Shorter re
action times revealed lower product yields (Table 2, entries 1 and 2). 
We then decided to explore the reaction under pulsed mode. As depicted 
in Table 2, entry 4, sonication of the mixture in pulsed mode for 15 s led 
to higher conversion than continuous mode. The use of 60 s of pulsed US 
(Pulse ON:OFF = 1 s:1 s) provided full conversion of 1a to 2a with the 
excellent isolated yield of 97% as shown in Table 2, entry 6, which was 
chosen as the best condition to produce the desired indoline (2a). We 
can point that the application of pulsed ultrasound enables a short re
action time, and also increases the life of the transducers [40,41]. 

Then, we decided to verify the effects of the pulse time range in the 

reaction, as depicted in Table 2, entries 7 and 8. The decrease in the 
pulse time led to a slight decrease in conversion, while increasing the 
pulse time range to 2 s on/off did not lead to significant changes in the 
conversion. When the probe was on for 1 s and off for 2 s, as shown in 
Table 2, entry 9, the conversion decreased significantly (26%). It was 
therefore suggested that when the probe is pulsed ON:OFF (1 s:1 s), the 
solution temperature increases rapidly and does not allow a significant 
decrease in temperature. However, the use of probe on for 2 s and off for 
1 s leads to moderated conversion as shown in Table 2 entry 10. In this 
experiment, we believe that the time off is too short, which leads to 
intense mechanical vibration. 

Once the pulsation effects were studied, we decided to analyze the 
components of our reaction and their stoichiometry over the conversion 
and yield. First, by decreasing the amount of acid, we observed a slight 
decrease in the isolated yield (Table 3, entry 1). Additionally, removing 
1 equivalent of the oxidant led to a poor isolated yield (Table 3, entry 

Table 5 
Exploitation of N-methylformamide for the synthesis of N-methylacetamide-indoline (3a) under ultrasonic irradiation.a 

Entry Time(s) Pulse ON:OFF (s) Conversionb 

1 30 – – 
2 60 – 5 
3 120 – 99 
4 30 1.0:1.0 24 
5 45 1.0:1.0 85 
6 60 1.0:1.0 98 (68)c 

7 120 1.0:1.0 99 (75)c  

a 1a (0.15 mmol), FeSO4⋅7H2O (1 mol%), H2SO4 (0.15 mmol), H2O2 (0.30 mmol) and N-methylformamide (3 mL). bDetermined by GC–MS analysis. 
c Isolated yield of 3a in parenthesis. 

Table 4 
Exploitation of US amplitude on the production of 2a.a 

Entry Time(s) Amplitude (%) Conversionb 

1 30 40 7 
2 60 40 82 
3 60 50 98 (85)c 

4 30 60 84 
5 60 60 98 (91) c 

6 30 80 – 
7 60 80 36  

a 1a (0.15 mmol), FeSO4⋅7H2O (1 mol%), H2SO4 (0.15 mmol), H2O2 (0.30 mmol) and formamide (3 mL). 
b Determined by GC–MS analysis. 
c Isolated yields of 2a in parentheses. 
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2), and this experiment showed the crucial role of the oxidant in our 
system to achieve higher isolated yields of 2a (Table 3, entry 3). 

3.2. Amplitude of the ultrasound 

The amplitude of the ultrasound was screened for the reaction, and 
as depicted in Table 4, entries 1–2, the use of 40% of the amplitude for 
30 s led to a poor conversion to product 2a, while 60 s reaction provided 
the desired product in 82% conversion. An increase in amplitude (50%) 
leads to 98% conversion, Table 4, entry 3. Additionally, when 60% of 
the amplitude was applied for 60 s, 98% conversion was achieved, 
Table 4, entry 5. Therefore, the determination of the isolated yield of 
entries 3 and 5 were performed, as both showed higher conversions. 
The best isolated yield occurred when 60% of the amplitude was 
applied, entry 5. Amplitudes above 60% led to intense mechanical vi
bration of the reaction mixture, as a result, poor conversions were ob
tained, as shown in Table 4 entries 6–7. After evaluating the effect of 
amplitude of the ultrasound in the synthesis of indoline 2a, it was 
possible to verify that the higher conversion and isolated yield was 
achieved in entry 5 when 60% of the amplitude and 60 s were applied to 
the reaction. 

3.3. Exploitation of N-methylformamide as a solvent and reagent for the 
synthesis of functionalized indolines 

After the optimization of the indoline synthesis from formamide, the 
exploitation of N-methylformamide as a source of carbamoyl radicals 

was also studied. Initially, the use of continuous ultrasonic irradiation 
for a 60 s reaction did not provide full conversion of the starting material 
1a as observed for formamide, Table 5, entry 2. However, a 2 min re
action under continuous ultrasonic irradiation provided full conversion 
to 3a, as shown in Table 5, entry 3. 

After applying the continuous mode, pulsed ultrasonic irradiation 
was studied for indoline synthesis from N-methylformamide. As depic
ted in Table 5, entries 4 and 5, with 30 and 45 s of pulsed US irradia
tion, was possible to detect the desired product. Increasing the reaction 
time led to full conversion with a 60 s reaction, and all the starting 
material was consumed. As exhibited in Table 5, entry 6, pulsed ul
trasonic mode for the synthesis of indolines from N-methylformamide 
enables the same reaction time as that required for the synthesis of 
indolines from formamide. Although the reaction performed with 2 min 
under pulsed mode provided a higher isolated yield, 75% as shown in 
Table 5, entry 7, entry 6 was chosen, as it leads to the highest 
productivity. 

3.4. Reaction scope with formamide 

With the best set of conditions in hand, syntheses of indolines from a 
wide scope of substituted 2-(((N-aryl)amino)methyl)acrylates were 
performed. Reactions with formamide to generate carbamoyl radicals 
were carried out within 60 s using pulsed ultrasonic irradiation, which 
led to a total of 30 s of effective irradiation. Under the conditions 
depicted in Table 2, entry 6, the model substrate (1a) containing no 
substituent provided an excellent isolated yield of 97% (Fig. 4, 2a). The 

Fig. 4. Substrate scope for formamide. a t-BuOH (0.9 mL), formamide (2.1 mL), 2 min.  
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isolated yields of the indolines containing electron donating substituents 
at the para position of the aromatic ring, such as p-Me and p-OMe, were 
excellent, giving 99% and 97% yield, respectively (Fig. 4, 2b and 2d). 
The isolated yields of the indolines containing electron-withdrawing 
groups such as p-F and p-Cl were also excellent (Fig. 4, 2e and 2 g). 
For the preparation of indolines 2 g-i, the reactions were performed with 
30% of tBuOH as a cosolvent for total solubilization of the starting 
material. A 2 min reaction was applied to achieve high conversion, as 
well as higher isolated yields (Fig. 4). When meta substituents were 
studied, both weak electron-donating groups and electron-withdrawing 
groups, such as m-Me and m-F gave slightly lower isolated yields (Fig. 4, 
2c and 2f, 86% and 93 %, respectively), and a mixture of regioisomers 
was obtained. The reaction performed with the ortho-substituted starting 
material provided the desired indoline in poor isolated yield (Fig. 4, 2k). 

3.5. Reaction scope with N-methylformamide 

With the optimal conditions for the synthesis of indolines from N- 
methylformamide in hand, as depicted in Table 5, entry 6, by applying 
pulsed ultrasonic irradiation, a wide scope of methyl 3-(2-(methyl
amino)-2-oxoethyl)-1-pivaloylindoline-3-carboxylates was studied. As 
shown in Fig. 5, the isolated yields were moderated to high when 
electron-donating groups were applied (3b: 57%, 3c: 65%, 3d: 69%). 

When 2-(((N-aryl)amino)methyl)acrylates 1 had electron-withdrawing 
groups on their aromatic ring, the yields for indolines 3e-h were com
parable with those obtained for model compound 3a. In the case of 
strong electron-withdrawing groups attached to the aromatic ring, the 
isolated yield slightly decreased, as observed in Fig. 5, 3i-j. 

The proposed reaction mechanism starts with the reaction between 
H2O2 and Fe2+ for the generation of hydroxyl radicals under acidic 
conditions (Scheme 3) [34–38]. Then, the hydroxyl radicals react with 
formamide, abstracting hydrogen to generate carbamoyl radicals. The 
former radical attacks the carbon–carbon double bond of the acrylic 
ester moiety of 2-(((N aryl)amino)methyl)acrylate (1) to generate 
radical intermediate I, which undergoes intramolecular trapping by the 
aromatic ring, generating intermediate II, which can be readily oxidized 
to give indolines 2 and 3. Regeneration of the Fe2+ species can occur in 
the rearomatization step or by the reaction of Fe3+ and H2O2 to provide 
an Fe–O2H2+ complex, which provides Fe2+ and •HO2, a reaction that is 
enhanced under ultrasound irradiation [36,37]. 

4. Conclusion 

In conclusion, a straightforward and easy-to-implement methodol
ogy for the synthesis of indolines via radical cascade reactions under 
ultrasonic irradiation was developed. When the reaction was performed 

Fig. 5. Substrate scope for N-methylformamide.  
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without ultrasonic irradiation, under magnetic stirring (1500 rpm), no 
indoline formation was observed. On the other hand, ultrasonic irradi
ation was essential to enable the fast regeneration of Fe(II) catalyst, 
improving carbamoyl radicals generation, consequently, indoline pro
duction. Our instrumentation was based on the use of US equipment (US 
Horn; 20 kHz), which can be found in several chemistry laboratories. 
The use of the sono-Fenton process in the presence of formamides and 2- 
(((N-aryl)amino)methyl)acrylates afforded a broad range of function
alized indolines in high yields (up to 99%; a 60 s reaction). We can 
expect further applications of ultrasonic irradiation for radical cascade 
reactions, aiming for high productivity and a fast process, as we have 
observed. 
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